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Abstract 
Natural processes continuously produce organic and inorganic volatile compounds with one or two 

carbon atoms (C1 and C2), for instance, methane, ethane, methanol, formaldehyde, methyl chloride 

and carbon dioxide from the whole range of organic matter. They act as greenhouse gases, control the 

oxidation capacity of the atmosphere, destroy tropospheric and stratospheric ozone and play an 

important role in atmospheric chemistry and physics, thus influencing the global carbon cycle. Their 

origin is typically ascribed to complex enzymatic and metabolic processes and the combustion of 

organic matter. Methane emissions were, in general, attributed to methanogenic archaea, which grow 

under anoxic conditions. High emissions of methanol into the atmosphere originate from plant growth. 

Lignin, as part of the plants, is degraded by fungi, which is a well-described process that leads, for 

instance, to the release of methanol. Also, the demethylation of lignin under elevated pressure and 

temperature is utilised in industrial processes to generate sustainable resources like methanol and 

bioaromatics. 

This study presents compelling evidence for the oxic and abiotic formation of C1 and C2 compounds. 

These were generated from environmentally important organic substrates with sulfur-, nitrogen-, 

phosphorus-, and oxygen-bonded methyl groups. This was proven with the us of precursor compounds 

and extensive isotopically labelling studies in laboratory incubation experiments. Then, naturally 

occurring macro molecules like lignin were incubated, and for a direct link to nature, soil samples were 

incubated. The cleavage of the methyl group occurs through a highly reactive iron-oxo species which 

produces methyl radicals. The iron-oxo species is generated through the Fenton reaction in which iron 

reacts with hydrogen peroxide. Methyl radicals from methyl group-containing compounds serve as 

crucial intermediates in these reactions as they act as precursors of the C1 and C2 compounds. The 

product distribution of C1 and C2 compounds is influenced by the binding of the methyl group to 

different heteroatoms, ascorbic acid concentrations, and the specific iron species involved. An 

exchange of the iron species with other transition metals leads to identical C1 and C2 compounds with 

varying conversion rates. The use of isotopically labelled compounds determines the origin of carbon, 

hydrogen, and oxygen in the C1 and C2 compounds, identifying the methyl group, hydrogen peroxide 

and dioxygen as precursors depending on the heteroatom. A special case is the demethoxylation of 

lignin monomeric units and other aromatic methoxy compounds where the whole methoxy group is 

cleaved off and leads to the formation of methanol and, under the oxic conditions, additionally to 

formaldehyde. Extensive isotopic studies confirmed this newly described process.  

With a series of sterilised soil samples with different organic carbon and methoxy contents, this 

process was transferred to natural environments, resulting in the observation of significant amounts 

of methanol and formaldehyde with the methoxy group as a precursor and, to a lesser extent, methane 
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and ethane formation. The incubation experiments of wet-dry cycles with soil samples have 

demonstrated their ability to produce methanol and formaldehyde continuously with decreasing 

amounts.  

All environmentally significant processes described here represent a substantial abiotic source of 

ubiquitously distributed C1 and C2 compounds. The specific case of demethoxylation is particularly 

important in the pedosphere due to the high levels of lignin in organic matter; this process is expected 

to provide an energy source for various microorganisms. The novel demethoxylation mechanisms and 

the expanded demethylation mechanism demonstrate the abiotic production of C1 and C2 compounds 

that affect the chemical and physical properties of natural environments and the global carbon cycle, 

thereby highlighting the significance of these processes.  
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Kurzfassung 
Bei natürlichen Prozessen entstehen kontinuierlich organische und anorganische flüchtige 

Verbindungen mit einem oder zwei Kohlenstoffatomen (C1 und C2), z. B. Methan, Ethan, Methanol, 

Formaldehyd, Methylchlorid und Kohlendioxid aus einer vielzahl organischer Stoffe. Sie wirken als 

Treibhausgase, steuern die Oxidationskapazität der Atmosphäre, zerstören troposphärisches und 

stratosphärisches Ozon und spielen eine wichtige Rolle in der Atmosphärenchemie und -physik, 

wodurch sie den globalen Kohlenstoffkreislauf beeinflussen. Ihre Entstehung wird in der Regel auf 

komplexe enzymatische und metabolische Prozesse und die Verbrennung organischer Stoffe 

zurückgeführt. Methanemissionen wurden üblicherweise methanogenen Archaeen zugeschrieben, die 

unter anoxischen Bedingungen wachsen. Hohe Methanolemissionen in die Atmosphäre sind auf das 

Pflanzenwachstum zurückzuführen. Lignin, welches ein Bestandteil von Pflanzen ist, wird durch Pilze 

abgebaut welches ein gut beschriebener Prozess ist, der unter anderem zur Freisetzung von Methanol 

führt. Auch die Demethylierung von Lignin unter erhöhtem Druck und Temperatur wird in industriellen 

Prozessen genutzt, um nachhaltige Ressourcen wie Methanol und Bioaromaten zu erzeugen. 

Diese Studie liefert überzeugende Beweise für die oxische und abiotische Bildung von C1- und C2-

Verbindungen. Diese wurden aus umweltrelevanten organischen Substraten mit schwefel-, stickstoff-

, phosphor- und sauerstoffgebundenen Methylgruppen gebildet. Dies wurde mit Vorläufer-

verbindungen und umfangreichen Isotopenmarkierungsstudien in Inkubationsversuchen 

nachgewiesen. Dann wurden natürlich vorkommende Makromoleküle wie Lignin inkubiert, und für 

einen direkten Übertrag zur Natur wurden Bodenproben inkubiert. Die Abspaltung der Methylgruppe 

erfolgt durch eine hochreaktive Eisen-Oxo-Spezies, welche Methylradikale erzeugt. Die Eisen-Oxo-

Spezies wird durch die Fenton-Reaktion erzeugt, bei der Eisen mit Wasserstoffperoxid reagiert. Die 

Methylradikale aus methylgruppenhaltigen Verbindungen dienen als wichtige Zwischenprodukte in 

diesen Reaktionen, da sie als Vorläufer von C1 und C2 Verbindungen fungieren. Die Produktverteilung 

der C1- und C2-Verbindungen wird durch die Bindung der Methylgruppe an verschiedene 

Heteroatome, die Ascorbinsäurekonzentration und die beteiligten Eisenspezies beeinflusst. Ein 

Austausch der Eisenspezies mit anderen Übergangsmetallen führt zu identischen C1- und C2-

Verbindungen mit unterschiedlichen Umwandlungsraten. Durch die Verwendung isotopisch 

markierter Verbindungen lässt sich die Herkunft des Kohlenstoffs, Wasserstoffs und Sauerstoffs in den 

C1- und C2-Verbindungen bestimmen, wobei je nach Heteroatom die Methylgruppe, 

Wasserstoffperoxid und Sauerstoff als Vorläufer identifiziert werden. Ein Sonderfall ist die 

Demethoxylierung von Ligninmonomereinheiten und anderen aromatischen Methoxyverbindungen, 

bei der die gesamte Methoxygruppe abgespalten wird und zur Bildung von Methanol und unter 
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oxischen Bedingungen zusätzlich zu Formaldehyd führt. Umfangreiche Isotopenstudien bestätigten 

diesen neu beschriebenen Prozess.  

Mit einer Reihe von sterilisierten Bodenproben mit unterschiedlichen Gehalten an organischem 

Kohlenstoff und Methoxygruppen wurde dieser Prozess auf die natürliche Umgebung übertragen, was 

zur Beobachtung signifikanter Mengen von Methanol und Formaldehyd mit der Methoxygruppe als 

Vorläufer und in geringerem Maße zur Bildung von Methan und Ethan führte. Die 

Inkubationsexperimente von Nass-Trocken-Zyklen mit identischen Bodenproben haben gezeigt, dass 

diese in der Lage sind, Methanol und Formaldehyd kontinuierlich mit abnehmenden Mengen zu 

produzieren.  

Alle beschriebenen umweltrelevanten Prozesse stellen eine wesentliche abiotische Quelle für 

ubiquitär verteilte C1- und C2-Verbindungen dar. Der Sonderfall der Demethoxylierung ist in der 

Pedosphäre besonders wichtig, da die organische Substanz im Boden große Mengen an Lignin enthält. 

Es wird postuliert, dass dieser Prozess eine Energiequelle für verschiedene Mikroorganismen darstellt. 

Der neue Demethoxylierungsmechanismus und der erweiterte Demethylierungsmechanismus führen 

zur abiotische Produktion von C1- und C2-Verbindungen, die die chemischen und physikalischen 

Eigenschaften des Erdsystem und den globalen Kohlenstoffkreislauf beeinflussen, und unterstreichen 

damit die Bedeutung der Mechanismen. 
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Abbreviations 

This list contains frequently used abbreviations throughout this study. Parameters and elements are 

described within the text. 

BID Barrier ion discharge detector 

BVOCs Biogenic volatile organic compounds 

DMS Dimethylsulfide 

DMSO Dimethylsulfoxide 

FID Flame ioisation detector 

Game Galacturonic acid methyl ester 

GC Gas chromatography 

HAA Hydrogen atom abstraction 

MS Mass spectrometer 

OAT Oxygen atom transfer 

PFPH Pentafluorophenylhydrazine 

ppbv parts per billion by volume 

ppmv parts per million by volume 

ppmw part per million by weight 

pptv parts per trillion by volume 

ROS Reactive oxygen species 

SAM S-adenosyl-L-methionine 

TMA Trimethylamine 

VOC Volatile organic compounds 
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1 Introduction 

Many different types of volatile carbon compounds (VOCs) are released into the atmosphere from 

various natural and anthropogenic processes and play a prominent role in all parts of the environ-

ment.1,2 Crucial compounds with one or two carbon atoms (C1 and C2) are methane (CH4), ethane 

(C2H6), methanol (CH3OH), formaldehyde (CH2O), methyl chloride (CH3Cl), carbon dioxide (CO2), carbon 

monoxide (CO), formic acid (HCOOH) and acetic acid (CH3COOH) with oxidation states for carbon be-

tween −IV to +IV. These strongly influence the chemical and physical properties of the atmosphere due 

to the reaction with oxidants such as hydroxyl radicals, nitrogen oxides and ozone to form new radi-

cals/VOCs. They also influence the radiation budget, act as a greenhouse gas, and influence cloud for-

mation. 1,3,4  

The C1 and C2 compounds are typically attributed to the thermal degradation of organic matter or 

complex metabolic processes occurring in plants and microorganisms. Through the C1 and C2 compo-

nents, these compounds can regulate essential ecological functions, such as the growth of plants and 

microbes, and act as stress resistance or signalling substances in communication reproduction.5,6 

Methanogenic archaea produce the majority of atmospheric CH4, thriving under anoxic conditions and 

utilising CO2, H2, and acetate as substrates for a series of enzymatic reactions.7 Further sources of CH4 

include industrial coal, gas, and oil processing; incomplete combustion of hydrocarbons; and geological 

activities at elevated temperatures and/or pressures.8 These processes are also sources of many dif-

ferent VOCs.9,10 The primary identified sources of CH3OH are vegetation,11 soils,12 and the ocean.13  

A hitherto unexplained phenomenon has been reported where CH4 and other C1 compounds formed 

abiotically, primarily by compounds with a sulphur-bonded CH3 group, in oxic environments and under 

ambient atmospheric pressure and temperature. CH4 is generated via iron mediation, with hydrogen 

peroxide (H2O2) acting as an exogenous agent oxidant.14–16 Consequently, the formation of those 

above-mentioned C1 and C2 compounds is investigated under abiotic, oxic, and atmospheric condi-

tions. Intensive isotopic labelling studies were conducted to understand the reaction mechanism lead-

ing to the formation of C1 and C2 components. Various precursor compounds are investigated involv-

ing hetero-bonded CH3 group-containing compounds sulphur, nitrogen, phosphor and oxygen (S, N, P, 

and O) with Fe, H2O2, and ascorbic acid (Asc). The occurrence of these components in nature in sub-

stantial quantities underscores the importance of this reaction. A comprehensive understanding of the 

production of these C1 and C2 compounds is essential for grasping their impact on natural processes, 

particularly those that influence the climate, and for evaluating the subsequent consequences of the 

current climate change. 



2       1 Introduction 

 

The current state of research concerning these reactions is presented, followed by an examination of 

the individual C1 and C2 components and their influence on the atmosphere and other compartments 

of the Earth's system. The precursor compounds, Fe or transition metal species and Asc, are then dis-

cussed, along with soils in the context of C1 and C2 compounds and the reactive oxygen species (ROS) 

in soils. Finally, the objectives of the study are outlined. 

1.1 State of knowledge 

The discovery by Keppler et al. (2006)17 and subsequent research that plants18, fungi19,20 and animals21–

23 can produce CH4 under atmospheric conditions, leading to a new field of research. These investiga-

tions, along with all subsequent research in this field, are presented here. Also, research investigating 

the formation of CH3OH from OCH3 groups is discussed separately due to the new mechanism de-

scribed here of the formation of CH3OH directly from OCH3 groups. 

 Abiotic formation of C1 and C2 compounds from hetero-bonded CH3 groups 

Keppler et al. (2006) used stable carbon isotopes to identify the hitherto unknown oxic production 

from plants of CH4. High global emissions were observed from intact plants (62-236 Tg yr-1) and de-

tached leaves (1-7 Tg yr-1), suggesting an important source of CH4.17 This discovery subsequently be-

came the subject of considerable controversy.24–26 However, a growing scientific literature emerged 

on oxic CH4 formation in the following years. The previously mentioned formation of CH4 from plants18, 

fungi19,20 and animals21–23 extended this knowledge by providing more CH4 sources. Research has 

shown that with deuterated OCH3-pectin, the OCH3 group serves as a precursor of CH4.27 Another pre-

cursor compound was found due to the addition of 13CH3-methionine to plants and the subsequent 

detection of deuterium-labelling in CH4.28 Another approach involved H₂O₂, Asc, FeCl₂, or FeCl₃, result-

ing in the production of choline, CH₄, CO, and CO₂, with choline identified as the source. This system 

was investigated in rat liver mitochondria, which was postulated to serve as a protective function 

against reductive stress. The aim of these experiments was to ascertain how CH4 is generated in living 

organisms.21,29 However, these investigations do not provide a detailed mechanism of CH4 production. 

Leaf wax was employed to examine the underlying mechanism, and a Norrish I reaction was proposed 

to generate CH3 radicals via UV light in oxic conditions and, subsequently, CH4.30 However, this CH4 is 

not produced directly by the plant, as previously postulated by Keppler et al. (2006).  

The H₂O₂, Asc, Fe system was taken up by Althoff et al. (2010) and investigated further. Other Fe spe-

cies (hematite, ferrihydrite, goethite and lepidocrocite) with H₂O₂ and Asc as a precursor compound 

were varied in concentration. It turned out that H2O2 and Asc in a ratio of 2:1 gave the highest yields 
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of CH4 at a pH value of approx. 3. Furthermore, nine other substances (e.g. 2-methoxyphenol, vanillin 

and methionine) instead of Asc were analysed for CH4 production, but none could be detected.31 These 

studies were further advanced by Althoff et al. (2014), who conducted experiments with Asc, H₂O₂, Fe 

minerals, and precursor compounds containing sulfur-bonded CH3 groups. In these experiments, Asc 

acted as an OH radical scavenger rather than as a precursor compound. Up to 83% CH₄ is produced 

from DMSO, and all other compounds also yield CH₄. Further compounds with N-, O-, and C-bonded 

CH3 groups do not produce CH₄, except for choline chloride, which produces 0.6 % CH₄. In experiments 

utilising dissolved Fe (e.g. Fe salts), however, the generation of CH4 was observed to be negligible. This 

leads to the conclusion that OH radicals, which are generated by the Fenton reaction there, must play 

a very minor role in the experiments with Fe minerals, given that a considerable amount of CH4 is 

produced in the former and a minimal amount in the latter. This leads to the assumption that another 

oxidising agent is present in the experiment. The reaction of Asc with the Fe mineral undergoes reduc-

tive dissolution, and together with H2O2, a [FeIV=O]2+ species and OH radicals are generated, with the 

latter being scavenged by the ascorbate. This was confirmed using an artificial bispidine complex, 

which exclusively forms the [FeIV=O]2+ species and leads to similar results. In this reaction, CH3 radicals 

were formed, which were detected using electron paramagnetic resonance (EPR) spectroscopy and 

subsequently produced CH4. Additionally, CH3OH was also detected (Figure 1). To identify the precur-

sor atom of CH4, 13CH3 labelled methionine was used. The δ13C of CH4 rises drastically because the 13C 

labelled CH3 group of methionine is the precursor of CH4.14 This attack of the [FeIV=O]2+ species at the 

sulphur atom of methionine and the subsequent transfer of the oxygen to the sulphur atom is named 

oxygen atom transfer (OAT). An electrophile (e.g. Fe2+, Fe3+) may react with the CH3 group to produce 

CH3 radicals, which react further to CH4 and other compounds. 

This mechanism was further investigated in laboratory experiments and extended with various 

bispidine complexes. The created [FeIV=O]2+ species was observed to oxidise the sulphur atom, result-

ing in the formation of methionine sulphoxide. Subsequently, the compound oxidised further to a sul-

phone or a CH3 radical and was split off homolytically16, as previously reported by Althoff et al. (2014). 

This mechanism was supported by computational modelling (Figure 1). 

Taking up this system, a mechanism for CH₄ production from methylated sulfur and nitrogen com-

pounds via Fenton reactions, which utilise iron (Fe2+) and ROS generated by light and heat in aqueous 

environments, has been postulated. OH radicals and [FeIV=O]2+ species oxidatively demethylate these 

compounds, forming CH3 radicals that subsequently lead to the generation of CH₄. This non-enzymatic 

process is supposed to have contributed to CH4 levels before the emergence of life and may have 

played a significant role in the early atmospheric evolution of Earth.32 
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Figure 1: A postulated mechanism for the production of CH4 from methionine by [Fe=OIV]2+ species in the pres-

ence of Asc. Taken from Althoff et al. (2014)14 

Soils have also been investigated for non-microbial/abiotic CH4 formation. Two studies have shown a 

hitherto unknown process by which different soils can produce CH4 abiotically. A positive correlation 

was found between UV irradiation or temperature intensity and CH4 production. H2O2 addition also 

enhances CH4 production.33 The addition of H2O to the soils enhances the CH4 emission rate up to 8-

fold compared to dry soils, and higher organic content also increases the emission rate.34 It has been 

previously demonstrated that Fe minerals, which undergo a reduction from FeIII to FeII, can decompose 

organic matter in soils. This was illustrated using catechol as a case study, whereby the production of 

CO2 and the formation of halocarbons are observed when halogens are present.35,36 

A new mechanism for CH3 radical formation from CH3COOH was discovered by Comba et al. (2018). In 

this mechanism, the C-H bond of CH3COOH is attacked by the [FeIV=O]2+ species, resulting in the cleav-

age of a CH3 radical. This radical subsequently reacts to form CH4, CH3OH and CH3Cl (chloride ions are 

in solution). Notably, the conversion rates observed in this mechanism are significantly lower than 
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those observed in the thioether mechanism, with conversion rates below 1 %.37 Further CH4-emitting 

organisms have been identified, including fungi19, marine algae38, animals21,23 and humans.39,40  

 Formation of CH3OH from methoxy group containing compounds  

Due to the ubiquitous distribution of pectin and lignin and the monomeric units, they are of interest 

and could be possible precursors of C1 and C2 compounds. The OCH3 groups of pectin were identified 

as the source of CH4
27,30 CH4 production from leave wax could also be measured.41 Previously, the OCH3 

group had also been identified as a precursor of CH3Cl at temperatures above 200°C.42 No detailed 

reaction mechanism was postulated in either case.  

Many different catalytic reactions for the demethoxylation of 2-methoxyphenol and other methox-

ybenzenes have been described in the literature. However, these are always carried out at high tem-

peratures (>285°C), high pressure (>0.5 MPa) and often in a hydrogen atmosphere.43–45 Consequently, 

these conditions do not arise in natural environments and are irrelevant for naturally occurring pro-

cesses. 

Other research has demonstrated that wood treated with Fe can release CH₂O. The addition of H₂O₂ 

has been shown to significantly enhance the release of CH₂O, while the incorporation of lignin into the 

experimental setup has been observed to increase CH₂O production further. The hypothesis that the 

OCH3 group is cleaved and CH₃OH is produced, which is then attacked by OH radicals to yield CH₂O, 

has been postulated.46 Further studies indicate that cellobiose dehydrogenase may be involved in the 

degradation of OCH3 groups in lignin. This process generates hydroxyl radicals via the Fenton reaction, 

which attacks the aromatic ring and splits off an OCH3 group, reacting further to form CH3OH.47,48 The 

proposed enzymatic mechanisms have not been verified by chemical modelling or isotopic labelling 

experiments, so the precise mechanisms remain unclear. 

The findings outlined above contribute to the conceptualisation of this study and represent the funda-

mental elements upon which this work is conceptualised. 

1.2 Properties of C1 and C2 compounds and their role in the natural 

environments  

C1 and C2 compounds significantly influence the atmosphere, affecting its chemical and physical com-

position, human health, and climate conditions. Of these compounds, CO₂ as a non-VOC and CH₄ are 

of particular importance in the atmosphere, with concentrations of 425 parts per million by volume 

(ppmv) and 1936 parts per billion by volume (ppbv), respectively.49 Other VOCs include CH3OH, C2H6, 

and halogenated compounds such as CH3Cl, which can react with hydroxyl radicals (OH-), nitrogen 
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oxides (NOx), and ozone (O3), leading to the formation of new VOCs, peroxides, or radicals, such as 

hydroperoxyl (HO2•), peroxy (RO2•), or organic radicals (RO•). Other secondary organic aerosols are 

also formed by isoprene, terpenes, and aromatics, among other compounds (Figure 2).3,50–52 

 

Figure 2: Complex interactions of gas phase reactions and heterogeneous reactions of VOCs in the atmosphere. 

Taken from Shen et al. (2013).3 

A subcategory of the VOCs are the biogenic volatile organic compounds (BVOCs) which primarily orig-

inated from terrestrial and marine ecosystems. In terrestrial ecosystems, BVOCs are emitted predom-

inantly by plants or through the decomposition of organic matter by microorganisms.50,53,54 In the 

ocean, plankton represents the primary source of BVOCs.55 In these ecosystems they have crucial eco-

logical functions, including promoting plant and microbial growth, enhancing resilience to environmen-

tal stress, and releasing signalling compounds that facilitate communication and reproduction.5,6 Other 

sources of BVOCs include the combustion of biomass and fossil fuels. An increase in BVOCs is postu-

lated due to climate change, as the temperature and, thus, the vapour pressure is rising. Another factor 

is the longer growing season, as plants can produce more BVOCs.56 Many of these C1 and C2 com-

pounds are investigated here and are known to be produced from a mechanism different from the oxic 

and abiotic formations involving Fe, H2O2, and Asc investigated here. 
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 Methane 

Since 1750, CH4 has contributed 23 % to the greenhouse effect, the most abundant reduced compound 

in the atmosphere.57 The ratio of CH4 in the atmosphere has increased from 715 (ppbv) in 1750 to 1936 

ppbv in 202449. This increase is predominantly attributable to anthropogenic emissions. There is a con-

siderable degree of uncertainty surrounding anthropogenic and natural CH4 emissions estimates, with 

numbers ranging from 538 to 884 Tg yr-1.8,58 Additionally, discrepancies exist between bottom-up and 

top-down approaches due to the incomplete understanding of global CH4 fluxes.8,58 It has been pro-

posed that a significant aquatic source of CH4 remains unidentified due to the considerable uncertainty 

surrounding the budget for aquatic CH4 emissions.59 The numerous emission sources are effectively 

offset by tropospheric oxidation via OH radicals, which serve as a sink, accounting for approximately 

90 % of the total removal.60 Other sinks include the degradation of methanotrophic bacteria in soils61,62 

(4 %), the reaction with chlorine and atomic oxygen radicals in the stratosphere63 (3 %), and the reac-

tion of chlorine radicals derived from sea salt in the marine boundary layer64 (3 %).  

A fundamental differentiation can be made between pyrogenic, thermogenic and biogenic CH4 

sources65, with the latter representing the predominant contributor to atmospheric emissions, esti-

mated at approximately 70 %. Until 2006, biogenic CH4 was mainly attributed to methanogenesis by 

microorganisms of the archaea domain under anoxic conditions. These utilise CO2, hydrogen (H2) and 

acetate (CH3COO-) as an energy source, which is enzymatically catalysed to CH4.7 In 2006, oxic CH4 

formation was demonstrated for the first time by Keppler et al.17 Subsequent studies were conducted 

to investigate the formation of oxic CH4 in a range of organisms, including saprotrophic fungi66, ani-

mals67, humans68, marine69 and freshwater70 algae, and cyanobacteria71. The mechanisms underlying 

the CH4 production remain inadequately understood. A recent study has demonstrated that the com-

bination of Fe2+ and H2O2, produced by ROS, generates a highly reactive [FeIV=O]2+ species in living 

organisms. This species can effectively oxidative demethylate DMSO, forming a CH3 radical and subse-

quently forming CH4 (Figure 3).72  
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Figure 3: Mechanism for CH4 formation in living organisms due to the oxidative demethylation of DMSO. Taken 

from Ernst et al. (2022).72 

An intriguing phenomenon is the CH4 paradox, predominantly observed in oxygen-saturated marine 

environments but also occurs in other water surfaces.70,73 In this instance, the concentration of CH₄ is 

greater than its solubility, resulting in supersaturation. Several potential explanations have been pro-

posed for this phenomenon, including the upwelling of anaerobically produced CH4, 74–76 the produc-

tion of CH4 by algae69,77 or phytoplankton.78,79 Other sources that have been discussed are the bacterial 

degradation of organic matter80 and DMSO in the ocean, which could be another possible source of 

CH4 in the ocean and thus contribute to the CH4 paradox. A positive correlation between DMSO or 

dimethylsulfoniopropionate and CH4 content was measured in a north-south transect in the Western 

Pacific Ocean. The study's authors conclude that DMSO or a degradation product thereof may be sub-

strates for CH4 formation.81 A further study was also able to observe this correlation. However, no 

mechanism for CH4 production was proposed.82 

The substances in the aforementioned studies are highly analogous to those under investigation here, 

except that the reaction in the present study is purely abiotic, in contrast to the living organisms that 

were previously investigated and could contribute to explaining this phenomenon. 

 Ethane 

C2H6 is the second most abundant hydrocarbon in the atmosphere, with a mean concentration of 0.5-

2 ppbv
83 and can reach a maximum of 1000 ppbv near gas production facilities84. There are pronounced 

seasonal and latitudinal fluctuations in concentrations, with a peak in winter and a minimum in sum-

mer. These fluctuations can be attributed to the degradation of C2H6 by OH radicals.84 The higher con-

centrations observed in the northern hemisphere can be ascribed to the concentration of anthropo-

genic sources in that region and the relatively short lifetime of C2H6, which is only three months. This 
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is insufficient time for interhemispheric mixing to occur. The most significant sources of atmospheric 

C2H6 are the use of fossil fuels and leakage from oil and gas extraction. Other sources include biomass 

combustion and the use of biofuels.84,85 It is also acknowledged that lower emissions are derived from 

the ocean, terrestrial vegetation and soils.86 Furthermore, the potential for volcanic sources to con-

tribute to these emissions is also being discussed.87 Like CH4, the hydroxyl radicals represent the pri-

mary sink for C2H6. This affects the oxidation potential of the atmosphere, resulting in the production 

of acetaldehyde (CH3CHO), a precursor of peroxyacetyl nitrile. This pollutant functions as a reservoir 

for NOx, contributing to tropospheric ozone formation.85,88,89 

 Carbon monoxide 

Carbon monoxide (CO) is a colourless, odourless, and tasteless gas that can cause significant harm to 

the health of living creatures.90 The most significant primary source of CO is the incomplete combustion 

of hydrocarbons91,92 and other sources, such as vegetation93 and the ocean.94 The most prevalent sec-

ondary sources are the photochemical oxidation of CH4 and other VOCs, including isoprene and mon-

oterpenes, with CH2O serving as an intermediate product.95 The primary sink for CO is the reaction 

with OH radicals, which contributes 40 % to removing OH radicals from the troposphere.96 Conse-

quently, CO plays an important role in ozone formation and acts as a precursor to preventing the rad-

ical degradation of other components in the troposphere, such as CH4, which significantly influences 

the radiation budget and the chemical composition of the troposphere.97 Soils act as carbon sinks, 

exhibiting a net flux between -163 and -145 Tg per year, with tropical evergreen forests, savannas, and 

deciduous forests being the most important sinks with 123 Tg CO yr−1.98 As with the alkanes, there is a 

strong gradient for CO from the northern hemisphere to the southern hemisphere since, as previously 

stated, most emissions are anthropogenic, and the mixing ratio is between 100-150 ppbv.99 In the 

southern hemisphere, the sources of CO are characterised by biogenic sources and biomass combus-

tion. Given the atmospheric lifetime of approximately two months, a complete atmosphere mixing 

cannot occur. In conjunction with the highly variable sources, the aforementioned factors result in a 

highly complex seasonal cycle.100,101  

 Carbon dioxide 

CO₂ is the second most significant natural greenhouse gas after H2O vapour and the most important 

anthropogenic greenhouse gas. The current atmospheric concentration of carbon dioxide is 425 ppmv 

while the pre-industrial concentration is approximately 277 ppmv.49 This represents an annual increase 

between 1 and 2.2 ppmv over the past 60 years.102 The primary cause of this increase is the anthropo-

genic emission of CO₂ resulting from the combustion of fossil fuels and alterations in land use.103 The 
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faster degradation of organic matter in soils due to surface alteration could also influence the de-

scribed reaction because more OCH3 groups could be available. Also, more energy is in the system due 

to increasing temperatures. The rising CO2 levels have resulted in significant alterations to the Earth's 

climate system, including the acidification of the oceans, which has disrupted the calcium carbonate 

balance and has had a detrimental impact on marine calcifiers.104 The combustion of biomass, volcanic 

activity and respiration (autotrophic and heterotrophic) by organisms represent the most substantial 

natural sources of atmospheric CO₂. Gas exchange between the ocean and the atmosphere also influ-

ences its levels, which is a sink for atmospheric CO₂. Other natural processes that contribute to remov-

ing CO₂ from the atmosphere include rock weathering and photosynthesis.105–107  

 Methanol 

CH3OH is the most abundant oxygenated and reactive VOC in the atmosphere and plays an important 

role in atmospheric physics and chemistry. The atmospheric concentration of CH3OH exhibits consid-

erable seasonal and regional variability due to the short lifetime, with a mixing ratio of 0.2-195 ppbv.108 

The primary sources are plant growth and reactions in the atmosphere. Other sources include biomass 

burning, urban areas, and plant decay. These add up to an emission rate of 75-490 Tg yr-1.109–111 An-

other CH3OH source are root exudates in soils112 and the physical-chemical decomposition of organic 

matter in the soil.113 These studies mainly focus on interactions between the biosphere, pedosphere 

and the atmosphere. The source of CH3OH is primarily ascribed to biotic sources. Little is known about 

the abiotic sources of CH3OH in soils and other related carbon pools114 and nothing about the reaction 

mechanism.115  

Several investigations have highlighted the exchange of CH3OH between soil and the atmosphere. The 

highest air concentrations of CH3OH among all measured 19 VOCs were measured in a Mediterranean 

shrubland.116 In Amazonian soils, CH3OH release occurs during dry periods and is weakly absorbed dur-

ing wet periods.117 High CH3OH levels of up to 25 nmol mol⁻¹ were reported near an agricultural soil 

surface, leading to approximately a flux. 0.05 mgC m⁻² h⁻¹. The flux correlated to sensible heat flux, 

suggesting CH3OH production near the surface. Measurements were taken during the hot and dry 2003 

heatwave in Germany.113 However, the precise origin of all these emissions remains unclear.116 Re-

wetted and dried leaves were the subjects by Warnecke et al. (1999), and it was discovered that CH3OH 

emissions were produced abiotically. The authors report high emission rates for CH3OH (18-40 Tg per 

year) from dead leaf material, and no mechanism for production has been postulated.118 CH3OH emis-

sions from 12 different litters were investigated, and abiotic CH3OH production ranges from 26-140 

µmol glitter
-1

, and higher biotic production ranges from 54-3340 µmol glitter
-1.119 
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Other sources include the reaction of methylperoxy (CH3O2) radicals with themselves or higher organic 

peroxy radicals present in the atmosphere and other anthropogenic sources, such as solvents or bio-

fuels.111 The reaction with OH radicals represents the largest sink, accounting for 63 % of the total 

removal, followed by dry deposition on land (26 %), wet deposition (6 %), ocean uptake (5 %) and 

aqueous-phase oxidation in clouds (<1 %).111 The chemical reaction occurring in the clouds can result 

in the formation of HCOOH, which subsequently affects the acidity of the precipitation.110 Most biotic 

CH3OH production is attributable to the demethylation of pectin in the plant cell wall, catalysed by the 

enzyme pectin methyl esterase. Demethylation occurs throughout the plant's life cycle, including dur-

ing pollination, fruit ripening and the response of plant cells to stress factors.120  

These surfaces of leaves, in turn, serve as a habitat for microorganisms that utilise CH3OH as an energy 

source, so-called pink-pigmented facultative methylotrophs. These microorganisms directly utilise the 

CH3OH produced and ultimately metabolise it to CO2, which the plants then take up.121 However, how 

these bacteria survive when the plant dies and metabolism stops remains unresolved. The abiotic for-

mation of CH3OH may play a role, that these bacteria can survive during winter. 

 Formaldehyde 

CH2O has a mixing ratio of 0.03-176 ppbv in the atmosphere, making it the most prevalent carbonyl 

compound in the atmosphere. Its atmospheric lifetime is relatively brief, estimated to be a few hours. 

However, due to its high reactivity and associated carcinogenic and mutagenic properties, the signifi-

cance of CH2O is considerable.108 The primary sources of CH2O are vegetation, soil122, seawater123, in-

dustrial processes, combustion exhaust gases124–126 and the burning of biomass.127 Secondary sources 

of CH2O include the oxidation of CH4 and other long-lived VOCs, which represent a global back-

ground.128 In continental regions, the oxidation of CH3OH and isoprene dominates.129 The heterogene-

ous sources yield a complex picture of the global atmospheric distribution of CH2O, with high concen-

trations observed in urban areas127 and tropical rainforests.108 The sinks of CH2O are the reaction with 

OH radicals, photolysis, and the formation of peroxyacetyl nitrate and O3.95 Other sinks include wet 

and dry deposition.128 Additionally, CH2O is absorbed by plants and subsequently converted to CO₂ 

through enzymatic processes, which then enters the Calvin cycle.86,130,131  

Different studies show that the production of CH2O from wood/lignin is mostly at elevated tempera-

tures, with either the OCH3 group or a C2OH group bonded to an alkyl chain as a precursor.132–134 Fu et 

al. (2022) proposed a lignin-mediated Fenton reaction where Fe and H2O2 promote the CH2O and 

CH3OH production from Lignin. Due to the generation of OH radicals, demethylation of lignin occurs, 

and the aforementioned products are generated, but no reaction mechanism is postulated.132 Also, no 

abiotic production mechanism is currently known in soils. 
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 Formic acid and acetic acid 

The atmospheric mixing ratio of HCOOH is 0.02-40 ppbv, while that of CH3COOH is 0.05-17.8 ppbv.108 

The modelling, based on air and ground measurements, suggests the presence of an unknown source 

or an incorrect interpretation of sources and sinks.135 These are the two most emitted organic acids 

from vegetation. HCOOH is predominantly produced as formate, while CH3COOH is primarily formed 

as acetyl-coenzyme A (acetyl-CoA). It is evident that the two acids have a similar source. The most 

significant contribution to their formation is derived from emissions originating from terrestrial vege-

tation. With regard to the synthesis of HCOOH in plants, there are numerous potential pathways, in-

cluding those associated with C1 metabolism, C2H4 biosynthesis, the oxidation of CH2O, and pho-

torespiration. The formation of CH3COOH is a consequence of the hydrolysis of acetyl-CoA, the princi-

pal product of the catabolism of carbohydrates and fats.86  

Another important source is the photochemical oxidation of various VOCs (especially isoprene, acetal-

dehyde and alkenes).136Additionally, biogenic sources include the formation by soil bacteria137 and the 

combustion of biomass.138 In contrast, anthropogenic sources encompass fossil fuels, exhaust gases 

from the combustion of fossil fuels, biofuels and agriculture.108 The residence time in the atmosphere 

for both acids are more than one week, given that they are the final product of photooxidation. The 

largest sink is the wet deposition due to the high H2O solubility of the acids, which also strongly influ-

ences the residence time in the atmosphere.139 The acids can account for up to 60 % of the acid content 

of precipitation.140 Another sink is the adsorption of dust particles, which can be highly significant on 

a regional scale.141  

 Chloromethane 

CH3Cl is the most prevalent halogenated hydrocarbon in the atmosphere, with a mixing ratio of 550 

pptv. Global emissions are estimated to range from 4,000 to 5,000 Gg. It is assumed that the tropical 

rainforest produces approximately half of the emissions.142 Overall, the global CH3Cl budget is not bal-

anced, with sinks outweighing sources. However, it is unclear whether there are unknown sources or 

whether emission estimates are inaccurate.143 Recent experiments and calculations of the kinetic iso-

tope effect, on which the emission in the calculations for the rain forest are based, suggest the pres-

ence of a significant unidentified source in the tropical rain forest, estimated to be approximately 1,500 

Gg.144 The abiotic conversion of chloride and pectin, a CH3 donor ubiquitous in plants, has been ob-

served to produce CH3Cl in dead leaves under ambient conditions. Emissions exhibited a marked in-

crease at elevated temperatures, indicating a significant contribution of terrestrial ecosystems and 

biomass burning to global chloromethane cycling.145 Other sources include the ocean146, grassland147, 

oxidative turnover of organic matter148, salt marshes149, wetlands150, biomass burning151 ,and fungi.152 
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The main anthropogenic source is coal combustion. Degradation occurs mainly by OH radicals in the 

atmosphere.153 Methylotrophic bacteria in the soil and ocean can degrade CH3Cl and extract energy 

from it.154 In addition, CH3Cl is degraded by chlorine radicals in the marine boundary layer.153 Given a 

typical lifetime of approximately one year, the substance is incorporated into the stratospheric envi-

ronment, where it is known to release chlorine radicals due to photolytic cleavage. It is estimated that 

approximately 16 % of the observed depletion of stratospheric ozone can be ascribed to this chemical 

reaction, which makes it the most significant source of reactive chlorine within the stratosphere.144 

1.3 Precursor compounds and their function in natural systems  

Various precursor compounds with hetero-bonded CH3 groups were analysed to ascertain their poten-

tial for forming C1 and C2 components (Table 1). Environmentally relevant compounds with CH3 groups 

bound to sulphur, nitrogen, phosphorus, or oxygen were analysed. The primary focus is on the sulphur- 

and oxygen-bound CH3 groups. Given that work is being conducted in aquatic systems and that a sub-

stantial number of soils have been analysed, the role of the substances in these compartments is being 

given particular attention. To trace the reaction pathway, 2H, 13C and 18O labelled substances were 

applied. Subsequently, the aforementioned stable isotopes were analysed in the C1 and C2 compo-

nents. A detailed discussion of the formation of CH3 radicals from these substances is presented in a 

separate section (1.1). 
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Table 1: A comprehensive overview of all chemical components utilised, including their respective chemical struc-

tures.  

DMSO Methionine Trimethylamine Choline chloride 

    

Methylphosphonic 
acid Sinaply alcohol Coniferyl alcohol Galacturonic acid me-

thyl ester 

 
 

 

 

2-Methoxyphenole 3-Methoxyphenole 4-Methoxyphenole Anisole 

 
 

  

Syringic acid Syringic aldehyde 

  

 S-, N- and P- bonded CH3 group containing compounds 

 DMSO 

Dimethylsulfoxide (DMSO) is a product of the photochemical and biological oxidation of dimethyl-

sulfide (DMS) and has two S-bound CH3 groups. DMS is produced by bacteria from dimethyl-

sulfoniopropionate in the ocean and also serves as a metabolite in phytoplankton. DMS represents the 

largest natural source of sulphur in the atmosphere. DMS, DMSO and dimethylsulfoniopropionate are, 

therefore, the most important components of the global sulphur cycle.155 DMS is oxidised at the 

ocean/atmosphere boundary layer to form sulphuric and methanesulfonic acids, which act as cloud 
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nuclei. These influence the radiation budget of the atmosphere, thus exerting a feedback effect on 

biogenic DMS emissions (CLAW hypothesis).156,157 The atmospheric oxidation of DMS produces DMSO 

as an intermediate product, with mixing ratios of up to 30 parts per trillion by volume (pptv) mod-

elled.158 Sediments, soils, and freshwater compartments are also sources of DMS.159,160 Given the pro-

duction of ROS in soils, as outlined in section 1.6, it is plausible that the DMS undergoes oxidation to 

form DMSO. Furthermore, it is suggested that DMSO has an anti-oxidative effect in the cell.161,162 

 Methionine 

Methionine is an essential amino acid not synthesised by the body and, thus, must be obtained from 

dietary sources. Two isomers of methionine have been identified: D-methionine and L-methionine, 

which contain one sulfur-bound CH3 group. L-methionine is the naturally occurring form and, in con-

junction with cysteine, is the sole sulphur-containing amino acid.163 Succinyl-CoA, cysteine, creatine, 

homocysteine and carnitine all require methionine as a precursor compound during synthesis and thus 

represent an essential component in protein biosynthesis and metabolism.164 Moreover, methionine 

directly influences immune system function, increasing the production of taurine, glutathione and 

other metabolites through methionine catabolism.165 Furthermore, methionine reacts with adenosine 

triphosphate to form S-adenosyl-L-methionine (SAM), which is a principal CH3 donor in organisms.166 

 Trimethylamine 

Trimethylamine (TMA) is a volatile tertiary aliphatic amine consumed through food. The precursor 

compounds carnitine, choline (described in Chapter 1.3.1.4) and lecithin, found in large quantities in 

meat and eggs, are absorbed and then converted to TMA by gut microbiota.167–169 Subsequently, TMA 

is converted to trimethyl-N-oxide by flavone monooxygenase.170 Marine organisms utilise the sub-

stance for several purposes, including the equalisation of hydrostatic pressure and the function of an 

osmolyte. It is also employed to reduce the freezing point of body fluids and provide protection against 

elevated urea concentrations.171,172 Trimethyl-N-oxide can be metabolised by bacteria to tri-, di-, and 

monomethylamine, which are responsible for the characteristic fishy odour.171 Moreover, trimethyl-

N-oxide can be metabolised to dimethylamine and CH2O with the assistance of trimethylamine 

monooxygenase and trimethylamine-oxide aldolase. Another enzymatic pathway is the direct demeth-

ylation of TMA by trimethylamine dehydrogenase, which is energetically preferred.173 Additionally, 

plants possess intrinsic levels of trimethyl-N-oxide, which are elevated during abiotic stress. This phe-

nomenon enhances the plant's tolerance to abiotic stressors, including frost, drought, and high salin-

ity.174  
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TMA is released into the atmosphere from various sources, including pig faeces, fish processing, vehicle 

exhaust, marine organisms and anaerobic fermentation of food waste.175–178 The primary reaction 

pathways of aliphatic amines in the gas phase are postulated to occur via interaction with atmospheric 

oxidants, such as hydroxyl radicals and ozone. The formation of non-salt organic aerosols results from 

the TMA oxidation, which has been demonstrated to exhibit enhanced stability relative to nitrate 

salts.179 

 Choline 

Choline has three CH3 groups attached to the nitrogen of ethanolamine, making it a quaternary amine; 

as earlier mentioned, it is a precursor for TMA. It is a vitamin-like substance for humans and animals, 

but it is also produced by the body in small amounts. 180 Choline fulfils a multitude of biological func-

tions within the human body. One such function is that choline can be oxidised by an enzyme to beta-

ine, whereby the CH3 group of betaines can be utilised to synthesise methionine from homocysteine. 

Additionally, choline is a precursor to phosphatidylcholine and sphingomyelin, which are integral com-

ponents of biological membranes. It also serves as a precursor to diacylglycerol and ceramide, which 

are intracellular messengers. The neurotransmitter acetylcholine is also dependent on choline as a 

precursor compound.180–182 Choline is synthesised within the body through the methylation of phos-

phatidylethanolamine by SAM.183 The synthesis of choline has also been observed in plants and yeast 

cells.184,185 

 Methylphosphonate 

Methylphosphonate is an organic phosphonate, a category of reduced phosphorus compounds distin-

guished by their chemically stable C-P bond. These compounds constitute a substantial portion of the 

dissolved organic matter in marine environments.186 This observation underscores the significance of 

phosphonates as an important source of phosphorus, particularly in oligotrophic (phosphorus-limited) 

areas of the ocean. Specialised enzymatic pathways (C-P lyase pathways) have evolved in microorgan-

isms to facilitate the cleavage of the C-P bond in phosphates, thereby enabling the utilisation of phos-

phorus by these organisms. Inorganic phosphorus, which is typically more readily available, is the pre-

ferred source of phosphorus.187 A multi-enzyme complex splits the phosphonate into phosphate and a 

corresponding hydrocarbon, thereby enabling the degradation of methylphosphonate to produce 

CH4.188,189 This process may offer a potential explanation for the CH4 paradox, as it results in CH4 super-

saturation in the upper layers of the ocean, where this process occurs.80,190 
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 OCH3 aromatic compounds 

The two most significant lignin monomers, namely sinapyl alcohol and coniferyl alcohol, which are 

endowed with OCH3 groups, were subjected to analysis. These monomers, in conjunction with p-

coumaryl alcohol (S-, G- and H-units), serve as the fundamental building blocks of lignin. It represents 

an essential wood component comprising between 18 and 35 % of the total composition. The remain-

ing essential components are cellulose (40-45 %), hemicellulose (25-35 %), and a range of other com-

ponents, including polysaccharides and minerals, which collectively account for up to 10 % of the total 

composition.191–194 Lignin is a vital component of the cell wall, providing structural integrity and hin-

dering the decomposition of polysaccharides. Additionally, it serves as a barrier against pathogens, 

insects, and other herbivores.195 Most softwoods are composed of coniferyl units, while hardwoods 

primarily comprise coniferyl and sinapyl alcohol units. In contrast, grasses are known to contain all 

three lignin monomers.193 Decomposition of the aromatic compound lignin is principally facilitated by 

the action of white-rot and brown-rot fungi, in addition to certain bacteria. These organisms synthesise 

a range of heme peroxidases, which enable the direct degradation of lignin and the demethylation 

processes. Furthermore, the by-product of this process is the formation of humic substances, which 

are integral components of soil humus.196–198 Lignin is an essential component of wood, which is ulti-

mately deposited in the soil following the decay process and is found in nearly all terrestrial ecosys-

tems. Given the substantial quantities of lignin available and the hetero-bonded CH3 groups present, 

it is a potential source of VOCs in this study. Furthermore, wood is utilised as an energy source through 

combustion, producing numerous VOCs, including 2-methoxyphenol (guaiacol).199 This also occurs as 

a monomer in lignin and is employed as an example substance due to its favourable availability and is 

also isotopically labelled available. Furthermore, analysis was conducted on 3- and 4-methoxyphenol 

due to their structural similarities. Other components selected for their structural similarity and rele-

vance to the environment are anisole, syringic acid and syringic aldehyde.  

 Galacturonic acid methyl ester 

Galacturonic acid methyl ester (Game) represents the esterified galacturonic acid that constitutes the 

fundamental building block for pectin. It is linked alpha-1,4-glycosidically and exhibits varying degrees 

of esterification depending on the plant species.200,201 Also, numerous side chains containing up to 17 

different monosaccharides and more than 20 linkages are possible.202 The cell walls of plants and fruits 

contain pectin, which constitutes between 10 and 35 % of their composition. This pectin plays a crucial 

role in maintaining the stability and development of the cell wall.203 The pectin methyl esterase catal-

yses the hydrolysis of pectin methyl esters, releasing CH3OH through the stomata.121,203 The ester/OCH3 
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group is of interest for this study as it plays an integral role in Game and pectin and is worthy of further 

investigation. 

1.4 Transition metal species and their occurrence in soils 

 Tetradentate Bispidine Ligand 

An iron-bispidine complex was employed in a multitude of experiments. Its selection was predicated 

on its high reactivity and the necessity for modelling using DFT (density functional theory). These prop-

erties were used in previous studies described in Chapter 1.1.1. Additionally, it has been the subject of 

extensive research and has been utilised for over half a century.204  
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Figure 4: Structures of the Tetradentate Bispidine Ligand a) L ([Fe(N2Py2)Cl2]•CH3CN) and its b) Iron(IV)-Oxido 

complex in aqueous solution. Taken from Hädeler et al. (2023).205 

The non-haem iron complex is displayed in Figure 4a, in which a tetradentate bispidine-based ligand 

(LFeIICL2) coordinates Fe2+ via two tertiary amines and two pyridine donor groups.16,205 The synthesis 

of this complex is achieved through a two-step process involving consecutive double Mannich reac-

tions, followed by the addition of Fe2+.206 Subsequently, the compound is oxidised by adding an oxidis-

ing agent, in this case, H2O2, which forms an iron-oxo complex (Figure 4b).16  

These bispidine-based iron-oxo complexes are regarded as highly effective catalysts for the epoxida-

tion of alkenes, hydroxylation and halogenation of alkanes, as well as the oxidation of alkanes, alcohols 

and sulphur compounds, including thioethers.22,207–211 Due to the high oxidising power of iron-oxo com-

plexes, organic substances can also be converted with great efficiency, which is why highly valent iron-

oxo complexes play a significant role in natural processes.15 The processes of oxygen atom transfer 

(OAT) and hydrogen atom abstraction (HAA) are of significant importance in this context (Chapter 

1.1.1) and could be performed by the iron-oxo complex (Figure 4b). 

a) b) 
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 Hematite 

Hematite (Fe2O3) is a trivalent reddish-coloured Fe oxide very common in rocks and as a pedogenic 

mineral in soils. There, Fe2O3 can be regarded as the end product of the transformation of other Fe 

oxides and hydroxides. The weathering of primary minerals results in the release of Fe2+, which is then 

oxidised to Fe3+, which is then hydrolysed at a pH >3, e.g. to ferrihydrite (5 x Fe2O3-9 x H2O).212 The 

primary mechanism of Fe2O3 formation in soil is the dehydration and rearrangement of ferrihydrite.213 

The metastable ferrihydrite can be transformed into Fe2O3 and/or goethite (α-FeOOH) in soils, which 

is particularly influenced by temperature, moisture and pH: Fe2O3 forms at higher temperatures, low 

moisture and neutral pH, while lower temperatures and higher pH favour the formation of goethite.214 

Accordingly, Fe2O3 is particularly common in soils of the tropics and subtropics, while goethite domi-

nates in soils of temperate latitudes.  

Fe2O3 can react with many inorganic and organic colloids to form even more complex aggregates. The 

solubility is highly dependent on Eh-pH conditions and is generally very low. Due to that, a major prob-

lem is that plants may not be able to absorb enough Fe at pH values above 7, which can lead to growth 

problems. Microorganisms may have similar problems215 as Fe is a micronutrient for them.216 

 Transition metals  

Different transition metal species are investigated to investigate whether other transition metals than 

iron can mediate the reaction described in Chapter 1.1.1 (Table 2). Selected minerals and salts are 

analysed, and each transition metal is investigated in isolation. The formation of CH3Cl was investigated 

by selecting transition metal chlorides. Distinct oxidation states of the transition metal cation were 

also selected, allowing the investigation of different oxidation states of the transition metals. 

Table 2: Overview of transition metal species used instead of the LFeIICL2 or Fe2O3. 

transition metal halogenated species other species 

manganese MnCl2 ・ 4H2O MnO2, MnSO4 ・ 4H2O 

iron FeCl2 ・ 4H2O FeSO4 

cobalt CoCl2 ・ 6H2O - 

nickel NiCl2 ・ 6H2O NiSO4 ・ 6H2O 

copper CuCl2 CuO/Cu2O, Cu(CH3COO)2 

Here, a brief description of the transition metals used focuses on the occurrence in soils. Manganese 

(Mn) is naturally present in three oxidation states (+II, +III, and +IV), influenced by soil redox conditions. 

Manganese is often found as Mn(IV) oxides in well-aerated soils, while Mn(II) is present in waterlogged 
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or anaerobic conditions.217 The manganese content of the soil is principally derived from the weather-

ing of manganese-bearing minerals present within rock formations.218  

Cobalt (Co) is an inherent constituent of the earth's natural environment, originating from the weath-

ering of parent rocks such as cobaltite and erythrite. It is predominantly observed in two valence 

states: Co(II) and Co(III). Volcanic ash has been shown to enhance cobalt levels in soil samples.219 Fur-

thermore, using fertilisers and additives in agricultural practices has been demonstrated to contribute 

to elevated levels of cobalt in soil.220 Cobalt is an indispensable trace element for the functioning of 

plant and animal life, and thus humans. The key physiological role of cobalt is as the central metal ion 

in vitamin B12 (cyanocobalamin), ensuring its catalytic activity in CH3 group transfer reactions.221 

Nickel (Ni) concentrations in soils range from 5 to 500 mg kg-1, with the primary source of nickel being 

the geological weathering of (ultra)mafic rocks enriched in Ni-bearing minerals, such as limonite and 

garnierite.222,223 Nickel is a biologically essential micronutrient found in enzymes across all domains of 

life. It is crucial for diverse biogeochemical processes, including the fixation of nitrogen and its uptake 

and the fixation of carbon and methanogenesis.222 

The concentration of copper (Cu) in soil is contingent on many interacting factors, including the char-

acteristics of the parent material, the physico-chemical properties of the soil, and potential exogenous 

inputs from agricultural or industrial activities. For instance, the availability of copper is known to de-

crease in soils with elevated pH levels, high concentrations of soil organic carbon, and substantial clay 

content.224 An analysis of agricultural soils, focusing on those associated with vineyards and orchards, 

revealed an elevated presence of copper. This phenomenon can be attributed to using copper-based 

fungicides in agricultural practices.225,226 

1.5 Ascorbic acid as an OH radical scavenger 

Vitamin C (Asc) is an antioxidant and a vital human nutrient which must be consumed with food. The 

highest concentrations of the substance in food are found in vegetables, fruit, and other plant materi-

als, which accumulate in the soil in the end.227 Asc is easily oxidised and functions as an effective scav-

enger of ROS. Other compounds, such as glutathione peroxidase, catalase and other forms of Asc, also 

possess these properties. This is important for all living organisms, protecting them from cell damage 

and other adverse effects.227,228 This property is of crucial importance in the experiments carried out. 
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1.6 ROS and the formation of C1 and C2 in soils  

As outlined in Chapters 1.4 and 1.5, transition metals have been detected in the soil, and Asc and its 

derivatives have also been identified in the same environment. The precursor compounds described 

in Chapter 1.3 are commonly present in the soil. Specifically, lignin and pectin, as representatives of 

the oxygen-bonded CH3 group, occur extensively in the soil due to their essential role in plant compo-

sition.  

The need for ROS, especially H2O2, in the investigated reaction is ubiquitous in soil (Figure 5). Most of 

these are O2− radical, H2O2, and OH radicals formed during photochemical reactions, atmospheric 

precipitation, plant and microbial exudation and heterogeneous catalysis mediated by biochar or qui-

none-like substances (Figure 5).229 The photochemical process can occur within the soil, whereby 

mineral oxides act as catalysts to produce ROS, including O2
•− and H2O2.230 Additionally, this process 

can take place on hydrated mineral surfaces231 or during the reaction with transition metals, such as 

Fe.232 Another source is the precipitation, which contains up to 78 µmol L-1 H2O2, which contributes 

significantly to the ROS in the soil.233 Moreover, a considerable number of microorganisms are in-

volved in the production of ROS. These generate H2O2 in conjunction with enzymes such as oxidase 

enzymes.234 A further source is the alteration of redox conditions resulting from alternating aerobic 

and anaerobic conditions in soils. The conversion of FeIII into FeII causes desorption and/or the pro-

duction of ROS.235 Quinones are pervasive in soil environments, formed through the decomposition 

of leaves and lignin and synthesised by microorganisms.236,237 They are redox active, exhibiting three 

distinct oxidation states, and thus capable of reacting with O2, transition metals or catalysts to pro-

duce ROS.237 These processes, particularly the abiotic ones, significantly influence the formation of C1 

and C2 components in soil, functioning as a primary driving force behind these chemical reactions. 
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Figure 5: Sources and pathways of ROS in soils. The Fenton reaction, which forms part of the present investiga-

tion, represents a significant component of ROS production in soil. Taken from Yu et al. (2021).229 

1.7 DFT modelling 

The computer-aided chemical modelling conducted by Gunasekaran Velmurugan and Peter Comba to 

accompany the experiments is outlined in Hädeler et al. (2023).205 It constitutes an indispensable ele-

ment of the reaction mechanisms but was not conducted in the present study and, therefore, not 

described here. 

1.8 Motivation and research aim of this study 

Based on the previously described research, CH3 radicals are precursors of C1 and C2 compounds in 

the environment.14,31,37,238 These reactions occur under oxic, abiotic and atmospheric conditions with 

mostly H2O2 as an oxidant that activates Fe to a [FeIV=O]2+ species, naturally occurring substrates with 

a hetero-bonded CH3 group (S, N, P and O) and Asc as an OH radical scavenger. These processes are 

only less described for CH4 formation in natural environments33 and poorly for other C1 and C2 com-

pounds. Thus, a comprehensive understanding of all processes is crucial to fully understanding the 

interactions between all these C1 and C2 compounds and how they influence the natural environ-

ments. 
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Thus, the primary objective of this study was to gain a thorough understanding of the processes and 

conversion rates involved in both the oxic and abiotic production of C1 and C2 compounds. Moreo-

ver, a comprehensive understanding of these processes within the pedosphere is imperative, partic-

ularly with regard to methoxy compounds as a precursor. 

The fundamental objective is further subdivided into the following more precise aims: 

1. Studying several potential precursor compounds with S-, O-, N- and P-bonded CH3 groups in 

the laboratory, using different Fe species, Asc and H2O2. Quantitative and qualitative analysis 

of C1 and C2 compounds in all oxidation states of carbon, ranging from -IV to +IV.  

2. Identification of novel pathways that contribute to forming environmentally relevant C1 and 

C2 compounds with isotopic 2H-, 13C and 18O-labelled substances.  

3. Replacement of Fe species by various transition metal species and studying the qualitative and 

quantitative amount of C1 and C2 compounds produced. 

4. Quantifying and determining the potential of soils to release C1 and C2 compounds and iden-

tifying the underlying reaction mechanism. 

5. Varying the conditions in the soil experiments (pH, temperature, wet-dry cycles, and the re-

moval of reactive groups) to gain further insight into the controlling factors of C1 and C2 pro-

duction. 

6. Estimating initial global emission rates of the produced C1 and C2 compounds. 

2 Materials and Methods 

The various experimental setups and the preparation and collection of the soil samples are described 

below. Furthermore, the individual methods for analysing CH4, C2H6, CH3OH, CH2O, CH3Cl, CO2, HCOOH 

and CH3COOH and all calculations are described.  

2.1 Experimental setup and details for the incubation experiments 

All chemicals were of reagent grade or higher and purchased from Fischer Scientific GmbH, Merck 

KGaA, Cayman Chemicals, Carl Roth GmbH + Co. KG, Linde GmbH, AIR LIQUIDE Deutschland GmbH and 

Campro Scientific GmbH. 
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 Experiments with hetero-bonded CH3 groups 

All experiments with hetero-bonded CH3 groups containing a transition metal species, a substrate, an 

acid and H2O2 in the following ratios: 10:25:100:200 (Table 3). Deviations from this are always de-

scribed. 

Table 3: Used amounts of substrates in the standard experiments dissolved in 10 ml H2O. 

Reactant Amount [µmol] 

Transition metal species 10 

Substrate 25 

Asc /Triflic acid 100/0.05 

H2O2 200 

The standard experiments were conducted in 50 ml glass vials (IVA Analysetechnik GmbH & Co. KG, 

Germany) that were sealed with an aluminium crimp cap with a Pharma-Fix-Septum, Butyl/PTFE sep-

tum (3.0 mm thickness, 20 mm diameter, IVA Analysentechnik GmbH & Co. KG, Germany). The vials 

contain 10 µmol of tetradentate bispidine ligand (see Figure 2; LFeIICl2) or Fe2O3 as a catalyst. Subse-

quently, 25 µmol of different hetero-bonded CH3 group-containing substrates are dissolved in 5 ml 

ultra-pure H2O. Additionally, 100 µmol Asc is dissolved in 2.5 ml H₂O and introduced to the experiments 

as an OH radical scavenger, maintaining a consistent pH across all experiments. In the absence of Asc, 

0.05 µmol trifluoromethanesulfonic acid (triflic acid) is dissolved in 2.5 ml H₂O, and the vials are then 

sealed with an aluminium crimp cap. A solution of 200 µmol H₂O₂ (dissolved in 2.5 ml) was added 

through the septum with a 2.5 ml syringe (SETonic GmbH, Germany) to initiate the reaction. This was 

done to prevent the produced gas from being degassed. The total volume of the liquid phase is 10 ml, 

resulting in a headspace volume of 40 ml. Afterwards, the experiments were stored in a climate cham-

ber in the absence of light for 48 h. All individual experiments were performed in triplicate with the 

same composition and under the same environmental conditions to obtain comparable and statisti-

cally reliable results. Control samples ("blanks") were also prepared to account for the background 

values of the investigated components in the liquid and gas phases and were subtracted from the 

measured values. These also contained the specified amounts of Fe species, Asc, and H2O2; however, 

the solution with the initial substance was replaced by 5 mL of ultra-pure H2O. 

 Sampling of the experiments 

Following a period of 48 h, the samples were collected. All gas samples were collected using a 30 ml 

gas-tight plastic syringe (BD Plastipak™, BD, Switzerland). A volume of 6 ml was transferred to a 3 ml 
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glass container (Exetainer®, Labco Limited, UK) for subsequent analysis with the GC-BID (Chapter. 

2.2.2.2). The remaining headspace (ca. 30 ml) was stored in a 12 ml glass container (Exetainer®, Labco 

Limited, UK) for subsequent analysis of the hydrocarbons (Chapter 2.1) and any additional measure-

ments deemed necessary. Subsequently, the experiments were opened, and the liquid phase was sam-

pled. The liquid was initially filtered through a sterile filter with a mesh size of 0.2 μm (Whatman™, GE 

Healthcare Life Sciences, USA). A 1.5 ml sample was mixed with 10 µl of catalase (1 mg ml-1) to termi-

nate the reaction. The sample was then stored in crimp-top vials (IVA Analysentechnik GmbH & Co.) 

and sealed with an aluminium crimp cap with a natural rubber/butyl/PTFE septum (1.0 mm thickness, 

11 mm diameter, IVA Analysentechnik GmbH & Co. KG, Germany) for the CH3OH analysis. For the CH₂O 

analysis, a solution of 1 ml of sample, 1 ml of pH 7 buffer solution, 1 ml of Pentafluorophenylhydrazine 

(PFPH; 1 mg ml-1) and 10 µl of catalase (1 mg ml-1) was prepared in a glass flask and subsequently 

transferred to a 1.5 ml crimp-top vial. The remaining samples were stored in 20 ml crimp-top vials (IVA 

Analysentechnik GmbH & Co. KG, Germany), and the pH value was measured at least once in each 

experiment (WTW-SenTix® 81, Xylem Analytics Germany Sales GmbH & Co. KG, Germany). All quanti-

tative data shown represents triplicates, measured three times for CH4, CH3OH and CH2O and one time 

for C2H6 (n = 9/3), with the total error of all experiments displayed and the total error calculated after 

equation 10. Any deviations in procedure or measurements are explicitly noted. 

 Experiments with labelled substrates and other setups 

To trace the origin and reaction path of the individual components, 2H, 13C and 18O-labelled starting 

materials were employed, as well as H₂18O, H₂18O₂ and 18O₂; however, due to the high cost of some of 

the labelled substances and the subsequent limited availability, reduced quantities were often utilised. 

Furthermore, the concentrations of the several components were varied. All deviations from the 

standard experiments are indicated. 

 Experiments with soils 

 Sampling and Preparation of the samples 

A total of 24 soil samples were examined to ascertain their potential for forming C1 and C2 compounds. 

The samples were collected in the Rhein-Neckar-Kreis and the Rhein-Pfalz-Kreis, Germany. A diverse 

range of soil samples was collected concerning the genesis and the composition of the organic material 

to facilitate a comprehensive and representative study. Furthermore, the sampling sites were selected 

to minimise the potential for human influence. The initial step involved the collection of a 1-metre-

deep profile using the Pürckhauer method to determine the soil horizons. Subsequently, a hole of an 

equivalent depth was excavated using a stainless-steel spade, and the requisite mixing samples were 
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obtained from the respective horizons with a stainless-steel spatula to conduct experiments investi-

gating the formation of C1 and C2 components. If the deepest horizon is less than one metre in depth 

or rock is present below, only the overlying horizons were sampled. 

The samples were subsequently subjected to sterilisation by drying at 105°C for three days, after which 

they were ground using a planetary mill (PULVERISETTE 5, Fritsch GmbH, Germany) at a rate of 400 

rotations per minute for five minutes to achieve complete homogenisation. A total of 5 g of soil was 

incubated in a 50 ml glass vial, which was sterilised once more for a minimum of one hour. Subse-

quently, 10 ml of ultra-pure H2O was added, and the experiment was sealed (see Chapter 2.1.1 for a 

description of the materials used). All quantitative data shown represents triplicates, measured three 

times for CH4, CH3OH and CH2O and one time for C2H6, with the total error of all experiments displayed 

and the total error calculated after equation 10. Any deviations in procedure or measurements are 

explicitly noted. 

 Location and Sample Description 

The soil samples are briefly described below in accordance with DIN standard 18196. Figure 6 and 

Table 4 show the sampling locations, the abbreviations used, and the classification according to the 

"leading soil associations". The overlying dead plant material was removed before sampling. 
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Table 4: Sample name, location and a short description of the sampled soils according to the “Leitboden-as-

soziationen” of the Soil Atlas of Germany of the Federal Institute for Geosciences and Natural Resources. 

Name Location Description 

MX Maxdorf (A) Chernozem from loess and loess-like silt deposits 

BI Birkenheide (B) Pararendzina from loess alternating with Rendzina from marl and limestone 

AL1 Altlußheim (C) Fenland soil 

AL2 Altlußheim (D) Alluvial soil / gley from loamy to clayey alluvial sediments 

HO Hockenheim (E) Fenland soil - podzolic brown earth from sandy terrace deposits 

WA1 Walldorf (F) Podzolic brown earth from sandy terrace deposits 

WA2 Walldorf (G) Alluvial soil / gley from loamy to clayey alluvial sediments 

MA Malschenberg (H) 
Pelosol brown earth / Pelosol pseudogley from weathering products of marl 

and clay rocks 

SH1 Schriesheim (I) Brown earth from acidic igneous and metamorphic rocks 

SH2 Schriesheim (J) 
Chernozem-parabrown earth / parabrown earth-chernozem from loess or lo-

ess loam 

LR St. Leon-Rot (K) 
Pelosol brown earth / Pelosol pseudogley from weathering products of marl 

and clay rocks 

UH Unterhof (L) 
Chernozem-parabrown earth / parabrown earth-chernozem from loess or lo-

ess loam 

PT Peterstal (M) Podzolic brown earth from base-poor quartzitic sandstones and conglomerates 
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Figure 6: Locations of the soil samples near Heidelberg A-M.239 

Three soil samples were obtained from a soil profile in a mixed forest near Maxdorf (A) at depths of 0-

5 cm, 5-15 cm and 15-30 cm, respectively. The topsoil is characterised by a slightly medium sandy and 

slightly silty fine sand with a dark brown colour and a high humus content. The humus content de-

creases in the 5-15 cm depth layer, and the colour shifts from dark brown to brown. From 15 cm depth 

onwards, the soil is characterised by a homogeneous, light brown, medium sandy fine sand with a 

significantly higher silt and humus content. 

Two samples were obtained from the area of Birkenheide (B) at depths of 10-25 cm and 25-35 cm. The 

soil type is also characterised by a high proportion of medium-sized sand particles, as observed in the 

soil samples from Maxdorf. The colouration of the topsoil transitions from dark brown to brown with 

depth, whereas in the subsoil, it becomes increasingly light brown. The samples were obtained from a 

meadow comprising grass and heather vegetation. 

The Altlußheim (C) soil sample is distinguished by a dark colouration and markedly elevated humus 

content. The soil type is classified as slightly fine sandy and very slightly clayey silt. The sample origi-

nates from the "Hockenheimer Rheinbogen", a nature and landscape conservation area comprising a 

silted-up oxbow of the Rhine where a fen has developed.240 The landscape is characterised by grass 

and moorland, partly influenced by agricultural practices. The soil sample was taken from a depth of 

20 cm. 

N 
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Another soil sample was collected at a depth of 0-10 cm in the area of Altlußheim (D) in the “Hocken-

heimer Rheinbogen” area, which has a black colour and a high humus content. The predominant soil 

component is silt, which exhibits slight fine sandy and medium sandy properties. 

The soil profile in the Hockenheim (E) area was developed in the eastern section of the "Hockenheimer 

Rheinbogen " region. Two soil samples were obtained from depths of 10–20 cm and 20-30 cm. The soil 

is characterised by a dark brown, soft silt with slightly clayey and humic properties and a very slight 

sand content in the upper area. The lower area consists of strongly humic (peaty) silt, which is slightly 

clayey and slightly sandy with a high H2O content. The parent rock is a flood sediment that lies on river 

gravel.240 

Three additional soil samples were obtained in a mixed forest near Walldorf (F) at 0-5 cm, 5-15 cm, 

and 20-35 cm. The topsoil is characterised by a dark brown, silty medium sand to fine sand texture and 

a high humus content. Towards the base of the profile, the colour transitions to a lighter brown. The 

humus content declines and the soil is predominantly medium sand with fine sand content. At a second 

site near Walldorf (G), soil samples were obtained from a mixed forest at depths of 0-10 cm, 10-40 cm, 

and 40-100 cm. The initial 10 cm of soil is characterised by dark brown pigmentation, a high humus 

content, and a fine to medium sand and silt composition. At a depth of 10-40 cm, the soil transitions 

to a silty and fine to medium sand texture with a brown to light brown colouration. At a 40-100 cm 

depth, the soil exhibits slight silty characteristics, fine and slightly medium sand, a light brown hue, and 

a low humus content. 

A soil sample was obtained from a depth of 5-20 cm at Malschenberg (H) in an area that comprises a 

variety of habitats, including grassland and shrubland, which are utilised by humans. A dark brown 

colour characterises the soil sample, clayey silt with a high humus content. The soil formation below 

this layer consists of marl and claystone. 

Two distinct locations were identified for sampling in the area surrounding Schriesheim. The initial site 

(I) is situated on a mixed forest slope comprising slightly weathered rhyolite as the parent rock, where 

only a shallow soil profile has developed. The sample was obtained from a 0-5 cm depth and comprises 

a heterogeneous mixture of gravel with strong silty and sandy components. A dark brown colour and 

a high humus content characterise the soil. In contrast, a soil profile (J) at the foot of the slope in a 

grassland was sampled with loess and loess loam as parent materials. The top 5 cm of soil is a brown, 

humic, slightly fine sandy silt. Below 5 cm, the colour changes to light brown with a low humus content. 

Additionally, lime concretions can be observed in the lower area. One sample was taken from the top 

5 cm and one from 45-55 cm. 
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Two soil samples were obtained from the surface to a depth of 10 cm and 100 cm at the St. Leon-Rot 

location (K). The samples were taken in a mixed forest. The soil exhibited a medium humus content in 

the upper area and a dark brown colour. The soil was identified as silty and very slightly medium sand. 

The deeper soil sample was characterised by a brown colour with a low humus content and, like the 

upper part, was also very slightly medium sandy and silty. 

Two further soil samples were taken at Unterhof (L) in a mixed forest at 0-10 cm and 10-100 cm depths. 

The soil consists of loess and is dark brown at 0-10 cm level, transitioning to brown at 10-100 cm level. 

It is primarily silt, with a medium humus content in the upper part, which decreases sharply from 10 

cm. 

Soil samples were taken from a coniferous forest near Peterstal (M) at two depth intervals: 0–10 cm 

and 10–40 cm. The entire profile is characterised by a fine sand composition, with a minor proportion 

of medium sand and silt. A dark brown hue and a high humus content characterise the soil. The soil 

exhibits a reddish-brown colouration from a depth of 10 cm to 40 cm due to the underlying sandstone 

and a relatively low humus content. 

2.2 Laboratory analysis of CH4, C2H6, CH3OH, CH2O, CH3Cl, CO, CO2, HCOOH 

and CH3COOH 

 Principles of Gas Chromatography 

Gas chromatography (GC) is a technique employed for the separation of volatile compounds present 

in a mixture. The fundamental principle of this technique is that a mobile phase (the analyte) interacts 

with a stationary phase within the column, resulting in the separation of the components due to the 

differing adsorption capabilities between the two phases. This enables the qualitative and quantitative 

determination of the individual components present in a given sample. The gas chromatographic sys-

tem consists of three main components: an injector, a column, and a detector. The injector is kept at 

a high temperature to facilitate the sample's vaporisation. Additionally, a split may be used to dilute 

the sample and improve chromatographic performance. Subsequently, the sample is transferred to 

the column using an inert carrier gas (e.g., helium or nitrogen). This is the point where the stationary 

phase separates the analytes. The necessary time depends on the specific components being analysed 

and is referred to as the retention time. This is a characteristic property of each substance, enabling 

its identification. Following this, the detector generates an electric signal. A quantitative determination 

can be made based on the peak area and a linear calibration with a known concentration.241 
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 Principles of an FID and BID 

The carrier gas with the sample is introduced to the bottom of the flame ionisation detector (FID), 

where it is mixed with hydrogen gas and a make-up gas (N₂). This mixture is combined with synthetic 

air and burned above the jet tip. The carbon samples are first reduced to CH4, then pyrolysed to CH 

radicals, and subsequently react with O2 to produce CHO∙+ and electrons in stoichiometric amounts. 

These electrons are then detected by a plate collector and displayed as a chromatogram.242,243 

The barrier ionisation-discharge-detector (BID) operates with helium, whereby the helium atoms are 

excited by a high voltage to generate a plasma. Upon relaxation into their ground state, the atoms emit 

photons with high energies (17.7 eV), which ionise the analyte molecules. The resulting ions generate 

an electric signal at the collector electrode.243,244 

 Analysis of low CH4 and C2H6 concentrations with a GC-FID 

CH4 and C2H6 were measured (low CH4 concentrations < 200 ppmv) with a GC-FID (Nexis GC-2030 with 

FID-2030; Shimadzu, Japan) or with a CARLO ERBA STRUMENTAZIONE with a coupled FID (GC6000 

Vega Series 2). The Nexis is equipped with a 50 m aluminium oxide coated column (SH-Alumina 

BOND/KCl; Shimadzu, Japan; 50 m x 0.53 mm x 15 µm) connected to a second aluminium oxide coated 

column (30 m x 0.53 mm x 10 μm, Agilent Technologies Inc., USA). The temperature program of the 

oven started at 30°C and was held for 6,5 min. Then, it was heated up to 170°C at a rate of 50°C and 

held for 2.2 min. Helium was used as a carrier gas (30.2 ml min-1). The FID (200°C) runs with hydrogen 

gas (32 ml min-1), synthetic air (200 ml min-1) and nitrogen gas (24 ml min-1) as a makeup gas.  

The CARLO ERBA is equipped with an aluminium oxide coated column (30 m x 0.53 mm x 10 μm, Agilent 

Technologies Inc., USA), and the oven program starts at 50°C for 1 min, is heated with 5°C min-1 to 70°C 

and then heated up to 190°C with a rate of 20°C min-1 and is held for 5 min. In both systems, a 7 ml 

sample was injected with a gas-tight syringe (BD Luer-Lok Becton Dickinson, Switzerland) equipped 

with a side-port needle (7751-13/00/2, Hamilton Co., USA) into a 2 ml sample loop with a precon-

nected trap filled with Drierite® (calcium sulphate) to remove H2O from the sample and then trans-

ferred to the column. Calibration was done with an internal standard with 16.28 ppmv CH4 and 10.38 

ppmv C2H6. Calibration was done down to 0.01 ppmv with a minimum R2 = 0.99. A daily factor (standard 

and/or 1/50 of the standard) was measured within any measurement sequence. 

 Analysis of CH4 and CO2 with a GC-BID 

High CH4 concentrations (>200ppmv – 100 %) were measured with a GC-BID (GC-2010 Plus; Shimadzu, 

Japan) equipped with a packed column (ShinCarbon ST 80/100, 2m, ⌀=0.53 mm; SilcoSmooth Tubing). 

50 µl were injected with an autosampler (AOC 20i; Shimadzu, Japan) in the injector (150°C) with a split 
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of 5. Helium (5.72 ml min-1) was used as a carrier gas. The chromatographic conditions were 30°C for 

7.5 min, 10°C min-1 until 100°C for 4 min and 30°C min-1 until 200°C for 2 min. For CH4, a 1000 ppmv 

and a 60 % standard (CRYSTAL-Standard; Air Liquide GmbH, Germany) were diluted and used for the 

calibration (R2 ≥ 0,99). The 1000 ppmv CH4 was always measured as a daily factor and quality control 

each day after every 9-12 measurements.  

 Analysis of CH3OH with a GC-FID 

All CH3OH concentrations were measured with a GC-FID (GC-2010 Plus; Shimadzu, Japan) and an au-

tosampler (AOC 20i; Shimadzu, Japan). The GC is equipped with an SH 200 column (30 m x 0.25 mm x 

1.00 µm). 1 µl aqueous sample was injected (250°C) with a split of 10. The carrier gas is helium (1.5 ml 

min-1). The FID ran with hydrogen gas (40 ml min-1), synthetic air (400 ml min-1) and nitrogen as a 

makeup gas (30 ml min-1). The starting temperature of the oven is 50°C and is constantly increased 

from 3°C min-1 to 65°C. The oven is then heated to 250°C at a rate of 50°C and held for 3 min. Standards 

were prepared using 99.9 % CH3OH and diluting between 0.1 and 50 ppmw (R2 ≥ 0.99). Also, a daily 

factor of 10 ppmw was measured for quality control and daily variations of the measurements. 

 Analysis of OCH3 with a GC-FID 

Quantification of the OCH3 was done with a GC-FID (HP 6890 GC and an HP 6890 autosampler; Hewlett 

Packard, USA). The injector temperature was 200°C, a split of 10 was applied, and 50 µl of sample was 

injected with the autosampler. A DB-5 (25 m x 0.32 mm x 0.52 μm) column with a nitrogen gas flow of 

1.1 ml min-1 was used. The column temperature was held constant at 150 °C for 6 min. The FID ran 

with hydrogen (40 ml min-1), synthetic air (400 ml min-1), and nitrogen as a makeup gas (45 mL min-1). 

Calibration was done with an internal beech wood (HUBG4245) or vanillin standard with a calibration 

between 6 µg and 200 µg (R2 ≥ 0.99). A daily factor (HUBG4) was measured as quality control.  

Before the measurement, the samples had to be treated with hydroiodic acid (HI).246 40 mg of the soil 

sample was mixed with 250 ml HI (57 %) in a 1.5 ml glass bottle. The vials were sealed with aluminium 

crimp caps with a natural rubber/butyl/TEF septum (1.0 mm thickness, 11 mm diameter, IVA Analyse-

technik GmbH & Co. KG, Germany) and incubated at 130 °C for 30 min and afterwards left to cool down 

and then the samples are measured. 

 Principles of Mass Spectrometry 

Many measurements were conducted on mass spectrometers (MS) coupled with gas chromatographs. 

Three fundamental principles underlying the operation of a mass spectrometer are the generation of 
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ions from both inorganic and organic substances, followed by their separation based on their mass-to-

charge ratio (m/z). This process is achieved by irradiating the molecules with high-energy ions.   

The essential configuration of a mass spectrometer comprises an ion source, an analyser, and a detec-

tor. Following this, ionisation occurs after chromatographic separation. Ions are generated by a rhe-

nium (or other metals, e.g. tungsten or wolfram) filament, which is subjected to a defined current; the 

electrons then impact the analytes, resulting in ion generation. The separation of ions into specific 

mass fragments depends on the ionisation energy. The aforementioned fragments are accelerated in 

an electric field, bundled with focusing lenses, and transferred to the analyser. The analyser's function 

is to separate ions based on their m/z ratio. Various analytical instruments are available for this pur-

pose, differing in their operational characteristics. Employed were a quadrupole analyser, a time-of-

flight (TOF) analyser, and an ion trap analyser. The quadrupole analyser consists of four rod electrodes 

arranged in the xy-direction, with the ion flow occurring in the z-direction. By applying a defined direct 

current (DC) voltage and a high-frequency alternating voltage, only ions with a specific mass-to-charge 

ratio (m/z) will pass through the quadrupole. The TOF analyser utilises a method of separation based 

on the ions' flight time. The ions are subjected to a constant voltage, resulting in differing velocities 

due to their varying m/z ratios, which in turn produce distinct flight paths and arrival times. In the ion 

trap, ions are collected in a potential well formed by a ring electrode, and two end cap electrodes to 

which direct current and radio frequency potentials are applied. The quadrupole ion trap can then 

release the ions from the trap in a targeted manner by altering the potential and/or resonance excita-

tion based on their differing m/z ratios. These mass fragments from all different detectors subse-

quently collide with a collector equipped with a secondary electron multiplier, generating an amplified 

electrical signal that is detected and used to create a mass spectrum. 

 Analysis of CH2O with a GC-TOF-MS 

The quantification and isotopic measurements of CH2O were conducted using a GC-TOF-MS (GC 

6890N, Agilent Technologies Inc., USA, coupled with a GCT Premier™ Mass Spectrometer, Waters Co., 

USA). It was equipped with a DB-5 column (60 m x 0.32 mm x 1 µm), and helium was used as a carrier 

gas at a flow rate of 1.5 ml min⁻¹. An autosampler (COMBIPAL, CTC Analytics AG, Schweiz) injected 1.5 

µl of the aqueous sample into the injector at 280°C with a split ratio of 2. The oven's starting temper-

ature was set to 30°C, increasing at a rate of 10°C min⁻¹ to 200°C, then further heated to 250°C at a 

rate of 40°C min⁻¹ and held for 5 minutes. For samples containing 2-methoxyphenol, a distinct temper-

ature programme was utilised. The initial temperature was again set to 30°C, with a heating rate of 4°C 

min⁻¹ until 160°C was reached. Subsequently, the heating rate increased to 40°C min⁻¹. The final 
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temperature of 250°C was maintained for 5 minutes. The mass spectrometer selectively detected 

masses ranging from 100 to 250 atomic mass units (AMU). 

To analyse the CH2O, a derivatisation step is needed to make the CH2O more suitable for the GC-MS 

analysis. 1 ml PFPH (1 mg ml-1) and 1 ml pH-phosphate buffer (from buffer tablets) were added to the 

sample to prevent decomposition at low pH. A hydrazone is formed with a mass of 210 g mol-1 and is 

analysed after a reaction time of half an hour (Figure 7). Standards in the range of 0.1 – 25 ppmw (R2 ≥ 

0.99) were prepared using 30 % CH2O without CH3OH. 

 

Figure 7: Derivatisation of CH2O with PFPH and the formation of a hydrazone due to a condensation reaction. 

 Analysis of CH3Cl and labelled CH3OH with a GC-MS 

Concentrations of CH3Cl and isotopic labels of CH3Cl and CH3OH were measured using a GC-MS (GC-

2010 Plus; GCMS-QP2020; Shimadzu, Japan). A ZB-624 column (60 m x 0.32 mm x 1.8 μm; Phenom-

enex, USA) was employed with helium as the carrier gas (1.51 ml min-1) and a split ratio of 5 in the 

injector (200°C). For the measurement of CH3Cl, 50 µl of gas was injected with a 250 µl gas-tight Pres-

sure-Lok glass syringe (VICI, USA). The MS operates in two simultaneous modes: Total Ion Current (TIC) 

with a mass range of 46 – 200, and Selected Ion Monitoring (SIM) with the m/z ratios CH3
35Cl: 50, 

CH3
37Cl: 52, CD3

35Cl: 53, and CD3
37Cl: 55. The initial temperature was set to 30°C for 5.5 minutes, fol-

lowed by a heating phase at a constant rate of 30°C min-1 up to 180°C for 1 minute. Calibration was 

achieved by diluting a 99.8 % gas (Air Liquide, France) between 300 ppbv and 25 ppmv (R2 = 1.00), and 

a daily factor of 6 ppmv was measured for each sequence as part of quality control. For the labelled 

CH3OH, the same column, injector temperature, column flow, and split ratio were employed but with 

a different oven program. It commenced at 40°C for 2 minutes, then increased at 50°C min-1 to 150°C, 

where it was held for 3 minutes. The TIC mode was consistently used at 29 – 150 m/z, and the SIM 

mode was employed with m/z ratios of 33 and 34 for CH3
18OH and for CD3OH, 33, 34, and 35 m/z. Prior 

to injection, the samples were equilibrated at 85°C for 30 minutes. A volume of 200 μL of headspace 

was manually injected (n = 3) using a heated gas-tight glass syringe (VICI, USA) at 85°C. 

 Analysis of HCOOH and CH3COOH with a GC-MS 

The labelled HCOOH and CH3COOH in the samples were analysed using a 450-GC gas chromatograph 

coupled with a 240-MS IT mass spectrometer (both manufactured by Varian Inc. and Agilent 
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Technologies Inc., USA). A DB-5 column (60 m x 0.32 mm x 1.0 μm; Agilent Technologies Inc., USA) was 

utilised with a helium flow of 1.5 ml min-1 and a split of 10. A volume of 1 µl was transferred to the 

injector at a temperature of 220°C using an autosampler (Varian PAL, CTC Analytics AG, Switzerland). 

The temperature programme commences at 40°C and is maintained for one minute. Thereafter, the 

temperature is increased to 60°C at a rate of 15°C min-1 and subsequently to 110°C at a rate of 5°C min-

1. The temperature is then increased with a rate of 70°C min-1 to 250°C, which is maintained for a 

further five minutes.  

Derivatisation is a prerequisite for analysing HCOOH and CH3COOH in GC-MS, as these compounds 

decompose at the elevated temperatures typically encountered in the injector. The methodology pre-

sented here is based on the approach developed initially by Moreau et al. (2003).247 Silylation is carried 

out, but the HCOOH and CH3COOH must first be extracted twice using diethyl ether, as the derivatising 

agent N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide is highly susceptible to H2O contamina-

tion.248 To this end, 25 μL of 25 % hydrochloric acid is added to each 1 mL sample in the polypropylene 

tubes. Subsequently, the tubes are filled to the 3 mL mark with diethyl ether, sealed, and mixed for 30 

minutes at 1000 rpm using a vortexer (IKA MTS, IKA GmbH & Co. KG, Germany). The HCOOH and 

CH3COOH are then transferred into the diethyl ether. Subsequently, the samples are centrifugated for 

five minutes at 1200 rpm. The organic phase is aspirated and transferred to a 5 mL rolled rim vessel 

(IVA Analysentechnik GmbH & Co. KG, Germany). The extraction process is repeated with the remain-

ing sample. Subsequently, Drierite® is added to the extract to remove residual H2O. The samples are 

then subjected to a second centrifugation for three minutes and then transferred to 1.5 mL rolling rim 

tubes (IVA Analysentechnik GmbH & Co. KG, Deutschland). In the final step, 20 μL of N-tert-butyldime-

thylsilyl-N-methyltrifluoroacetamide is added to each sample, and the samples are stored in the dark 

for five days before measurement for the derivatisation. 

An ion trap is employed as an MS, operating within the range of 80-250 AMU. Derivatisation results in 

masses of 103 g mol-1 (HCOOH) and 117 g mol-1 (CH3COOH), or 104 g mol-1 and 120 g mol-1, should 

deuterium-labelled HCOOH and CH3COOH have been formed in the experiments. 

 Analysis of δ 13C and δ 18O of CO2 with a GC-IRMS  

The δ¹³C and δ¹⁸O stable isotope values of CO2 were measured utilising an HP 6890N gas chromato-

graph (Agilent, Santa Clara, USA) equipped with an autosampler A200S (CTC Analytics, Zwingen, Swit-

zerland). The GC system was coupled to a DeltaPLUSXL isotope ratio mass spectrometer (IRMS) 

(Thermo Fisher Scientific, Bremen, Germany) via a GC Combustion III Interface (ThermoQuest Finnigan, 

Bremen, Germany). To circumvent the conventional procedure of combustion IRMS analysis, the 
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combustion reactor was bypassed through a capillary. The resulting transfer of the CO₂ analyte eluting 

from the GC column was conducted directly from the column to the interface and then to the IRMS. 

The gas chromatograph was equipped with a GS-GasPro capillary column (60 m x 0.32 mm; Agilent 

J&W, USA). The following conditions were employed: a split of 20 and an isothermal oven temperature 

of 30°C. Helium was used as the carrier gas, with a constant flow rate of 1.4 ml min-1. A tank of high-

purity CO₂ (CO₂ 4.5, Air Liquide, Düsseldorf, Germany) with a known isotopic composition was utilised 

as the monitoring gas. All 13C/12C and 18O/16O isotope ratios are expressed in the conventional δ nota-

tion per mil or mUr versus Vienna Pee Dee Belemnite (VPDB). 

 Analysis of TOC with a SSM-5000A 

The total organic carbon (TOC) in soils was quantified using a TOC-VCPH coupled with a solid module, 

specifically the SSM-5000A. The procedure involved the combustion of a dried soil sample at 900°C in 

an oven with oxygen and vanadium(V) oxide as a catalyst. The total carbon (TC) is oxidised to CO₂ and 

transferred with oxygen to a non-dispersive infrared detector. Additionally, the total inorganic carbon 

(TIC) was quantified by acidifying the sample with phosphoric acid, which produced CO₂ that was then 

transferred to the detector. The TOC is not directly measured but is calculated as the difference be-

tween the TC and TIC. Calibration was conducted using sodium bicarbonate (1-200 mg; R2 = 1.00), with 

a daily factor of 80 mg measured for quality control purposes. 

2.3 Calculations of the conversion rates and concentrations 

The conversion of precursor compounds to various C1-C2 components is represented by yields calcu-

lated from the mixing ratios. These mixing ratios are determined through the calibration of the meas-

ured values. For each starting material, it is assumed that a complete conversion of a single CH3 group 

occurs. 

 Calculations of the conversion ratio of CH3OH and CH2O 

For CH3OH and CH2O, which are analysed in aqueous solution, the conversion rate is determined by 

the ratio of the amount of substance in the sample vessel to the maximum possible amount of sub-

stance (Eq. 1). The maximum possible amount corresponds to the amount of starting material added 

(25 μmol unless otherwise indicated). The calculation of the amount of substance in the samples is 

carried out according to Eq. 2. 
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 Yi  =  
ni

nmax
 • 102 (1) 

Yi = conversion rate of the component i [%] 
ni = amount of substance of component i per vial [µmol] 
nmax = maximum amount of substance per vial [µmol] 

 ni  = 
wi

Mi
 • mL (2) 

wi = mass fraction of component i per vial [ppmw] 
Mi = molar mass of component i [g•mol-1] 
mL = mass of solution per vial [g] 

 Calculation for gases 

For the gases, the conversion rate is determined by the measured ratio to the maximum achievable 

volume fractions in the sample vessel (Eq. 3). 

 Yi  = 
φi

φmax
 • 102 (3) 

Yi = Conversion rate of component i [%] 
ϕi = Volume fraction of component i per vial [ppmv] 
ϕmax,i = Maximum volume fraction of component i per vessel [ppmv] 

The volume fractions are calculated according to Eqs. 4 and 5. 

 φmax,i =  
Vmax,i

VHS
  (4) 

 Vmax,i =  
nmax • Vm

nCH3

  (5) 

Vmax,i = Maximum gas volume of component i [µl] 
VHS = Headspace volume in the vial [L]. 
nmax = Maximum amount of substance per vessel [mol] 
Vm = Molar volume [mol•L-1] 
nCH₃ = Number of CH3 groups required to form the gas 

 Calculation of the mass fraction of CH3OH and CH2O in soil 

 wBoden, TG  =  
wi

m𝑑𝑑𝑑𝑑
 • 103 (6) 

wsoil, dw = Mass fraction of component i in dried soil [ng/gsoil,dw] 
wi = Mass fraction of component i per vial [ppmw] 
mdw = Dry weight of the soil in the vial [g] 
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Calculation of the amount of substance according to the ideal gas law: 

 ni  =  
p • V
R • T

 • φi • 103 (7) 

ni = Amount of substance of component i per vial [nmol] 
p = Pressure = 101.3 kPa  
V = Vial Volume = 46.9•10-3 L 
R = Universal gas constant = 8.314 (kPa•L)/(mol•K) 
T = Temperature = 295 K 
ϕi = Volume fraction of component i per vial [ppmv] 

 Calculation of the mass fraction 

 mi  =  ni • Mi (8) 

 w𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, dw  =  
mi

m𝑑𝑑𝑑𝑑
 (9) 

mi = Mass of component i per vial [ng] 
Mi = Molar mass of component i [g/mol] 

2.4 Statistics of the measurements 

Standard deviations were calculated using Equation 10. They are based on three replicates and three 

CH4, CH3OH and CH2O measurements. C2H6 is only measured once per experiment due to the meas-

urement setup. The number of experiments and measurements is listed in the corresponding section. 

The total error is calculated from the error propagation according to Eq. 10. 

 σges = � σ1
2 + σ2

2 + … + σn
2 (10) 

σtot = Total conversion rate error [%] 
σn = Error of the individual conversion rate [%] 

Linear regression analysis was conducted with Microsoft Excel (Microsoft Office 2019), where the R 

square value (R²) shows how well the linear regression model fits the analysed data. 
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3 Results and Discussion 

Throughout the present study, the C1 and C2 components CH4, C2H6, CH3OH and CH2O were measured 

in all investigations. The additional C1 and C2 compounds (CH3Cl, CO2, CO, HCOOH and CH3COOH) 

measured in the studies are described in each case. The first set of results focuses on the reaction of 

DMSO as an example substrate with a sulphur-bonded CH3 group and to dive deep into the reaction 

mechanism. The general experimental setup contains 25 µmol DMSO, 10 µmol LFeIICl₂/Fe2O3, 200 µmol 

H2O2 and 100 µmol Asc, and every time the concentrations in the experiments are measured, a blank 

experiment is conducted to get the background concentrations of all analysed components. Addition-

ally, the following isotopically labelled substances, d6-DMSO, H2
18O, H2

18O2, and 18O2, were used to 

investigate the reaction mechanism and the precursor atoms of all formed C1 and C2 compounds 

(Chapter 3.1). Subsequently, experiments with compounds containing S-, N-, and P-bonded CH3 groups 

are presented to determine the individual conversion rates mainly. The same setup contains 25 µmol 

S-, N-, and P-bonded CH3 groups compounds, 10 µmol LFeIICl₂/Fe2O3, 200 µmol H2O2 and 100 µmol Asc 

(Chapter 3.2). The next chapter investigates compounds containing OCH3 groups with the setting con-

taining 25 µmol OCH3 compound, 10 µmol LFeIICl₂/Fe2O3, 200 µmol H2O2 and 0.05 µmol trifluoro-

methanesulfonic acid instead of Asc. The investigations of the reaction mechanism and precursor atom 

with isotopically labelled compounds (2H- or 13C-CH3-2-methoxyphenol, H2
18O2, and 18O2) are described 

in detail (Chapter 3.3).  

Moreover, a series of studies are outlined in which LFeIICl₂/Fe2O3 is substituted for a range of different 

transition metals (Mn, Fe, Co, Ni and Cu) species to investigate the potential to produce CH4, C2H6, 

CH3OH, CH2O and CH3Cl. The precursor compounds are 25 µmol d6-DMSO, d3-methionine or 2-meth-

oxyphenol along with 10 µmol transition metal species, 200 µmol H2O2 and 100 µmol Asc (Chapter 

3.4).  

The next phase of the study involves transferring the results to natural conditions. This is achieved 

through a series of experiments with 50 mg lignin or pectin (essential parts of plants), 200 µmol H₂O₂, 

with or without 10 µmol Fe₂O₃, and with or without 100 µmol Asc (Chapter 3.5). A range of sterile soils 

(5g) with 10 ml ultra-pure H2O were incubated and analysed for CH4, C2H6, CH3OH and CH2O produc-

tion. To get deeper insights into their formation, labelled precursor compounds were added, and also 

the physical and chemical parameters of the incubation were varied. Also, the TOC and the OCH3 con-

tent of all soil samples were measured to conduct initial global extrapolations (Chapter 3.6). 
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3.1 Conversion rates and mechanistic details of d6-DMSO to C1 and C2 

compounds1 

Given the substantial environmental distribution of DMSO249, particularly within the marine ecosys-

tem81, detailed studies were conducted to enhance the knowledge about the conversion rate to dif-

ferent C1 and C2 compounds and their formation processes.  

 Determination of the general experimental setup 

Initial experiments with DMSO or d6-DMSO were conducted to detect differences in conversion rates 

and produced C1 and C2 compounds (Table 5). d6-DMSO provides the advantage that deuterium from 

d6-DMSO can be tracked through the reaction chain, offering more profound insights into the reaction 

pathway. 

Table 5: Experimental setups to determine the differences between DMSO and d6-DMSO. 

No. Precursor compound Fe species Oxidant acid 

1 25 µmol DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 100 µmol Asc 

2 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 100 µmol Asc 

3 25 µmol DMSO 10 µmol Fe2O3 200 µmol H2O2 100 µmol Asc 

4 25 µmol d6-DMSO 10 µmol Fe2O3 200 µmol H2O2 100 µmol Asc 

Only minor differences between DMSO and d6-DMSO with LFeIICl₂ or Fe2O3, H2O2 and Asc were ob-

served in the conversion rate, and CH4, C2H6, CH3OH and CH2O were identified for all reactions. Total 

conversion rates of 39.0 ± 1.50 % vs 49.7 ± 1.13 % for LFeIICl₂ and 73.0 ± 1.00 % vs 85.7 ± 1.41 % for 

Fe2O3 were detected for DMSO and d6-DMSO, respectively (Figure 8). Due to the minor differences, 

only d6-DMSO was used for further investigations. The 48-hour reaction time was selected based on 

the findings of time-dependent measurements of the conversion rate of d6-DMSO to CH4 (Figure 9), 

conducted with setups 2 and 4 (Table 5). CH4 was selected because it does not undergo further 

reactions, is easy to sample, and separates from the compounds in the H2O phase during the 

experiment due to degassing in the headspace. The reaction with the LFeIICl₂ complex is completed 

after 0.5 h, but the reaction with Fe2O3 is completed after more than 24 h. A reaction time of 48 h is 

appropriate to finish the reaction. The ratio between H2O2 and Asc was previously tested, and the 

amount of Fe species was slightly adapted14 (For details of the setup, see Chapter 2.1.1). 

 
1 Please note that parts of this section are taken from Hädeler et al (2023)205. 
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Figure 8: Differences in the conversion rate between DMSO and d6-DMSO relative to the added d6-DMSO (25 

μmol) with LFeIICl2 (bars B) or Fe2O3 (bars H) (10 μmol), Asc (100 μmol) and H2O2 (200 μmol) converted to one CH3 

group. Error bars refer to the SD of the total conversion of all major C1 and C2 compounds for n = 9, except for 

C2D6, n = 3. Taken from Hädeler et al. (2023).205 

B 

B 

H H 
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Figure 9: Formation of CD3H over time from the deuterium-labelled CH3 groups of DMSO, mediated by LFeIICl2 

(red symbols) compared to Fe2O3 (blue symbols) (10 μmol) with Asc (100 μmol) and H2O2 (200 μmol) converted 

to one CH3 group. The reaction with LFeIICl2 is nearly completed after 0.5 h, and the reaction with Fe2O3 is com-

pleted after more than 24 h. Error bars refer to mean values of CD3H (n = 9). Taken from Hädeler et al. (2023).205 

 Conversion rates of d6-DMSO to CD3H, C2D6, CD3OH, and CD2O and the impact of 

different Asc concentrations 

Figure 10 illustrates the conversion rate of d6-DMSO to CD3H, C2D6, CD3OH, and CD2O mediated by 

LFeIICl2 or Fe2O3 with H2O2 under standard conditions but with varying Asc concentrations (Table 6).  

Table 6: Composition of the experiments to determine the conversion rates with different Asc concentrations. 

No. Precursor compound Fe species Oxidant acid 

1, 3, 5 and 7 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 
0, 10, 100, 1000 

µmol Asc 

2, 4, 6 and 8 25 µmol d6-DMSO 10 µmol Fe2O3 200 µmol H2O2 
0, 10, 100, 1000 

µmol Asc 
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In the absence of Asc (No. 1 and 2), the only products are CD3OH (B: 23.8 ± 2.55 % and H: 23.6 ± 1.75 

%) and CD2O (B: 17.4 ± 1.47 % and H: 12.9 ± 2.14 %). The addition of 10 µmol Asc (No. 3 and 4) results 

in the formation of CD3OH (B: 16.6 ± 6.44 % and H: 12.6 ± 0.77 %) and CD2O (B: 12.3 ± 2.46 % and H: 

4.06 ± 0.94 %) and along with CD3H (B: 6.47 ± 0.25 % and H: 10.9 ± 0.42 %) and C2D6 (B: 1.35 n = 1 due 

to measurement issues and H: zero %). The conversion rates from d6-DMSO to the C1 and C2 compo-

nents are highest with 100 µmol Asc with a total conversion of 49.7 ± 1.13 % for LFeIICl₂ (No. 5). This 

was comprised of 25.3 ± 0.85 % CD3H, 2.35 ± 0.01 % C2D6, 8.65 ± 0.27 % CD3OH, and CD2O 13.5 ± 0.69 

% and with Fe2O3 (No. 6) a total conversion rate of 85.7 ± 1.41 % and individual rates of 54.1 ± 1.1 % 

CD3H, 0.039 ± 0.002 % C2D6, 22.1 ± 0.7 % CD3OH and 9.4 ± 0.6 % CD2O are observed. When the concen-

tration of Asc is 1000 µmol (No. 7 and 8), the conversion rate declines substantially, with CD3H (B: 13.0 

± 0.3 % and H: 22.2 ± 0.6 %) as the primary product, along with small amounts of CD3OH (B: 2.94 ± 2.19 

% and H: 2.52 ± 0.46 %) and C2D6 (B: 0.012 %; n = 1 due to measurement issues and H: zero %). 
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Figure 10: Formation of C1 and C2 compounds from d6-DMSO mediated by LFeIICl2 (bars B) compared to Fe2O3 

(bars H). Experiments show the dependence of the rates of the formed products (CD3H, C2D6, CD3OH, and CD2O) 

on the Asc concentrations (10 ml H2O, 48 h reaction time, ambient conditions) with added d6-DMSO (25 μmol), 

with LFeIICl2 or Fe2O3 (10 μmol), H2O2 (200 μmol); error bars refer to the SD of the total conversion of all major 

C1 and C2 compounds for n = 9, except for C2D6, n = 3. Taken from Hädeler et al. (2023).205 

 Impact of O2 in the headspace and H2O phase on the conversion rates of CD3H, 

C2D6, CD3OH, and CD2O derived from d6-DMSO 

These experiments (Table 7) were done to investigate the role of O2 in the experiments and whether 

it influences the conversion rates.  
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Table 7: Composition of the experiments with (+) and without (-) O2 to determine the conversion rates and pos-

sible differences. 

No. O2 Precursor compound Fe species Oxidant acid 

1 - 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 100 µmol Asc 

2 + 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 100 µmol Asc 

3 - 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 0 µmol Asc 

4 + 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 0 µmol Asc 

The results of experiments conducted without O2 and with or without Asc and LFeIICl2 are illustrated in 

Figure 11. In the absence of O2 and with or without Asc, the same C1 and C2 compounds are produced. 

In the absence of O₂ (No. 1), CD3H, C2D6, CD₃OH and CD₂O are produced with a total conversion rate of 

59.1 ± 9.3 % (21.7 ± 4.1 % CD3H, 2.4 ± 0.5 % C2D6, 17.2 ± 8.2 % CD3OH, 17.8 ± 1.6 % CD2O). The total 

conversion rates are identical within the error margin of the experiment No. 2 with O2. In the absence 

of Asc and O2 (No. 3), the total conversion rate is identical within the error bar of the experiment with 

O₂ (No. 4). Only CD3OH and CD2O in experiment No. 3 with a total conversion rate of 45.4 ± 7.0 % (15.6 

± 0.9 % CD3OH, 29.8 ± 6.9 % CD2O, 0.00 % CD3H, 0.00 % C2D6) is produced.  
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Figure 11: Impact of O2 and Asc on forming C1 and C2 compounds with LFeIICl2. Experiments with 25 μmol d6-

DMSO, 100 μmol Asc (or none: -Asc), 200 μmol H2O2 and 10 μmol LFeIICl2 in 10 ml ultra-pure H2O without O2 (-

O2) or in ambient atmosphere with a reaction time 48 h. Error bars refer to the SD of the total conversion of all 

major C1 and C2 compounds for n = 9, except for C2D6, n = 3. Taken from Hädeler et al. (2023).205 

 Investigation of the intermediate dimethyl sulfone and the conversion rates to CH4, 

C2H6, CH3OH, and CH2O 

To investigate whether the oxidised form of DMSO, dimethyl sulfone, acts as a precursor for C1 and C2 

compounds, taking into account the possibility of their production in the experiment due to the highly 

oxidative conditions, experiments with 25 μmol dimethyl sulfone, 100 μmol Asc, 200 μmol H2O2 and 

10 μmol LFeIICl2 were conducted. Only low conversion rates of CH4 (0.03 %) were observed, and no 

other C1 and C2 compounds were produced. Figure 12 shows the chromatogram of CH4 formation with 

dimethyl sulfone compared with a blank experiment.  
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Figure 12: Chromatogram of the formation of CH4 in the experiment with 25 μmol dimethyl sulfone  (black line), 

100 μmol ascorbic acid, 200 μmol H2O2, 10 μmol LFeIICl2, compared with the blank experiment (100 μmol ascorbic 

acid, 200 μmol H2O2, 10 μmol LFeIICl2 and no substrate added) under ambient atmosphere with a reaction time 

48 h. Taken from Hädeler et al. (2023).205 

 Investigation of the mechanism of the reaction of d6-DMSO to C1 and C2 

compounds with isotopically labelled compounds 

A broad set of isotopically labelled experiments were conducted to gain deeper insights into the pre-

cursor atoms and reaction mechanism. These involved 2H and 13C labelled DMSO and 18O labelled H2O, 

H2O2, and O2. 

 Identification of the origin of the CH3 group in C1 and C2 compounds with fully 

deuterated DMSO 

Fully deuterated DMSO enables tracking of the CH3 group throughout the reaction, with the mass shifts 

detectable through various MS analyses. The MS pattern of the C1 and C2 compounds measured in 

Chapter 3.1.2 for experiment No. 5 (25 μmol d6-DMSO, 100 μmol ascorbic acid, 200 μmol H2O2, 10 μmol 

LFeIICl2) shows a clear mass shift of 3 AMU for CH4 vs CD3H, 6 for C2H6 vs C2D6, 3 for CH3OH vs CD3OH 

and 2 for CH2O vs CD2O (Figure 13a, b, c and d, respectively). Also, traces of HCOOH and CH3COOH 

could be detected, but no quantification could be made because of the low concentrations and the 

large variability of the conversion rate during the analysis. However, a mass shift of 1 for HCOOH and 

3 for CH3COOH to DCOOH and CD3COOH could be measured (Figure 14a and b). The presence of chlo-

rine in LFeIICl2 also resulted in the detection of labelled CH3Cl in setup No. 5 from Chapter 3.1.2, which 

showed a mass shift of 3 from CH3Cl to CD3Cl (Figure 15). 
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Figure 13: Mass fragmentation patterns of CH4, C2H6, CH3OH and CH2O of experiments with d6-DMSO (25 μmol) 

with LFeIICl2 (10 μmol), Asc (100 μmol) and H2O2 (200 μmol) under ambient atmospheric conditions with a reac-

tion time of 48 h. a) Mass shift of 3 from 16 to 19 for CD3H from d6-DMSO; b) mass shift of 6 from 30 to 36 for 

C2D6 from d6-DMSO; c) mass shift of 3 from 32 to 35 for CD3OH from d6-DMSO; d) mass shift of 2 from 210 to 212 

for deuterated and derivatised CD2O from d6-DMSO. Taken from Hädeler et al. (2023).205 

a) b) 

c) d) 

- - 

- - 
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Figure 14: Mass fragmentation of an experiment with 25μmol d6-DMSO, 100 μmol ascorbic acid, 200 μmol H2O2 

and 10 μmol LFeIICl2 under ambient atmospheric conditions with a reaction time of 48 h. Chromatogram and the 

corresponding mass track from a) HCOOH with a mass shift of 1 AMU from 103 to 104 and b) CH3COOH with a 

mass shift of 3 AMU from 117 to 120. Taken from Hädeler et al. (2023).205 

Figure 15: Chromatogram of deuterium labelled CD3Cl in the experiment with 25μmol d6-DMSO, 100 μmol ascor-

bic acid, 200 μmol H2O2 and 10 μmol LFeIICl2 under ambient atmospheric conditions with a reaction time of 48 h. 

The chromatogram illustrates the masses 53 (black) and 55 (pink). These represent a mass shift of 3 AMU to the 

CD3Cl, with the stable isotopes 35 and 37 (mass of 50 or 52 for CH3Cl). Taken from Hädeler et al. (2023).205 
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 Oxidation of CD3OH to CD2O 

To ascertain whether CH2O is an oxidation product of CH3OH and not directly produced in all investi-

gations conducted, an experiment was performed without DMSO, with CD3OH, and another with 

DMSO and CD3OH. Both with the addition of 10 µmol LFeIICl2, 100 µmol Asc and 200 µmol H2O2. In both 

experimental setups, the deuterium-labelling in CD2O could be clearly detected by the mass shift of 2 

AMU from 210 to 212 in the derivatised CD2O (Figure 16a and b). 

Figure 16: Mass fragmentation of deuterium-labelled CH2O to track the oxidation from CH3OH to CH2O. Mass 

track of CH2O with a mass shift of 2 AMU from 210 to 212 a) without DMSO and added CD3OH and b) with DMSO 

and added CD3OH. Experiment with or without 25μmol DMSO, 100 μmol Asc, 200 μmol H2O2 and 10 μmol LFeIICl2 

under ambient atmospheric conditions with a reaction time of 48 h.Taken from Hädeler et al. (2023).205 
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 Identification of the origin of the carbon in CO2 with 13C-labelled DMSO 

To trace the carbon atom from the CH3 group of DMSO during the oxidation reaction up to CO2 due to 

the presence of H2O2, 25 µmol 13C-labelled DMSO was employed with the following substances: 100 

μmol Asc, 200 μmol H2O2 and 10 μmol LFeIICl2. The CO₂ formed in traces was then subjected to analysis 

using GC-C-IRMS. The δ13C-CO2 vs VPDB (Vienna Pee Dee Belemnite) is markedly elevated (196 ± 2.2 

mUr) in comparison to laboratory air (-16.8 ± 0.9 mUr). This allows us to rule out that a natural isotope 

effect is responsible for the markley elevation. Additional standard experiments with 25 μmol 13C-

DMSO, 100 μmol Asc, 200 μmol H2O2 and 10 μmol Fe₂O₃ also demonstrated an elevated δ¹³C-CO₂ value 

(267 ± 0.2 mUr). The utilisation of 25 µmol 13CH₃OH without added 13C-labelled DMSO and 100 μmol 

Asc, 200 μmol H2O2 and 10 μmol LFeIICl2 exhibited an even higher δ¹³C-CO₂ value of 1206 ± 0.2 mUr. 

 Identification of the origin of the oxygen atom in CH3OH, CH2O and CO2 with 18O-

labelled H₂O, H₂O₂ and O₂ 

To ascertain the oxygen atoms' origin in the oxygenated reaction compounds, experiments were con-

ducted utilising H₂O, H₂O₂ and O₂ labelled with ¹⁸O. To investigate the behaviour of the OH radicals 

generated by the Fenton reaction, 5 µmol d6-DMSO, 10 µmol Asc, 20 µmol H2
18O2 and 1 µmol LFeIICl2 

were utilised due to limitations in the availability of H2
18O2, smaller quantities were employed. A mass 

shift of 5 AMU from 37 in CD₃18OH compared to 32 in CH3OH was observed, which is caused by the CD3 

in d6-DMSO and the 18O in H₂¹⁸O₂ (Figure 17). Moreover, to investigate the role of O2 in the reaction, 

25 μmol DMSO, 100 μmol Asc, 200 μmol H2O2 and 10 μmol LFeIICl2 were utilised, and the O2 present in 

the headspace and the H2O-phase was replaced by 18O2. This enabled the determination of whether 

O2 was also involved in the reaction. Also, as previously observed, a mass shift of 5 AMU in CD₃18OH 

compared to 32 in CH3OH, was detected in this instance and proves that the CD3 in d6-DMSO and the 
18O in O2 is the precursor of CD₃18OH (Figure 18). The setup with 2.5 μmol d6-DMSO, 10 μmol Asc, 20 

μmol H2O2 and 1 μmol LFeIICl2 with 1 ml H2
18O demonstrated no transfer of 18O to CD3OH and proved 

that the oxygen in H2O is not involved in the reaction. CO₂ was also analysed for δ18O values versus 

VPDB in all previously described 18O-labelling experiments. A markedly elevated δ18O value of 1316 ± 

14 mUr was observed for H₂18O₂, while for 18O₂, an elevated value of 55-93 mUr was recorded. That 

proves that the oxygen in CO2 originates from the H2O2 and the O2 present. 



52       3 Results and Discussion 

 

Figure 17: Chromatogram of isotopic labelled CH3OH. Experiment with 2.5 µmol d6-DMSO, 10 µmol Asc, 20 µmol 

H2
18O2 and 1 µmol LFeIICl2 in 1 ml ultra-pure H2O under ambient atmospheric conditions with a reaction time of 

48 h. Chromatogram of C2H3
18OH at m/z = 37. Taken from Hädeler et al. (2023).205 

Figure 18: Chromatogram of isotopically labelled CH3OH. Experiment with 25 µmol d6-DMSO, 100 µmol Asc, 200 

µmol H2O2 and 10 µmol LFeIICl2 under 79 % N2 and 21 % 18O2 atmosphere with a reaction time of 48 h. Chroma-

togram of CD3
18OH at m/z-ratio at 37. Taken from Hädeler et al. (2023).205 
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 Trapping CH3 radicals with CH2Br2 and CCl3Br 

To provide further evidence for the formation of CH3 radicals, alkyl radical scavengers CH2Br2 and 

CCl3Br were applied (1.25 mmol). Both were incorporated into separate experiments with 25 µmol d6-

DMSO, 100 µmol Asc, 200 µmol H2O2 and 10 µmol LFeIICl2 and the conversion rates to CD3H, C2D6, 

CD3OH and CD2O were quantified (Table 8).  

Table 8: Composition of the experiments with the alkyl radical scavenger CH2Br2 and CCl3Br to determine the 

conversion rates and possible differences. 

No. Precursor compound Fe species Oxidant acid 

1 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 100 µmol Asc 

2 with CH2Br2 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 100 µmol Asc 

3 with CCl3Br 25 µmol d6-DMSO 10 µmol LFeIICl₂ 200 µmol H2O2 100 µmol Asc 

4 25 µmol d6-DMSO 10 µmol Fe2O3 200 µmol H2O2 100 µmol Asc 

5 with CCl3Br 25 µmol d6-DMSO 10 µmol Fe2O3 200 µmol H2O2 100 µmol Asc 

In the case of CH2Br2 in No. 2, only a minor decline in the conversion rates of all C1 and C2 compounds 

was recorded compared to No. 1 (Figure 19). Conversely, a pronounced reduction in the conversion 

rates was observed when CCl3Br was used in No. 3 and No. 5 (Figure 19). No. 2 yielded a total conver-

sion rate of 44.0 ± 3.3 (CD3H (22.0 ± 2.5 %), C2D6 (2.14 ± 0.28 %), CD3OH (12.6 ± 2,0 %). CD2O (5.89 ± 

0.64 %)) The total conversion rate in No. 3 is 12.8 ± 1.4 (CD3H (6.73 ± 0.39 %), C2D6 (0.75 ± 0.07 %), 

CD3OH (5.36 ± 1.31 %) and zero for CD2O and for No. 5 is 9.23 ± 1.25 % (CD3H (0.36 ± 0.01 %), C2D6 

(zero %), CD3OH (4.76 ± 0.60 %), CD2O (4.11 ± 1.09 %)).  
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Figure 19: Formation of CD3H, C2D6, CD3OH and CD2O from d6-DMSO with the 10 µmol LFeIICl2 (bars B) or Fe2O3 

(bars H) 100 µmol Asc and 200 µmol H2O2 in the presence of 1.25 mmol CH2Br2 or CCl3Br, respectively, compared 

to the conversion rates observed in Chapter 3.1.2, without alkyl radical scavengers. Experiments were conducted 

under ambient atmospheric conditions with a reaction time of 48 h. Error bars refer to the SD of the total con-

version of all major C1 and C2 compounds for n = 9, except for C2D6, n = 3. Taken from Hädeler et al. (2023).205 

Figure 20a, b and c show the formation of deuterium labelled CD3Br in Nos. 2, 3, and 5 with CH2Br2 or 

CCl3Br and 25 µmol d6-DMSO, 100 µmol Asc and 200 µmol H2O2 and 10 µmol LFeIICl2/Fe2O3. This shows 

that the CD3 group from d6-DMSO becomes a radical, scavenged by CH2Br2 or CCl3Br, and forms CD3Br.  
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Figure 20: The chromatograms of isotopically labelled CH3Br in the experiments with a) LFeIICl2 and CH2Br2 (1.25 

mmol), b) LFeIICl2 and 1.25 mmol of CCl3Br and as well c) Fe2O3 and 1.25 mmol of CCl3Br and 25 µmol d6-DMSO, 

100 µmol Asc and 200 µmol H2O2 under ambient atmospheric conditions with a reaction time of 48 h. The pre-

sented chromatograms refer to the masses 97 (black) and 99 (pink), representing the CD3Br with the stable iso-

topes of Br (79, 81). This represents a mass shift of 3 concerning CH3Br (the mass of CH3Br is 94 and 96). Taken 

from Hädeler et al. (2023).205 

 Discussion of DMSO as a case study to characterise the reaction to C1 and C2 

compounds 

The findings outlined in Chapters 3.1.1 to 3.1.6 reveal that DMSO can be converted to various C1 and 

C2 products using LFeIICl2 or Fe2O3 and H2O2 with Asc as a radical scavenger. Asc was originally added 

to facilitate the dissolution of Fe2O3 and has the additional benefit of quenching OH radicals, thereby 

suppressing additional pathways and allowing the characterisation of CH3 radicals. The LFeIICl₂ complex 

was used for the mechanistic studies and to have a well-characterized oxidant with added H2O2 to form 

a [FeIV=O]2+ complex.14,238,250,251 

High conversion rates of up to 86 % were observed for CH4, C2H6, CH3OH and CH2O, and only slight 

differences between DMSO and d6-DMSO as precursor compounds could be determined (Figure 8). An 
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isotopic effect during the reaction most likely causes this. Although the exact cause could not be clar-

ified, it can be assumed that it could be due to the higher mass of the deuterium compared to the 

hydrogen and the different bonding energies of the C-H bond. The high total conversion rates demon-

strate that the reaction of d6-DMSO with Fe, H2O2 and Asc is highly efficient and selective with regard 

to the C1 and C2 components. 

The experiments with LFeIICl2 generally show lower total conversion rates compared to Fe2O3, probably 

due to the very fast (<0.5 h) conversion to the C1 and C2 compounds and the radicals (CH3, OH, etc.) 

generated in a short time (Figure 9). It is assumed that Asc cannot immediately trap a large number of 

OH radicals produced by the Fenton reaction, so they react non-specifically with all the substances 

involved and disturb a reaction to C1 and C2 compounds. In contrast, experiments with Fe2O3 and d6-

DMSO (Figure 8) showed an overall yield of 86 %. Therefore, a slower reaction involving Fe2O3 can be 

considered more selective than the fast one with LFeIICl2. The rapid reaction of d6-DMSO with LFeIICl2 

also results in higher concentrations of CH3 radicals due to the shorter reaction time compared to 

Fe2O3. This leads to an increasing probability of recombination of CH3 radicals and, therefore, to a 

higher C2H6 concentration. Althoff et al. (2014) also observed high conversion rates to CH4 (83 %) with 

iron minerals with a comparable 48 h reaction time to finish the conversion.14 Furthermore, HCOOH 

and CH3COOH could not be quantified. Additionally, it cannot be excluded that other unidentified C1 

and C2 components are formed, and all would have to be added to the total conversion rate. 

In previous studies, Asc was added to bring the Fe minerals into solution14,37,238, but it also has the 

property of trapping OH radicals. This can be clearly demonstrated in the experiments with different 

concentrations of Asc. In the absence of Asc, when no OH radicals are trapped, only oxygenated com-

pounds are formed. As the amount of Asc increases (10-100 µmol), the production of CH4 and C2H6 

also increases because some OH radicals are trapped, and non-oxygenated compounds could be 

formed (more on the mechanism below). At a high excess of Asc (1000 µmol), the total conversion of 

C1 and C2 compounds drops sharply, and CH4 and only 2.5–3 % CH3OH and no CH2O are produced. Due 

to the high Asc concentration, the low conversion rates to CH3OH and no CH2O can be explained by 

the high amounts of OH-radicals that are trapped. It is speculated that the high concentration of Asc 

deactivates the [FeIV=O]2+ species (i.e., the iron oxidant oxidises the antioxidant) and reduces the reac-

tivity. At lower concentrations of Asc, the deactivation does not seem to be a very relevant process for 

C1 and C2 formation because high conversion rates are observed.  

The presence or absence of O2 in the experiment has little effect on the conversion rates. Qualitatively, 

the same C1 and C2 components were detected in the experiments with or without Asc. Thus, it is 

assumed that O2 plays only a minor role in the reaction (more details below). 
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The isotopic detections of three deuterated atoms from d6-DMSO in various products demonstrate, 

that the CH3 group is cleaved off homolytically and then rapidly reacts to the observed products as 

previously observed for CH4.14,238 The presence of three deuterated atoms per carbon atom in CH4, 

C2H6, CH3OH and CH3Cl demonstrates that an OAT is occurring (Chapter 1.1.1) as a transfer of the oxy-

gen in the [FeIV=O]2+ species to the substrate appears, and then the CH3 group splits. This mechanism 

has been demonstrated previously for methionine as a precursor.14 It can be concluded that an ab-

straction of the hydrogen atom is impossible, given that one hydrogen atom must be detached from 

the CH3 group, resulting in only two deuterium being detected within the analysed C1 and C2 com-

pounds.  

In all investigations, the mass shift of 2 AMU in CD2O indicates that the compound originates from d6-

DMSO. However, an experiment with CD3OH shows that the CD2O originates from the CD3OH and is 

formed due to an overoxidation of CD3OH. This is verified in experiments with and without DMSO, in 

which CD3OH was used, and CD2O could be detected (Figure 16). HCOOH is likely a secondary oxidation 

product of CH2O, with CH3COOH representing another secondary oxidation product of HCOOH, 

proofed due to detected deuterium labelling in all compounds and the highly oxidative milieu. How-

ever, these individual pathways have not been verified with isotopically labelled CH2O and HCOOH. 

Nonetheless, the strongly oxidative environment and isotopic labelling support this hypothesis.  

The H2
18O2-d6-DMSO experiments demonstrate that CH3OH is formed directly by CH3 and OH radicals, 

despite the presence of Asc, which cannot fully scavenge the OH radicals, as evidenced by previous 

EPR spectroscopy studies.14,238 Another indication is that in the absence of Asc, only oxygenated com-

pounds are formed due to the high reactivity and excess of OH radicals. The use of 18O2 and d6-DMSO 

also enabled the demonstration that O2 functions as a precursor to CH3OH. Initially, the oxygen and 

the CH3 radical react to form a methyl peroxide, which then reacts following a Russel-type mechanism, 

undergoing equal parts of decay to form CH2O, CH3OH, and O2.252,253 However, this process only ac-

counts for a small proportion of products, as the turnover rates increase very little in the absence of 

O2. 

The CH3 group of CD3Cl originated from the d6-DMSO (Figure 15), and the chlorine originated from 

LFeIICl2 as it is the only chlorine present. Investigations with Fe2O3, where no CD3Cl was measured, 

evidence this. This reaction presumably is a rebound reaction involving the Cl-, which occurs at the 

coordination center at the iron of LFeIICl2. 

The alkyl trapping experiments show that in the experiment with d6-DMSO and LFeIICl2, Asc and H2O2, 

CH3 radicals are formed. This can be seen from the reduced conversion rates when CH2Br2 and CCl3Br 

are added to the experiment, trapping CH3-radicals (Figure 20). It is evident that both alkyl scavengers 

demonstrate inadequate solubility in H2O. Consequently, the conversion rate reduction depends on 
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the concentration of the alkyl scavengers present in the H2O. This renders a quantitative interpretation 

of the reduction unfeasible. Still, a definite proof is the measured mass shift of 3 AMU in the formed 

CD3Br that a CD3 is present, which derives from the educt d6-DMSO (Figure 20). Due to this reaction, 

CH2Br-radicals and CCl3-radicals are also produced. These radicals abstract a hydrogen atom from 

(un)labelled compounds in solution, which is presumably Asc, d6-DMSO or other compounds in solu-

tion, and form either CH3Br (CH2DBr) or CCl3H (CCl3D). 

Figure 21 summarises all investigated C1 and C2 components with their respective isotopic labels (2H, 
13C and 18O). Almost all carbon oxidation states between -IV and +IV could be detected in the C1 and 

C2 compounds. Due to the isotopically labelled experiments, it is possible to clarify the origin of the 

different carbon species and identify the most likely pathways. 

Figure 21: The portfolio of C1 and C2 components arises from the CH3 radical, which is formed abiotically by the 

LFeIICl2/H2O2 system from DMSO. Deuterated and 13C-labelled DMSO and 18O-labelled H2O2 and O2 were utilised 

to investigate the different pathways. The observed 13C and 2H labels are presented in bold red and green, re-

spectively. Oxygenated C1 compounds with 18O isotopes are highlighted in bold orange or blue, originating from 
18O-labeled H2O2 or O2, respectively. Oxygen atoms in orange and blue indicate that the product derived oxygen 

from H2O2 and O2. The oxidation states of carbon are shown in Roman numbers. Taken from Hädeler et al. 

(2023).205 

Based on the previously described experimental research and the computational data, a reaction 

mechanism involving LFeIICl2/H2O2 has been proposed (Figure 22).205 This mechanism forms CH4, C2H6, 

CH3OH, CH2O, and traces of HCOOH, CH3COOH, CO2, and CH3Cl from DMSO. In this context, the follow-

ing conclusions can be formulated: 

1. The CH3 group of the C1 and C2 components originates in DMSO and is cleaved off homolytically by 

the [FeIV=O]2+ species through an OAT (transition state).205 The oxygen is transferred to the sulphur 

atom of DMSO, forming a CH3 radical. This radical subsequently reacts to form the respective C1 and 

C2 components. 
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2. Most of the oxygen in CH3OH originates in H2O2 and minor parts from O2. During the Fenton reaction, 

hydroxyl radicals are formed from H2O2, recombining with the CH3 radicals. Despite the presence of 

Asc, not all OH radicals are captured, resulting in the formation of CH3OH. EPR studies support this.14,238 

The Russell-type mechanism may form a minor proportion of CH₃OH and CH₂O. 

3. The majority of CH2O is formed by the oxidation of CH3OH, CH2O is then further oxidized to produce 

traces of HCOOH, CH3COOH and CO2. 

4. The chlorine in CH3Cl is derived from LFeIICl2. This reaction presumably is a rebound process involving 

the Cl-, coordinated at the Fe centre of LFeIICl2. It can be assumed that other halogens in solution would 

react similarly and form the corresponding halomethanes.  

For a more comprehensive computational (DFT) analysis of the reaction mechanism, please refer to 

the study by Hädeler et al. (2023).205 

Figure 22: Postulated mechanism for forming CH4, C2H6, CH3OH and CH2O by reaction of DMSO with a Fe species 

(LFeIICl2 or Fe2O3), H2O2 and Asc. (Postulated intermediates are highlighted in red; reactants are shown in green; 

products are shown in blue; for simplicity, the stoichiometry of some of the reactions has not been adjusted). 

Taken from Hädeler et al. (2023).205 

Given the ubiquitous presence of DMSO and its related products (DMS and dimethylsulfoniopropio-

nate) in the ocean (Chapter 1.3.1.1) and the ubiquitous presence of Fe254 and ROS in the ocean255, it 

can be postulated that the reaction also occurs in the ocean, contributing, for instance, to the CH4 
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paradox80,190 (oversaturation of the ocean with CH4) and providing CH3OH as an energy source for mi-

croorganisms such as methylotrophic bacteria. Moreover, the volatile C1 and C2 components can be 

emitted into the atmosphere, where they exert a profound influence on the physical and chemical 

properties of the atmosphere as well as those of the ocean. As previously stated in Chapter 1.2, they 

serve various functions, including GHG, influencing the oxidation potential and ozone formation. Given 

that DMS is also present in sediments, soils and freshwater compartments159,160 where all the requisite 

components for the reaction from DMS to DMSO are present, the previously described reaction could 

occur. Therefore, all investigated C1 and C2 components could be produced and would influence the 

physical and chemical properties of the atmosphere, the pedosphere and the hydrosphere (Chapter 

1.2). Furthermore, these components serve as a source of energy for microorganisms living in these 

compartments, which transform them at the end to CO2 with various carbon species as intermediates 

and contribute to the global carbon cycle. 

3.2 Conversion of S-, N- and P- bonded CH3 group containing compounds to 

C1 and C2 compounds 

The compounds methionine, methylphosphonate, choline and trimethylamine were also investigated 

for their potential to produce C1 and C2 components. These were selected due to their environmental 

relevance, as described in Chapter 1.3.1. All compounds were fully deuterated at the CH3 group except 

methylphosphonate because it was not commercially available. The experiments and measurements 

previously described for d6-DMSO were repeated for the above-mentioned precursor compounds (Ta-

ble 9). 

Table 9: Composition of the experiments with d3-methionine, methylphosphonate, d9-choline and d9-trimethyl-

amine to determine the conversion rates and possible differences. 

No.  Precursor compound Fe species Oxidant acid 

1 and 2 25 µmol d3-methionine 10 µmol LFeIICl₂/Fe2O3 200 µmol H2O2 100 µmol Asc 

3 and 4 25 µmol methylphosphonate 10 µmol LFeIICl₂/Fe2O3 200 µmol H2O2 100 µmol Asc 

5 and 6 25 µmol d9-choline 10 µmol LFeIICl₂/Fe2O3 200 µmol H2O2 100 µmol Asc 

7 and 8 25 µmol d9-trimethylamine 10 µmol LFeIICl₂/Fe2O3 200 µmol H2O2 100 µmol Asc 
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 Conversion rates of S-, N- and P- bonded CH3 group containing compounds to CD3H, 

C2D6, CD3OH, and CD2O 

In general, the use of d3-methionine, methylphosphonate, d9-choline and d9-trimethylamine resulted 

in lower conversion rates to CH4, C2H6, CH3OH and CH2O than for experiments with d6-DMSO (Figure 

23). In experiments conducted with LFeIICl₂, d3-methionine was observed to produce CD3H (1.17 ± 0.06 

%) and C₂D₆ (0.012 ± 0.001 %), with no detection of CD₃OH or CD₂O. In contrast, the experiment with 

Fe2O3 yielded the production of CD3H (5.70 ± 0.04 %), C2D6(0.69 ± 0.01 %), CD3OH (1.25 ± 0.13 %) and 

CD2O (3.46 ± 0.33 %). Methylphosphonate was observed to produce CH3OH (2.18 ± 0.22 %) solely with 

LFeIICl2 and only CH2O (0.92 ± 0.34 %) with Fe2O3. CD3OH (0.77 ± 0.25 %), CD2O (3.74 ± 0.86 %) and 

traces of CD3H (0.002 ± 0.000 %) could be detected in experiments with choline and LFeIICl2. Further-

more, the presence of CD3OH (0.33 ± 0.06 %) and CD2O (2.41 ± 0.48 %) was also observed in the Fe2O3 

experiments, along with CD3H (0.16 ± 0.01 %). In experiments conducted with trimethylamine, only 

CD3OH (0.74 ± 0.51 %) and CD2O (0.29 ± 0.76 %) were detected in the presence of LFeIICl2, while CD2O 

(1.18 ± 0.95 %) was also observed in the presence of Fe2O3. 
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Figure 23: The formation of C1 and C2 compounds in experiments with 10 µmol LFeIICl2 (bar B) or Fe2O3 (bar H), 

200 µmol H2O2 and 100 µmol Asc with 25 µmol d3-methionine (d3-Met), methylphosphonate (MPA; unlabelled 

C1 and C2 compounds), d9-choline (d9-Cho) or d9-trimethylamine (d9-TMA) as precursor compounds under am-

bient atmospheric conditions with a reaction time of 48 h. Error bars refer to the SD of the total conversion of all 

major C1 and C2 compounds for n = 9, except for CH4 and C2D6, n = 3. 

 Investigation of the reaction mechanism with deuterium-labelled compounds 

To determine whether the CH3 group of CH3OH and CH2O have the origin in the S-and N-labelled com-

pounds, CH3-deuterium-labelled methionine, choline, and trimethylamine was used to demonstrate 

the transfer of the deuterium label to CD₃OH. This is indicated by its isotopic signature by the mass 

increase of 3 AMU from 32 to 35 in CD3OH (Figure 24). Furthermore, deuterium labelling was also 

identified in CH2O. A shift of 2 AMU from 210 to 212 in the derivatised CD2O is evident in the 
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experiments with methionine, and small percentages were also observed for trimethylamine and cho-

line (Figure 25).  

Figure 24: Chromatograms and mass tracks of CD3OH with a shift to 35 in experiments with 25 µmol a) d3-methi-

onine, b) d9-choline and c) d9-trimethylamine and 10 µmol LFeIICl₂, 100 µmol Asc and 200 µmol H2O2 as an oxidant 

under ambient atmospheric conditions with a reaction time of 48 h.  

m/z [-] retention time [min] 

in
te

ns
ity

 [-
] 

in
te

ns
ity

 [-
] 

in
te

ns
ity

 [-
] 

retention time [min] 

retention time [min] m/z [-] 

m/z [-] 

a) 

b) 

c) 



64       3 Results and Discussion 

 

Figure 25: Mass tracks of CD2O with a shift of 2 AMU from 210 to 212 in experiments with 25 µmol a) d3-methi-

onine, b) d9-choline and c) d9-trimethylamine and 10 µmol LFeIICl₂, 100 µmol Asc and 200 µmol H2O2 as an oxidant 

under ambient atmospheric conditions with a reaction time of 48 h.  

 Discussion of the formation of C1 and C2 compounds originated in S-, N- and P- 

bonded CH3 group containing compounds 

The experiments with d3-methionine, methylphosphonate, d9-choline and d9-trimethylamine generally 

demonstrate lower conversion rates than those with DMSO and the OCH3 compounds (Chapter 3.3.1). 

This is likely due to elevated energy barriers in the OAT reaction, as preliminary DFT modelling results 

suggested (unpublished). Nevertheless, in the case of methionine with the oxidant Fe₂O₃, for example, 

a conversion rate of exceeding 11 % was observed, with all C1 and C2 compounds analysed. In contrast, 

experiments conducted with LFeIICl₂ detected only slightly more than 1 % CH₄ and traces of C2H6. This 

notable discrepancy contrasts the outcomes observed with DMSO. This finding suggests the potential 

for forming the same products, albeit to a lesser extent, attributable to the elevated energy barriers 

associated with the reaction.  

The observed shift of the mass track by 3 or 2 in CH3OH and CH2O, respectively, in experiments with 

LFeIICl2 (Figure 24 and Figure 25) without blank subtraction indicates the formation of CH3OH and CH2O 

in this reaction. Given that the blank conversion rate is higher than that of the experiments, the 
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conversion rate is zero. The elevated blank value can be attributed, at least partially, to the inherent 

variability associated with the experimental procedures and the analytical measurements. It is also 

established that the LFeIICl₂ complex is capable of reacting with H₂O₂ to form CH₂O.256 Since more H2O2 

is available in the blank due to the consumption of H2O2 during the reaction in the experiment with 

the precursor compounds, more CH2O can be formed from the LFeIICl2 in the blank and thus influences 

the concentration of CH2O due to the subtraction of the blank. CH3OH can then be converted to CH2O 

through keto-enol tautomerism.257 The acidic solution catalyses this process in the direction of the 

CH2O and can, therefore, affect the respective conversion rates. This effect has a relatively minor im-

pact on the high turnover rates of DMSO to CH2O; however, it becomes more significant at lower con-

version rates.  

The studies (Table 9) with methylphosphonate, choline and trimethylamine all produce CH₃OH and/or 

CH₂O in low conversion rates, and choline also produces traces of CH₄. These low conversion rates of 

all substrates may be attributed to steric hindering effects of the atom where the CH3 group is bonded. 

The phosphorus atom in methylphosphonate is surrounded by four neighbouring atoms (quaternary 

atom), analogous to the nitrogen atom in choline. The influence of steric effects was previously postu-

lated by Althoff et al. (2012)258 in the context of choline chloride. Trimethylamine has three atoms 

surrounding the nitrogen atom and two free electrons, which allows for better attack from the 

[FeIV=O]2+ species at the nitrogen atom. However, it still exhibits low reactivity compared to the DMSO 

(Figure 10). This may be attributed to the ability of trimethylamine to be readily oxidised by H₂O₂ to 

trimethylamine-N-oxide259, which then sterically hinders the nitrogen atom by four neighbouring at-

oms. Also, preliminary DFT calculations suggest a higher activation energy for trimethylamine-N-oxide 

than for trimethylamine. This can explain the low conversion rate of trimethylamine. In living organ-

isms, however, a high conversion of trimethylamine to CH4 was observed in a ROS-driven Fenton reac-

tion, but likewise, there was no significant conversion of choline to CH4.72 This is in contrast to the low 

conversion rates shown here for trimethylamine. It is not considerably oxidised within the organism to 

trimethylamine-N-oxide due to the lack of high H2O2 concentrations, making it readily available for 

Fenton reactions, whereas choline is, from the beginning, sterically hindered due to the four bonds. 

The lower conversion rates and lack of substantial amounts of CH4 and C2H6 compared to methionine 

may be attributed to the different bonding of the CH3 to nitrogen or phosphorus. Also, due to lesser 

bonds to the sulphur atom in methionine and, therefore, more free electrons, reacting with the 

[FeIV=O]2+ species is easier and faster and, thus, the reaction can produce C2H6 due to the higher CH3 

radical concentration. The exact reason why hydrocarbons and oxygenated compounds are produced 

in higher amounts in experiments with sulphur-bonded compounds compared to nitrogen or phospho-

rus-bonded CH3 groups with the same Asc and H2O2 concentrations has to be elucidated. 
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3.3 Conversion rates and mechanistic details of methoxy compounds to C1 

and C2 compounds 

Given OCH3 groups' ubiquitous and pivotal role in natural systems due to their common occurrence in 

plants, a comprehensive series of experiments were conducted on a diverse range of aromatic com-

pounds, each containing at least one OCH3 group. Additionally, galacturonic acid methyl ester, a mon-

omer of pectin, was subjected to investigation (Figure 26).  

  Conversion rates of OCH3 compounds to CD3H, C2D6, CD3OH, and CD2O 

All compounds produced in the investigations are CH3OH and/or CH2O and no CH4, C2H6 or CH3Cl (Fig-

ure 26). The conversion rates observed with Asc and sinapyl alcohol, or Game, are consistently lower 

than when Asc is substituted with triflic acid. Subsequently, the experiments with the remaining com-

pounds were conducted without Asc to achieve higher conversion rates. This was presumably because 

Asc quenches OH radicals and reduces the amount of ROS in the experiments, which can react with 

the precursor compound to form CH3OH and CH2O. Experiments involving S-, N-, and P-bounded CH3 

groups result in the production of CH₄ and C₂H₆ (Chapters 3.1 and 3.2). However, in the case of OCH3 

groups, no CH₄ and C₂H₆ were detected in experiments with Asc or with triflic acid. This suggests that 

Asc is not a necessary component in these experiments, as no CH₄ and C₂H₆ were produced in its pres-

ence. The Asc is replaced with triflic acid to have the same pH value as in all other investigations.  

The experiments conducted with the LFeIICl₂ complex consistently exhibited a higher total conversion 

rate than those utilising the Fe mineral Fe₂O₃. For the aromatic compound, the conversion rate ranged 

from 41.5 ± 4.3 % with anisole to 111 ± 8 % with sinapyl alcohol in the presence of the oxidant LFeIICl₂. 

The total conversion rates with Fe₂O₃ as the oxidant ranged from anisole at 1.23 ± 2.95 % to 94.3 ± 4.0 

% with sinapyl alcohol. The total conversion rate of Game as a non-aromatic compound and part of 

pectin ranged from 16.7 ± 1.1 % to 27.4 ± 4.0 % with LFeIICl₂ and from 10.1 ± 1.6 % to 10.6 ± 0.6 % with 

Fe₂O₃. 
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Figure 26: Investigations of OCH3 group-containing compounds (25 µmol of Sinapyl alcohol (Sin); Galacturonic 

acid methyl ester (Game); 2-, 3- and 4-Methoxyphenol (2-, 3- and 4-Methph); Anisole; Syringic acid (Syr acid) and 

Syringaldehyde (Syr ald)), without Asc replaced by 0.05 µmol triflic acid (with 100 µmol Asc is marked as +Asc), 

10 µmol LFeIICl2 (bar B) or Fe2O3 (bar H) and 200 µmol H2O2 as an oxidant under ambient atmospheric conditions 

with a reaction time of 48 h. Error bars refer to the SD of the total conversion of all major C1 and C2 compounds 

for n = 9. 

 Trapping CH3 radicals with CH2Br2 and CCl3Br 

Similar to the experiments conducted with d6-DMSO (Chapter 3.1.6), alkyl trapping experiments (25 

µmol substrate, 10 µmol LFeIICl2, 100 µmol Asc, 200 µmol H2O2) were carried out with 1.25 mmol CCl3Br 

to determine whether CH3 radicals are produced in this reaction. Figure 27 shows that the area of the 

produced CH3Br (mass 94 and 96, both bromine isotopes 79 and 81 plus 15 for the CH3 group) due to 

the CH3 radical trapping leads to the same areas in investigations with sinapyl alcohol, 2-methoxyphe-

nol, or Game. The blank experiment (without substrate) shows the same areas as the measurements 

with the substrate. 
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Figure 27: Comparison of CH3Br in experiments with 10 µmol LFeIICl2, 100 µmol Asc and 200 µmol H2O2, 25 µmol 

sinapyl alcohol, 2-Methoxyphenol or Game and 1,25 mmol CCl3Br (alkyl radical trapping agent) compared to the 

blank experiment with the same setup but only without substrate (n = 3) under ambient atmospheric conditions 

with a reaction time of 48 h. a) Mass 94 (stable isotope 79 of bromine) and b) 96 (stable isotope 81 of bromine) 

of CH3Br. 

 Investigation of the reaction mechanism with deuterium and 18O-labelled 

compounds 

To gain insight into the reaction mechanism, experiments were conducted utilising 18O-labelled H2O2 

and O2 alongside sinapyl alcohol, coniferyl alcohol and 2-methoxyphenol. Additionally, the experiment 

depicted in Figure 26 was conducted with 18O-labelled 2-methoxyphenol (18OCH3) and deuterated 2-

methoxyphenol (OCD3) instead of regular 2-methoxyphenol. The investigation with 2-methoxyphenol 

and either H₂18O₂ or 18O₂ showed no evidence of 18O labelling in CH₃OH. This is illustrated by the chro-

matograms of CH3OH in Figure 28a and b, which show a peak for masses 29, 30 and 31 (unlabelled 

CH3OH) but no peak for masses 33 and 34, which correspond to CH3
18OH. In contrast, the experiments 

with 18OCH3-2-methoxyphenol yielded a prominent peak for masses 33 and 34, while no peaks were 

observed for masses 29, 30, and 31 (Figure 28c). In the setup from Figure 26 with OCD3-2-methoxy-

phenol, a mass shift of 3 AMU to mass 35 can be observed, representing the triple deuteration of 

CD3OH as observed for the S-and N-bonded CH3 groups. 
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Figure 28: Chromatograms and mass track of CH3OH from different isotopic labelling experiments with 10 µmol 

LFeIICl2, 100 µmol Asc and 200 µmol H2O2 and 25 µmol sinapyl alcohol, coniferyl alcohol or 2-methoxyphenol 

under ambient atmospheric conditions with a reaction time of 48 h: a) with H2
18O2 instead of H2O2 (n = 3) and b) 

O2 replaced in H2O and headspace by 18O2 (n = 3 measurement). c) Experiment with 1/10 of all compounds and 

with 18OCH3 2-methoxyphenol instead of unlabelled 2-methoxyphenol (n = 3 measurement). Pink, blue and 

brown chromatograms are the measured mass of 29, 30 and 31 of the produced CH3OH. The black line is the 

blank without substrate, and green, dark blue, and olive are the masses 33 and 34 of CH3
18OH measured in the 

experiments. d) Mass track of CH3OH in a standard experiment with d3-2-methoxyphenol with a mass shift of 3 

AMU from 32 to 35 representing the CD3OH. 

 Discussion and mechanistic details of the conversion of methoxy group containing 

compounds to CH3OH and CH2O 

The data presented for the OCH3 components demonstrate that only CH3OH and CH2O are produced; 

even in experiments conducted with Asc, no CH4, C2H6, or CH3Cl could be quantified. This contrasts 

with the DMSO investigations, where hydrocarbons and other C1 and C2 compounds are produced 

with Asc (Chapter 3.1). All experiments with aromatic OCH3 compounds and the LFeIICl2 complex pro-

duce approximately 45 to 111 % CH3OH and CH2O, corresponding to a high conversion rate. More than 

100 % conversion rate is possible due to the normalisation to one OCH3 group, and sinapyl alcohol has 

two. The lignin components sinapyl and coniferyl alcohol have the highest conversion rates, which 
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makes the reaction particularly relevant for natural environments. The isomers 2-, 3-, and 4-methoxy-

phenol exhibited conversion rates of approximately 50 % and comparable distributions of CH3OH and 

CH2O, suggesting that the position of the OCH3 group does not significantly influence the reaction. In 

contrast, experiments involving Fe2O3 and the aromatic OCH3 compounds yielded lower conversion 

rates than those observed with LFeIICl2. This disparity could be attributed to the distinct structural 

characteristics of the Fe species, resulting in divergent reaction behaviours, such as steric hindrance. 

Fe2O3 exhibits 2-3 orders of magnitude lower solubility than other Fe species, potentially impeding the 

reaction rate.205 However, the lower solubility of Fe2O3 does not influence the conversion rate of the 

DMSO experiments due to the completion of the reaction observed in the kinetic study. This was not 

thoroughly examined in the study with the OCH3 compounds, necessitating further investigation due 

to the potential for alterations in kinetics resulting from disparities in reaction mechanisms. The ex-

periments involving anisole and Fe2O3 exhibited minimal conversion, which might be attributable to 

the absence of an OH group at the benzine ring and a potentially different reaction mechanism, as all 

other compounds comprise an OH group neighbouring the OCH3 group. For Game, the only non-aro-

matic compound with an OCH3 group, lower conversion rates have been measured than for the aro-

matic compounds. This phenomenon may be attributed to a divergent reaction mechanism, given that 

no aromatic system exists, as is the case with all other compounds. A possible reaction to form CH3OH 

is the acidic ester cleavage and further oxidation to CH2O as H2O2 is present. 

The only production of CH3OH and CH2O suggests that no CH3 radicals are formed, which would other-

wise be indicated by the presence of CH₄, C₂H₆, CH₃Cl and other C1 and C2 compounds, as observed in 

the study with d6-DMSO. To test this hypothesis, identical experiments with CCl3Br as an alkyl radical 

scavenger were conducted using sinapyl alcohol, 2-methoxyphenol, and Game. Figure 27 illustrates no 

observable difference between the blank experiment and the experiments with substrates. This re-

veals that no CH3 radicals are formed and that an alternative reaction mechanism must be responsible 

for generating CH3OH and, subsequently, CH2O. To investigate this further, the isotopically labelled 

substances described above were employed. The experiments conducted with H₂18O₂ and 18O₂ demon-

strated that the oxygen present in CH₃OH does not originate from H₂O₂ or O₂. This is demonstrated by 

the absence of CH3
18OH in the experiments. In contrast to the results observed with DMSO, in which 

these compounds act as oxygen donors for CH3OH and CH2O, the present findings suggest another 

reaction mechanism. To ascertain which component of the OCH3 group is present in CH3OH, 2H or 18O-

labelled 2-methoxyphenol was employed.  

The results of experiments conducted with d3-2-methoxyphenol indicate that the whole CH3 group of 

2-methoxyphenol is present in CH3OH, as evidenced by a shift of 3 AMU from mass 32 to 35. This also 

excludes the possibility of a hydrogen atom transfer as a reaction mechanism, which was similarly ruled 
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out in the experiments conducted with DMSO (Chapter 3.1.7). This is evident from the mass of 35 

observed for CH₃OH, as during a hydrogen atom abstraction reaction, a deuterium atom is removed 

from the CH3 group and replaced by a hydrogen atom in the reaction, resulting in a final mass of 34 for 

CH₃OH. The 18O-labelled oxygen atom was successfully detected in the resulting CH3OH using 18OCH3-

2-methoxyphenol (> 95 % labelling). Figure 28c illustrates the peaks for masses 33 and 34, which cor-

respond to CH3
18OH. In contrast, no peak is observed for masses 29, 30 and 31, which leads to the 

conclusion that the oxygen from CH3OH originates exclusively from the OCH3 group of 2-methoxyphe-

nol. These experiments demonstrate that the entire OCH3 group is cleaved off and reacts with a hy-

drogen atom to form CH3OH. It can be postulated that the hydrogen originates from an excess of H+ 

ions present in the acidic solution. The resulting CH3OH can undergo further oxidation to CH2O by the 

oxidative environment, as previously described for DMSO. These observations provide a reaction 

mechanism for CH3OH production from lignin monomers, where previous studies lack infor-

mation.118,122,132 

The reaction under consideration has not yet been the subject of scientific investigation in atmospheric 

conditions (1013 mbar and 22°C). However, it is of considerable environmental significance due to the 

ubiquitous distribution of aromatic OCH3 compounds alongside H2O2 and other ROS and Fe species 

(Chapter 1.3.2 and 1.6). Chapters 3.6 and 3.7 provide a more detailed analysis of the impact on the 

global carbon cycle, particularly the pedosphere. 

3.4 Results of the studies with different Mn, Fe, Co, Ni and Cu species 

instead of LFeIICl2 and Fe2O3 

To gain further insights into the reactions described previously, the Fe-containing species, i.e., LFeIICl2 

and Fe2O3, were replaced by various transition metals (Mn, Fe, Co, Ni and Cu) in the form of salts, 

oxides, sulphates and acetate. Investigations were carried out with MnCl2, MnSO4, MnO2, FeCl2, FeSO4, 

CoCl2, NiCl2, NiSO4, CuCl2, CuO + CuO2 and Cu(OAc)2 using the precursor compounds d6-DMSO, d3-me-

thionine and 2-methoxyphenol, respectively. This was done to see if other transition metals with dif-

ferent counterions react similarly due to the presence of all these transition metals in nature, particu-

larly in the pedosphere. 

 Conversion of d6-DMSO, d3-methionine and 2-methoxyphenol to CD3H, C2D6, 

CD3OH, CD2O and CH3Cl mediated by transition metals 

The above-listed transition metal species were utilised as substitutes for LFeIICl2 and Fe2O3. Conse-

quently, a range of transition metals and counterions and different oxidation states of the transition 
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metals were examined. The experiments involved the analysis of CH4, C2H6, CH3OH and CH2O in the 

same setup as with d6-DMSO (10 µmol transition metal species, 25 µmol d6-DMSO, 100 µmol Asc and 

200 µmol H2O2; (Table 10), with the addition of CH3Cl analysis in experiments involving chlorine coun-

terions. 

Table 10: Composition of the experiments on different transition metal species with d6-DMSO, d3-methionine 

and 2-methoxyphenol as precursor compounds to determine the conversion rates and possible differences. 

 d6-DMSO 

To facilitate a comparison with the process described in Chapter 2.1, d6-DMSO was again utilised in 

conjunction with the aforementioned transition metal species (No. 1-11; Table 10). Figure 29 illustrates 

the conversion of d6-DMSO to CH4, C2H6, CH3OH and CH2O. The predominant formation of CH4 resulted 

in conversion rates ranging from 1.61 ± 0.10 % for CuCl2 to 62.0 ± 2.0 % for FeSO4. The conversion rate 

for C2H6 range from 0.00076 ± 0.00014 % for MnCl2 to 3.28 ± 0.05 % for FeCl2, while the conversion 

rate for CH3OH range from 5.67 ± 0.35 % for Cu(OAc)2 to 24.0 ± 0.8 % for MnO2. The conversion to 

CH2O demonstrates a moderate fluctuation between 2.29 ± 1.81 % and 7.45 ± 0.58 %.  

No. Precursor compound Transition metal species Oxidant acid 

1-11 25 µmol d6-DMSO 

10 µmol MnCl2, MnSO4, MnO2, 

FeCl2, FeSO4, CoCl2, NiCl2, NiSO4, 

CuCl2, CuO + CuO2 and Cu(OAc)2 

200 µmol H2O2 
100 µmol 

Asc 

12-22 

25 µmol d3-methio-

nine 

10 µmol MnCl2, MnSO4, MnO2, 

FeCl2, FeSO4, CoCl2, NiCl2, NiSO4, 

CuCl2, CuO + CuO2 and Cu(OAc)2 

200 µmol H2O2 
100 µmol 

Asc 

23-33 
25 µmol 2-methoxy-

phenol 

10 µmol MnCl2, MnSO4, MnO2, 

FeCl2, FeSO4, CoCl2, NiCl2, NiSO4, 

CuCl2, CuO + CuO2 and Cu(OAc)2 

200 µmol H2O2 
100 µmol 

Asc 
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Figure 29: The experiments investigated the formation of C1 and C2 compounds from d6-DMSO using 10 µmol 

different transition metal species in conjunction with 200 µmol H2O2 and 100 µmol Asc under ambient atmos-

pheric conditions with a reaction time of 48 h. All C1 and C2 compounds could be measured for all transition 

metal species. Except for CuCl2, CH2O concentrations could not be determined; hence, no conversion rate was 

calculated. CuOx is a mixture of copper oxides (CuO and Cu2O), whereas Cu(OAc)2 refers to copper(II) acetate. 

Error bars refer to the SD of the total conversion of all major C1 and C2 compounds for n = 9, except for C2D6, n 

= 3. 

The total conversion rates of the Mn species range from 44.9 ± 4.6 to 56.5 ± 6.4 %, and the distributions 

of the Mn species' individual C1 and C2 components are similar. A comparison of the C1 and C2 com-

ponents for the two Fe species reveals a similar distribution as for the Mn species, with a conversion 

rate of 75.4 ± 1.7 % for FeCl2 and 77.7 ± 2.5 % for FeSO4, respectively. CoCl2 exhibits a conversion rate 

of 53.5 ± 5.5 %, falling within the range of Mn. NiCl2 exhibit the highest conversion rate of 81.4 ± 7.6 

%, while NiSO4 demonstrates a lower conversion rate of 64.6 ± 1.9 %. In the context of the Cu species, 
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the conversion rates ranged from 9.60 ± 0.37 % (CH2O could not be measured due to analytical issues) 

to 31.7 ± 1.6 %.  

 d3-Methionine 

In experiments that involved 25 µmol d3-methionine, 10 µmol transition metal species, 100 µmol Asc 

and 200 µmol H2O2 (No. 12-22; Table 10), the observed conversion rates were consistently lower than 

those observed in experiments involving d6-DMSO (Figure 30). The conversion rates ranged from 0 to 

4.07 ± 1.52 % for CH4 and from 0.00043 ± 0.00016 % to 0.45 ± 0.01 % for C2H6. Conversion rates ranging 

from 0.0 % to 2.30 % ± 0.14 % were observed for CH3OH and between zero % and 4.67 % ± 1.74 % for 

CH2O.  

CH3OH was detected in considerable amounts (2.30 % ± 0.14 %) only in experiments with MnCl2 com-

pared to all other experiments. The total conversion rates for the Mn and Fe species range from 4.52 

± 1.07 % to 8.77 ± 2.31 %. Conversely, lower total conversion rates were observed for the Co, Ni, and 

Cu species compared to the Fe and Mn species. These range from 1.18 ± 0.12 % to 2.50 ± 1.31 %, except 

for CuCl2, for which the rate was lower at 0.064 ± 0.038 %. It should be noted that the CH2O formation 

rate could not be determined due to technical issues in this instance.  

CH4 conversion rates are very similar in these experiments for Fe and Mn species, and C2H6 conversion 

rates are more prominent for the Fe species than for the Mn species. Compared to Fe2O3, the total 

conversion rate is approximately 11 %, slightly higher, and the LFeIICL2 complex only exhibits approxi-

mately 1.2 % hydrocarbons. The Co and Ni species exhibit lower conversion rates than the Fe and Mn 

species, in contrast to the experiments with d6-DMSO, where the conversion rates are similar.  
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Figure 30: The experiments investigated the formation of C1 and C2 compounds from 25 µmol d3-methionine 

using 10 µmol of different transition metal species in conjunction with 200 µmol H2O2 and 100 µmol Asc under 

ambient atmospheric conditions with a reaction time of 48 h. For CuCl2, CH2O concentrations could not be de-

termined; hence, no conversion rate was calculated. CuOx is a mixture of copper oxides (CuO and Cu2O), whereas 

Cu(OAc)2 refers to copper(II) acetate. Error bars refer to the SD of the total conversion of all major C1 and C2 

compounds for n = 9, except for C2D6, n = 3. 

 2-Methoxyphenol 

In experiments involving 2-methoxyphenol, a configuration analogous to d6-DMSO and d3-methionine 

was conducted (No. 23-33; Table 10). Asc was replaced with triflic acid, maintaining a pH value of 2.3. 

Asc is absent because the reaction mechanism described in Chapter 3.3 does not require a radical 

scavenger, as no OH and CH3 radicals are involved in forming CH3OH and CH2O. They are directly pro-

duced from the OCH3 group, and only the formation of CH3OH and CH2O was observed (Figure 31).  
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The conversion rates of CH3OH ranged from 0 to 23.6 ± 4.3 %, while those of CH2O fell within the range 

of 0 to 27.9 ± 2.0 %. Further analysis of the individual transition metals reveals that the total conversion 

rate for MnSO4 (15.3 ± 2.1 %) is significantly higher than for MnCl2 (1.36 ± 1.92 %) and MnO2 (2.53 ± 

0.65 %). For FeCl2 and FeSO4, the total conversion rates are similar at 32.2 ± 1.7 % and 36.1 ± 2.0 %, 

respectively, and all experiments with both Mn and Fe species produced CH3OH and CH2O, except for 

MnCl2, where only CH2O was detected. In the case of Co, Ni and Cu, the only product observed was 

CH3OH, except NiCl2, which yielded CH2O at a conversion rate of 0.78 ± 1.32 %. It should be noted that 

the error margin for this measurement exceeds the conversion rate. The total conversion rates for 

these transition metal species range from 5.39 ± 3.62 % for CuCl2 to 23.6 ± 4.3 % for NiSO4. A divergence 

in the observed patterns is apparent compared to the d6-DMSO and d3-methionine experiments. The 

absence of hydrocarbons is a general observation, and with 2-methoxyphenol, the conversion rates of 

the Mn species are comparatively low compared to other transition metal species. This contrasts the 

d6-DMSO and d3-methionine experiments, wherein the Mn species demonstrate higher conversion 

rates than the other transition metal species. The Fe species demonstrate the highest conversion rates, 

analogous to the d6-DMSO experiments. Conversely, the Co, Ni and Cu species exhibit lower conversion 

rates than the Fe species. This phenomenon has also been observed in experiments involving d6-DMSO 

except for Ni species and d3-methionine. The conversion rates are intermediate between those docu-

mented in the d6-DMSO and d3-methionine experiments. 
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Figure 31: The formation of CH3OH and CH2O compounds from 25 µmol 2-methoxyphenol was investigated using 

10 µmol of different transition metal species, 200 µmol H2O2 and 0.05 µmol triflic acid under ambient atmos-

pheric conditions with a reaction time of 48 h. No CH4 and C2H6 formation was observed. For CuCl2, CH2O con-

centrations could not be determined due to analytical issues. Hence, no conversion rate was calculated. CuOx is 

a mixture of copper oxides (CuO and Cu2O), whereas Cu(OAc)2 refers to copper(II) acetate. Error bars refer to the 

SD of the total conversion of all major C1 and C2 compounds for n = 9. 

 CH3Cl 

For all transition metal species that possess chlorine as a counter ion, the experiments with d6-DMSO, 

d3-methionine and 2-methoxyphenol were further analysed for CH3Cl formation (Figure 32). In the 

studies with d6 DMSO, CH3Cl was observed for all transition metal species with a range of conversion 

rates from 0.00006 to 0.00097 %. CuCl2, however, exhibited a conversion rate of 0.69 ± 0.13 %, ap-

proximately three orders of magnitude higher than in the rest of the study. With d3-methionine, a 

conversion rate of 0.00017 ± 0.00002 % and 0.0026 ± 0.0025 % were detected exclusively for FeCl2 and 
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CuCl2, respectively. In experiments with 2-methoxyphenol, only experiments with FeCl2 show a low 

production of 0.000044 ± 0.000025 % CH3Cl. 

Figure 32: The formation of CH3Cl from 25 µmol d6-DMSO, d3-methionine, or 2-methylphenol with 100 µmol Asc 

or 0.05 µmol triflic acid in case of 2-methoxyphenol and 200 µmol H2O2 was investigated using 10 µmol different 

transition metal species with chlorine counter ions in the experiments described above. Error bars refer to the 

SD of the conversion of CH3Cl for n = 3. 

 Discussion and implications of the different transition metal species in reaction 

with d6-DMSO, d3-methionine and 2-methoxyphenol and the formation of CH4, 

C2H6, CH3OH, CH2O and CH3Cl  

 d6-DMSO 

A comparative analysis of the conversion rates for FeCl2 and FeSO4 with d6-DMSO shows that the iden-

tical products CH4, C2H6, CH3OH, and CH2O were formed in a consistent pattern. The highest conversion 

rates were observed for CH4 (up to 62 %), followed by moderate yields for CH3OH and CH2O (up to 24.2 

and 7.45 %, respectively). High conversion rates for C2H6 (up to 3.28 %) are also observed for Fe species 

compared to the other transition metal species, and they are within the range of the experiments with 
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the LFeIICl2 complex (Chapter 3.1.2). The conversion rates to CH4 are similar for the naturally occurring 

Fe2O3, FeCl2 and FeSO4. The production of CH3OH from FeCl2 and FeSO4 is more closely related to that 

of the LFeIICl2 complex than that of Fe2O3. This may be attributable to the complete solubility of the 

iron species compared to the very low solubility of Fe2O3.205 Conversely, for CH2O production, FeCl2 

and FeSO4 show a behaviour more similar to Fe2O3 than to the LFeIICl2 complex. However, Althoff et al. 

(2010)31 reported that the type of Fe oxide or hydroxide significantly affects the yield of CH4 in experi-

ments with Asc as a precursor compound, with ferrihydrite having the highest yield and Fe2O3 the 

lowest. Nevertheless, a direct comparison is not feasible due to their experiments' absence of a sulfur-

bound CH3 group. Compared to the data from Althoff et al. 201414, the CH4 conversion rates are gen-

erally lower. The high ratio of Asc to precursor compound (100:1) in the study conducted by Althoff 

compared to the 4 to 1 ratio in this study influences the CH4 production considerably since more OH 

radicals are trapped and less oxygenated compounds are generated. The CH3 radicals can react to CH4 

instead of the OH radicals. It is essential to consider methodological differences, particularly in the 

amounts of substances used and the incubation duration. In addition, Althoff's study focused exclu-

sively on CH4 conversion rates without considering other C1 and C2 compounds.  

The results indicate that d6-DMSO can be converted to various C1-C2 compounds using different Fe 

species as catalysts. Differences in the C1 and C2 conversion rates may be attributed to differences in 

the solubility and crystal structure of the Fe species. While the mechanism underlying the formation 

of the high-valent iron-oxo complex from the LFeIICl2 complex is well established, similar mechanisms 

for Fe2O3 and Fe salts, sulfates, and acetates remain poorly understood and require further investiga-

tion. 

Within each transition metal, the conversion rates for all C1-C2 compounds investigated are similar, 

indicating that the oxidation state and counterions have a lesser impact than the choice of the transi-

tion metal itself. Interestingly, C1 and C2 emissions from Cu compounds differ significantly from the 

other transition metal species, with substantially lower conversion rates. The underlying causes of 

these discrepancies remain to be elucidated, particularly given the reported evidence for the formation 

of CH3 radicals from DMSO mediated by Cu(II) salts.260–262 One potential explanation for these varia-

tions may be found in the redox potential exhibited by the transition metal compounds; however, this 

potential is influenced by a complex network of interacting factors. For instance, factors such as pH 

and ionic strength significantly influence redox behaviour. Furthermore, the transition metal ion's elec-

tronic configuration and spin state, particularly in transition metals with multiple oxidation states, can 

impact its redox potential, as these factors affect the transition metal ion's ability to interact with sur-

rounding ligands and solvent molecules.263,264 Consequently, further experimental and theoretical 

studies are required to elucidate the underlying mechanisms fully. 
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The present study extends transition metal complex-based Fenton chemistry beyond Fe as a redox 

catalyst. The formation of oxidised species in Fenton-like reactions at circumneutral pH has been 

shown to generally follow the order CuII < NiII < MnII < FeIII < CoII. 265 However, this is not the case in the 

present study because the conversion rates do not follow this trend. These differences are likely at-

tributed to variations in reaction conditions, particularly to the lower pH values of 2.3 in this study. The 

redox properties of each transition metal-H2O2 system are unique and significantly influenced by the 

transition metal's oxidation state and the solution pH.266 For instance, Mn2+-chelates have been shown 

to enhance O2
∙- generation by reacting with H2O2.267 Transition metals with multiple redox states, such 

as Fe, Cu, Co, and Mn, can directly decompose H2O2 into HO via conventional Fenton-like pathways. 

Although such Fenton systems demonstrate efficiency even at neutral pH, the mechanism of H2O2 ac-

tivation is distinguished by its high specificity to the nature and composition of the catalyst.268 Conse-

quently, the mechanisms by which non-iron catalysts facilitate the decomposition of organic matter 

remain ambiguous, and thus, extensive further research is necessary. 

The proposed mechanism for CH3 radical formation from d6-DMSO via S-demethylation (Chapter 3.1.7) 

is supported by the deuterium incorporation into CH2O and CH3Cl as indicated by a change in mass of 

2 or 3 AMU in all transition metal catalysts examined. This was determined using GC-MS, analogous to 

Chapter 3.1.5, but not shown here. This finding indicates that a demethylation process may occur anal-

ogous to d6-DMSO with LFeIICl2. Also, the production of C2H6, likely formed through recombining two 

CH3 radicals, is observed and supports this mechanism. Consequently, it is reasonable to hypothesise 

that the remaining C1 and C2 compounds will also demonstrate isotopic labelling, as CH3 radicals 

should be the predominant precursors in this process. 

Notably, Fe and Cu species appear to be the only transition metals capable of mediating substantial 

C2H6 formation, while transition metals such as Mn, Co, and Ni exhibit minor C2H6 production. This 

observation might suggest differing or slower C1 and C2 formation mechanisms in the latter transition 

metals than in Fe and Cu. However, further mechanistic studies and theoretical calculations are nec-

essary to elucidate the underlying processes fully. The findings reported here are consistent with those 

observed in experimental studies involving various Fe species, which have documented high conver-

sion rates to CH4 compounds.14 In addition to Fe compounds, Mn, Co, and Ni catalysts have been shown 

to exhibit similarly high yields, suggesting that these transition metal species are effective in C1 and C2 

formation. Chapter 3.7 will discuss potential implications for the global production of C1 and C2 com-

pounds in detail. 
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 d3-methionine 

In a setup conducted analogous to d6-DMSO, d3-methionine was employed as a substrate to investigate 

abiotic C1 and C2 production. A comparison of conversion rates in experiments involving d3-methio-

nine across various Fe and Mn species (Fe2O3, FeCl2, FeSO4, MnCl2 and MnO2) reveals a consistent pat-

tern of C1 and C2 formation observed among these species and lower rates for the Co, Ni and Cu 

species. In contrast, the LFeIICl2 complex produced no CH2O or CH3OH (Chapter 3.2.1). The conversion 

rates to C2H6 from Fe salts are in a similar range to those of Fe2O3, as compared to LFeIICl2, and generally 

higher than with the other transition metal species. CH4 conversion rates for Fe and Mn species are 

approximately 3%, in contrast to previous studies where conversion rates are 10%.14 This discrepancy 

may be attributed to a different setup and using another Fe species (ferrihydrite). However, the con-

version rates from d3-methionine are lower than those documented for d6-DMSO. The observed dis-

crepancy between d3-methionine and d6-DMSO may be attributed to the different chemical structures 

resulting in different chemical properties which influence the reaction mechanism. According to pre-

liminary DFT calculations, this reaction with methionine requires a higher activation energy than the 

calculated activation energy for DMSO.205 

The data show that d3-methionine can be converted to different C1-C2 compounds using various tran-

sition metal species as catalysts. Solubility and lattice structure variations may contribute to the ob-

served differences in C1 and C2 conversion rates from distinct transition metal species. The oxidation 

state and choice of counterion have less influence on C1 and C2 formation than the choice of transition 

metal, as observed for DMSO. In particular, Cu compounds' C1 and C2 emissions, especially CuCl2, differ 

from those of other transition metal species by exhibiting lower conversion rates. While the high-va-

lent iron-oxo complex formation from LFeIICl2 is well established206,211,250, mechanistic studies for all 

other transition metal species have yet to be carried out. The demonstration of deuterium incorpora-

tion into CD2O and CD3Cl, evidenced by a mass shift of 2 or 3 AMU in all transition metal catalysts, 

suggests that a demethylation mechanism analogous to d6-DMSO is most likely the reaction mecha-

nism. Thus, isotopic labelling can also be expected for the other C1 and C2 compounds, as CH3 radicals 

will likely serve as the primary precursors. 

 2-Methoxyphenol 

The conversion patterns to C1 and C2 compounds in experiments with 2-methoxyphenol exhibited 

notable deviations from those observed with S-methylated substrates. Only CH3OH and CH2O were 

produced, and no CH4 or C2H6 was detected. Their absence suggests a lack of CH3 radicals, as described 

earlier for Fe2O3 and LFeIICl2 (Chapter 3.3.3). FeCl2 and FeSO4 exhibited CH3OH and CH2O formation 

patterns consistent with those observed for the previously described experiments with Fe2O3 and 
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LFeIICl2, suggesting a similar reaction mechanism (Chapter 3.1). In contrast, Mn species exhibited min-

imal conversion to oxygenated C1 compounds except MnSO4 with medium conversion rates, indicating 

a low catalytic efficiency. Furthermore, the experiments involving Co, Ni, or Cu resulted in the exclusive 

production of CH3OH, with a minimal yield of CH2O in experiments with NiSO4, suggesting a reduced 

oxidative capacity compared to the Fe species. Notably, the overoxidation from CH3OH to CH2O ap-

pears unlikely for these transition metal species, in contrast to the Fe and Mn species. Nevertheless, 

these findings underscore the significant catalytic influence of transition metal species on the degra-

dation of methoxylated substrates under ambient conditions (1013 mbar, 22°C). Potential contribu-

tions to the global production of C1 compounds will be discussed in detail in Chapter 3.7. 

 Methyl chloride 

CD3Cl has been observed in all experiments involving d6-DMSO, with conversion rates of less than 

0.0062 ± 0.0002 %, indicative of low production levels compared to the other C1 and C2 compounds. 

Conversely, CuCl2 exhibits a significantly higher abundance of CD3Cl, with a conversion rate approxi-

mately three orders of magnitude higher than the other compounds. However, its concentrations re-

main relatively low relative to other C₁ and C₂ compounds. The findings on CH3Cl production are con-

sistent with previous observations on d6-DMSO.  

The CD3Cl concentration is quantified with masses 53 and 55 via GC-MS, thereby confirming the CD3 

group origin from d6-DMSO, as the masses are shifted by 3 AMU relative to non-deuterated CD3Cl. A 

similar outcome was observed in the case of d3-methionine, where CD3Cl formation was observed to 

occur at low conversion rates with FeCl2 and CuCl2. However, no CH3Cl was detected in experiments 

involving 2-methoxyphenol, which may be attributed to the alternative mechanism of OCH3 group 

cleavage, where no CH3 radical is formed (Chapter 3.3.2). 

Given the similarities in chemical properties exhibited by these chlorine counterions, it can be hypoth-

esised that analogous processes occur in the presence of other halogenated counterions, forming me-

thyl halides. In addition, Keppler et al. (2000) have documented the formation of CH3Cl, CH3Br, and 

CH3I in soils, a process catalysed by Fe.35 This observation, supported by a comparable reaction mech-

anism involving Fe, provides a compelling argument for the potential formation of other methyl hal-

ides. Despite the low conversion rates, the potential impact of this process on the environment cannot 

be discounted, as the precursor compounds, transition metal species, and ROS are present in substan-

tial quantities in the environment. Consequently, low conversion rates can still result in substantial 

amounts of halogenated compounds being released, which, in turn, can considerably affect the atmos-

phere's chemistry. 
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3.5 Lignin and pectin as precursors of CH4, C2H6, CH3OH and CH2O 

Lignin and pectin were investigated the same way as the previous compounds, including sinapyl alco-

hol, coniferyl alcohol, and Game (Chapter 3.3), which are monomers of lignin and pectin. Plant matter, 

particularly cell walls, comprises a significant portion of lignin and pectin, which are important organic 

components of the soil. It was previously shown that lignin and pectin can emit CH3OH and CH3Cl under 

elevated temperatures (> 150°C)17 and that polygalacturonic acid can emit CH4 at elevated tempera-

tures (> 40°C) and irradiated with UV light.269 All these properties of lignin and pectin are of interest 

for this study and make them possible precursor compounds for various other C1 and C2 compounds. 

 Formation of CH4, C2H6, CH3OH and CH2O from lignin and pectin under abiotic and 

oxic conditions 

To investigate the environmental implications of these reactions, pure lignin and pectin (50 mg dry 

weight) were studied for their potential to produce CH3OH, CH2O, CH4 and C2H6 (Figure 33) using 10 

µmol Fe2O3, 100 µmol Asc and 200 µmol H2O2 in different setups (Table 11) following the procedure 

described in Chapter 2.1.1. The C1 and C2 compounds were shown in concentrations instead of con-

version rates for comparison with other studies and the fact that lignin and pectin are weighed in 

grams. 

Table 11: Composition of the experiments with lignin or pectin and with or without Fe2O3 and Asc to determine 

the conversion rates and possible differences. 

No. Precursor compound Fe species Oxidant acid 

1 Lignin 10 µmol Fe2O3 200 µmol H2O2 100 µmol Asc 

2 Lignin 10 µmol Fe2O3 200 µmol H2O2 0.05 µmol Triflic acid 

3 Lignin - 200 µmol H2O2 0.05 µmol Triflic acid 

4 Pectin 10 µmol Fe2O3 200 µmol H2O2 100 µmol Asc 

5 Pectin 10 µmol Fe2O3 200 µmol H2O2 0.05 µmol Triflic acid 

6 Pectin - 200 µmol H2O2 0.05 µmol Triflic acid 

The highest concentrations of CH3OH and CH2O (Figure 33a) were observed in experiments with Fe2O3 

and Asc for both lignin (399 ± 28 µg/g, No. 1) or pectin (422 ± 52 µg/g, No. 4). In experiments without 

Asc and Fe2O3, the concentrations are lower at 251 ± 31 µg/gd for lignin (No. 2) and 311 ± 76 µg/g for 

pectin (No. 5). Moreover, experiments without Fe2O3 and Asc resulted in concentrations of 307 ± 24 

µg/g for lignin (No. 3) and 106 ± 8 µg/g for pectin (No. 6). Additionally, the production of CH4 and C2H6 
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was observed (Figure 33b). Notably, hydrocarbons were only detected in the presence of Asc (lignin: 

2.76 ± 0.04 µg/g and pectin: 1.44 ± 0.04 µg/g), with concentrations two orders of magnitude lower 

than those of the oxygenated compounds. Experiments conducted without Asc did not yield any hy-

drocarbon production.  

Figure 33: Formation of a) CH3OH and CH2O and b) CH4 and C2H6 were detected in experiments involving 50 mg 

(dry weight) of either lignin or pectin. These experiments were carried out with either 10 µmol Fe2O3 and 100 

µmol Asc or without Asc and 10 µmol Fe2O3, and the third experiment with 0.05 µmol triflic acid and no Fe2O3 

and with 200 µmol H2O2 in each experiment under ambient atmospheric conditions with a reaction time of 48 h. 

Error bars refer to the SD of the total conversion of all major C1 and C2 compounds for n = 9, except for CH4 and 

C2D6, n = 3. 

 Discussion of the production CH4, C2H6, CH3OH and CH2O and the influence of Fe2O3, 

H2O2 and Asc 

Lignin and pectin exhibit elevated concentrations of CH₃OH and CH₂O, analogous to those observed in 

OCH3-containing substrates with Fe2O3, H2O2 and Asc. A contrasting picture emerges when the experi-

ments with and without Asc but with triflic acid are compared in the context of sinapyl alcohol and 

lignin. While sinapyl alcohol yields are lower in the presence of Asc, lignin experiments exhibit higher 

concentrations of CH3OH and CH2O (Chapter 3.3.1). These discrepancies can be attributed to the com-

plex three-dimensional structure of lignin, which allows for a multitude of side reactions. In the case 

of Game and pectin, analogous trends can be observed. Here, structural differences are confined to 

the cross-links between the Game monomeric units in pectin, and the potential for additional side 

reactions is limited. Nevertheless, a comparable reaction could be feasible.  

a) b) 
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In the case of experiments conducted solely with H₂O₂ and lignin or pectin, respectively, a contrasting 

pattern emerges. In lignin experiments, the absence of Asc and Fe₂O₃ results in CH₃OH and CH₂O con-

centrations comparable to those observed in their presence. In contrast, pectin experiments show a 

notable decline in CH₃OH and CH₂O concentrations in the absence of Asc and Fe₂O₃. This discrepancy 

may be attributed to differing reaction mechanisms observed in the experiments with the absence of 

Fe₂O₃ compared to those conducted with Fe₂O₃. In the latter, an iron-oxo species ([FeIV=O]2+) is respon-

sible for initiating the reaction, whereas, in the former, H2O2 and possibly other radicals like O2
- or OH 

may directly interact with the substrate. Also, differences in the general structure of these molecules 

are evident, with an aromatic system in lignin and a non-aromatic system in pectin. This may also ac-

count for variations in the product concentrations. 

The observed release of CH3OH from methoxybenzenes and lignin is a well-described process in the 

literature, but always at high temperatures and pressures and regularly under an H2 atmosphere; 

therefore, a comparison is not feasible. It is well known that wood (lignin) releases low amounts of 

CH2O133; a lignin-mediated Fenton generation of CH2O is postulated with the OH radical attacking the 

OCH3 group and releasing CH2O. That is enhanced with rising H2O2 and Fe concentrations.132 This mech-

anism is similar to the investigated here, but the mechanism remains unclear, and no direct evidence 

has been provided for the origin of the CH2O. 

Adding Asc to experiments with lignin or pectin resulted in a significant increase in CH4 and C2H6 pro-

duction. Conversely, no hydrocarbon production was observed in the absence of Asc. These findings 

indicate that an OH radical scavenger, such as Asc, is essential for facilitating hydrocarbon production. 

These findings are analogous to the reactions described earlier with DMSO (Chapter 3.1). Still, the ratio 

of CH₃OH + CH₂O to CH₄ + C₂H₆ is two orders of magnitude higher than in the experiments with DMSO 

(approximately 1:1). This discrepancy may also be attributed to different reaction mechanisms. In the 

case of the DMSO, all C1 and C2 compounds are produced from a CH3 radical, whereas CH3OH and 

CH2O are produced from the whole OCH3 group of methoxyphenols and presumably from the OCH3 

group of lignin and pectin. A multitude of side chains from lignin and pectin could act as precursors of 

the hydrocarbons. A decay of lignin or pectin itself due to the highly oxidative milieu and subsequent 

reactions could also lead to the production of hydrocarbons. A release of CH4 from OCH3 groups of 

pectin is reported at elevated temperatures with greater than 40°C and isotically confirmed.269 The 

origin of CH4 and C2H6 is unclear and requires further investigation. With isotopically labelled precursor 

substances, as described in Keppler et al. (2008)269, more knowledge could be gained concerning the 

origin of CH4 and C2H6. 



86       3 Results and Discussion 

 

3.6 Abiotic and oxic production of CH3OH, CH2O, CH4 and C2H6 from sterile 

soils and their controlling factors2 

Experiments were conducted using 24 soil samples (5 g) that were sterilised at 105°C and homogenised 

and incubated with 10 ml ultra-pure H2O and subsequently analysed for CH3OH, CH2O, CH4 and C2H6. 

Establishing a direct link between the studies with precursor compounds and natural processes, espe-

cially soils where high concentrations of lignin and pectin are found, provides a perfect objective for 

studying the formation of C1 and C2 compounds. All relevant reactants and additives employed in the 

previous investigations, including transition metal precursors (e.g., Fe2O3), organic substrates pos-

sessing CH3 groups, H₂O₂, and OH radical scavengers such as ascorbic acid, naturally occur in soils. 

Consequently, experiments were conducted on various soil types, including modifications to the OCH3 

content, wet-dry cycles (WDC), pH adjustments, and temperature variations. The degradation of 

CH3OH in untreated soils was also investigated. Additionally, the OCH3 content and TOC of the soils 

were determined to enable preliminary estimation of the global impact of the abiotic processes de-

scribed herein. 

 Production of CH3OH, CH2O, CH4 and C2H6 from sterile soils under abiotic and 

atmospheric conditions 

Following the protocols described in Chapter 2.1.4, 24 sterilised and homogenised soils (5 g each) were 

incubated with ultra-pure H2O (10 ml) for 48 h. Following incubation, the samples were analysed for 

the presence of CH3OH and CH2O in the H2O phase and CH4 and C2H6 in the headspace. All 24 soils from 

the different locations and sampling depths (Chapter 2.1.4.2) emitted oxygenated compounds and hy-

drocarbons. The concentrations of CH3OH ranged from 0.76 ± 0.03 µg/gsoil,dw to 18.0 ± 0.6 µg/gsoil,dw, 

except for WA2 10-40, where no CH3OH could be measured. The concentrations of CH2O ranged from 

0.41 ± 0.53 µg/gsoil,dw to 21.4 ± 1.0 µg/gsoil,dw (Figure 34a). For CH4 concentrations between 0 and 6.50 

± 0.30 ng/gsoil,dw could be determined; furthermore, for C2H6 0.02 ± 0,02 ng/gsoil,dw to 2.65 ± 0.20 

ng/gsoil,dw concentrations were observed (Figure 34b). 

 
2 Please note that parts of this section are taken from Hädeler et al (2023)205. 
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Figure 34: abiotic formation of CH3OH, CH2O, CH4, and C2H6 from 24 sterilised soils at 105°C (5 g each, with indi-

cated depths in cm) using ultra-pure H2O (10 ml), incubated for 48 h under ambient conditions (22°C and 1013 

mbar). a) CH3OH and CH2O were displayed in µg/gsoil,dw, with three orders of magnitude lower concentrations for 

b) CH4 and C2H6 displayed in ng/gsoil,dw. Error bars refer to the SD of the total conversion of all major C1 and C2 

compounds for n = 9, except for CH4 and C2D6, n = 3. Parts of the data are taken from Hädeler et al. (2023).205 

 Methoxy groups in soils as a precursor of CH3OH, CH2O, CH4 and C2H6 

To determine whether OCH3 groups in soils serve as precursors to CH3OH, CH2O, CH4 and C2H6, they 

were removed using the Zeisel method (Chapter 2.2.2.4) in three different soils that produced high 

amounts of CH3OH, CH2O, CH4 and C2H6. Figure 35a illustrates OCH3 content in three different soil sam-

ples before and after HI treatment, which causes the removal of the OCH3 group and the reduction 

ranging from 81.1 % to 93.6 %. The soil samples with high organic content, in which the OCH3 group 

a) 

b) 
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were removed, were then incubated as described in Chapter 2.1.4 and the concentrations of CH3OH 

and CH2O were analysed. The results demonstrated an absence of CH3OH and a reduction in CH2O 

concentrations by 28.8 % to 83.5 % in HI-treated soils (Figure 35b). Furthermore, the removal of OCH3 

groups resulted in a decrease in CH4 concentration by 81.4 % to 96 %. A reduction in the concentrations 

of C2H6 by 40 % and 96 % was also noted in the PT and WA2 soils, respectively. Conversely, a substantial 

increase of 590 % was recorded for soil AL 20 (Figure 35c). 

Figure 35: a) OCH3 content in soil samples AL 20, PT 0-10 and WA2 0-10 before and after OCH3 removal due to 

HI treatment. b) Comparison of the concentrations of CH3OH and CH2O and c) CH4 and C2H6 from soil experiments 

with and without OCH3 group removal. Error bars refer to the SD of the total conversion of all major C1 and C2 

compounds for n = 9, except for CH4 and C2D6, n = 3. 

a) 

b) c) 
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 Identification of the origin of CH3OH in soils with deuterated or 18O-OCH3 labelled 

2-methoxyphenol 

The three soils from which the OCH3 group was removed were used. 1 g soil each was mixed with 2 ml 

H2O, and then 5 µmol deuterated or 18O-OCH3 labelled 2-methoxyphenol was added to the incubation 

to show that the soil splits of the whole OCH3 group. By measuring CH3OH and the masses 33, 34 and 

35, Figure 36 clearly shows the production of the deuterated CH3OH in these soils. This is evident due 

to the pronounced peaks observed in experiments utilising deuterated 2-methoxyphenol and measur-

ing the mass shift from 32 to 33-35 (Figure 36a). Also, measuring the mass 33 and 34 from CH3OH in 

experiments with 18O-labelled 2-methoxyphenol (Figure 36b) and the resulting peaks for these exper-

iments demonstrate the origin of CH3OH from the OCH3 group of 2-methoxyphenol. The unlabelled 

soils and ultra-pure H2O as controls exhibit minimal to no peaks. These experiments demonstrate that 

the OCH3 group is cleaved off in soils and forms CH3OH only by adding H2O. 
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Figure 36: Chromatogram of labelled CH3OH in soil experiments with added deuterated or 18O-OCH3 labelled 2-

Methoxyphenol. The m/z 33, 34 and 35 of CD3OH a) or m/z 33 and 34 of CH3
18OH b) in experiments where the 

OCH3 groups were removed from the soil samples GL1, PO and GL2 using the Zeisel method. 1 g soil and 2 ml 

ultra-pure H2O with added 5 µmol a) deuterated OCH3-2-Methoxyphenol and b) 5 µmol 18O-OCH3-2-Methoxy-

phenol. Blue, brown and pink are the experiments with labelled 2-methoxyphenol; light green, dark green and 

purple are the non-spiked soils, and black is pure H2O. 

 Determination of the ability of soils to degrade d6-DMSO 

To investigate whether soils have the capacity to convert substrates with S-bonded CH3 groups to 

CH3OH and CH2O, 25 µmol d6-DMSO was added to soils WF, MX, BI, AL1, HO WA1, MA, SH1 and SH2.  

b) 
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The formation of CD3OH and CD2O was observed in these soil samples, as illustrated by one example 

in Figure 37 and Figure 38. Deuterium labelling of CH3OH and CH2O is evidenced by a mass shift of 3 or 

2 AMU, respectively, as previously described (Chapter 3.1.5.1). It can be hypothesised that CH4 and 

C2H6 can also be formed from d6-DMSO, as described in Chapter 3.1.5.1. As demonstrated in Chapter 

3.2, N- or P-bonded CH3 groups can also produce CH3OH, CH2O, CH4 and C2H6, which lends evidence to 

support the hypothesis that these can also be converted within the soil. 

Figure 37: Chromatogram and mass track 33 and 35 of deuterated CH3OH in an experiment with 5 g sterile soil 

(WF 0-5) in 10 ml ultra-pure H2O and 25 µmol d6-DMSO. Taken from Hädeler et al. (2023).205 
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Figure 38: Chromatogram and mass track 210 and 212 of deuterated and derivatised CH2O in an experiment with 

5 g sterile soil (WF 0-5) in 10 ml ultra-pure H2O and d6-DMSO. Taken from Hädeler et al. (2023).205 

 Wet-dry cycles with soils and their effect on CH3OH and CH2O formation 

The objective of the 10 wet-dry cycles was to observe the soils' behaviour when subjected to a drying 

and subsequent rewetting process. Soil samples UH 0-10 and AL 20 were chosen because of their high 

organic content and different genesis (Chapter 2.1.4.2), and a third experiment was conducted with 

AL 20, where 200 µmol H2O2 was added (Figure 39). This was done to see whether higher concentra-

tions of oxidant impact the concentrations of the products. The investigation was focused on CH3OH 

and CH2O formation, as these are the C1 compounds with the highest concentrations in the soil inves-

tigations and have a high impact on carbon cycling and the chemical composition of the soil.  

The concentration of CH3OH in all soil samples in all WDCs was within the range of 4.44 ± 0.21 µg/gsoil,dw 

to 6.18 ± 0.35 µg/gsoil,dw, with a general downward trend with continuing cycles (Figure 39a). However, 

there were exceptions with higher concentrations, particularly in the second and third cycles. Follow-

ing ten cycles of wetting and drying, the concentration is observed to range between 0.98 ± 0.25 

µg/gsoil,dw and 1.55 ± 0.30 µg/gsoil,dw. The total concentration after 10 cycles of CH3OH is 17.6 ± 1.1 
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µg/gsoil,dw, 30.2 ± 1.6 µg/gsoil,dw and 49.5 ± 2.7 µg/gsoil,dw for soil UH 0-10, AL 20 and AL 20 with H2O2, 

respectively.  

A differentiated pattern is evident for CH2O compared with CH3OH, with overall higher concentrations 

(Figure 39b). The starting concentrations in the samples were 7.49 ± 0.39 µg/gsoil,dw, 6.55 ± 0.75 

µg/gsoil,dw and 14.5 ± 0.8 µg/gsoil,dw CH2O for soil UH 0-10, AL 20 and AL 20 with H2O2, respectively. The 

final concentrations of CH2O are 8.40 ± 0.33 µg/gsoil,dw, 6.80 ± 0.25 µg/gsoil,dw and 4.92 ± 0.59 µg/gsoil,dw 

for soils UH 0-10, AL 20 and AL 20 with H2O2, respectively. Furthermore, the measurement of AL 20 

with H2O2 failed at the 9th WDC and AL 20 in the 10th WDC due to technical issues. No discernible 

trends are evident for UH 0-10 and AL 20, with a slight decline observed for AL 20 with H2O2. The sum 

of all concentrations observed is 51.8 ± 1.35 µg/gsoil,dw for UH 0-10, 85.7 ± 2.3 µg/gsoil,dw for AL 20, and 

86.7 ± 2.4 µg/gsoil,dw CH2O for AL 20 with H2O2. 

Figure 39: CH3OH a) and CH2O b) concentrations in 10 wet-dry-cycle experiments (5 g soil with 10 ml H2O; 2-day 

wetting phase and then sterilisation at 105°C) of soil UH 0-10 and AL 20 (also with added H2O2) and the sum of 

CH3OH and CH2O concentrations c). Error bars refer to the SD of the total conversion of CH3OH and CH2O for n = 

9. 

The sum of CH3OH and CH2O results in a discernible decline in the values of all three WDCs (Figure 

39c). The starting concentrations range from 11.9 ± 0.5 µg/gsoil,dw to 20.7 ± 0.9 µg/gsoil,dw, with values 

between 6.47 ± 0.67 µg/gsoil,dw and 9.82 ± 0.71 µg/gsoil,dw observed in the ninth and tenth WDCs. The 

a) b) 

c) 
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summed concentrations are 69.4 ± 1.8 µg/gsoil,dw for UH 0-10, 115 ± 3 µg/gsoil,dw for AL 20 and 136 ± 4 

µg/gsoil,dw for AL 20 with H2O2. 

 Influence of pH variations on soil and the impact on CH3OH, CH2O, CH4 and C2H6 

production 

To gain insights into the impact of pH change on the formation of CH3OH, CH2O, CH4 and C2H6, NaOH 

was added to the soil sample PT 0-10, which has the lowest pH of all soil samples (pH 3.2), and the soil 

sample was then incubated at pH values of 3.9, 5.2, 6.2 and 6.9 (Figure 40). The concentration of CH₃OH 

exhibited gradually increased from 6.88 ± 0.06 to 26.0 ± 4.8 µg/gsoil,dw with rising pH levels. Conversely, 

the concentration of CH₂O demonstrated a consistent decline from 21.4 ± 1.0 to 6.49 ± 0.33 µg/gsoil,dw, 

except for the pH 6.9.  

The total concentration of CH3OH + CH2O remains constant at approximately 25 µg/gsoil,dw within the 

error margins except for pH 6.9, where total concentrations of 41.2 ± 6.1 µg/gsoil,dw were observed. No 

major changes were observed in the concentrations of CH4 and C2H6, except at pH 3.9, where a slight 

increase in the concentration of CH4 was noted. The attempt to modify the pH value from a high to a 

low pH in various soil samples was unsuccessful due to the decomposition of the soil matrix, the ina-

bility to take H2O samples, and the consequence of obtaining reliable measurements. 

Figure 40: Measurement of CH3OH, CH2O a) and CH4 and C2H6 b) in soil sample PT 0-10 (5 g and 10 ml H2O) with 

the adjustment of the pH-value with NaOH. Error bars refer to the SD of the total conversion of all major C1 and 

C2 compounds for n = 9, except for CH4 and C2D6, n = 3. 

 Variation of incubation temperature in soil and the influence on CH3OH, CH2O, CH4 

and C2H6 production 

The impact of temperature (-26, 6, 12, 22, 30, 40 and 50°C) on the soil experiments was investigated 

using soil WA2 0-10 as a case study (Figure 41). It was selected because of the previously observed 

a) b) 
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high production of CH3OH, CH2O, CH4, and C2H6, which were again analysed. The concentration of 

CH3OH exhibited a gradual increase with increasing temperature, from 2.14 ± 0.33 µg/gsoil,dw to 30.1 ± 

1.2 µg/gsoil,dw. In contrast, there is no considerable variation in the concentration of CH₂O, which ranges 

between 21.6 ± 0.6 µg/gsoil,dw and 26.8 ± 2.2 µg/gsoil,dw, except for -26°C, where it is observed to be 

lower at 14.0 ± 3.9 µg/gsoil,dw. The concentration of CH4 increases with temperature, rising from 0.97 ± 

0.03 ng/gsoil,dw to 5.54 ± 0.41 ng/gsoil,dw. A similar trend is observed for C2H6, with the concentration 

increasing from 0.30 ± zero ng/gsoil,dw to 1.36 ± 0.07 ng/gsoil,dw. An exponential growth for CH3OH, CH4 

and C2H6 is observed between R2 = 0.86 and 0.97, while the exponential R2 for CH2O is lower at 0.36. 

Figure 41: Measurement of CH3OH, CH2O a) and CH4 and C2H6 b) in soil WA2 0-10 at different incubation tem-

peratures (-26, 6, 12, 22, 30, 40 and 50°C). Error bars refer to the SD of the total conversion of all major C1 and 

C2 compounds for n = 9, except for CH4 and C2D6, n = 3. 

 Addition of CH3OH to non-sterile soils for demonstration of soil degradation 

potential 

Experiments were conducted with untreated and non-sterile soil samples AL 20, WA2 0-10, and UH 0-

10 to investigate if they could directly degrade abiotically produced CH3OH, considering the presence 

of microorganisms within them. The initial addition of CH3OH to wetted soils resulted in a degradation 

of CH3OH over 21 days. The initial concentrations of CH3OH were 230 µg/gsoil,dw, 249 µg/gsoil,dw and 214 

µg/gsoil,dw for the soil samples AL 20, WA2 0-10 and UH 0-10, respectively. A gradual degradation was 

observed until day 10, after which it accelerated significantly. Complete degradation of the CH3OH was 

achieved within 15-21 days and demonstrates the degradation potential of the soils (Figure 42a). 

In addition, 5 g soil sample (AL 20) was incubated with 10 ml ultra-pure H2O and in two additional 

experiments, methylotrophic bacteria (Methylorubrum extorquens) was added before the incubation 

b) a) 
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started and after the incubation and the latter measured again two days later (Figure 42b). The CH3OH 

concentration within the error bars is zero, indicating a degradation due to Methylorubrum extorquens. 

A negative value is observed due to the subtraction of the blank concentration. The CH2O concentra-

tion is unchanged in all three experiments, suggesting that the Methylorubrum extorquens did not 

consume CH2O. 

Figure 42: a) Degradation of added CH3OH in untreated soil samples AL 20 0-20, WA2 0-10, and UH 0-10 (n = 3). 

b) Measurement of CH3OH and CH2O in soil AL 20 with added methylotrophic bacteria (Methylorubrum extor-

quens) before and after the incubation compared with the experiment of AL 20 from Figure 34. Error bars refer 

to the SD of the total conversion of CH3OH and CH2O for n = 9. 

 Correlation of TOC and methoxy content as a basis for a first extrapolation of the 

production of CH3OH and CH2O from soils on a global scale 

The TOC and OCH3 content were analysed for all 24 investigated soil samples using the methods de-

scribed in Chapters 2.2.2.4 and 2.2.5. The concentrations of TOC range from 0 to 16.2 w%, and the 

OCH3 content ranges from 0.0043 ± 0.0026 w% to 0.42 ± 0.00 w%. The TOC and OCH3 content show a 

high correlation of R² = 0.88 (Figure 43).  

The degrees regression equation was used to calculate the OCH3 content as a percentage of the TOC 

with the following equation: 

 y = 0.0218x + 0.0102 (10) 

Filling in 100 % TOC as x in equation 10 yields an OCH3 content of 2.19 % per 100 % TOC. This was done 

to extrapolate the OCH3 content to a global scale and was undertaken to calculate initial projections 

using the scientific data available.  

a) b) 



3 Results and Discussion  97 

 

Figure 43: Correlation of the TOC (n = 1) with OCH3 content (n = 3) of the 24 investigated soil samples with an R² 

= 0.88. 

 TOC and CH3OH + CH2O correlation for initial global predictions of CH3OH and CH2O 

production 

Figure 44 illustrates the relationship between TOC and the measured concentrations of CH3OH and 

CH2O from all 24 soil experiments (Figure 34). A linear regression equation with an R² value of 0.67 was 

obtained (Equation 11).  

 y = 1.71x + 7.03 (11) 

This shows a high correlation of the TOC with the produced CH3OH and CH2O, indicating that the TOC 

measurement gives a good prediction for the CH3OH and CH2O production of the soil. When 100 % 

TOC is entered into the equation, it predicts a production of 178 µg/gTOC CH3OH and CH2O from a two-

day incubation time. This value can then be extrapolated globally for the two-day incubation period 

for the soils, resulting in a value of 0.41 Gt CH3OH and CH2O production from the 2350 Gt TOC. 
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Figure 44: The TOC was correlated with the sum of CH3OH and CH2O concentrations of all 24 soils investigated. 

The experiments involved a two-day incubation period, during which 5 g of soil was incubated in 10 ml ultra-pure 

H2O. 

 Discussion and implications of the abiotic production of CH3OH, CH2O, CH4 and C2H6 

in natural environments, especially the pedosphere 

The results from various experiments with sterile soil samples provide evidence that they possess the 

potential for the abiotic formation of CH3OH, CH2O, CH4 and C2H6, which represent environmentally 

important C1 and C2 compounds. High production of 2-28 µg/gsoil,dw CH3OH and CH2O in soils was ob-

served. These results correspond to the high CH3OH and CH2O production already obtained for aro-

matic OCH3 compounds, as well as for lignin and pectin in aqueous solution in the presence of H2O2, 

an acid and a transition metal species. To further confirm these similarities, OCH3 groups were re-

moved from the soil samples, and experiments with isotopically labelled substrates were carried out. 

The almost complete removal of OCH3 groups from the soil samples resulted in a complete absence of 

CH3OH and a substantial decrease in CH2O concentration. This suggests that the OCH3 groups may 

serve as precursors for CH3OH and CH2O in soil samples. To investigate this further, deuterated or 18O-

OCH3 labelled 2-methoxyphenol was added to three soil experiments with removed OCH3 groups. Sub-

sequent measurements of the deuterated and 18O-labelled CH3OH formed in the reaction provided 

direct evidence for the production of CH3OH from the OCH3 group of 2-methoxyphenol. This is 



3 Results and Discussion  99 

 

presumably further oxidised to CH2O, as described in Chapter 3.1.5.1, as ROS are generated in the soil, 

initiating various oxidation reactions (Chapter 1.6). As discussed in Chapters 1.6, 1.4 and 1.3, ROS, 

transition metal species and various precursor compounds, particularly lignin, are ubiquitous in soils. 

This suggests that the prerequisites for the reactions are given, and it can be hypothesised that this 

reaction occurs in soils, as observed for the aromatic OCH3 compounds. Given the capacity of C1 and 

C2 formation by other compounds with S-, N- and P-bound CH3 groups (chapters 3.1.2 and 3.2.1), which 

are also abundant in soils, it is proposed that these compounds should also be considered as precursor 

compounds. Furthermore, adding d6-DMSO to the soils resulted in deuterium-labelling in CH3OH and 

CH2O, thereby supporting the hypothesis (Chapter 3.6.4). 

The production of CH4 and C2H6 can be observed in all experiments with soils; however, the concen-

trations are 3-4 orders of magnitude lower than for CH3OH and CH2O. Concentrations up to 6,55 ± 0,27 

ng/gsoil,dw (0,14 ng g−1
soil,dw dw h−1) in a two-day incubation time were measured at 22°C. These are 

comparable to those observed in other studies with 0.20 ± 0.0534 or 0.24 ± 0.06 ng g−1 dw h−1 133 at 

40°C. Furthermore, the production of CH4 and C2H6 is also 2-3 orders of magnitude lower in lignin and 

pectin, but only in the presence of Asc (chapter 3.5.1). In contrast, no production of CH4 and C2H6 is 

observed for the analysed monomers of lignin and pectin in the absence of Asc. This suggests that an 

OH radical scavenger such as Asc and lignin or pectin must be present as a macromolecule in the soil 

to produce CH4 and C2H6. This behaviour of Asc was also observed in experiments with d6-DMSO, which 

can also be transferred to other S- and N-hetero-bonded compounds due to a similar reaction mecha-

nism.14 Based on this observation, many other precursor compounds with a CH3 group should also be 

considered sources of CH4 and C2H6, as well as CH3OH and CH2O. This is particularly relevant given the 

considerable variation in soil composition, which can harbour a vast reservoir of potential precursor 

compounds. Other pathways of CH4 production in soils are also possible, such as photolysis, electroca-

talysis, and others.270 

A decrease in CH4 and C2H6 concentration has been observed upon removal of the OCH3 groups in soil 

samples, in contrast to the experiments with the aromatic OCH3 compounds, which do not produce 

CH4 and C2H6 (Chapter 3.3.1). Therefore, removing the OCH3 group should not influence CH4 and C2H6 

production. Since the production of CH4 and C2H6 has been observed in lignin and pectin in the pres-

ence of Asc, it is reasonable to conclude that other functional groups of Lignin or pectin could be re-

sponsible for CH4 and C2H6 production. However, these groups are possibly altered by the HI treatment 

of the soil samples, thereby reducing the production of CH4 and C2H6. Another possibility is that the 

Asc produces CH4 and C2H6, as previously observed for CH4.31 Furthermore, HI has been shown to cleave 

CH3 groups from other compounds, such as DMSO (experiments with DMSO demonstrate this). Con-

sequently, the production of CH4 and C2H6 from other compounds is reduced, influencing the total 
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production rate. The source of CH4 and C2H6 remains to be elucidated; thus, the precise factors influ-

encing their production remain to be determined. 

Additional experimental setups were conducted using various configurations to enhance the under-

standing of the dominant processes. Initially, two soils were subjected to 10 wet-dry cycles to examine 

the behaviour of CH3OH and CH2O formation from the soil following several reaction cycles. Further-

more, H2O2 was added to soil sample AL 20 to investigate whether the availability of an additional 

oxidising agent would affect the conversion rates. It was observed that there was a continuous de-

crease in the concentration of CH3OH over the 10 cycles for all soil samples. A similar trend was ob-

served for CH2O, although its concentration remained consistently higher than that of CH3OH. Adding 

H2O2 to soil sample AL 20 resulted in an increase of approximately 18 % in the total concentration of 

CH3OH and CH2O. Given that the total addition of 2 mmol H2O2 corresponds to a 3-orders of magnitude 

higher conversion if every H2O2 molecule produces a CH3OH molecule, this does not appear to be the 

limiting factor for the reaction. It is also noteworthy that H2O2 can be utilised by other reactions within 

the soil, which can limit its availability. This is supported by the observation that not all CH3OH is oxi-

dised to CH2O, which would be feasible due to an excess of H2O2. This finding indicates that H2O2 is 

rapidly consumed in other reactions, limiting availability. This phenomenon can be attributed to the 

high reactivity of H2O2. Consequently, the extent to which the additional H2O2 contributes to the overall 

reaction is challenging to determine.  

Other limiting factors can be the presence of ROS in the soil and other factors that may impose limita-

tions, including the accessibility of OCH3 groups. Notably, most of these groups are incorporated within 

the complex 3D structure of lignin and may not be available for the reaction with the iron-oxo species. 

Furthermore, the availability of free Fe to form reactive Fe species may also be a limiting factor due to 

the incorporation of complex molecular structures.271 In general, the experiments demonstrate that, 

over a more extended period of time, the soil retains its capacity to produce CH3OH and CH2O, albeit 

with a decline in turnover rates. However, following the completion of 10 wet-dry cycles, a conversion 

of 6.19 % to 7.25 % of the OCH3 group to CH3OH and CH2O was observed, indicating a substantial 

conversion to C1 components when extrapolated on a global scale (as discussed in detail in Chapter 

3.7). 

In addition, the pH value in soil sample PT was increased from 3.2 to 6.9 in 5 steps with NaOH, and the 

concentrations of CH3OH, CH2O, CH4 and C2H6 were analysed. However, the reduction of the pH value 

with HCl from around 7 to around 3 could not be carried out in the experiments due to the decompo-

sition of the soil. No discernible change in the concentration of the sum of CH3OH and CH2O was ob-

served, except for a slight increase at pH 6.9. The observed increase in CH3OH with increasing pH may 

be attributable to a deficiency in oxidation capacity. This capacity is essential for the oxidation of Fe, 
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which is present in increasing amounts in FeII at higher pH values.272 Consequently, an enhanced oxi-

dation capacity is required to oxidise FeII to FeIII and subsequently to FeIV for the generation of the iron-

oxo species and, subsequently, for the production of CH3OH. Consequently, a shortage of oxidation 

capacity to oxidise CH3OH to CH2O arises due to the need for enhanced iron oxidation that increases 

the percentage of CH3OH. The observation of a constant concentration of both CH3OH and CH2O fur-

ther indicates that the reaction from CH3OH has a lower energy barrier than the oxidation of CH3OH to 

CH2O because CH3OH has to be produced first, and only the CH2O could be produced. This suggests 

that the conversion of CH3OH to CH2O occurs faster. In that case, CH3OH and the total concentration 

rate will decrease due to this reaction's consumption of oxidation capacity, which is missing for the 

CH3OH formation. It is also assumed that the oxidation capacity remains constant because the concen-

tration of CH4 and C2H6 remains approximately constant over the entire pH range, indicating that the 

production of CH4 and C2H6 is independent of the pH value. 

Temperature-dependent experiments (ranging from -26-50°C) were conducted using soil sample WA2 

0-10, and the concentrations of CH3OH, CH2O, CH4 and C2H6 were analysed. The results demonstrated 

an exponential growth trend for all components with increasing temperature, exhibiting high R2 values 

ranging from 0.86 to 0.97. However, the exponential regression for CH2O has an R2 of 0.36, indicating 

a different growth pattern. A substantial increase in CH3OH concentration by over 1340 % was ob-

served with rising temperatures, in contrast to the increase of only 60 % in CH2O. As temperature rises, 

production increases, but oxidation capacity may not keep pace, resulting in more CH3OH formation 

at higher temperatures that are not converted to CH2O. For CH4 and C2H6, a consistent increase in 

concentration was observed across the temperature range, with concentrations rising by approxi-

mately 500 %, attributable to the enhanced energy in the system and a faster reaction in general. 

To investigate the degradation of CH3OH in soils, CH3OH concentrations were artificially elevated in 

untreated (non-sterile) soil samples. The results demonstrate that the degradation of CH3OH occurs in 

soils in approximately 15-21 days. Additionally, methylotrophic bacteria (Methylorubrum extorquens) 

were added before and after the soil experiments. In both cases, no CH3OH was observed after the 

incubation. These experiments demonstrate that soils and added methylotrophic bacteria possess the 

capacity to degrade internally produced CH3OH. 

All soil samples' TOC and OCH3 content were determined to provide initial estimates of the effects on 

global production rates of C1 and C2 components in soils. The TOC and OCH3 content concentrations 

lie within the range of natural fluctuations at 0-16.2 w% 273 and 0.0043 ± 0.0026 w% to 0.42 ± 0.003 

w%, respectively.274,275 These values can then be related to the resulting C1 and C2 components, allow-

ing for the initial estimation of these processes' global potential. Given the high correlation between 

OCH3 content and TOC, as well as the significant correlation of TOC with the production of CH3OH + 
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CH2O, one can make accurate predictions for CH3OH + CH2O production based solely on the measure-

ment of either the TOC or the OCH3 content in the soils. 

3.7 Global implications of the abiotic and oxic formation of CH3OH, CH2O, 

CH4 and C2H6 in soils 

The effects of lignin-derived demethoxylation and the resulting C1 and C2 components are discussed 

in this section. As lignin constitutes a significant proportion of soil organic matter, its transformation 

is a pivotal process in the global carbon cycle and, thus, the environment. Utilising the mean content 

of 2.19 % of OCH3 groups in the TOC of the soil samples determined in this study (Chapter 3.6.9), an 

average content of approximately 50 Gt OCH3 group can be calculated from the approximately 2350 

Gt TOC in the soil globally.276 This corresponds to approximately 50 Gt CH3OH that can be produced 

maximally from the OCH3 groups. Utilising the 10 wet-dry cycles as the basis for the CH3OH and CH2O 

produced (6.71, 6.17 or 7.25 % conversion of the OCH3 content), the quantity obtained is 3.46, 3.19 

and 3.74 Gt CH3OH + CH2O, respectively. When the individual experiments with the soil samples are 

used as a basis for calculations, 0.41 Gt CH3OH + CH2O conversion is obtained with an incubation time 

of 2 days, as described in Chapter 3.6.1. If the annual emissions of CH3OH into the atmosphere (0.075-

0.490 Gt yr-1)109–111 compared with this, the production rate is in the same range for the two-day incu-

bation time and is approximately one order of magnitude lower than the 10 wet-dry cycles. A lower 

emission rate from dead leaf matter was calculated to be 0.018 to 0.040 Gt yr-1 CH3OH as an additional 

abiotic source. 

These calculations, however, are subject to significant uncertainties, including competitive reactions 

of microorganisms that degrade lignin and can produce CH3OH.197 In turn, other microorganisms like 

methylotrophic bacteria can utilise CH3OH as an energy source; therefore, only net emission rates are 

observed, leading to low emission rates in the atmosphere. Additionally, the laboratory conditions do 

not accurately reflect natural conditions, and measurement inaccuracies and the analysis of soil sam-

ples from only temperate latitudes introduce further uncertainties concerning global turnover rates. 

Also, the sterilisation of the soil samples could change the structure of the organic molecules and, 

therefore, potentially influence the conversion rates. Nonetheless, it can be suggested that the re-

cently identified processes play a substantial role in the global carbon cycle. However, further investi-

gations are required to evaluate the precise environmental implications. Moreover, experiments on 

CH3OH degradation have demonstrated that soil microorganisms can degrade CH3OH, thereby indicat-

ing that CH3OH can be effectively degraded directly in the soil and is, therefore, not emitted in high 

quantities into the atmosphere.110,111 The demethoxylation process provides many easily accessible 
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carbon molecules, such as CH3OH and CH2O, as an energy source for the microbial community.54 This 

phenomenon elucidates the discrepancy between the substantial production capacity and the low at-

mospheric emissions mentioned earlier. Also, CH4 and C2H6 generated in soils are food for microorgan-

isms like methylotrophic bacteria.277 All these generated C1 and C2 compounds influence the carbon 

cycle and have to be considered by calculating the fluxes in the carbon cycle (Figure 45). 

Figure 45: Overview of the cycle of iron-mediated demethylation from lignin-derived substrates and the produc-

tion of CH3OH and CH2O. Subsequently, the degradation by microbes or emission into the atmosphere and, fi-

nally, the mineralisation to CO2, which is taken up by plants. 
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4 Summary and Outlook 

The present study investigates environmentally relevant substances like DMSO, 2-methoxyphenol, sin-

apyl alcohol and others with hetero-bonded CH3 groups and the release of C1 and C2 components from 

them in the presence of transition metals like Fe, H2O2 and an acid. This was done with laboratory 

incubation experiments and isotopically labelled substrates, especially to elucidate the underlying re-

action mechanism. This system produces, among others, a [FeIV=O]2+ species, which initiates the reac-

tion. With lignin or pectin and soil samples that were incubated, the reactions are transferred close to 

natural environments.  

A conversion to C1 and C2 compounds was observed for all substrates with heteroatom-bonded CH3 

groups in a chemical model system under abiotic and oxic conditions. This contrasts with metabolic 

and combustion processes, typically considered the primary sources of these C1 and C2 compounds. 

Using DMSO as a model substance, the following C1 and C2 components were identified with conver-

sion rates up to 86 %: CH4, C2H6, CH3OH, CH2O, CH3Cl, CO, CO2, HCOOH and CH3COOH. The CH3 group 

was identified as a precursor for all components using deuterated or 13C-labelled DMSO. Furthermore, 

in alkyl trapping experiments, it was observed that a CH3 radical is generated from DMSO. The origin 

of the oxygen in CH3OH, CH2O and CO2 was identified using 18O-labelled H2O, H2O2 and O2, with the 

origin in H2O2 and O2. Applying deuterated CH3OH, it was demonstrated that CH2O is an oxidation prod-

uct of CH3OH. The presence of chlorine in LFeIICl2 results in the formation of CH3Cl, which has shown a 

reaction of chlorine with the CH3 radical.  

The conversion rates of CH4, C2H6, CH3OH, and CH2O depend on the choice of substrates, the iron spe-

cies, and the presence or absence of Asc. Replacing LFeIICl2 with Fe2O3 results in enhanced yields, par-

ticularly with CH4 at 100 µmol Asc concentrations. Asc concentrations influence the species distribution 

of the reaction products, with elevated levels of CH3OH and CH2O observed at lower Asc concentra-

tions. The absence of Asc results in the exclusive formation of CH3OH and CH2O. Notably, a pronounced 

shift in the ratio towards CH4 and a near absence of all other C1 and C2 compounds are observed. In 

addition, lower conversion rates are generally observed in response to changes in Asc concentration 

compared to the initial setup (100 µmol Asc). The influence of oxygen on the reaction was investigated 

by replacing it with nitrogen; however, no discernible influence was found on conversion rates to C1 

and C2 compounds.  

Based on these observations, an extended reaction mechanism was developed. Utilising iron species, 

Asc and H2O2, the formation of [FeIV=O]2+ species and OH radicals was observed, as previously docu-

mented.14,16 The [FeIV=O]2+ species then reacts with DMSO, resulting in the cleavage of a CH3 radical. 

This radical subsequently reacts with the OH radical, forming CH3OH, and can undergo further 
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oxidation to CH2O and up to CO2. The reaction that leads to CH4 occurs by recombining the CH3 radical 

with a hydrogen atom. The formation of C2H6 results from the recombination of two CH3 radicals.  

The substitution of DMSO with methionine (S-bonded) or compounds featuring N- and P-bonded CH3 

groups (choline, trimethylamine or methylphosphonate) in identical experiments has been shown to 

yield reduced conversion rates. With methionine, the presence of CH4, C2H6, CH3OH, and CH2O was 

confirmed, whereas, in the case of the N- and P-bonded compounds, only smaller quantities of primar-

ily CH3OH and CH2O were observed possibly due to structural differences in molecules. In instances 

involving methionine, choline, and trimethylamine, the CH3 group could likewise be identified as a pre-

cursor of CH3OH and CH2O due to its deuteration, suggesting that it may also function as a precursor 

for CH4 and C2H6. The production of C1 and C2 compounds in these reactions has a considerable impact 

on natural environments due to the ubiquitous distribution of all involved compounds. 

In contrast, substrates with O-bonded CH3 groups attached to an aromatic system exhibit different 

behaviour under the same experimental conditions, characterised by the formation of CH3OH and 

CH2O and the absence of CH4 and C2H6. The investigation of the monomers sinapyl alcohol and coniferyl 

alcohol, which are parts of the lignin structure, reveals high conversion rates (up to 111 %) of CH3OH 

and CH2O compared to one CH3 group. Furthermore, 2-methoxyphenol was selected as a representa-

tive substance for aromatically bound OCH3 groups owing to its simple structure and the availability of 

isotopically labelled variants. The behaviour of other aromatic compounds with an OCH3 group was 

examined, and it was found that they exhibit comparable behaviour in producing CH3OH and CH2O, 

which also represent the sole reaction products. The iron species was also found to influence the con-

version rate, with consistently higher conversion rates for LFeIICl2 than Fe2O3, in contrast to the DMSO 

studies. Using Asc led to generally lower conversion rates and exclusively to CH3OH and CH2O. Hence, 

it was replaced with triflic acid in follow-up experiments. This is in contrast to the other hetero-bonded 

CH3 groups where, in the presence of Asc, CH4 and C2H6 are produced. The monomer galacturonic acid 

methyl ester, which is part of the pectin structure and lacks an aromatic system, was also analysed, 

revealing lower conversion rates for CH3OH and CH2O only. 

A detailed investigation of the reaction mechanism associated with methoxylated substrates was car-

ried out due to the observed differences in the C1 and C2 compounds produced compared to DMSO. 

Contrary to DMSO, alkyl trapping experiments indicated no formation of CH3 radicals. Furthermore, 
18O-labelled H2O2 and O2 were used to identify the origin of the oxygen, demonstrating that the oxygen 

in CH3OH and CH2O does not originate from H2O2 or O2. Consequently, deuterated and 18O-labelled 

OCH3-2-methoxyphenol was employed, confirming that the entire OCH3 group is the source of CH3OH. 

This led to the proposal of a novel mechanism for forming CH3OH from aromatically bound OCH3 

groups, where the whole OCH3 group is split off due to the [FeIV=O]2+ species and reacts to CH3OH. This 
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mechanism has not been previously documented under atmospheric conditions and could occur in 

natural environments with significant impact on them. 

The investigation of transition metal species (MnCl2, MnSO4, MnO2, FeCl2, FeSO4, CoCl2, NiCl2, NiSO4, 

CuCl2, CuO + CuO2 and Cu(OAc)2) other than LFeIVCl2 and Fe2O3 in combination with DMSO, methionine 

and 2-methoxyphenol, and the otherwise identical setup, demonstrated that the identical C1 and C2 

components were formed as with LFeIVCl2 and Fe2O3. With DMSO as a substrate, all transition metal 

species apart from the Cu species exhibited a comparably high conversion rate. In the case of methio-

nine, the Mn and Fe species exhibited similar turnover rates, while the remaining transition metal spe-

cies demonstrated smaller rates. FeCl2 and FeSO4 exhibited conversion rates analogous to those of 

LFeIVCl2 and Fe2O3 in the presence of 2-methoxyphenol. All other transition metal species exhibited 

lower conversion rates, particularly MnCl2 and MnO2, which exhibited almost no formation to the re-

spective products. Using chlorinated transition metal species, CH3Cl was detected for DMSO and, to a 

lesser extent, for methionine, but none was detected for 2-methoxyphenol. Altogether, various tran-

sition metal species have been shown to act as effective mediators in the process of C1 and C2 for-

mation from hetero-bonded CH3 groups. 

To get closer to natural conditions, lignin and pectin were initially incubated under the previously es-

tablished experimental conditions. The presence of Asc led to the formation of CH₄, C₂H₆, and approx-

imately 2-3 orders of magnitude more CH₃OH and CH₂O. In contrast, the absence of Asc resulted in the 

formation of only CH₃OH and CH₂O in comparable concentrations. This shows that these biomolecules 

can also be converted to C1 and C2 compounds. 

Subsequently, various soils with different organic content were sterilised at 105°C to eliminate all mi-

crobial activity. These were incubated with solely ultra-pure H₂O, and the formation of CH₄ and C₂H₆ 

was observed alongside a three- to fourfold higher production of CH₃OH and CH₂O across all soil types 

with concentrations between 2-28 µg/gsoil,dw. The OCH3 group was identified as the source of both 

CH₃OH and CH₂O, a conclusion supported by the addition of isotopically labelled 2-methoxyphenol and 

the subsequent removal of the OCH3 groups from the soil, which results in the lack of CH₃OH formation 

and a substantial decrease in CH₂O formation. The precise origins of CH4 and C2H6 remain unclear; 

however, lignin and pectin produce them in the presence of Asc. Also, other hetero-bonded CH3 groups 

can produce CH4 and C2H6, as evidenced by adding d6-DMSO. Therefore, many sources are possible for 

the generation of CH4 and C2H6. Through the implementation of 10 wet-dry cycles, it has been shown 

that soil demonstrates a gradual decline in its capacity to produce CH3OH and CH2O while retaining the 

ability to generate these components over an extended period. 

The demethylation process has been identified as a previously unobserved source of many different 

C1 and C2 components in the environment where CH4 was described earlier. A novel process is the 
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special case of O-methyl groups and the demethoxylation of the whole OCH3 group under atmospheric 

and abiotic conditions. It has a presumably high impact on natural environments, especially the pe-

dosphere, due to the widespread and essential biomolecules like lignin and the ubiquitous distribution 

of all components involved in the reaction. 

Figure 46 provides a comprehensive summary of the processes described in this study. The formation 

of C1 and C2 components from DMSO is particularly relevant in the marine environment due to the 

high abundance of DMSO and related compounds like DMS. Meanwhile, other S-, N, and P-bonded CH3 

groups are ubiquitous and generally influence the Earth's system. Methionine is an essential amino 

acid, and choline functions as a precursor to other biomolecules in animals therefore, they are wide-

spread in the biosphere. The formation of CH3OH and CH2O from OCH3 groups is important in the pe-

dosphere, as evidenced in this work, contributing to a more comprehensive understanding of the car-

bon cycle within this environment and on a global scale. 

The present study provides an initial understanding of the abiotic and oxic formation of C1 and C2 

compounds in the environment. However, several aspects require further investigation to refine the 

comprehension of these processes and their broader implications. The interaction between abiotic 

and microbial pathways in soil remains a critical open question. While this study identifies abiotic 

CH3OH and CH2O production, the extent to which microbial degradation counteracts its production 

requires more detailed studies. Scaling up the experimental results to quantify the contribution of 

these processes to global biogeochemical cycles requires additional field-based studies across different 

soil types and climatic regions. Incorporating isotopic tracing methods in environmental monitoring 

could validate the proposed reaction mechanisms and improve global flux estimations. The role of 

environmental stress factors such as pH, temperature variations, and redox fluctuations should be fur-

ther explored to assess their impact on the reaction and the turnover rates. Understanding these fac-

tors will enhance predictive models of carbon turnover in ecosystems and refine climate models incor-

porating trace gas emissions.  
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Figure 46: Summary of the CH3 radical-based (left) and OCH3-based cycles (right) that form C1 and C2 compounds. Fenton Chemistry generates the [FeIV=O]2+ species that initiates 

the demethylation (left) or the demethoxylation (right) of the substrates with hetero-bonded CH3 groups. The observed 13C and 2H labels in the CH3 radical-based mechanism are 

presented in bold red and green, respectively. Oxygenated C1 compounds with 18O isotopes are highlighted in bold orange or blue, originating from 18O-labeled H2O2 or O2, 

respectively. The deuterated and 18O labels from the OCH3 group of 2-methoxyphenol are shown in red and pink, respectively.
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Overall, this study extended an overlooked abiotic pathway for C1 and C2 formation from CH3 radicals 

that takes place in many compartments in the earth's system. This system comprises transition metals, 

H2O2 and Asc, in conjunction with compounds containing hetero-bonded CH3 groups. The novel dis-

covered demethoxylation process is especially important in the pedosphere and contributes signifi-

cantly to the carbon cycle within the soil. By addressing the identified knowledge gaps, future research 

can incorporate these findings into a more comprehensive framework that considers both biotic and 

abiotic contributions to the global carbon budget.  
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