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Abstract

Volatile organic compounds like furan and its derivatives are important for atmospheric
properties and reactions. In this paper the known abiotic formation of furan from cate-
chol under Fenton-like conditions with Fe®* sulphate was revised by the use of a bis-
pidine Fe?* complex as a model compound for iron with well-known characteristics.
While total yields were comparable to those with the Fe3* salt, the turnover numbers
of the active iron species increased. Additionally, the role of iron and pH will be dis-
cussed during furan formation from model compounds and in natural sediment and
water samples collected from the Dead Sea and several salt lakes in Western Aus-
tralia. Various alkylated furans and even traces of halogenated furans (3-chlorofuran
and 3-bromofuran) were found in these samples. Furthermore, the emission of furans
is compared to the abundance of several possible precursors such as isoprene and
aromatic hydrocarbons as well as to the related thiophenes.

It is assumed that the emissions of volatile organic compounds such as furans con-
tribute to the formation of ultra fine particles in the vicinity of salt lakes and are therefore
important for the local climate.

1 Introduction

Furans are heterocyclic aromatic compounds with a five-membered ring consisting of
four carbons and one oxygen atom and are closely related to the sulphur containing
thiophenes. With manifold natural and anthropogenic sources furans are an important
class of volatile organic compounds (VOC).

Furan and several mono- and dialkylated furans were found in forest soils applying
pyrolysis GC/MS (Hempfling and Schulten, 1990) and furfural as well as 2-pentylfuran
in soil samples containing plant litter (Leff and Fierer, 2008; Jordan et al., 1993).
Plant material was confirmed as a source of furans by several studies including living
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plants (Isidorov et al., 1985), leaf litter (Isidorov and Jdanova, 2002) and solid woods
(Risholm-Sundman et al., 1998).

Huber et al. (2010) showed that soils are also an abiotic source for furans and pre-
sented a formation pathway producing furans from catechol and similar precursors
using Fenton-like reaction conditions.

In this study the biomimetic nonheme bispidine [Fell(N,Py,)(OTf),] complex (Fig. 1)
was used as model compound for natural iron complexes to investigate abiotic furan
formation under Fenton conditions. Bispidine complexes have a defined coordination
sphere due to the rigid adamantane backbone (Comba et al., 2010) and are well stud-
ied in their coordination with catechol (Comba et al., 2011) as well as their redox re-
action with hydrogen peroxide (Bukowski et al., 2006). Aside from that, such chelating
agent can be used to enhance the reaction and to impede side reactions.

Further sources of furans are biomass burning (Christian et al., 2003) and food pro-
cessing (Rogge et al., 1991). Atmospheric oxidation reactions of 1,3-butadiene and 1,3-
pentadiene yield furan and 2-methylfuran (Ohta, 1984), respectively, while isoprene,
the most abundant volatile biogenic compound, is oxidised to 3-methylfuran (Atkin-
son et al., 1989). Moreover, anthropogenic benzene (Berndt and Boge, 2001), toluene
(Dumdei et al., 1988) and xylenes (Shepson et al., 1984) are degraded to furans by
OHe-radical reactions in the atmosphere.

According to the Maximum Incremental Reactivity (MIR) scale furans play an impor-
tant role in the formation of ground-level ozone (Carter, 2009). In addition, furans have
an impact on the oxidative budget of the lower troposphere reacting with NOs-radicals
at nighttime (Kind et al., 1996; Berndt et al., 1997) and with OH-radicals (Bierbach et al.,
1995) or ozone (Atkinson et al., 1983) at daytime. The atmospheric lifetime of furan is
about 4 h in the presence of OH-radicals and decreases with higher alkylation (Bier-
bach et al., 1995; Gu et al., 1985). The reaction rate of 3-methylfuran with OH-radicals
is similar if not even higher than of its precursor isoprene (Atkinson et al., 1989; Gu
et al., 1985). Furthermore, photooxidation of furans with nitrous acid (HONO) as a pre-
cursor for OH-radicals confirmed the formation of secondary organic aerosol (SOA)
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(Gomez Alvarez et al., 2009). Such newly formed particles at nanometre scale are of
significant importance in the troposphere altering cloud microphysics. They act as ad-
ditional cloud condensation nuclei (Pierce and Adams, 2007), increasing the amount of
new small droplets in clouds while reducing the size of old droplets leading to a change
in the radiative properties and to rain suppression (Khain et al., 2005).

Another atmospheric sink for furans, mainly attributed to the marine boundary layer,
is the reaction with Cl-radicals being even faster compared to OH-radicals (Villanueva
et al., 2009; Cabanas et al., 2005) and possibly a source for halogen-induced organic
aerosol (XOA) (Ofner et al., 2013). Reactive chlorine species are also abundant in the
vicinity of various salt lakes in arid and semi-arid environments (Stutz et al., 2002).
These terrestrial sources for atmospheric chlorine and other halogens become even
more important with the expansion of salt lakes and salt influenced soils around the
globe due to anthropogenic salinisation (Williams, 1999). One of the most prominent
salt lakes is the Dead Sea being part of this study on the natural occurrence of furans.
The Dead Sea is of particular interest because of the high atmospheric abundance of
reactive bromine (Matveev et al., 2001) and iodine species (Zingler and Platt, 2005).
Additional sample locations were various salt lakes in the Western Australian wheat
belt. These salt lakes are of peculiar interest because of their geochemical properties
and their atmospheric impact. On the one hand, chemical parameters such as iron
content and pH vary significantly between adjacent lakes (Bowen and Benison, 2009)
and on the other hand, the formation of ultra fine particles was measured in the vicinity
of the salt lakes which are assumed to be responsible for decreasing rainfall in the area
over the last decades (Junkermann et al., 2009).

Supplementary, the investigated salt lakes are situated in regions favouring high sea-
sonal temperatures and elevated solar radiation. The latter is important for a constant
supply of H,O, in surface waters and top soils (Cooper et al., 1988) which is essen-
tial in Fenton reactions including abiotic furan formation. H,O, is also formed in the
atmosphere and is transported to the surface by rain events, especially during thunder-
storms (Deng and Zuo, 1999; Gunz and Hoffmann, 1990).
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The natural occurrence of furans in salt lake sediments including the abiotic pathway
provides the basis to understand the atmospheric impact of saline environments with
regard to particle formation and local climate changes.

The first part of the paper concerns the abiotic furan formation using a bispidine
Fe?* complex in a Fenton reaction with catechol and the second part deals with the
abundance and the underlying conditions of furan emissions from natural salt lake
sediments and waters.

2 Experimental section
2.1 Chemicals

The following chemicals were used: catechol (99 %; Sigma-Aldrich), 4-ethylcatechol
(95 %; Aldrich), hydrogen peroxide (30 %; Merck), [Fe'(N,Py,)(OTf),] (Bérzel et al.,
2002), Fe3+-sulphate (99 %; Fe 21-23 %; Riedel-de Haén), furan (99 %; Fluka), 2-
methylfuran (99 %; Sigma-Aldrich), 2-ethylfuran (97 %; Aldrich), 2-propylfuran (97 %;
abcr), 2-butylfuran (98 %; abcr), 2-pentylfuran (97 %; Aldrich), 2,3-dimethylfuran (99 %;
Aldrich), 2,5-dimethylfuran (99 %; Aldrich), 3-chlorofuran (Zhang et al., 2005), 3-
bromofuran (97 %, Aldrich), thiophene (99 %; Aldrich), 2-methylthiophene (98 %;
Aldrich), 3-methylthiophene (99 %; Aldrich), Isoprene (99 %; Aldrich), EPA 624 cali-
bration mix B (analytical standard; Supelco), sulphur mix (analytical standard; Spec-
trum Quality Standards), potassium chloride (99.5 %; Merck), sodium hydroxide (99 %;
Aldrich), sulphuric acid (96 %; Riedel-de Haén), nitric acid (65 %; Bernd Kraft), calcium
carbonate (99 %; LECO). Type | ultrapure water (> = 18 MQ cm‘1) from a Purelab UHQ
System by ELGA LabWater was used in all experiments.
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2.2 Sediment samples

49 samples from Australia in 2011, 30 samples from Australia in 2012 and 13 samples
from the Dead Sea, Israel, in 2012 were analysed for various chemical parameters
and the natural abundance of furanoic compounds. The samples were taken from salt
lakes or salt influenced sediments from various depths and were stored cooled for
transportation. The soil samples were freeze-dried for long time storage and in order
to remove residues of volatile compounds in a Lyovac GT2 by Steris. Afterwards, the
samples were ground using a Pulverisette 5 planetary mill by Fritsch to a grain size
below 315 pm for homogenisation.

2.3 Water samples

The water samples comprised eight samples from Australia in 2011, eight samples
from Australia in 2012 and seven samples from the Dead Sea in 2012. For analysis,
triplicates of 10 mL lake water were transferred into 20 mL headspace vials, closed with
air-tight caps on-site and stored at 4 °C until measurement. Additionally, water samples
for iron analysis were sampled and stabilised by acidification.

2.4 Instrumentation

For the analysis of VOC (b.p. —24°C to 200 °C) a Varian gas chromatograph GC 3400
linked to a Varian Saturn 4D with electron impact ionisation and ion trap mass spec-
trometer was used. The GC was equipped with a J&W Scientific DB-5 (60 m; 0.32 mm
i.d.; 1 um film thickness) capillary column by Agilent Technologies. Dynamic injection
and preconcentration was performed by a customised purge and trap system (Mulder
et al., 2013).

The total iron content of the sediment samples was measured by X-ray fluorescence
using an energy-dispersive miniprobe multielement analyser (EMMA) (Cheburkin et al.,
1997) while dissolved iron of the water samples was quantified with an ICP-OES Vista
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MPX system by Varian. The C,4 content of the sediments was calculated by subtrac-
tion of inorganic carbon content, analysed with a carbonate bomb (Mdiller and Gastner,
1971), from total carbon content analysed with a SC-144DR carbon/sulphur analyser
by Leco. Dissolved organic carbon of the water samples from Australia was determined
using a TOC-5000 by Shimadzu. The pH measurements were conducted with a Sentix
41 electrode from WTW calibrated on the free hydrogen scale with buffers by Merck at
pH 4.01 and 7.00.

2.5 Experimental procedure

Model reactions, emissions from natural samples and calibration measurements were
conducted in 20 mL air-tight headspace glass vials with 10 mL aqueous phase and
10mL gas phase connected via two stainless steel needles to the GC/MS system.
Before analysis the vials were shaken on a MTS 2 rotary board by IKA at 500 rpm
in the dark at a controlled temperature in a B10 incubator by Memmert for a de-
fined time. Preceding GC, the analytes from the headspace vials were focussed and
pre-concentrated on a glass lined tubing at —190°C. The purge flow of the helium
carrier gas was 7 mL min~" during the optimisation steps of the model reactions and
15mLmin”" during the analysis of natural samples. After 7.5min the analytes were
transferred from the purge and trap system by helium (15 psi precolumn pressure) onto
the GC column. The oven program during the measurements of furan formation in
model reactions was: 35°C held 8.30 min, 35°C to 150°C at 5.5°Cmin™", 150°C held
5min, 150°C to 210°C at 30°Cmin~", 210°C held 15 min. For the natural samples and
the Fenton-like reaction with 4-ethylcatechol the GC program was modified: 30 °C held
15.5min, 30°C to 114°C at 5°Cmin~", 114°C to 210°C at 30°Cmin™", 210°C held
8 min. All GC/MS measurements were done at least in triplicates.
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2.5.1 Model reactions

As in previous studies, catechol, being a model compound for natural organic mat-
ter, was used in the following oxidation reactions with iron and hydrogen peroxide to
comprehend abiotic furan formation processes. In all experiments the catechol concen-
tration amounted to 5 umol in a 10 mL (0.5 mM) aqueous phase while the concentration
of iron, H,O,, KCI as well as reaction time, pH value and temperature were changed
to yield an optimal furan formation.

2.5.2 Optimisation of [Fe'(N2Py,)(OTf)2]

To determine the optimal iron concentration for furan formation, 10 mL aqueous solu-
tions containing 0.5 mM catechol, 1 mM H,O, and 5mM KCI were assayed with O to
0.1 mM bispidine Fe?* complex. The solution had a pH of around 4.6 and was incu-
bated for 30 min at 40°C.

2.5.3 Optimisation of hydrogen peroxide

Optimal H,O, concentration for the reaction was evaluated between 0 and 8 mM while
the other parameters were fixed at 12.5 uM [Fe”(NzPyz)(OTf)z], 5mM KCI, pH of 4.6
and 30 min incubation time at 40°C.

2.5.4 Time dependence

With the optimal concentrations for Fe?* at 12.5 pM and H,O, at 2mM and the initial
settings of the solution pH of 4.6 as well as the incubation temperature of 40°C the
reaction time was tried in turn between 0 and 24 h with 5mM KCI.
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2.5.5 Optimisation of pH

The pH was adjusted with sulphuric acid or sodium hydroxide. The optimal reaction
conditions were evaluated between a pH of 2.1 and 8.7 with concentration of 12.5 uM
[Fe”(NZPyz)(OTf)Z], 2mM H,0O, and 5mM KCI. Incubation was accomplished at 40°C
for 30 min.

2.5.6 Temperature dependence

The temperature was changed between 20 and 70 °C while the other parameters were
held at 12.5 M [Fe' (N,Py,)(OTf),], 2mM H,0, and 5mM KCI, a solution pH of 4.6
and an incubation time of 30 min. The furan calibration was adjusted to the varying
temperatures to account for the change in furan vapour pressures.

2.5.7 Optimisation of chloride

With optimal concentrations of 12.5 uM [Fe"(NzPyz)(OTf)z], 2mM H,0,, a solution pH
of 4.6 and an incubation time of 30 min at 40°C the KCI concentration was varied
between 0 and 50 mM.

2.5.8 Reaction with 4-ethylcatechol

Furan formation with longer alkyl chains was tested under Fenton-like conditions using
50 uM Fe3* sulphate with 0.35 mM H,O, and 0.5 mM 4-ethylcatechol as the precursor.

2.5.9 Sediment samples

1 g milled sediment was suspended with 10 mL of water in a headspace vial and in-
cubated at 40°C for 24 h in the dark on the rotary board prior to measurements with
GC/MS.
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2.5.10 Water samples

The on-site sampled and at 4°C stored 10mL lake waters were incubated in their
respective headspace vials for 1 h at 40 °C in the dark on the rotary board.

2.6 Identification and quantification

The analytes were identified by comparison of the mass spectra with the National
Institute of Technology MS library and with those obtained from commercial stan-
dards including their retention times. External multipoint calibrations were performed
for all commercially available analytes and the synthesised 3-chlorofuran. In case of 3-
methylfuran and 2,4-dimethylfuran recovery rates analogous to their isomers were as-
sumed. Additionally, the known ionisation energies of 3-methylfuran and 2-methylfuran
are comparable with 8.64eV and 8.56eV, respectively (Spilker and Grutzmacher,
1986).

3 Results and discussion

In the following the results of the model reactions and from the natural samples are pre-
sented and discussed. Geographical locations, geochemical properties and emission
data from the natural samples listed in tabular form can be found in the Supplement.

3.1 Model reactions

In the course of the optimisation steps on furan formation from catechol an optimal
[Fe”(NZPyz)(OTf)Z] concentration of 12.5 uM was determined (Fig. 2a). In the absence
of iron no detectable amount of furan was formed expressing the significance of iron in
this reaction. Higher concentration led to a moderate depletion of furan concentrations
levelling off in a steady plateau.
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The optimal [Fe"(NzPyz)(OTf)Q] concentration accounts to a molar ratio of 1 : 40 com-
pared to 0.5 mM catechol deployed in the experiments. In previous studies with Fe3*
sulphate by Huber et al. (2010) the optimal molar ratio of iron to catechol was 1:5.
Hence, the turnover numbers are eight times higher than for the applied bispidine Fe?*
complex. This demonstrates not only the feasibility of the Fe?* complex but also its
superiority over Fe3* sulphate. While the bispidine Fe?* complex is stabilised in solu-
tion by its ligands, the Fe3* saltis susceptible to precipitation and is removed from the
reaction cycle. This cycle includes the oxidation of Fe?* by H,O, in the Fenton reac-
tion to Fe®* (Remucal and Sedlak, 2011) and forming a highly reactive OH-radical and
a hydroxyl anion (Haber and Weiss, 1932). Fe®* on the other hand can be either re-
duced by catechol, which is a one to two electron donor, or by the Fenton-like reaction
with H,O, yielding in both cases Fe?*. In the former redox reaction catechol is either
oxidised to 1,2-semiquinone in an one electron transfer or to 1,2-benzoquinone in a two
electron transfer. Additionally, the Fenton-like reaction yields a superoxide radical and
a proton.

Following the iron optimisation step, H,O, was the next important factor in this re-
action. Again, as in the case of iron, the abundance of H,O, is essential for the furan
formation in this reaction. At high concentrations the furan yield declined, probably due
to the promotion of side- and follow-up reactions leading to higher oxidised products
(Studenroth et al., 2013). The optimal concentration was determined at 2 mM (Fig. 2b)
compared to 0.5mM catechol giving a molar ratio of 4 : 1 while in the previous study
with Fe®* sulphate the molar ratio was at 1: 1.4 (Huber et al., 2010).

Reaction time under these conditions with a prominent optimal furan yield was 30 min
(Fig. 2c). Afterwards a decline can be accounted for by an equilibrium of furan between
the gas and aqueous phase. In the latter, furan can further react with hydroxyl radicals
comparable to reactions in the gas phase (Gomez Alvarez et al., 2009; Atkinson et al.,
1983).

The reaction was susceptible to pH variations of the solution with an optimum at
4.6 (Fig. 2d). At lower pH the reaction of [Fe”(NzPyz)(OTf)z] and H,0, is inhibited due
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to slower reaction rates between iron and hydrogen peroxide while at higher pH iron
precipitation takes place and OH-radical formation is inhibited (Remucal and Sedlak,
2011).

The initial temperature of 40 °C for the experiments was also the optimal temperature
(Fig. 2e). Lower temperatures are accompanied by lower energy input to the reaction
while higher temperatures again could promote side and follow-up reactions.

While chloride had seemingly no influence on the reaction of Fe®* sulphate with
H,O, and catechol (Huber et al., 2010), the reaction with the bispidine Fe?* complex is
inhibited (Fig. 2f) due to the radical scavenger traits of chloride (Grebel et al., 2010). Fu-
ran yields decreased linearly with increasing amounts of chloride. Highest furan yields
were attained in the absence of chloride.

Overall, the bispidine Fe?* complex is a feasible model compound with furan yields
of 3.17 nmol (2.15 pg) from 5 umol catechol under optimal conditions. This accounts for
a turnover rate of 0.6 % from catechol and is comparable with the overall yield of the
previous study using Fe3* sulphate (Huber et al., 2010).

In the former studies only methylated catechols or phenols were used in Fenton-like
reactions leading to mono- or dimethylated furans depending on the educts (Huber
et al., 2010). Due to the fact that furans with extended alkyl chains were found in nat-
ural environments the Fenton-like reaction was extended to 4-ethylcatechol as a com-
mercially available and soluble catechol derivative. In the Fenton-like reaction of Fe®*
sulphate with 4-ethylcatechol the presumed 3-ethylfuran was obtained.

3.2 Sediment samples

The model reactions were accompanied by a survey spanning over two years in which
92 sediment samples from different salt lakes in Western Australia and of the Dead
Sea in Israel were collected and analysed for the emission of furanoic compounds.
Additionally, the emission data were correlated to iron concentration and organic car-
bon content, as well as pH to compare the results from these natural samples with the
model reactions. Fe?* as used in these investigations was abundant in the Australian
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samples identified by the chelating agent 2,2’-bipyridine. Besides black sediment lay-
ers containing pyrite the wet sediments, ground and surface waters contained soluble
Fe?* (Shand et al., 2008; Degens and Shand, 2010). On the one hand, total iron con-
tent ranged from 0.46 to 3.6 w %, organic carbon from below 0.1 w% up to 5.9 w % and
pH from 4.2 to 8.4 for the Australian samples displaying a wide divergence, while for the
Dead Sea samples on the other hand, total iron content was between 1.2 to 1.8w %,
organic carbon concentration was below 0.1 w% up to 0.56 w% and pH was between
7.7 and 8.1 (Fig. 3a).

As expected from a previous work by Huber et al. (2011), furan as well as 2-
methylfuran and 3-methylfuran were emitted from most sediment samples. Addition-
ally, 2,3- 2,4- and 2,5-dimethylfuran, 2-ethylfuran, 2-propylfuran, 2-butylfuran and 2-
pentylfuran were identified from various sediments. Most of these compounds are
known to be products from food processing, plants and woods but are rarely mentioned
in connection with soils and sediments. Furan and the two methylfuran isomers are the
most prominent furan species in the samples followed by further monoalkylated furans,
while the concentrations of dimethylated furans were significantly lower (Fig. 3b).

From all above mentioned furan derivatives, furan shows the most prominent depen-
dency to iron and organic carbon content as well as pH (Fig. 4a—c). Hence, emissions
tend to be higher with elevated iron and carbon concentrations at lower pH which is in
good agreement with the model reactions where iron is needed in the redox reactions
taking place as well as the low pH between 4 and 5.

The concentrations of alkylated furans tend to increase with the organic carbon con-
tent but seem to be rather independent of pH or iron concentration.

For one sample a time dependency for the emission of VOCs was established be-
tween 1 and 96 h incubation time (Fig. 5a). It shows an exponential increase of the
furan concentration over time revealing that the formation of compounds with low boil-
ing points takes place during incubation rather than being remnants in the samples
after freeze-drying.
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Similar to catechol further aromatic compounds like phenols and other aromatic hy-
drocarbons react with hydroxyl radicals forming furans. From atmospheric research
it is known that toluene is a precursor for 2-methylfuran (Shepson et al., 1984) and
benzene for furan (Berndt and Boge, 2001), respectively. It can be assumed that ethyl
benzene is a precursor for 2-ethylfuran. From data plots a correlation between benzene
concentrations and furan emissions can be deduced (Fig. 5¢). A coherence between
toluene abundance and 2-methylfuran emission is ambiguous (Fig. 5d) and there is no
correlation between ethylbenzene and 2-ethylfuran (Fig. 5e).

The oxidation of isoprene with hydroxyl radicals in the gas phase yields small
amounts of 3-methylfuran (Atkinson et al., 1989). While isoprene was detected in the
headspace with concentrations up to 111 ng g‘1 the data plot shows no obvious rela-
tion between isoprene and 3-methyfuran (Fig. 5f). Additionally, the concentrations of
3-methylfuran and 2-methylfuran after incubation display a linear connection demon-
strating a possible mutual origin (Fig. 5b).

Furthermore, the emissions of other heterocyclic aromatics such as thiophene, 2-
and 3-methylthiophene plotted against the respective furans show a linear dependency
between these compounds (Fig. 6a—c). Hence, this suggests a mutual precursor and
a competition between thiol and hydroxyl groups during the reaction.

Additionally, several furans not mentioned before in the study of Huber et al. (2010)
were found in the Australian and Dead Sea samples, including a series of alkylated
furans from ethylfuran to pentylfuran. While the 2-alkylfuran isomers were abundant,
the 3-alkylfuran isomers were found in none of the samples.

Special attention deserves the finding of 3-chlorofuran (up to 0.37 ng g'1) in three of
the Australian samples. 3-chlorofuran was a compound found by Huber et al. (2010)
during the reaction of Fe3* with hydrogen peroxide and chlorinated catechols and phe-
nols. Hypothetical atmospheric chlorination by chlorine atoms and sorption on the sed-
iment matrix prior sampling are unlikely due to the unfavourable energy states of the
formed intermediate (Zhang and Du, 2011). Hence, the source should be terrestrial in
nature.
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The Dead Sea samples show an overall lower emission compared to the Australian
samples which is in good compliance with lower organic carbon and iron content as
well as higher pH.

Even though formation processes are more complex in sediments due to the nature
of the matrix and to competing redox reactions than in model reactions, the furan for-
mation shows a clear dependency on iron content and pH which were also important
parameters in the model reactions with catechol.

3.3 Water samples

During the three campaigns 23 water samples were collected in air tight vials on-site.
Dissolved iron content for the Australian samples ranged from below the detection limit
(0.2mg L‘1) to 173 mg L correlating with a pH between 8.7 and 2.4. In all of the Dead
Sea samples the iron content was below the detection limit (0.2 mg L'1) while the pH
was between 5.1 and 6.5 (Fig. 7a).

Water analysis showed the abundance of the different furan species that were also
found in the sediment samples (Fig. 7b) including traces of 3-chlorofuran with concen-
trations up to 0.35ng mL~"in four samples. Additionally, the homologous 3-bromofuran
was found in three samples with concentrations up to 0.03 ng mL~". Until now this com-
pound was only known to be a product of onion bulbs incubated with the proteobac-
terium Erwinia carotovora now called Pectobacterium carotovorum (Prithiviraj et al.,
2004).

Furan emission was less pronounced in relation to the methylated furans while higher
alkylated furan concentrations were on par with the dimethylated furans. One reason
for the discrimination of higher alkylated furans could be the short incubation time of
one hour compared to 24 h for the sediments. The water samples confirm the natural
abundance of furan and its derivatives in the studied salt lakes. Likewise to the emis-
sions from sediments furan and 3-methylfuran concentrations are higher with elevated
dissolved iron content and lower pH values (Fig. 8a—d). However, 2-methylfuran nei-
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ther shows a correlation with iron content and pH value nor with the concentration of
3-methylfuran as was demonstrated for the sediments.

4 Conclusions

The previously established model reaction by Huber et al. (2010) for an abiotic furan
formation from catechol was verified using a bispidine Fe?* complex. Furthermore, the
formation of ethyl furan from ethyl catechol was assayed and the emission of several
furan derivatives was observed from sediment and water samples of hypersaline envi-
ronments.

Total yields of 0.6 % of furan from catechol using the bispidine Fe?* complex are
comparable to previous studies using Fe3* sulphate, but the turnover numbers of the
Fe?* complex are eight times higher than those of the Fe3* salt. The main advan-
tage of the bispidine Fe2* complex for this kind of model reaction is the defined and
well known coordination sphere which can be used in theoretical studies to calculate
possible intermediates and reaction pathways.

Important parameters of the model reactions like iron concentration and pH can be
projected on natural sediment and water samples as higher iron concentration and
lower pH favoured furan emissions. Additionally, many geochemical parameters of Aus-
tralian salt lakes and the Dead Sea were acquired and the emission of furan derivatives
from these environments was discussed for the first time. These include various methy-
lated and higher alkylated furans as well as 3-chlorofuran and 3-bromofuran. To our
knowledge it is the first finding of 3-chlorofuran in natural samples while bromofuran
was only reported so far from onion bulbs incubated with Erwinia carotovora (Prithiviraj
et al., 2004).

Furthermore, our results show that the wet sediments of salt lakes are a natural
source for furan derivatives which can contribute to the atmospheric formation of ultra
fine particles observed around the Australian salt lakes and hence have an impact on
the local climate (Junkermann et al., 2009).
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Supplementary material related to this article is available online at
http://www.biogeosciences-discuss.net/10/17439/2013/
bgd-10-17439-2013-supplement.pdf.
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Fig. 1. Structure of the bispidine N,Py, ligand (left) and geometry of the [Fe"(N,Py,)(OTf),]
complex (right).
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Fig. 2. Effects of different parameters on the furan formation from a 10 mL solution. (A) Vari-
ation of [Fe"(N2Py2)(OTf)2]: reaction of 0.5 mM catechol with 0—100 uM [Fe”(NzPyZ)(OTf)Z],
1mM H,0,, 5mM KCI at a pH of 4.6 and 40°C after 30 min. (B) Variation of H,O,: reac-
tion of 0.5mM catechol with 12.5uM [Fe"(NzPyz)(OTf)z], 0-8 mM H,0O,, 5mM KCI at a pH of
4.6 and 40°C after 30 min. (C) Time dependency: reaction of 0.5 mM catechol with 12.5 pM
[Fe"(NZPyz)(OTf)Z], 2mM H,0,, 5mM KClI at a pH of 4.6 and 40°C after 0-24 h. (D) Variation
of pH: reaction of 0.5 mM catechol with 12.5 uM [Fe' (N,Py,)(OTf),], 2mM H,0,, 5mM KCl at
a pH of 2.1-8.7 and 40 °C after 30 min. (E) Temperature dependency: reaction of 0.5 mM cate-
chol with 12.5 uM [Fe" (N,Py,)(OTf),], 2mM H,0,, 5mM KCl at a pH of 4.6 and 20-70°C after

30 min. (F) Variation of chloride: reaction of 0.5 mM catechol with 12.5 yM [Fe"(NzPyZ)(OTf)z],
2mM H,0,, 0-50 mM KCl at a pH of 4.6 and 40 °C after 30 min.
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Fig. 5. (A) Evolution of the furan (black), 2-methylfuran (green) and 3-methylfuran (red) con-
centrations in the headspace vials from the Lake Boats 0—2cm sample over time. Correla-
tion between (B) 2-methylfuran and 3-methylfuran emissions, (C) furan and benzene, (D) 2-
methylfuran and toluene, (E) 2-ethylfuran and ethylbenzene and (F) 3-methylfuran and isoprene
from sediment samples (Australia 2011: black; Australia 2012: red; Dead Sea 2012: blue).

17465

Jladeq uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

BGD
10, 17439-17468, 2013

Model reactions and
natural occurrence of
furans

T. Krause et al.



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/17439/2013/bgd-10-17439-2013-print.pdf
http://www.biogeosciences-discuss.net/10/17439/2013/bgd-10-17439-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

A 50" Australia 2011 = Australia 2012 = Dead Sea
T T T
%0 ]
&b 30 E
=
= .-
s 20 P -
10 - -g e .
el e
0 o= T b T T
0 1 2 3 4
Thiophene (ng/g)
B 70 ®  Australia2011 = Australia2012 = Dead Sea
T T T T T T
= ]
S 60 — 7]
< 50 e ]
g ]
=~ 40 HiH e
",_E 30 u
2z fE T ]
g 20 s ]
& 10 - -
- ]
0 T T T T T
0 1 2 3 4 5 6 7
2-Methylthiophene (ng/g)
C 9 ®  Australia 2011 ® Australia2012 = Dead Sea
T T T T T
—_ ]
L0 80 HH ]
@ 70 4
o 60 ]
g 50 ]
= 40 ]
> ]
< 30 ]
Q 4
S 20 .y . - -
A0 "{ - ]
0 T T T T T
0 1 2 3 4 5 6

3-Methylthiophene (ng/g)

Fig. 6. Correlation between the emission of related heterocyclic aromatic compounds such as
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content in water samples (Australia 2011: black; Australia 2012: red; Dead Sea 2012: blue).
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