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Abstract. Volatile organic compounds like furan and its phenes. With manifold natural and anthropogenic sources fu-
derivatives are important for atmospheric properties and refans are an important class of volatile organic compounds
actions. In this work the known abiotic formation of furan (VOCSs).
from catechol under Fenton-like conditions with3fesul- Furan and several mono- and dialkylated furans were
fate was revised by the use of a bispidiné Feomplex as  found in forest soils by applying pyrolysis GEIS
a model compound for iron with well-known characteristics. (Hempfling and Schulten, 1990) and furfural as well as 2-
While total yields were comparable to those with thé'Fe pentylfuran in soil samples containing plant litter (Leff and
salt, the bispidine P& complex is a better catalyst as the Fierer, 2008; Jordan et al., 1993). Plant material was con-
turnover numbers of the active iron species were higher. Adfirmed as a source of furans by several studies including liv-
ditionally, the role of iron and pH is discussed in relation to ing plants (Isidorov et al., 1985), leaf litter (Isidorov and
furan formation from model compounds and in natural sed-Jdanova, 2002) and solid woods (Risholm-Sundman et al.,
iment and water samples collected from the Dead Sea and998).
several salt lakes in Western Australia. Various alkylated fu- Huber et al. (2010) showed that soils are also an abiotic
rans and even traces of halogenated furans (3-chlorofurasource for furans and presented a formation pathway for pro-
and 3-bromofuran) were found in some Australian samplesducing furans from catechol and similar precursors using
3-chlorofuran was found in three sediments and four water~enton-like reaction conditions.
samples, whereas 3-bromofuran was detected in three wa- In this study the biomimetic nonheme bispidinéfeom-
ter samples. Further, the emission of furans is compared tplex [F€' (NoPy,)(OTf),] (Fig. 1) was used as model com-
the abundance of several possible precursors such as ispound for natural iron complexes to investigate abiotic fu-
prene and aromatic hydrocarbons as well as to the relatedan formation under Fenton conditions. Bispidine complexes
thiophenes. have a defined coordination sphere due to the rigid adaman-
It is deduced that the emissions of volatile organic com-tane backbone (Comba et al., 2010) and are well studied in
pounds such as furans contribute to the formation of ultra-their coordination with catechol (Comba et al., 2011) as well
fine particles in the vicinity of salt lakes and are important as their redox reaction with hydrogen peroxide (Bukowski
for the local climate. 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 (Chris-
tian et al., 2003) and food processing (Rogge et al., 1991).
1 Introduction Atmospheric oxidation reactions of 1,3-butadiene and 1,3-
pentadiene yield furan and 2-methylfuran (Ohta, 1984), re-
Furans are heterocyclic aromatic compounds with a five-spectively, while isoprene, the most abundant volatile bio-
membered ring consisting of four carbons and one oxygemyenic compound, is oxidised to 3-methylfuran (Atkinson
atom and are closely related to the sulfur-containing thio-
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are also part of the study in hand on the natural occurrence
of furans. 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 param-
eters 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 respon-
sible for decreasing rainfall in the area over the last decades
(Junkermann et al., 2009).
Figure 1. Structure of the bispidine #Py; ligand (left) and geom- Additionally, the investigated salt lakes are situated in re-
etry of the [F& (N2Py,)(OTf)] complex (right). gions favouring high seasonal temperatures and elevated so-
lar radiation. The latter is important for a constant supply of
H>0- in surface waters and top soils (Cooper et al., 1988)
et al., 1989). Moreover, anthropogenic benzene (Berndt anavhich is essential in Fenton reactions including abiotic fu-
Boge, 2001), toluene (Dumdei et al., 1988) and xylenesran formation. HO> is also formed in the atmosphere and
(Shepson et al., 1984) are degraded to furans by OH radicak transported to the surface by rain events, especially during
reactions in the atmosphere. thunderstorms (Deng and Zuo, 1999; Gunz and Hoffmann,
According to the maximum incremental reactivity (MIR) 1990).
scale furans play an important role in the formation of The natural occurrence of furans in salt lake sediments in-
ground-level ozone (Carter, 2009). In addition, furans havecluding the abiotic pathway provides the basis to understand
an impact on the oxidative budget of the lower tropospherethe atmospheric impact of saline environments with regard to
reacting with NQ@ radicals at night-time (Kind et al., 1996; particle formation and local climate changes.
Berndt et al., 1997) and with OH radicals (Bierbach et al., The first part of the paper concerns the abiotic furan for-
1995) or ozone (Atkinson et al., 1983) at daytime. The atmo-mation using a bispidine F& complex in a Fenton reaction
spheric lifetime of furan is about 4 h in the presence of OH with catechol and the second part deals with the abundance
radicals and decreases with higher alkylation (Bierbach et al.and the underlying conditions of furan emissions from natu-
1995; Gu et al., 1985). The reaction rate of 3-methylfuranral salt lake sediments and waters.
with OH radicals is similar if not even higher than its pre-
cursor isoprene (Atkinson et al.,, 1989; Gu et al., 1985). . )
Furthermore, furans react with OH radicals producing sec2 EXPerimental section
ondary organic aerosol (SOA) (Gémez Alvarez et al., 2009). .
Such newly formed particles at the nanometre scale are o%'l Chemicals

significant importance in the troposphere altering cloud mi-1po following chemicals were used: catechol (99 %:

crophysics. They act as additional cloud condensation NUsigma-Aldrich), 4-ethylcatechol (95 %:; Aldrich), hydrogen

clei (Pierce and Adams, 2007), increasing the amount Ofperoxide (30 %: Merck), [F&(N2Py,)(OTf),] (Borzel et al.,
new small droplets in clouds while reducing the size of old 2002), Fé&*-sulfate (99%: Fe 21-23%; Riedel-de Hagn)

droplets leading to a change in the radiative properties and tq, 4 (99 %; Fluka), 2-methylfuran (99 %; Sigma-Aldrich),

rain suppression (Khain et al., 2005). 2-ethylfuran (97 %:; Aldrich), 2-propylfuran (97 %:; abcr),

Another_atmospheric sink fqr furans, n_1ain|y_ attributeql 2-butylfuran (98%; abcr), 2-pentylfuran (97 %; Aldrich),
to the marine boundary layer, is the reaction with Cl radi- 2,3-dimethylfuran  (99%: Aldrich), 2,5-dimethylfuran
cals being even faster compared to OH radicals (\ﬁllanueva(gg %:; Aldrich), 3-chlorofuran (Zhang et al., 2005)

etal,, 2009, Cabafias et al., 2005) and possibly a source 0§ hromofuran (97 %, Aldrich), thiophene (99 %; Aldrich), 2-
halogen-induced organic aerosol (XOA; Ofner et al., 2013).nqthyithiophene (98 %; Aldrich), 3-methylthiophene (99 %;
Reactive chlorine species are also abundant in the vicinity ofa grich), Isoprene (99 %: Aldrich), EPA 624 calibration

various salt lakes in arid and semi-arid environments (Stutz,., g (analytical standard: Supelco), sulfur mix (analytical

e_t al., 2002). These Ferrestrial sources for atmospheric Chloétandard; Spectrum Quality Standards), potassium chloride
rine and other reactive halogen species become even moiggq g %: Merck), sodium hydroxide (99 %; Aldrich), sulfuric

important with the expansion of salt lakes and salt-influenced, .4 (96 %; Riedel-de Haén), nitric acid (65 %; Bernd Kraft),
soils around the globe because of anthropogenic salinisatiop,icium carbonate (99%; LECO). Type | ultrapure water

(Williams, 1999). For example, high atmospheric concentra-(> — 18 MQ cm™2) from a Purelab UHQ System by ELGA
tions of reactive bromine oxide (Matveev et al., 2001) and io-| ;p\water was used in all experiments.

dine oxide (Zingler and Platt, 2005) were measured over the
Dead Sea. Sediment and water samples from the Dead Sea
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2.2 Sediment samples 2.5 Experimental procedure

Forty-nine samples from Australia in 2011, 30 samples fromModel reaction, natural sample and calibration measure-
Australia in 2012 and 13 samples from the Dead Sea, Israeinents were conducted in 20 mL air-tight headspace glass
in 2012 were analysed for various chemical parameters andials with 10 mL aqueous phase and 10 mL gas phase. The
the natural abundance of furanoic compounds. Sampling loseptum of the headspace vials was punctuated by two stain-
cations were selected in the context of SOA formation eventdess steel needles connected to a helium carrier gas reser-
(Junkermann et al., 2009; Kamilli et al., 2013), reactive at-voir and the GZMS system, respectively. Before analysis
mospheric halogen observations (Holla, 2013) and to covethe vials were shaken on a MTS 2 rotary board by IKA at
a broad range of multifarious geochemical characteristics500 rpm in the dark at a controlled temperature in a B10
The samples were taken from salt lakes or salt-influencedncubator by Memmert for a defined time. Preceding GC,
sediments from various depths and were stored cooled fothe analytes from the headspace vials were focused and pre-
transportation. The sediment samples were freeze dried foconcentrated on a glass lined tubing-&t90°C. The purge
long-term storage and in order to remove residues of volatileflow of the helium carrier gas was 7 mL mih during the
compounds in a Lyovac GT2 by Steris. Afterwards, the sam-optimisation steps of the model reactions and 15 mLthin
ples were ground using a Pulverisette 5 planetary mill byduring the analysis of natural samples. After 7.5 min the ana-
Fritsch to a grain size below 315 um for homogenisation.  lytes were transferred from the purge and trap system by he-
lium (15 psi precolumn pressure) onto the GC column. The
2.3 Water samples oven programme during the measurements of furan forma-

) ] _tion in model reactions was: 3& held 8.30 min, 358C to
The water samples consisted of eight samples from Australig 5o at 5.5C min—1. 150°C held 5min. 150C to 210°C
in 2011, eight samples from Australia in 2012 and seveny; 30.c min-1. 210°C held 15min. Eor the natural sam-

samples from the Dead Sea in 2012. For analysis, triplicatey e and the Fenton-like reaction with 4-ethylcatechol the
of 10mL lake water were transferred into 20 mL headspaces programme was modified: 3G held 15.5min, 30C
vials, closed with air-tight caps on site and storeda€ 4intil to 114°C at 5°C min-L. 114°C to 210°C at 30°C n’“n—l

measurement. Additionally, water samples for iron analysisy{gec held 8 min. Al GOMS measurements were done at
were sampled and stabilised by acidification. least in triplicate. Blanks were run at the beginning and the

24 Instrumentation end of daily experimental series.

For the analysis of VOC (b.p-24°C to 200°C) a Varian 2.5.1  Model reactions

gas chromatograph GC 3400 linked to a Varian Saturn 4Daq i previous studies, catechol, being a model compound for

with electron impact ionisation and ion trap mass SPectrom+, v ra| organic matter, was used in the following oxidation

eter was used. The GC was equipped with a J&W ScientifiGg4ctions with iron and hydrogen peroxide to comprehend
DB-5 (60m; 0.32mmii.d.; 1 um film thickness) capillary col- gpjiqtic furan formation processes. In all experiments the cat-
umn by Agilent Technologies. Dynamic injection and pre- gcpo concentration amounted to 5 pmol in a 10 mL (0.5 mM)
concentration was performed by a customised purge and trquueous phase while the concentration of iropOb} KCI

system (Mulder et al., 2013). as well as reaction time, pH value and temperature were

The total iron content of the sediment samples was Meazhanged to yield an optimal furan formation.

sured by X-ray fluorescence using an energy-dispersive

miniprobe multi-element analyser (EMMA) (Cheburkin 252 Optimisation of [F€' (NoPy)(OTf),]

et al., 1997) while dissolved iron of the water samples was

quantified with an ICP-OES Vista MPX system by Varian. To determine the optimal iron concentration for furan forma-
The Gyrg content of the sediments was calculated by subtraction, 10 mL aqueous solutions containing 0.5 mM catechol,
tion of inorganic carbon content, analysed with a carbonatel mM H>O, and 5 mM KCI were assayed with 0 to 0.1 mM
bomb (Miiller and Gastner, 1971), from total carbon con- bispidine Fé" complex. The solution had a pH of around 4.6
tent analysed with a SC-144DR carbon/sulfur analyser byand was incubated for 30 min at 40.

Leco. Dissolved organic carbon of the water samples from

Australia was determined using a TOC-5000 by Shimadzu2.5.3 Optimisation of hydrogen peroxide

The pH measurements were conducted with a Sentix 41 elec-

trode from WTW calibrated on the free hydrogen scale with OPtimal FbO2 concentration for the reaction was evaluated
buffers by Merck at pH 4.01 and 7.00. between 0 and 8 mM while the other parameters were fixed

at 12.5 uM [F& (NoPy»)(OTf),], 5mM KCI, pH of 4.6 and
30 min incubation time at 40C.

www.biogeosciences.net/11/2871/2014/ Biogeosciences, 11, 28B2-2014



2874

2.5.4 Time dependence

With the optimal concentrations for Fe at 12.5 M and
H20, at 2mM and the initial settings of the solution pH of
4.6 as well as the incubation temperature of@Qhe reac-
tion time was tried in turn between 0 and 24 h with 5mM
KCI.

2.5.5 Optimisation of pH

The pH was adjusted with sulfuric acid or sodium hydrox-

T. Krause et al.: Model reactions and natural occurrence of furans

synthesised 3-chlorofuran. In the case of 3-methylfuran and
2,4-dimethylfuran recovery rates analogous to their isomers
were assumed. Additionally, the known ionisation energies
of 3-methylfuran and 2-methylfuran are comparable with
8.64 eV and 8.56 eV, respectively (Spilker and Grutzmacher,
1986).

3 Results and discussion

ide. The optimal reaction conditions were evaluated be- the following the results of the model reactions and from

tween a pH of 2.1 and 8.7 with concentration of 12.5uM
[Fe!' (N2Py») (OTf)2], 2mM H0, and 5mM KCI. Incuba-
tion was accomplished at 4Q for 30 min.

2.5.6 Temperature dependence

The temperature was changed between 20 andC70
while the other parameters were held at 12.5uM
[Fe'' (NoPy») (OTf)5], 2mM HoO, and 5 mM KCl, a solution
pH of 4.6 and an incubation time of 30 min. The furan cali-

bration was adjusted to the varying temperatures to accourft

for the change in furan vapour pressures.

2.5.7 Optimisation of chloride

With optimal concentrations of 12.5uM
[Fe' (NoPy»)(OTf)2], 2mM H»0», a solution pH of
4.6 and an incubation time of 30min at 40 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 un-
der Fenton-like conditions using 50 uM ¥esulfate with
0.35mM H0, 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 incubated at@(for 24 h in the dark
on the rotary board prior to measurements with/GIS.

2.5.10 Water samples

The on-site sampled and af@ stored 10 mL lake waters

the natural samples are presented and discussed. Geographi-
cal 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 [F'&N,Py») (OTf),] concentration

f 12.5 uM was determined (Fig. 2a). In the absence of iron
no detectable amount of furan was formed expressing the sig-
nificance of iron in this reaction. Higher concentration led to
a moderate depletion of furan concentrations levelling off in
a steady plateau.

The optimal [F& (NoPy,)(OTf),] concentration equates
to a molar ratio of 1 40 compared to 0.5 mM catechol de-
ployed in the experiments. In previous studies witf'Fsul-
fate by Huber et al. (2010) the optimal molar ratio of iron
to catechol was 15. Hence, the turnover numbers are eight
times higher than for the applied bispidine?fecomplex.
This demonstrates not only the feasibility of the?Eeom-
plex but also its superiority over Ee sulfate. While the bis-
pidine F&* complex is stabilised in solution by its ligands,
the FE* salt is susceptible to precipitation and is removed
from the reaction cycle. This cycle includes the oxidation
of F&¢t by H,0, in the Fenton reaction to Be (Remucal

.and Sedlak, 2011) and forming a highly reactive OH radical

and a hydroxyl anion (Haber and Weiss, 19328*Fen the
other hand can be either reduced by catechol, which is a one
to two electron donor, or by the Fenton-like reaction with
H,0> yielding in both cases Fé. In the former redox reac-
tion catechol is either oxidised to 1,2-semiquinone in a one-
electron transfer or to 1,2-benzoquinone in a two-electron

were incubated in their respective headspace vials for 1 h dfansfer. Additionally, the Fenton-like reaction yields a su-

40°C in the dark on the rotary board.

2.6 ldentification and quantification

peroxide radical and a proton.

Following the iron optimisation step, 4@, was the next
important factor in this reaction. Again, as in the case of
iron, the abundance of 4D is essential for the furan forma-

The analytes were identified by comparison of the mass spedion in this reaction. At high concentrations the furan yield

tra with the National Institute of Technology MS library and

declined, probably due to the promotion of side- and follow-

with those obtained from commercial standards includingup reactions leading to higher oxidised products (Studenroth

their retention times. External multipoint calibrations were
performed for all commercially available analytes and the

Biogeosciences, 11, 2872882 2014

et al., 2013). The optimal concentration was determined at
2mM (Fig. 2b) compared to 0.5 mM catechol giving a mo-
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Figure 2. Effects of different parameters on the furan formation from a 10 mL solugnVariation of [F&! (NoPy,)(OTf),]: reaction of

0.5 mM catechol with 0-100 pM [FHG{NzF’yz)(OTf)z], 1 mMH0,, 5mM KCl at a pH of 4.6 and 4%C after 30 min(B) Variation of H,O»:
reaction of 0.5 mM catechol with 12.5 pM [EeN,Py») (OTf)], 0-8 mM Hy,O5, 5mM KCl at a pH of 4.6 and 49C after 30 min(C) Time
dependency: reaction of 0.5 mM catechol with 12.5 uM'[f&;Py») (OTf)5], 2mM Hy0,, 5 mM KCl at a pH of 4.6 and 49C after 0-24 h.

(D) Variation of pH: reaction of 0.5 mM catechol with 12.5 pM [RNZPyZ)(OTf)z], 2mM H>05, 5mM KCl at a pH of 2.1-8.7 and 4C

after 30 min(E) Temperature dependency: reaction of 0.5 mM catechol with 12.5 pM[EPY;) (OT)5], 2 mM Ho05, 5mM KCl at a pH

of 4.6 and 20-76C after 30 min(F) Variation of chloride: reaction of 0.5 mM catechol with 12.5 pM [E&,Py») (OTf)2], 2mM H,05,
0-50mM KCl at a pH of 4.6 and 40C after 30 min. Data points represent mean values with error bars indicating standard deviations from
triplicate measurements.

lar ratio of 4: 1 while in the previous study with B& sulfate  to slower reaction rates between iron and hydrogen perox-
the molar ratio was at 11.4 (Huber et al., 2010). ide while at higher pH iron precipitation takes place and OH

Reaction time under these conditions with a prominent op-radical formation is inhibited (Remucal and Sedlak, 2011).
timal furan yield was 30 min (Fig. 2c). Afterwards a decline  The initial temperature of 40C for the experiments was
can be accounted for by an equilibrium of furan between thealso the optimal temperature (Fig. 2e). Lower temperatures
gas and aqueous phase. In the latter, furan can further reare accompanied by lower energy input to the reaction while
act with hydroxyl radicals comparable to reactions in the gashigher temperatures again could promote side and follow-up
phase (Gémez Alvarez et al., 2009; Atkinson et al., 1983). reactions.

The reaction was susceptible to pH variations of the so- While chloride had seemingly no influence on the reac-
lution with an optimum at 4.6 (Fig. 2d). At lower pH the tion of Fé+ sulfate with HO, and catechol (Huber et al.,
reaction of [F& (NoPy,)(OTf),] and HO, is inhibited due  2010), the reaction with the bispidine3tecomplex is inhib-

www.biogeosciences.net/11/2871/2014/ Biogeosciences, 11, 28B2-2014



2876 T. Krause et al.: Model reactions and natural occurrence of furans

OH well as pH to compare the results from these natural sam-
ples with the model reactions. #eas used in these inves-
tigations was abundant in the Australian samples identified
R by the chelating agent 2,2’-bipyridine. Besides black sedi-
ment layers containing pyrite the wet sediments, ground and
/ surface waters contained soluble?EgShand et al., 2008;
Degens and Shand, 2010). On the one hand, total iron con-
OH tent ranged from 0.46 to 3.6 w %, organic carbon from below
OH OH 0.1w% up to 5.9w % and pH from 4.2 to 8.4 for the Aus-
tralian samples displaying a wide divergence, while for the
@:R Dead Sea samples on the other hand, total iron content was
between 1.2 to 1.8w %, organic carbon concentration was
below 0.1w % up to 0.56 w% and pH was between 7.7 and
8.1 (Fig. 4a).
R o As expected from a previous work by Huber et al. (2010),
\E) furan as well as 2-methylfuran and 3-methylfuran were emit-
Y ted from most sediment samples. Additionally, 2,3- 2,4- and
2,5-dimethylfuran, 2-ethylfuran, 2-propylfuran, 2-butylfuran
R =H, CH;, CH,CH3, Cl 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

ited (Fig. 2f) due to the radical scavenger traits of chioride the samples followed by further monoalkylated furans, while
(Grebel et al., 2010). Furan yields decreased linearly withthe concentrations of dimethylated furans were significantly

increasing amounts of chloride. Highest furan yields werelower (Fig. 4b). _ _
attained in the absence of chloride. Of all the above-mentioned furanoic compounds, furan

Overall, the bispidine P& complex is a feasible model shows the most s_ignificant dependency to_irqn and organic
compound with furan yields of 31.6nmol (2.15ug) from cgrbon cpntent (Flg.' 5a and c). Hence, emissions tend to be
5 umol catechol under optimal conditions. This accounts forhigher with elevated iron and carbon concentrations. Less ob-
aturnover rate of 0.6 % from catechol and is comparable with/i0Us is & correlation with pH (Fig. 5b), though a statistical
the overall yield of the previous study using3Fesulfate increase gnder acidic conditions |s.|nd|cated by_thg linear re-
(Huber et al., 2010). The main products of catechol degradadression fitted through the data points. These findings agree
tion by Fenton chemistry are dicarboxylic acids and carbon"ith the model reactions where iron is needed in the redox
dioxide (M'Hemdi et al., 2012; Studenroth et al., 2013). reactions under slightly acidic conditions. _

In the former studies only methylated catechols or phe- _The concen_tratlons of alkylated furans tend to increase
nols were used in Fenton-like reactions leading to mono- opVith the organic carbon content but seem to be rather inde-
dimethylated furans depending on the educts (Huber et alPeéndent of pH or iron concentration. _
2010). Due to the fact that furans with extended alkyl chains For an acidic Lake Boats sediment sample (0-2 cm) atime
were found in natural environments the Fenton-like reactiondependency for the emission of VOCs was established be-
was extended to 4-ethylcatechol as a commercially availabldveen 1 and 96 h incubation time (Fig. 6a). An exponential
and soluble catechol derivative. In the Fenton-like reaction ofincrease of the furan concentration over time is shown reveal-
Fe¥t sulfate with 4-ethylcatechol the presumed 3-ethylfuraning that the formation of compounds with low boiling points:
was obtained. Fig. 3 depicts the postulated degradation pattfakes place during incubation rather than being remnants in
ways from phenols and catechols to furanoic compound§he samples after freeze drying. This sample was selected be-

(Huber et al., 2010) expanded to include ethyl moieties. ~ cause of its low pH and the release of various halogenated
products.

3.2 Sediment samples Similar to catechol further aromatic compounds like phe-
nols and other aromatic hydrocarbons react with hydroxyl
The model reactions were accompanied by a survey sparradicals forming furans. From atmospheric research it is
ning over two years in which 92 sediment samples from dif- known that toluene is a precursor for 2-methylfuran (Shep-
ferent salt lakes in Western Australia and of the Dead Sea irson et al., 1984) and benzene for furan (Berndt and Boge,
Israel were collected and analysed for the emission of fura2001), respectively. It can be assumed that ethyl benzene is
noic compounds. Additionally, the emission data were cor-a precursor for 2-ethylfuran. In aqueous phase chemistry aro-
related to iron concentration and organic carbon content, asnatic hydrocarbons like benzene are oxidised by hydroxyl

OH

o= Qe O

:
|
7

Figure 3. Degradation pathways of phenol and catechol derivatives
to furanoic species (Huber et al., 2010) including ethyl moieties.

Biogeosciences, 11, 2872882 2014 www.biogeosciences.net/11/2871/2014/
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triplicate measurements.

radicals to phenols and catechols (Zhang et al., 1995), whictand 2-methylfuran after incubation display a linear connec-
are further degraded to furans as demonstrated by modelon demonstrating a possible mutual origin (Fig. 6b).
reactions with the bispidine & complex or F&t sulfate Furthermore, the emissions of other heterocyclic aromat-
(Huber et al., 2010). From data plots a correlation betweerics such as thiophene, 2- and 3-methylthiophene plotted
benzene concentrations and furan emissions can be deducedainst the respective furans show a linear dependency be-
(Fig. 6¢). However, a coherence between toluene abundandaveen these compounds (Fig. 7a—c). Hence, this suggests
and 2-methylfuran emission is ambiguous (Fig. 6d) and therea mutual precursor and a competition between thiol and hy-
is no correlation between ethylbenzene and 2-ethylfurardroxyl groups during the reaction.

(Fig. 6e). Additionally, several furans not mentioned before in the
The oxidation of isoprene with hydroxyl radicals in the study of Huber et al. (2010) were found in the Australian
gas phase yields small amounts of 3-methylfuran (Atkinsonand Dead Sea samples, including a series of alkylated furans

et al., 1989). While isoprene was detected in the headspaciom ethylfuran to pentylfuran. While the 2-alkylfuran iso-
with concentrations up to 111ngy the data plot shows mers were abundant, the 3-alkylfuran isomers were found in
no obvious relation between isoprene and 3-methylfuramnone of the samples.

(Fig. 6f). Additionally, the concentrations of 3-methylfuran  The finding of 3-chlorofuran (up to 0.37 ngd) in three
of the Australian samples deserves special attention. 3-
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chlorofuran was a compound found by Huber et al. (2010)peting redox reactions than in model reactions, the furan
during the reaction of F& with hydrogen peroxide and formation shows a clear dependency on iron content and
chlorinated catechols and phenols. Hypothetical atmospheripH which were also important parameters in the model
chlorination by chlorine atoms and sorption on the sedimentreactions with catechol.
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.
The Dead Sea samples show an overall lower emission
compared to the Australian samples which is in good com-During the three campaigns 23 water samples were col-
pliance with lower organic carbon and iron content as well aslected in air-tight vials on site. Dissolved iron content for
higher pH. the Australian samples ranged from below the detection limit
Even though formation processes are more complex inN0.2mgL™1) to 173mg L1 correlating with a pH between
sediments due to the nature of the matrix and to com-8.7 and 2.4. In all of the Dead Sea samples the iron content

3.3 Water samples
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Figure 8. Distribution of (A) iron and organic carbon concentration as well as pH(@)af the furan emissions from the various Australian
and Dead Sea water samples. Only the Australian water samples were analysed for organic carbon.

was below the detection limit (0.2 mgt) while the pH was  sediments. The water samples confirm the natural abundance
between 5.1 and 6.5 (Fig. 8a). of furan and its derivatives in the studied salt lakes. Likewise,

Water analysis showed the abundance of the different futhe emissions from sediments furan and 3-methylfuran con-
ran species that were also found in the sediment samplesentrations are higher with elevated dissolved iron content
(Fig. 8b) including traces of 3-chlorofuran with concentra- and lower pH values (Fig. 9a—d). However, 2-methylfuran
tions up to 0.35ngmt! in four samples. Additionally, the neither shows a correlation with iron content and pH value
homologous 3-bromofuran was found in three samples withnor with the concentration of 3-methylfuran as was demon-
concentrations up to 0.03 ng mE Until now this compound  strated for the sediments.
was only known to be a product of onion bulbs incubated
with the ProteobacteriBrwinia carotovoranow calledPec-
tobacterium carotovorur(Prithiviraj et al., 2004).

Furan emission was less pronounced in relation to th
methylated furans while higher alkylated furan concentra- ) : )
tions were on par with the dimethylated furans. One reasonThe previously eSt‘?lbl.'Shed model_ reaction by Huber
for the discrimination of higher alkylated furans could be the etal. (2010) for an abiotic furan formation from catechol was

short incubation time of one hour compared to 24 h for the\’eriﬁec.j using a bispidine F& complex. Furthermore, the
formation of ethyl furan from ethyl catechol was assayed and

e4 Conclusions
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the emission of several furan derivatives was observed frontles (Gomez Alvarez et al., 2009) as observed around the

sediment and water samples of hypersaline environments. Australian salt lakes and hence have an impact on the local
Total yields of 0.6 % of furan from catechol using the bis- climate (Junkermann et al., 2009).

pidine Fé* complex are comparable to previous studies us-

ing FE* sulfate, but the turnover numbers of théFeom-

plex are eight times higher than those of thé'Fealt. The  The Supplement related to this article is available online

main advantage of the bispidine%ecomplex for this kind ~ at doi:10.5194/bg-11-2871-2014-supplement

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.
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