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Polycyclic aromatic hydrocarbons (PAH), as a part of dissolved organic matter (DOM), are environmental
pollutants of the marine compartment. This study investigates the origin of PAH, which is supposed to
derive mainly from anthropogenic activities, and their alteration along the salinity gradient of the
Baltic Sea. Pyrolysis in combination with gas chromatography and two mass selective detectors in one
measurement cycle are utilized as a tool for an efficient trace analysis of such complex samples, by which
it is possible to detect degradation products of high molecular structures. Along the north–south transect
of the Baltic Sea a slightly rising trend for PAH is visible. Their concentration profiles correspond to the
ship traffic as a known anthropogenic source, underlined by the value of special isomer ratios such as
phenanthrene and anthracene (0.31–0.45) or pyrene and fluoranthene (0.44–0.53). The detection of
naphthalene and the distribution of its alkylated representatives support this statement.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Aromatic compounds, especially polycyclic aromatic hydrocar-
bons (PAH) are widespread pollutants in various compartments
of the environment (e.g. Baumard et al., 1999; Broman et al.,
1991; Lipiatou et al., 1997; Witt, 1995). They can originate from
anthropogenic sources as well as from natural processes (Neff,
1979) and have received increasing scientific interest during the
last years (e.g. Motelay-Massei et al., 2006; Pazdro, 2004;
Rogowska et al., 2010; Ruczynska et al., 2011; Stader et al., 2013;
Witt et al., 2009; Wu et al., 2011). PAH in the marine environment
rapidly become associated with particulate matter (Chiou et al.,
1998), due to their hydrophobic nature. They are poorly water sol-
uble and in this context their detection by analytical systems is
challenging. PAH can be a risk to human health (Ruczynska et al.,
2011) and especially the higher molecular-weight aromatics often
act carcinogenic and mutagenic (Brody et al., 2007; Shor et al.,
2004). Together with their alkylated homologues they show persis-
tence and are nearly resistant to biodegradation (Reunamo et al.,
2013). As a general trend it can be observed that smaller PAHs
exhibit better biodegradability than larger ones (Thiele-Bruhn
and Brummer, 2005). Nevertheless, a high accumulation level of
PAH compounds in the sediment (Neff, 1979) results and the global
oceans constitutes a large sink for these contaminants (Wang et al.,
2007).

PAHs are interacting with dissolved organic matter (DOM) con-
stituents. DOM is defined as organic matter that passes a filter with
a pore size near 1 lm including a wide range of constituents
(Schwarzenbach et al., 2003). The structural characterization of
high molecular PAH as associated DOM constituents, the under-
standing of its origin and its alteration while being transported
to the oceans have hardly been researched yet. PAH can be formed
and introduced into the marine environment by various processes,
mostly caused by anthropogenic effects, as by-products of chemi-
cal processes such as incomplete combustion and pyrolysis of fossil
fuel as well as the release into the environment by petroleum spil-
ling or from ships (Pazdro, 2004; Witt, 1995). Natural processes
such as oil seeps, plant debris and forest fires have an influence,
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too (Wu et al., 2011). In general, a distinction between pyrolytic,
diagenetic and petrogenic origin is possible (Lubecki and
Kowalewska, 2012).

It is difficult to distinguish between the different PAH sources.
The molecular ratios of such compounds as anthracene (ANT)
and phenanthrene (PHE) as well as fluoranthene (FLU) and pyrene
(PYR) with mass-to-charge-ratios (m/z) of 178 or 202, can provide
useful information of the origin of PAH and have the best potential
to distinguish between combustion and petroleum sources. Form/z
178, an ANT to ANT plus PHE ratio <0.10 usually is taken as an indi-
cator for petroleum and a higher ratio than 0.10 indicates combus-
tion processes (Yunker et al., 2002). Because of its thermodynamic
stability petroleum often contains more PHE than ANT. With the
FLU/(FLU + PYR)-value a source evaluation between petroleum,
fossil fuel combustion or wood and coal combustion is feasible
(Tam et al., 2001; Yunker et al., 2002). On the other hand naph-
thalene (NAP) is a reliable tracer for contamination by petroleum
(Sporstol et al., 1983). In addition, alkyl homologue series of PAH
with a maximum at C1 (monoalkylated) or substances with a
higher degree of alkylation are indicator compounds for petroleum,
too (Yunker et al., 2002).

The Baltic Sea is an ideal research object, covering a salinity gra-
dient from 2 in the northern area to 25–32 in the southwest
(Miltner and Emeis, 2001). Moreover, a large freshwater surplus,
mainly from Scandinavian rivers, an only moderate water dis-
charge via North Sea (removal processes) as well as industrial hot-
spots strongly influence the distribution of PAH compounds. Due to
the high residence time (Opsahl and Benner, 1997) its concentra-
tion is often 2–10 times higher than the concentration in the
North Sea (Witt, 1995). In addition their semi-closed nature sur-
rounded by well developed countries (variety of industry, modern
agriculture and high traffic shipping areas) leads to a high environ-
mental load (HELCOM, 2010a; Ruczynska et al., 2011). Riverine
runoff and atmospheric input are the two most important vectors
of transportation into the marine environments (Lipiatou et al.,
1997; Motelay-Massei et al., 2006), whereby the highest concen-
trations are observed in coastal areas. In addition, a seasonal vari-
ation is known, with lowest PAH concentrations in summer and
higher concentrations in late autumn (Witt, 1995).

It requires a high degree of resolution power and selectivity to
analyze DOM, especially to detect the low concentrated PAH. A
variety of analytical systems and methods are available for PAH
characterization in water. Often chromatographic techniques such
as high performance liquid chromatography (HPLC) in combination
with fluorescence detection are used (Ruczynska et al., 2011; Witt,
1995). Gas chromatography (GC) in combination with mass spec-
trometry (MS) is widespread (e.g. Broman et al., 1991; Baumard
et al., 1999). Only sample preconcentration and injection methods
such as solid phase extraction (e.g. Witt et al., 2009; Wu et al.,
2011) or soxhlet-extraction (Wang et al., 2007) do vary. For a fur-
ther increase in selectivity and sensitivity for specific tracer mole-
cules in complex samples LASER based methods in MS are
indispensable (Li et al., 2010; Stader et al., 2013).

In this study, a chromatographic analysis followed by two
different types of mass spectrometers, an electron ionization quad-
rupole MS (EI-QMS) and resonance-enhanced-multi-photon-ioniza
tion time-of-flight MS (REMPI-ToFMS) in combination with the
pyrolysis technique was applied to characterize associated PAHs
in DOM for the first time in this context. EI is a hard and universal
method, by which the identification of compounds is possible
through specific fragmentation patterns of the organic molecules,
unfortunately it often results in a loss of molecular information.
The lack of the molecular ion signal can be prevented by soft
ionization techniques such as photo ionization (PI). One such
PI technique is Resonance-Enhanced-Multi-Photon-Ionization
(REMPI). Especially in combination with GC there are promising
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developments in terms of selectivity and sensitivity for aromatic
hydrocarbons (Fendt et al., 2012; Haefliger and Zenobi, 1998;
Imasaka, 2013; Li et al., 2010, 2011; Zimmermann et al., 1995).
REMPI selectivity depends on the used photon wavelength as well
as on the ionization energy threshold, since the molecules absorb
two photons via an intermediate state (Boesl et al., 1981; Boesl,
1991; Mitschke et al., 2006; Zimmermann et al., 1994).

Under pyrolysis conditions high weight molecular species are
indirectly accessible as fragments (e.g. regarding heavy crude oil
components), which have rarely been analyzed yet. In combination
with GC and two mass selective detectors in one measurement
cycle, an universal (EI) as well as an aromatic fingerprint (REMPI)
result. This system was already successfully applied by Otto et al.
(2015a) for crude oil samples. Semi-quantitative compositional
changes along the Baltic Sea transect from the north to the south-
west by using NAP, FLO, PHE and PYR are described in the literature
(Broman et al., 1991). An assignment to anthropogenic sources is
possible. In addition, the here used extraction method (Dittmar
et al., 2008) was tested for suitability to retain PAH components.
2. Material and methods

This study presents data on the occurrence and distribution of
PAH in surface water samples from river Kalix (located in North
Sweden) and the Baltic Sea. The river water was sampled during
the spring flood in May 2011 (see Herlemann et al. (2014) for
detailed information). Marine samples were taken from the
Skagerrak (S1) to Bothnian Bay (At4) along salinity gradient
(Fig. 1a), while a cruise with the research vessel Meteor (M87/3a)
in May and June 2012. The sampling sites and collection methods
are described in detail in Otto et al. (submitted for publication) and
therefore only a brief description is presented here. Specific sam-
pling dates, depths, salinities and temperatures are listed in Fig. 1b.
2.1. Sample preparation and extraction

Each water sample was collected into a 1 l pre-cleaned glass
bottle and separated into dissolved and particulate phase (using
400 �C for 6 h burned glass filters; Whatman, GF/F, diameter
47.0 mm, retention 0.7 lm). The filtered water did undergo a solid
phase extraction (SPE) according to the protocol of Dittmar et al.
(2008). The cartridges (reverse phase polymeric bond elute PPL
cartridges; Agilent) were first conditioned with methanol followed
by Milli-Q water acidified with HCl (37 %, Carl ROTH, Karlsruhe) to
a pH of 2. One liter Baltic Sea water was extracted with a flow rate
of �30 mL min�1 by using a vacuum pump. Afterwards the car-
tridges were washed with 12 mL Milli-Q water (ph = 2) to remove
salt residues. Immediately the adsorber material was dried under
pure nitrogen and extracted with 6 mL methanol (ultra LC-MS,
Carl ROTH, Karlsruhe). Afterwards the methanolic extract was
stored at �20 �C. All glassware used was acid-washed (0.1 M
HCl) and dried immediately at 350 �C (except the Schott bottles)
for 6 h.
2.2. Measurement system and sample injection

For the analysis, 2 mL of the methanolic extract were precon-
centrated to approximately 60 lL under a stream of pure nitrogen.
10 lL were introduced via a quartz vessel in the pyrolysator
system (Frontier Laboratories, Douple-Shot-Pyrolyzer, model:
PY-2020iD), resulting in about 1 mg of organic material. The pyro-
lyzer is mounted on a gas chromatograph (HP 5890 Series II),
which was coupled to two mass spectrometers for simultaneous
application of hard and soft ionization techniques.
mass spectrometry with electron-ionization or resonance-enhanced-mul-
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Fig. 1. (a) ‘‘Meteor” cruise route in summer 2012, with stations of sampling in the Baltic Sea. (b) Location sites in detail. (c) Overview diagram for sample preparation and
measurement system.

S. Otto et al. /Marine Pollution Bulletin xxx (2015) xxx–xxx 3
For the conditioning of the system and the evaporation of the
solvent, the sample was flushed with helium in the cooling zone
of the pyrolyzer. Helium was also used as carrier gas, with a head
pressure of 1 bar. At first the pyrolyzer oven heated up to 250 �C
and the sample was pushed into the heating zone for one minute
(desorption time). Immediately, a GC/MS measurement followed.
Then, the same sample was introduced for a second time, after
the oven heated up to 500 �C (pyrolysis step) and the GC/MS cycle
started again.

The vaporized chemical compounds in the respective TD and
pyrolysis step are separated by the coupled GC system (split mode
1:10; 30 m � 0.25 mm � 0.25 lm non-polar column, SGE-BPX-5).
The column temperature was programmed for 60 �C (held for
two minute) to 320 �C (held for 12 min) at a rate of 10 �C/min.
After the separation process the gas flow was split by a deactivated
press fit 3-way Y-Splitter for FS tubing (0.20 –0.75 mm OD) and
transferred simultaneously to both connected mass spectrometers.
One MS system ionizes via EI, where mass fragments are generated
in the positive EI mode with an electron voltage of 70 eV, followed
by a quadrupole for separation. The total ion chromatograms (TIC)
of EI-QMS are used to characterize compounds with the help of
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different MS tools (NIST spectral library). If the data base informa-
tion was inaccurate, standard substances NAP, PHE, PYR (Aldrich
Chemistry) and FLO (Acro Organics) were chromatographed.
Approximately 100 mg L�1 substance were solved in a 1:1 mixture
of dichloromethane and n-hexane (described in Otto et al., 2015a).
For an aromatic fingerprint and an additional proof of relevant PAH
compounds a [1+1]-REMPI-ToFMS system was used (Boesl et al.,
1981; Boesl, 1991; Zimmermann et al., 1994). For generating
REMPI, a Nd:YAG laser (BIG SKY ULTRA, Quantel, Les Uli Cedex,
France) with two frequency doubling units yielding 266 nm pho-
tons was employed, which corresponds to a photon energy of
4.11 eV. The laser is operated with 10 ns pulse width and a 20 Hz
repetition rate exhibiting a power density of approximately
7 � 106 W cm�2. A reflectron ToF-MS (Reflectron CTF10, Kaesdorf
Geräte für Forschung and Industrie, Munich, Germany) is utilized
for the detection of the molecular ions. More specific device
parameters for the REMPI equipment are given in Fendt et al.
(2012).

The split ratio after the chromatographic separation at the
Y-splitter was 1:100 in favor of the EI-QMS. For calibration and
optimization of the REMPI-ToFMS setup a gas standard (Linde
mass spectrometry with electron-ionization or resonance-enhanced-mul-
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AG, Pullach, Germany) containing 1 ppm benzene, 1,2,4-
trimethylbenzene, benzaldehyde and toluene in nitrogen was used.

3. Results and discussion

The high complexity of DOM is illustrated in Fig. 2 for the north-
ernmost station At4. It allows a first overview through comparison
between EI-QMS and REMPI-ToFMS (above and below) as well as
TD and pyrolysis (left and right). The abscissa displays the reten-
tion time of the GC. Along the ordinate the m/z value is plotted.
The respective intensity of the mass signal is depicted as color
bar. The EI-substance spectrum is very complex and superimposed
under TD and pyrolysis conditions. The compounds are detected in
a mass range between m/z 40 and 270 for TD. In the pyrolysis step
the substance spectrum is expanded and higher signal intensities
are visible, with an m/z-value of approximately 60 up to 320. The
ion traces m/z 73, 207 and 281 become more relevant as a perma-
nent signal at higher GC temperatures (above 250 �C), because
these represent siloxane fragments, originating from the column
coating. Despite the high complexity of the sample, the EI data
can provide reliable information about the structural composition.
Furthermore, with regard to aromatic compounds and their alky-
lated representatives the REMPI-ToFMS data do assist, because
the fragmentation is suppressed. It shows an aromatic fingerprint
of the sample. A small range of substances is detected with high
sensitivity and less complex chromatograms result. If one looks
at the measurements under TD conditions in a time window of
approximately 400 and 1200 s, with EI a cloud of non-delimitable
signals is observed and with REMPI clear signals result. Generally
in REMPI, under TD conditions, an aromatic substance spectrum
is revealed in a mass range between m/z 90 and 270. In the pyrol-
ysis step a broader substance spectrum with higher signal
Fig. 2. Direct comparison of the chromatograms resulting from the REMPI-ToFMS (above
on the left and the pyrolysis step on the right. On the ordinate the GC-time and -temper
color are the intensities. (For interpretation of the references to color in this figure lege
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intensities between m/z 60 and 330 is depicted. The aromatic sub-
stance spectrum increases significantly toward larger m/z-values,
reflecting a growing number of alkylated species. Taking the At3
(central Baltic Sea) and At1 station (Skagerrak) into consideration
(see supplemental material S1), a decrease in signal intensity
under TD condition is obvious. Under pyrolysis condition no signif-
icant changes are visible.

In the following the semi-quantitative changes of PAH as func-
tion of industrial pollution hotspots, (HELCOM, 2014) roughly cor-
responding with the salinity gradient, is discussed on the basis of
selected species: NAP [m/z 128], FLO [m/z 166], PHE [m/z 178]
and PYR [m/z 202]. They were identified by standards and their
GC profile is illustrated in Fig. 3a under pyrolysis conditions for
the At4 station. These are the most dominant PAH compounds in
previous studies (Tam et al., 2001).

Generally, under TD conditions the detectable concentration
decreases considerably with increasing salinity due to the dilution
of North Sea inflow. In this context the low concentrations of dis-
solved PAH are challenging. In the pyrolysis step sufficient concen-
trations for every relevant PAH species are obtained to represent
semi-quantitative statements along the Baltic Sea transect from
the north to the southwestern station S1. The pyrolysis results
are providing adequate peak intensities for all stations.

In different regions of the Baltic Sea different levels of contam-
ination exist. The distribution of PAH is described by Broman et al.
(1991). Some stations are almost analogous to the sampling sites
described here (SB � S6, SA � S8, BS � S10, BB � At4). However,
in this study the area of the Skagerrak and Kattegat, which is often
neglected, was also taken into consideration. Near the North Sea
inflow the salinity change in the surface water of the stations S1
(32 PSU) to Mo5 (12 PSU) and the freshwater inflow is extreme.
It will likely have a strong influence on the DOM composition
) and EI-QMS (below) detection for At4 station (Bothnian Bay). The TD step is shown
ature is plotted. On the abscissa the mass-to-charge ratio is depicted. Graduated in
nd, the reader is referred to the web version of this article.)
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Fig. 3. (a) Chromatogram of At4 surface water samples under pyrolysis conditions, for the ion traces 128, 166, 178 and 202, resulting from the use of REMPI-ToFMS detection.
In addition to NAP, FLO, PHE and PYR the time position of ANT and FLU is located in the REMPI-Chromatogram. (b) In the diagrams for the line of salinity the relative peak
intensities are given vs. the salinity S. The latter of the respective stations is noted below.
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and distribution, as it is well known for the sum parameter of DOM
(Sholkovitz, 1976). The impact on the PAH composition is difficult
to predict. The aqueous solubility of PAHs has been found to be
dependent in most cases on the concentration and type of salt pre-
sent in solution (Ni and Yalkowsky, 2003). Moreover the Baltic Sea
is characterized by high ship traffic, which represents an anthro-
pogenic source for PAH (HELCOM, 2010b).

For data analysis and to obtain particular semi-quantitative
results, the peak intensities from the REMPI-chromatograms of
the individual molecule ions are used for all stations from the river
Kalix (lowest salinity) to the S1 station (highest salinity). Three
technical replicates per station for each surface water sample were
measured. The relative peak intensities were calculated and are
illustrated in Fig. 3b. Therefore, the peak intensity of the REMPI
chromatogram for the molecular ion was divided by the total
intensities for all nominal masses (90–450 m/z) in a certain time
window including the retention time. For NAP (m/z 128, t(R)
= 580 s) an increasing trend from the river mouth to the Mo5 sta-
tion (southernmost point of sampling) is observed. After passing
Mo5 to S1 station the trend is nearly constant. In general for FLO,
PHE and PYR a stagnating to slightly rising trend along the salinity
gradient, from the river inflow up to the North Sea is visible. This
may be linked to increasing industrial pollution coming along with
the gradient of salinity. Although considering pyrolysis fragments
of higher aromatic structures in this work, the results show a good
agreement to the publication of Broman et al. (1991), where the
total concentrations of 11 unbonded PAH was summarized.

Under the assumption that the North Sea input constitutes no
relevant source for the PAH components, a slight increase of the
PAH content is visible. In the northern Baltic Sea the input of
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terrestrial organic material by rivers is high (Humborg et al.,
2004; Otto et al., submitted for publication), but the industrial
development and shipping are low (HELCOM, 2014), explaining
the low PAH content. In contrast, in the Baltic Proper and the
North Sea channel, higher PAH concentrations are registered. The
reason may be the increased ship traffic (HELCOM, 2010b), the
higher number of industrialized cities as well as the rivers, partly
contaminated by industrial waste, which drain into the southern
Baltic Sea.

Linking main sources of PAH in different compartments (north-
ern, central and south-western Baltic Sea) of the marine environ-
ment to natural processes and human activities is difficult. The
anthropogenic PAH are classified as pyrolytic and petrogenic PAH
(Wu et al., 2011). According to Tam et al. (2001) and Yunker
et al. (2002) isomer ratios have a good potential to distinguish
between natural and anthropogenic sources as well as pyrolytic
and petrogenic anthropogenic sources. In this context the ANT/
(ANT + PHE)-value and FLU/(FLU + PYR)-ratio were applied. The
retention sequence was characterized by measurements of stan-
dard solutions. Additionally, the PAH retention indices of Lee
(1979) support the evaluation for these substances. There are some
selectivity rules that are exploited for peak assignment. The rela-
tive cross sections (rrel) of ANT (rrel = 3.3) in comparison to toluene
at the utilized wavelength of 266 nm is two orders of magnitude
lower than for PHE (rrel = 178.9) displayed in Fig. 3a. The same
applies to the ratio between FLU (rrel = 5.8) and PYR (rrel = 196.2)
(Otto et al., 2015a). The resulting differences in ionization, in par-
ticular of ANT and FLU, are the reason why the EI chromatograms
under pyrolysis conditions are used to calculate the isomer ratios.
The formation and isomerisation of PAH, if they are released from
mass spectrometry with electron-ionization or resonance-enhanced-mul-
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higher molecular structures or build up from smaller, chemically
active components (e.g. radicals) under the selected reaction con-
ditions (low pyrolysis temperature, exclusion of air, low pressure)
is not probable and can be entirely excluded (Faix et al., 1990). The
results for heavy crude oils support the statement, because under
pyrolysis conditions next to PHE no peak for ANT was visible
(Otto et al., 2015a).

In Kalix river and for At4 (northern Baltic Sea, Bothnian Bay)
results an ANT/(ANT + PHE) value between 0.45 and 0.41 and for
FLU/(FLU + PYR) a ratio of approximately 0.45 is visible. In the cen-
tral Baltic (S8, At3) the values are constant by 0.41 or 0.44. Near the
North Sea (Mo5, At1, S1) a slight decreasing trend to a value of 0.31
for ANT/(ANT + PHE) was achieved. This corresponds to Yunker
et al. (2002) and Tam et al. (2001) suggesting pyrolytic sources
over the whole salt gradient. In contrast the FLU/(FLU + PYR) value
is nearly constant with a slightly increasing trend toward the North
Sea. The range for the line of salinity is 0.4–0.5 and indicating
incomplete fossil fuel combustion (Wu et al., 2011). The isomer
ratios along the salinity gradient are presented in Fig. 4.

Alkylated PAH can also be used as indicator for an anthro-
pogenic source (Wang et al., 2007). Especially, NAP and its homo-
logues derive mainly from petrogenic inputs (Tam et al., 2001) and
constitute a significant fraction of crude oils and petroleum prod-
ucts (Mullins et al., 2007; Otto et al., 2015a). Fig. 5 shows represen-
tatives of the NAP homologue row up to the fourth degree of
alkylation under pyrolysis conditions. The REMPI-ToFMS chro-
matograms (right) are compared with the EI-QMS chromatograms
(left) for relevant ion traces. On the abscissa the GC-time
(-temperature) is plotted and on the y-axis the peak intensity is
shown. In the EI chromatogram many peaks can be found on the
ion track m/z 128. Lots of them were only detected by the EI setup
and can originate from compound fragmentation of e.g. alkanes. An
Fig. 4. The isomer ratios ANT/(PHE + ANT) and FLU/(PYR + FLU) are given (ordinate) alon
area marks a specific source origin. This corresponds with the literature (Yunker et al., 200
interpretation of the references to color in this figure legend, the reader is referred to th
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assignment is often not possible despite database matching due to
the complexity of signals, which complicates the identification of
components. In contrast the REMPI chromatogram for m/z 128 is
less complex. The dominant NAP peak is visible with a retention
time of 580 s. The intensity of ion traces from the first and the sec-
ond degree of alkylation are increased in both chromatograms.
Afterwards for the third and fourth degree of alkylation the inten-
sities decrease significantly, while the product variety is increasing
continuously. Similar results are observed for the larger PAH FLO,
PHE and PYR.

Using the REMPI setup, high peak intensities for PAH are
detected for alkylated species up to the sixth degree auf alkylation
(Otto et al., 2015a). NAP and its alkylated representatives were
found in the chromatograms resulting from the TD step (supple-
mental material S2), but with low signal intensities. The free evap-
orable PAH are barely present. Hence, the investigated organic
material mainly consists of large molecular aromatic structures.
Alkylated homologues of PAH with maxima at C1 and higher usu-
ally indicate mature organic matter or petroleum. For diesel and
oil combustion the maxima shift to C1 and higher alkylation
degrees (Yunker et al., 2002). For general combustion processes
the maximum is mainly located at C0 (Sporstol et al., 1983). In
combination with the previously calculated isomer ratios (ANT/
PHE and FLU/PYR) a pyrolytic source by incomplete combustion
of fossil fuel over the whole salt gradient is probable. This trend
is increasing toward the southern and western Baltic Sea, which
is in good agreement with the industrial development (HELCOM,
2014) and the more and more densifying shipping routes toward
the North Sea (HELCOM, 2010b). The combustion and pyrolytic
products of fuels, released into the atmosphere (Pazdro, 2004),
are probably the dominant input for PAH to the aquatic environ-
ment (Motelay-Massei et al., 2006).
g the transect (abscissa) of the Baltic Sea under pyrolysis conditions. Each colored
2; Tam et al., 2001). The trend curve is displayed for semi qualitative statement. (For
e web version of this article.)
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Fig. 5. NAP and its alkylated representatives (CX) up to the fourth degree of alkylation on the At4 station (Bothnian Bay). Direct comparison of the ion traces which result from
EI-QMS (left) and REMPI-ToFMS (right) measurements under pyrolysis conditions. On the abscissa GC-time (parallel the GC temperature) and on the ordinate the peak
intensity are plotted.
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4. Conclusion

The described Py-GC/MS method with two simultaneous
measuring detection units allows an innovative chemical analysis
of DOM, which was applied for the first time to investigate PAH
compounds in aquatic environments. In addition to the TD step
for analysis of the well-studied small PAH components (e.g.
Baumard et al., 1999; Broman et al., 1991; Witt, 1995; Witt
et al., 2009), a pyrolysis step is necessary to enable the detection
of higher molecular degradation products. This field of research
is largely unexplored and this study offers an opportunity to gain
a first look at the topic.

Referring to the semi-quantitative measurements, a stagnating
or slightly rising trend for selected PAH components along the
Baltic Sea transect from the north to the southwestern area was
visible. Corresponding to the concentration profiles of NAP, FLO,
PHE and PYR, their distribution is contrary to the previously inves-
tigated lignin degradation products (Otto et al., submitted for
publication). This could indicate an anthropogenic input by
increasing shipping traffic. That is underlined by the ANT/(PHE
+ ANT)-value (0.31–0.45) as well as the FLU/(PYR + FLU)-value
(0.44–0.53), which is indicative for a release of fossil fuels to the
environment by incomplete combustion or pyrolytic processes.
The detection of naphthalene and the distribution of its alkylated
representatives also support this statement.

The riverine runoff and particularly the atmosphere are the two
most important vectors of PAH transportation into the marine sys-
tems (Lipiatou et al., 1997; Motelay-Massei et al., 2006). To support
this statement, future research should deal with the investigation
of all marine environmental compartments of sediment, water
and air. For one station in the Baltic Sea the sediment, water col-
umn and aerosol should be sampled at the same time. A direct
comparison could help to understand exchange processes in more
detail. In addition to DOM also the particulate matter should be
investigated, because PAH do rapidly adsorb on particles (Neff,
1979). All these types of samples could be measured without time
Please cite this article in press as: Otto, S., et al. Pyrolysis–gas chromatography–
ti-photon-ionization for characterization of polycyclic aromatic hydrocarbon
marpolbul.2015.08.001
consuming sample preparation by the presented TD/Py-GC-EI-
QMS/REMPI-ToFMS system. The separation and a combination of
an universal as well as a PAH selective and sensitive detection
are useful for a closer look at the high molecular composition of
natural samples.

The system could be optimized further by the application of
GCxGC systems for a higher separation power (Eschner et al.,
2010; Welthagen et al., 2007). Using other wavelengths or increas-
ing LASER repetition frequency (Haefliger and Zenobi, 1998; Li
et al., 2011) could expand the substance spectrum and other com-
pounds should be accessible. In summary, the obtained informa-
tion such as size of aromatic structures, especially under
pyrolysis conditions, provides a new access to the research topic
of DOM.

Acknowledgments

Leibniz-Gemeinschaft is acknowledged for financial support of
the ATKiM project. Special thanks go to V. Trommer for his con-
structive comments and opinions.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.marpolbul.2015.
08.001.

References

Baumard, P., Budzinski, H., Garrigues, P., Narbonne, J.F., Burgeot, T., Michel, X.,
Bellocq, J., 1999. Polycyclic aromatic hydrocarbon (PAH) burden of mussels
(Mytilus sp.) in different marine environments in relation with sediment PAH
contamination, and bioavailability. Mar. Environ. Res. 47 (5), 415–439.

Boesl, U., 1991. Multiphoton excitation and mass selective ion detection for neutral
and ion spectroscopy. J. Phys. Chem. 95 (8), 2949–2962.

Boesl, U., Neusser, H.J., Schlag, E.W., 1981. Multiphoton ionization in the mass-
spectrometry of polyaromatic-molecules-cross-sections. Chem. Phys. 55 (2),
193–204.
mass spectrometry with electron-ionization or resonance-enhanced-mul-
s in the Baltic Sea. Mar. Pollut. Bull. (2015), http://dx.doi.org/10.1016/j.

http://dx.doi.org/10.1016/j.marpolbul.2015.08.001
http://dx.doi.org/10.1016/j.marpolbul.2015.08.001
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0005
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0005
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0005
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0005
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0010
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0010
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0015
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0015
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0015
http://dx.doi.org/10.1016/j.marpolbul.2015.08.001
http://dx.doi.org/10.1016/j.marpolbul.2015.08.001


8 S. Otto et al. /Marine Pollution Bulletin xxx (2015) xxx–xxx
Brody, J.G., Moysich, K.B., Humblet, O., Attfield, K.R., Beehler, G.P., Rudel, R.A., 2007.
Environmental pollutants and breast cancer – epidemiologic studies. Cancer
109 (12), 2667–2711.

Broman, D., Naf, C., Rolff, C., Zebuhr, Y., 1991. Occurrence and dynamics of
polychlorinated dibenzo-para-dioxins and dibenzofurans and polycyclic
aromatic-hydrocarbons in the mixed surface-layer of remote coastal and
offshore waters of the Baltic. Environ. Sci. Technol. 25 (11), 1850–1864.

Chiou, C.T., McGroddy, S.E., Kile, D.E., 1998. Partition characteristics of polycyclic
aromatic hydrocarbons on soils and sediments. Environ. Sci. Technol. 32 (2),
264–269.

Dittmar, T., Koch, B., Hertkorn, N., Kattner, G., 2008. A simple and efficient method
for the solid-phase extraction of dissolved organic matter (SPE-DOM) from
seawater. Limnol. Oceanogr.-Methods 6, 230–235.

Eschner, M.S., Welthagen, W., Groger, T.M., Gonin, M., Fuhrer, K., Zimmermann, R.,
2010. Comprehensive multidimensional separation methods by hyphenation of
single-photon ionization time-of-flight mass spectrometry (SPI-TOF-MS) with
GC and GCxGC. Anal. Bioanal. Chem. 398 (3), 1435–1445.

Faix, O., Meier, D., Fortmann, I., 1990. Thermal-degradation products of wood – a
collection of electron-impact (EI) mass-spectrometry of monomeric lignin
derived products. Holz als Roh- und Werkstoff. 48 (9), 351–354.

Fendt, A., Geissler, R., Streibel, T., Sklorz, M., Zimmermann, R., 2012. Hyphenation of
two simultaneously employed soft photo ionization mass spectrometers with
thermal analysis of biomass and biochar. Thermochim. Acta 551, 155–163.

Haefliger, O.P., Zenobi, R., 1998. Laser mass spectrometric analysis of polycyclic
aromatic hydrocarbons with wide wavelength range laser multiphoton
ionization spectroscopy. Anal. Chem. 70 (13), 2660–2665.

Helcom, 2010a. Hazardous substances in the Baltic Sea: an integrated thematic
assessment of hazardous substances in the Baltic Sea. Baltic Sea Environ. Proc.
120B, 1–116.

HELCOM, 2010b. Report on Shipping Accidents in the Baltic Sea Area for the Year.
HELCOM, 2014. List of JCP Hot Spots in the Baltic Sea Catchment Area.
Herlemann, D.P.R. et al., 2014. Uncoupling of bacterial and terrigenous dissolved

organic matter dynamics in decomposition experiments. PLoS ONE 9 (4),
e93945.

Humborg, C., Smedberg, E., Blomqvist, S., Mörth, C.M., Brink, J., Rahm, L., Danielsson,
., Sahlberg, J., 2004. Nutrient variations in boreal and subarctic Swedish rivers:

landscape control of land-sea fluxes. Limnol. Oceanogr. 49 (5), 1871–1883.
Imasaka, T., 2013. Gas chromatography/multiphoton ionization/time-of-flight mass

spectrometry using a femtosecond laser. Anal. Bioanal. Chem. 405 (22), 6907–
6912.

Lee, M.L., 1979. Retention indices for programmed-temperature capillary-column
gas chromatography of polycyclic aromatic hydrocarbons. Anal. Chem. 51 (6),
768–774.

Li, A., Uchimura, T., Tsukatani, H., Imasaka, T., 2010. Trace analysis of polycyclic
aromatic hydrocarbons using gas chromatography–mass spectrometry based
on nanosecond multiphoton ionization. Anal. Sci. 26 (8), 841–846.

Li, A., Imasaka, T., Uchimura, T., 2011. Analysis of pesticides by gas
chromatography/multiphoton ionization/mass spectrometry using a
femtosecond laser. Anal. Chim. Acta 701 (1), 52–59.

Lipiatou, E., Tolosa, I., Simó, R., Bouloubassi, I., Dachs, J., Marti, S., Sicre, M.-A.,
Bayona, J.M., Grimalt, J.O., Saliot, A., Albaigés, J., 1997. Mass budget and
dynamics of polycyclic aromatic hydrocarbons in the Mediterranean Sea. Deep-
Sea Res. Part II: Top. Stud. Oceanogr. 44 (3–4), 881–905.

Lubecki, L., Kowalewska, G., 2012. Indices of PAH origin – a case study of the Gulf of
Gdansk (SE Baltic) sediments. Polycyclic Aromat. Compd. 32 (3), 335–363.

Miltner, A., Emeis, K.C., 2001. Terrestrial organic matter in surface sediments of the
Baltic Sea, Northwest Europe, as determined by CuO oxidation. Geochim.
Cosmochim. Acta 65 (8), 1285–1299.

Mitschke, S., Welthagen, W., Zimmermann, R., 2006. Comprehensive gas
chromatography-time-of-flight mass spectrometry using soft and selective
photoionization techniques. Anal. Chem. 78 (18), 6364–6375.

Motelay-Massei, A., Garban, B., Tiphagne-larcher, K., Chevreuil, M., Ollivon, D., 2006.
Mass balance for polycyclic aromatic hydrocarbons in the urban watershed of
Le Havre (France): transport and fate of PAHs from the atmosphere to the
outlet. Water Res. 40 (10), 1995–2006.

Mullins, O.C., Sheu, E.Y., Hammami, A., Marshall, A.G., 2007. Asphaltenes, Heavy
Oils, and Petroleomics. Springer Science and Business Media, New York.

Neff, J.M., 1979. Polycyclic Aromatic Hydrocarbons in the Aquatic Environment.
Applied Science Publishers Ltd., London.

Ni, N., Yalkowsky, S.H., 2003. Prediction of Setschenow constants. Int. J. Pharm. 254
(2), 167–172.
Please cite this article in press as: Otto, S., et al. Pyrolysis–gas chromatography–
ti-photon-ionization for characterization of polycyclic aromatic hydrocarbon
marpolbul.2015.08.001
Opsahl, S., Benner, R., 1997. Distribution and cycling of terrigenous dissolved
organic matter in the ocean. Nature 386 (6624), 480–482.

Otto, S., Streibel, T., Erdmann, S., Sklorz, M., Schulz-Bull, D., Zimmermann, R., 2015a.
Application of pyrolysis–mass spectrometry and pyrolysis–gas
chromatography–mass spectrometry with electron-ionization or resonance-
enhanced-multi-photon-ionization for characterization of crude oils. Anal.
Chim. Acta 855, 60–69.

Otto, S., Erdmann S., Streibel T., Herlemann D., Schulz-Bull D., Zimmermann R.,
2015b. Pyrolysis-gas chromatography–mass spectrometry with electron-
ionization or resonance-enhanced-multi-photon-ionization for
characterization of terrestrial dissolved organic matter in the Baltic Sea. Anal.
Methods (submitted for publication).

Pazdro, K., 2004. Persistent organic pollutants in sediments from the Gulf of Gdansk.
Ann. Set Environ. Prot. 6, 63–76.

Reunamo, A., Riemann, L., Leskinen, P., Jorgensen, K.S., 2013. Dominant petroleum
hydrocarbon-degrading bacteria in the Archipelago Sea in South-West Finland
(Baltic Sea) belong to different taxonomic groups than hydrocarbon degraders
in the oceans. Mar. Pollut. Bull. 72 (1), 174–180.

Rogowska, J., Wolska, L., Namiesnik, J., 2010. Impacts of pollution derived from ship
wrecks on the marine environment on the basis of s/s ‘‘Stuttgart” (Polish coast,
Europe). Sci. Total Environ. 408 (23), 5775–5783.

Ruczynska, W.M., Szlinder-Richert, J., Malesa-Ciecwierz, M., Warzocha, J., 2011.
Assessment of PAH pollution in the southern Baltic Sea through the analysis of
sediment, mussels and fish bile. J. Environ. Monit. 13 (9), 2535–2542.

Schwarzenbach, R.P., Gschwend, P.M., Imboden, D.M., 2003. Sorption of natural
compounds to ‘‘Dissolved” Organic Matter (DOM). Environ. Org. Chem. (second
edition) 9 (4), 314–321.

Sholkovitz, E.R., 1976. Flocculation of dissolved organic and inorganic matter during
mixing of river water and sea water. Geochim. Cosmochim. Acta 40 (7), 831–845.

Shor, L.M., Kosson, D.S., Rockne, K.J., Young, L.Y., Taghon, G.L., 2004. Combined
effects of contaminant desorption and toxicity on risk from PAH contaminated
sediments. Risk Anal. 24 (5), 1109–1120.

Sporstol, S., Gjos, N., Lichtenthaler, R.G., Gustavsen, K.O., Urdal, K., Oreld, F., Skel, J.,
1983. Source identification of aromatic-hydrocarbons in sediments using GC/
MS. Environ. Sci. Technol. 17 (5), 282–286.

Stader, C., Beer, F.T., Achten, C., 2013. Environmental PAH analysis by gas
chromatography-atmospheric pressure laser ionization-time-of-flight-mass
spectrometry (GC-APLI-MS). Anal. Bioanal. Chem. 405 (22), 7041–7052.

Tam, N.F.Y., Ke, L., Wang, X.H., Wong, Y.S., 2001. Contamination of polycyclic
aromatic hydrocarbons in surface sediments of mangrove swamps. Environ.
Pollut. 114 (2), 255–263.

Thiele-Bruhn, S., Brummer, G.W., 2005. Kinetics of polycyclic aromatic hydrocarbon
(PAH) degradation in long-term polluted soils during bioremediation. Plant Soil
275 (1–2), 31–42.

Wang, J.Z., Guan, Y.F., Ni, H.G., Luo, X.L., Zeng, E.Y., 2007. Polycyclic aromatic
hydrocarbons in riverine runoff of the pearl river delta (China): concentrations,
fluxes, and fate. Environ. Sci. Technol. 41 (16), 5614–5619.

Welthagen, W., Mitschke, S., Muhlberger, F., Zimmermann, R., 2007. One-
dimensional and comprehensive two-dimensional gas chromatography
coupled to soft photo ionization time-of-flight mass spectrometry: a two- and
three-dimensional separation approach. J. Chromatogr. A 1150 (1–2), 54–61.

Witt, G., 1995. Polycyclic aromatic hydrocarbons in water and sediment of the
Baltic Sea. Mar. Pollut. Bull. 31 (4–12), 237–248.

Witt, G., Liehr, G.A., Borck, D., Mayer, P., 2009. Matrix solid-phase microextraction
for measuring freely dissolved concentrations and chemical activities of PAHs in
sediment cores from the western Baltic Sea. Chemosphere 74 (4), 522–529.

Wu, Y.-L., Wang, X.-H., Li, Y.-Y., Hong, H.-S., 2011. Occurrence of polycyclic aromatic
hydrocarbons (PAHs) in seawater from the Western Taiwan Strait, China. Mar.
Pollut. Bull. 63 (5–12), 459–463.

Yunker, M.B., Macdonald, R.W., Vingarzan, R., Mitchell, R.H., Goyette, D., Sylvestre,
S., 2002. PAHs in the Fraser River basin: a critical appraisal of PAH ratios as
indicators of PAH source and composition. Org. Geochem. 33 (4), 489–515.

Zimmermann, R., Boesl, U., Weickhardt, C., Lenoir, D., Schramm, K.W., Kettrup, A.,
Schlag, E.W., 1994. Isomer-selective ionization of chlorinated aromatics with
LASERs for analytical Time-of-Flight mass-spectrometry – first results for
polychlorinated dibenzo-p-dioxins (PCDD), biphenyls (PCB) and Benzenes
(PCBZ). Chemosphere 29 (9–11), 1877–1888.

Zimmermann, R., Lermer, C., Schramm, K.W., Kettrup, A., Boesl, U., 1995. 3-
dimensional trace analysis-combination of gas-chromatography, supersonic
beam UV spectroscopy and Time-of-Flight mass-spectrometry. Eur. Mass
Spectrom. 1 (4), 341–351.
mass spectrometry with electron-ionization or resonance-enhanced-mul-
s in the Baltic Sea. Mar. Pollut. Bull. (2015), http://dx.doi.org/10.1016/j.

http://refhub.elsevier.com/S0025-326X(15)00505-6/h0020
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0020
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0020
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0025
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0025
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0025
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0025
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0030
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0030
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0030
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0035
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0035
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0035
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0040
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0040
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0040
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0040
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0045
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0045
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0045
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0050
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0050
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0050
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0055
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0055
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0055
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0060
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0060
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0060
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0075
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0075
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0075
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0080
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0080
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0080
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0085
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0085
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0085
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0090
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0090
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0090
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0095
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0095
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0095
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0100
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0100
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0100
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0105
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0105
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0105
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0105
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0110
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0110
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0115
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0115
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0115
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0120
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0120
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0120
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0125
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0125
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0125
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0125
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0130
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0130
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0135
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0135
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0140
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0140
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0145
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0145
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0150
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0150
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0150
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0150
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0150
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0160
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0160
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0165
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0165
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0165
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0165
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0170
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0170
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0170
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0170
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0175
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0175
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0175
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0180
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0180
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0180
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0180
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0185
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0185
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0190
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0190
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0190
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0195
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0195
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0195
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0200
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0200
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0200
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0205
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0205
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0205
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0210
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0210
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0210
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0215
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0215
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0215
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0220
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0220
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0220
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0220
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0225
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0225
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0230
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0230
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0230
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0235
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0235
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0235
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0240
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0240
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0240
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0245
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0245
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0245
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0245
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0245
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0250
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0250
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0250
http://refhub.elsevier.com/S0025-326X(15)00505-6/h0250
http://dx.doi.org/10.1016/j.marpolbul.2015.08.001
http://dx.doi.org/10.1016/j.marpolbul.2015.08.001

	Pyrolysis&ndash;gas chromatography&ndash;mass
	1 Introduction
	2 Material and methods
	2.1 Sample preparation and extraction
	2.2 Measurement system and sample injection

	3 Results and discussion
	4 Conclusion
	Acknowledgments
	Appendix A Supplementary material
	References


