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Abstract

High per- and polyfluorinated alkyl substance (PFAS) concentrations have been detected in agricultural soils in Southwest
Germany. Discharges of PFAS-contaminated paper sludge and compost are suspected to be the cause of the contamination.
Perfluorinated carboxylic acids (PFCAs) have been detected also in groundwater, drinking water, and plants in this area.
Recently, previously unknown compounds have been identified by high-resolution mass spectrometry (HRMS). Major contam-
inants were polyfluorinated dialkylated phosphate esters (diPAPs) and N-ethyl perfluorooctane sulfonamide ethanol-based
phosphate diester (diSAmMPAP). In this study, HRMS screening for PFAS was applied to 14 soil samples from the contaminated
area and 14 impregnated paper samples which were from a similar period than the contamination. The paper samples were
characterized by diPAPs (from 4:2/6:2 to 12:2/12:2), fluorotelomer mercapto alkyl phosphates (FTMAPs; 6:2/6:2 to 10:2/10:2),
and diSAmPAP. In soil samples, diPAPs and their transformation products (TPs) were the major contaminants, but also
FTMAPs, diSAmPAP, and their TPs occurred. The distribution patterns of the carbon chain lengths of the precursor PFAS in
soil samples were shown to resemble those in paper samples. This supports the hypothesis that paper sludge is a major source of
contamination. The presence of major degradation products like PFCAs, FTSAs, or PFOS and their distribution of carbon chain
lengths indicate the activity of biotic or abiotic degradation processes and selective leaching processes from the upper soil
horizons.
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Introduction

Per- and polyfluorinated alkyl substances (PFAS) have unique
properties and a broad application spectrum. Currently, PFAS
comprise a family of approximately 4730 known individual
compounds [1]. They are chemically and thermally very stable
compounds [2] and characterized by hydrophobic and
lipophobic properties. Therefore, PFAS are advantageous
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compounds in many consumer products and in industrial pro-
cesses. They are widely used as oil and water repellents for
textiles [3] and paper products [4], and also as surfactants in
fire-fighting foams [5] and industrial processes like
electroplating [6]. However, concerns about PFAS come from
their high persistence and their potential to bioaccumulate and
to cause adverse health effects in laboratory and wild animals
[7-10]. Due to the widespread and extensive use of PFAS,
they are found in aquatic and terrestrial fauna, in human blood
serum [11], and in ground, surface, and drinking water
[12-17].

Many commercially used PFAS have the potential to form
transformation or dead-end products in the environment and
are therefore referred to as precursor compounds. Typical
PFAS precursors that were applied to food contact paper in
the past include polyfluorinated dialkylated phosphate esters
(diPAPs) along with their mono- and trialkylated analogues as
impurities (mono and triPAPs) as well as N-ethyl
perfluorooctane sulfonamide ethanol-based phosphate diester
(diSAmPAP) [4].
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Even though biotic and abiotic transformation can play a
role for many precursor PFAS, perfluorocarboxylic acids
(PFCAs) are typical dead-end transformation products (TPs)
[18-21]. The use of PFAS in consumer and personal care
products [22, 23] can lead to an input in the environment via
different routes, like municipal wastewater treatment plants or
landfill leachates [3].

In a recent case in SW Germany, the “Rastatt case,” high
PFAS concentrations have been detected in soil, plants,
groundwater, and even drinking water [24—27]. Deposition
of compost mixed with waste from the paper industry onto
arable land between the years 2000 and 2008 is suspected to
be the main cause of contamination [28]. Our earlier study on
the Rastatt site [24] focused on the determination and charac-
terization of the contamination by liquid chromatography
coupled to high-resolution mass spectrometry (LC-HRMS).
It could be shown that diPAPs and diSAmPAP play a major
role in the contamination of agricultural fields. Over time,
diPAPs can degrade by cleavage of the phosphate ester bond
which then results in a fluorotelomer alcohol (FTOH) [29].
Further degradation products which were detected in soil sam-
ples include n:2 fluorotelomer unsaturated carboxylic acids
(FTUCASs), n:3 acids, and PFCAs [30]. This is in good agree-
ment with a study by Liu and Liu (2016) who also found
PFCAs as TPs from diPAP amended soils in aerobic degrada-
tion experiments [31]. Also diSAmMPAP TPs were detected
including N-ethyl perfluorooctane sulfonamidoacetate
(EtFOSAA) and perfluorooctanesulfonate (PFOS) [32, 33].

To understand the big picture of the sources and fate of the
contamination, we tested the hypothesis that the contaminant
patterns on soils can be traced back to PFAS products used for
paper impregnation. Therefore, in this work, we characterized
PFAS and potential transformation products (TPs) from im-
pregnated paper products from the early 2000s and compared
the results to PFAS patterns from contaminated soil samples.

Materials and methods
Chemicals and reagents

Optima LC-MS grade methanol (MeOH), ammonium acetate
(NH4Ac), and water were purchased from Fisher Scientific.
Bis[2-(perfluorohexyl)ethyl]phosphate (6:2 diPAP), 6:2
fluorotelomer sulfonic acid (6:2 FTSA), N-ethyl
polyfluoroalkyloctane sulfonamidoacetic acid (EtFOSAA),
N-ethyl perfluorooctane sulfonamide ethanol-based phos-
phate diester (diSAmPAP), linear perfluorooctane sulfonic
acid (PFOS), and perfluoroheptanoic acid (PFHpA) were pur-
chased from Wellington Laboratories, Inc. (Guelph, Ontario,
Canada). Perfluorooctanesulfonamide (FOSA) was obtained
from SynQuest Laboratories (Alachua, FL, USA). 6:2
fluorotelomer mercapto alkyl phosphate (6:2 FTMAP) was
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synthesized according to literature [34]. Further details on
the identification of the synthesized FTMAP by HRMS and
NMR are given Supplementary Information (ESM1).

Sample preparation

Homogenized, freeze-dried soil samples (S1-S14) from the
plough horizon (top 30 cm) were provided by the
Agricultural Technology Center Augustenberg (Karlsruhe,
Germany). All samples were from agricultural soil plots from
two regions of about 1 million m? with known PFAS contam-
ination in SW Germany [35]: Rastatt/Baden-Baden (S1-S10,
S12) and Mannheim (S11, S13, S14). S1-S3 were sampled
from one agricultural plot, S4-S7 from another plot about
8 km away. A blank sample Sg was taken from an agricultural
test field of the Rastatt/Baden-Baden region where no
intended input of PFAS occurred. Soil samples from deeper
soil horizons were available from sites S1-S6, S9, S10 (30—
60-cm depth) and S1-S6, S10 (60-90-cm depth) (for further
details, see ESM1).

Five grams were weighed into a polypropylene (PP) tube
and extracted with 10 mL methanol. The mixture was sonicat-
ed for 15 min and put onto a horizontal shaker for 24 h. The PP
tube was subsequently centrifuged (15 min, 3000 rcf). An
aliquot (1 mL) was transferred into a PP vial and centrifuged
again prior to analysis (15 min, 6000 rcf).

Paper samples consisted of a variety of store-bought paper
products including muffin liners (5 samples: P8, P9, P10, P12,
P14) and paper plates (1 sample: P4) as well as raw paper
materials (8 samples: P1, P2, P3, PS5, P6, P7, P11, P13).
Raw papers are plain paper products which are further used
for the production of the finished consumer products. They
were provided by the Fraunhofer Institute for Process
Engineering and Packaging (Freising, Germany) and collected
in the time period between 2000 and 2010. The papers were
cut into rectangular shapes with defined surface areas in the
range of 47-308 cm? (details in Table S1, see ESM1), put in 5-
L beakers, fully immersed in 100 mL. MeOH, and shaken
overnight. The beakers were tightly sealed with transparent
foil to prevent evaporation of the MeOH. The extracts were
then completely transferred into round-bottom flasks and re-
duced to < 5 mL with a rotary evaporator at 40 °C and 330
mbar. The enriched extracts were transferred into 5-mL glass
vials and evaporated to 1 mL with a gentle stream of nitrogen.
Prior to analysis, the samples were centrifuged (15 min, 6000
rcf) and transferred to a PP vial.

Instrumental analysis

For soil samples S11-S14 and paper samples P1-P14, an
Agilent C18 column (Poroshell 120 EC-C18, 2.1 mm x 100
mm, particle size 2.7 um) with a flow rate of 0.4 mL/min and a
temperature of 40 °C was used. Eluent A (95:5 v/v H,O/
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MeOH) and eluent B (95:5 v/v MeOH/H,0), both with 5 mM
NH4Ac, were used for gradient elution. The gradient started
with 25% B, followed by a linear increase to 85% B within
2 min and 100% B within 2.5 min. 100% B was kept isocratic
until 12 min, followed by an equilibration time of the initial
conditions until 15 min. And 20 pL were injected.

Soil samples S1-S10 were analyzed with a slightly differ-
ent LC method. For soil samples S1-S10, an Acquity UPLC
BEH C18 column (2.1 mm x 100 mm, particle size 1.7 pm)
equipped with an Acquity UPLC BEH C18 guard column
(2.1 mm x 5 mm, particle size 1.7 um) with a flow rate of
0.4 mL/min and at a temperature of 60 °C was used. Eluent A
(95:5 v/v H,O/MeOH) and eluent B (95:5 v/v MeOH/H,0),
both with 2 mM NH4Ac, were used for gradient elution. The
gradient started with 40% B, followed by a linear increase to
60% B within 1 min and 100% B within 1.5 min. 100% B was
kept isocratic until 4.5 min, followed by an equilibration time
of the initial conditions until 7 min. And 10 pL were injected.

All samples were measured on a 1290 HPLC system
(Agilent Technologies, Waldbronn, Germany) coupled to a
6550 QTOF (Agilent Technologies, Santa Clara, USA) oper-
ated in negative ionization mode with a scan range from m/z
100 to m/z 1700.

Data evaluation

Determination and identification of suspect compounds was
determined according to the method described in our previous
work [24]. Briefly, samples were screened for PFAS (a) by
finding compounds in homologous series with CF2 repeating
units and (b) by comparing the accurate masses of all features
with exact masses in the OECD PFAS database. This database
was manually extended with PFAS from literature research.
Peak integration of confirmed compounds was performed
using ProFinder 10.0 from Agilent Technologies. According
to Schymanski et al. (2014) [36], we assigned confidence level
la for compound identifications that were confirmed with an
authentic standard; level 1b for homologues of an identified
compound (1a) with systematic retention time shifts; and level
3 if only an accurate mass fit was available. No other levels
were assigned (for further information on the systematic re-
tention time shifts, see our previous publication (Bugsel &
Zwiener (2020) [24])).

Python was used for statistical evaluation and plotting of
the data, the heatmap was modified, and degradation schemes
were drawn using InkScape. Boxplots were generated using
the standard settings of the seaborn package in Python.

Due to different data acquisition methods from various
sampling campaigns, the relative distribution patterns of ho-
mologues within a compound class for each sample have been
compared. These patterns are generally independent of the
concentrations and acquisition methods and can therefore be
used across all samples. Commercial PFAS products typically

contain homologue patterns from the industrial synthesis
which may vary depending on manufacturer and batch, and
are therefore useful as a sort of fingerprint.

For each compound class with multiple homologues, the
weighted average perfluorinated carbon chain length for each
sample C,,,, can be calculated according to Eq. 1.

Cavg - g (ZA/; . ni> (1)

where A; is the peak area and #; is the carbon chain length
of the homologue i. For example, consider the detection of the
three different PFCAs perfluoroheptanoic, -octanoic, and -
nonanoic acid with A= 0.7, 1, and 0.6, respectively. With
>A;=2.3and n;= (6,7, 8), the weighted average chain length
would be C,,,=6.96. Compound intensities within one ho-
mologous series are generally based on peak areas and not on
concentrations, and may therefore differ from data based on
actual concentrations. However, due to the non-target screen-
ing approach and the lack of analytical standards for most
homologues, we used this approach, well-aware that ioniza-
tion efficiency is known to vary even within a homologous
series.

Since diPAPs and FTMAPs bear two fluorinated carbon
chains, the calculated C,,, value was divided by two so that
C, represents the fluorinated carbons for one chain only.
This allows a better comparison of C,,, between precursor
classes with two fluorinated carbon chains and TPs with one
fluorinated carbon chain.

Results and discussion
Occurrence of PFAS classes

PFAS-impregnated paper samples and PFAS-contaminated
soil samples were analyzed by LC-HRMS to compare patterns
of homologous series of PFAS. A total of 31 individual com-
pounds out of 8 different compound classes were identified in
all samples using a previously described method [24]. The
method is briefly described in the “Data evaluation” section.
The control sample showed low levels of PFOS; no other
PFAS were found. The full result set including signal abun-
dances, mass deviations, and confidence levels of identifica-
tion in all paper samples, soil samples, and the control soil
sample are given in ESM2. The compound classes PFCAs,
diPAPs, diSAmPAP, EtFOSAA, FOSA, FTSAs, and
FTMAPs were confirmed with one authentic standard for each
homologous series. In soil samples S11 and S12, FOSAA was
confirmed by its accurate mass with an error less than 3 ppm.
Chemical structures of original contaminants, precursor com-
pounds, and potential transformation products are shown in
Figures S1, S2, and S3 (see ESM1). A clustermap visualizes
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the occurrence of different compound classes and their nor-
malized abundances for all samples and allows to compare the
chemical composition of the samples (Fig. 1). Clusters of
samples and compounds are based on the correlation distance
metric (for further information, see ESM1).

Cluster analysis and relationship of compound classes

Interestingly, all samples are clearly subdivided into three
clusters (Fig. 1): Cluster 1 consists of paper samples P2, P3,
PS5, P6, P7, and P12 which are dominated by FTMAPs and

- 1.0

FTSAs; cluster 2 represents paper samples P1, P4, P§, P9,
P10, P11, P13, and P14 which are dominated by diPAPs;
and cluster 3 comprises soil samples S1-S14 which are main-
ly characterized by diPAPs, PFOS, and PFCAs.

In cluster 1, FTMAPs range from 6:2/6:2 to 10:2/10:2 and
are typically found in commercial products for paper impreg-
nation like Lodyne P208E (Trier et al. 2011). For example,
from paper P2, 9 mg/m? of 6:2/6:2 FTMAP were extractable
by methanol (see ESM1 for further information). FTSAs
range from 6:2 to 12:2 and are suggested to be processing aids
or reagents of FTMAP synthesis.
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Fig. 1 Clustermap for the occurrence and relative intensity of PFAS and
potential TPs in paper (P1-P14) and soil (S1-S14) samples. Cluster 1,
papers dominated by FTMAPs and TPs; cluster 2, papers with diPAPs;
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cluster 3, soil samples dominated by diPAPs, PFOS, and PFCAs. The
normalized peak intensity for each sample is color coded. Dendrograms
are generated using the correlation distance metric (ESM1)
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In paper samples of cluster 2, diPAPs dominate in the range
between 4:2/6:2 and 12:2/12:2. They are used in commercial
fluorinated impregnation products like Zonyl [37].

All soil samples in cluster 3 are dominated by diPAPs (4:2/
6:2 to 12:2/12:2), PFOS, and PFCAs. Especially
perfluorodecanoic acid (PFDA) occurs in all soil samples
(S1-S14). PFCAs are original contaminants in consumer
products and potential break-down products of diPAPs [18,
30], which explains their simultaneous occurrence in soil sam-
ples. Since the contamination with paper sludge was more
than 10 years ago and there is still a rather constant input of
PFCAs to groundwater [28], it is reasonable to assume that
mobile PFCAs from the original contamination have been
leached out from top soils and further delivery to soils is from
ongoing degradation processes of precursors which are pre-
vailing in the top soil.

PFOS in soils can be from original contamination, but is
also a potential degradation product for example of
diSAmPAP [24, 32], which co-occurs in high abundances in
soil samples (S4, S7, S8, S10-S14). Further TPs of
diSAMPAP are EtFOSAA, FOSAA, and FOSA which were
also found in samples with high PFOS contamination. The co-
occurrence of precursors and degradation products hint to the
presence of active degradation processes, even if the kinetics
may be rather slow since the precursor compounds are still
being found 10 years after the last discharge. Interestingly,
samples S2—S8, S10, and S12 with high PFOS contamination

3 32 34 36 38 4
Counts vs. Acquisition Time (min)

42 44 46 48 5

show less diPAP abundance and vice versa (S1, S9, S11, S13,
S14). This is a strong hint to different sources of paper sludge
on these soil plots.

The soil sample S13 which appears in the clustermap at the
upper fringe of cluster 3 (Fig. 1) is further characterized by the
occurrence of five FTMAPs (6:2/6:2 to 10:2/10:2) and FTSAs
(6:2 to 12:2) which hint to an additional contamination source
compared to other soil samples. 8:2/10:2 FTMAP was further
detected in S11 and S14 from the same region as S13.
FTMAPs have been so far infrequently detected in the envi-
ronment, e.g., 8:2 FTMAP in 1 out of 7 samples of landfill
leachates below the LOQ (2 ng/L) [38]. Despite high produc-
tion volumes and application to consumer products, the rare
FTMAP detections may be due to faster degradation than
other PFAS precursors and low mobility (hydrophobicity)
[39]. The observation of FTMAPs in landfills with the input
from consumer products supports the theory that paper sludge
might have served as PFAS input. Figure 2 shows the extract-
ed ion chromatograms of five FTMAP homologues and their
characteristic retention time shifts. Their identity has been
confirmed by accurate mass, accurate mass fragments, and
retention time of the synthesized 6:2/6:2 FTMAP (ESM1).
In addition to the occurrence of FTSAs as byproducts in pa-
per, FTSAs may be break-down products of FTMAPs [34],
which are formed by cleavage of the carbon-sulfur bond and
further oxidation of the thiol group of the fluorotelomer side
chain.
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Fig. 3 Principal component analysis (PCA) based on the normalized chain length distribution patterns in paper and soil samples for (a) diPAPs, (b)

PFCAs, (¢) FTMAPs, and (d) FTSAs

Comparison of compound patterns and homologue
distribution

The results of the cluster analysis support the hypothesis that
paper waste impregnated with PFAS precursors is the primary
source of soil contamination which is reflected by PFAS pat-
terns of impregnated paper products. Therefore, we compared
the compound patterns in paper and soil samples in more
detail and considered the distribution of homologues for the
precursors diPAPs and FTMAPs, as well as for the transfor-
mation products PFCAs and FTSAs by principal component
analysis (PCA) (Fig. 3) and boxplots demonstrating the aver-
age carbon chain lengths C,,, (Fig. 4). In the PCA plot for
diPAPs in Fig. 3a, soil and paper samples show a rather broad
distribution. DiPAPs in soils cluster in the lower left corner of
the PCA plot and are partly separated from those in paper.
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Interestingly, the two paper samples P4 and P13 are well-
positioned within the soil cluster, and are characterized by
the abundant occurrence of 8:2/10:2 diPAP and rather low
intensities of 6:2/6:2 and 6:2/8:2 diPAP. The results indicate
a rather broad distribution of diPAP products used for paper
impregnation and more specific, but still different input histo-
ry and sources for soil contamination on the different soil plots
which may be due to amount and frequency of sludge appli-
cation and paper sludge from different production processes or
manufacturers over time. Samples S1-S3 which are taken
from one agricultural plot clustered very well. The same ap-
plies to S4-S7. It should still be emphasized here that the
diPAP patterns in soil can also be changed by environmental
processes. The PCA plots for PFCAs, the major products of
biodegradation, show a different picture (Fig. 3b). A rather
clear separation of paper vs. soil samples along component 1
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Fig. 4 Box-whisker plot for the weighted average lengths of the
perfluorinated carbon chain C,,, of diPAPs, FTMAPs, PFCAs, and
FTSAs in 14 soil and 14 paper samples. For diPAPs and FTMAPs
which bear two fluorotelomer carbon chains, only the average carbon
length of one side chain was considered. The box represents 25 and 75
percentiles and the median, whiskers show the minimum and maximum
values, and the diamond indicates an outlier

reveals clear differences in the distribution pattern between the
soil samples and the paper samples. Analogously, we see a
similar picture for the PCA plots of FTMAPs (Fig. 3c), which
shows a broad distribution for the paper samples but the oc-
currence in only one soil sample (S13). FTMAP patterns of
S13 resemble well those of paper samples P2 and P5, which
suggests again a rather specific source of contamination. The
PCA plots of FTSAs, the major degradation products of
FTMAPs, show again a clear separation between the soil
and paper samples (Fig. 3d). The occurrence of FTSAs in five
soil samples (S9, S11-14) further indicates a past FTMAP
contamination of which only the degradation products are still
visible. But also, direct FTSA discharge or contamination of
so far unidentified precursors which may also form FTSAs has
to be taken into consideration.

Comparison of carbon chain lengths and
environmental implications

Since various commercial PFAS products differ in their rela-
tive distribution of homologues, the differences between sam-
ples for individual compound classes can be worked out by
the length of the carbon chains. We therefore plotted the
weighted average length of the perfluorinated carbon chains
C, for each sample in Fig. 4. For diPAPs, the distribution of
Ca In soil samples is narrower than that for paper samples,
but both are still overlapping. The same applies to FTMAP
which is only occurring in one soil sample. For both diPAPs
and FTMAPs, we see a trend to longer C,,, in soil samples.
For the TPs PFCAs and FTSAs, we clearly see higher C,,,
values and therefore longer chain lengths in soil samples and a
clear separation of the distribution patterns between paper and
soil. The average carbon chain lengths of PFCAs in soil sam-
ples are at about 10 and for paper samples between 7 and 8,

whereas for FTSAs, we found C,,, above 11 in soils and
between 6 and 8 in papers. The data have to be interpreted
against the background that the TPs can be introduced into soil
via paper waste, but can also be formed in soil from the pre-
cursors diPAPs and FTMAPs by environmental processes.
Therefore, we expect to find TPs with C,,, that fit to the
original contamination of the so far unknown input material
concerning TPs and PFAS precursors. The shift of PFCAs and
FTSAs to longer chain lengths compared to their occurrence
in paper and more importantly to their precursors diPAPs and
FTMAPs can be explained by the fact that sorption and trans-
port of PFAS precursors and TPs strongly depend on their
carbon chain length.

Sorption of PFAS in soils and sediments is generally in-
creased with perfluoroalkyl chain length [40—42]. Short-chain
PFCAs and PFSAs with up to six carbon atoms showed early
breakthrough in column leaching tests while their longer chain
homologues were still retarded due to sorption to sediment
[43]. This may explain the shift to long-chain PFCAs and
FTSAs in the topsoil, whereas short-chain TPs have been al-
ready transported to deeper soil horizons by leachate. Since the
soil-water distribution coefficients of the precursors diPAP and
FTMAP which bear two polyfluorinated carbon chains are
even higher than the corresponding PFCAs [42], they are ex-
pected to reside in the top soil within the plough horizon. This
has been confirmed by the predominance of diPAPs in the
upper 40 cm of a soil core [44] and by little or no detection in
deeper soil layers from the same sites (n = 14/14 in 0—30-cm
depth (S1-S14); n = 1/8 in 30—60-cm depth (S9); n=0/7 in 60—
90-cm depth; for further details, see Table S3 in ESM1; data of
deeper soil layers not shown). Therefore, formation of PFCAs
and FTSAs has occurred from corresponding precursors in the
top soils, whereas short-chain PFCAs and FTSAs have been
displaced by leachate to deeper soil horizons.

Overall, we can conclude that PFAS found in the soil sam-
ples are in good agreement with the PFAS used for paper
impregnation. The paper impregnation products diPAPs,
FTMAPs, and diSAmPAP and their TPs have been shown
to play a major role in the soil contamination and their origin
can be attributed to paper products. Differences in the patterns
of TPs between paper and soil samples can be attributed main-
ly to sorption and leaching processes which are strongly de-
pendent on carbon chain lengths.

Supplementary Information The online version contains supplementary
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