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of PAXHs from highly
contaminated soil by density differentiation:
studying the effectiveness on the molecular level†

Ruoji Luo and Wolfgang Schrader *

Contaminated soils from industrial sites, such as for coal mining or manufactured gas production, can

contain polycyclic aromatic hydrocarbons (PAHs) with a concentration higher than 10 000 mg kg−1,

which require an integrated approach for remediation. A physical treatment by separating organic

contaminants from soil materials using the density difference could lower the cost for the upcoming

chemical and/or biological treatment. In our study, a highly PAH contaminated soil was separated in

a 39% (w/w) calcium chloride solution (r = 1.4 g cm−3) via stirring, aeration or ultrasonication. Both first

and second methods could separate soil materials from organic particles efficiently. The light fraction

comprised around 10% of the total soil weight but 80% of solvent extractable organics (SEO). Optical and

transmission electron microscopic analysis showed the light fraction, which consisted of mainly black

solid aggregates (BSA), differed strongly from soil materials. Additionally, the original contaminated soil,

its light and heavy fractions and the corresponding water phase together with the manually separated

BSA were analyzed on the molecular level using ultrahigh resolution mass spectrometry (HRMS) with

different atmospheric pressure ionization (API) methods, such as electrospray (ESI) and atmospheric

pressure photo ionization (APPI). Results showed that SEO, which were primarily associated with BSA and

successfully separated through physical method, contained mainly condensed aromatic ring structures

of pure hydrocarbons and nitrogen heterocycles with low oxygen content.
Environmental signicance

Polyaromatic hydrocarbons are one of the most dangerous contamination to the environment and human beings. Aer more than one and a half centuries of
industrialization those type of compounds are almost omnipresent in the environment. The standard analytical tool is based on a list of only 16 model
compounds that can be easily analyzed but do only tell a small part of the contamination story. Here, a physical method of density differentiation is investigated
that allows the simple removal of PAH contaminations from soil. Ultrahigh resolution mass spectrometry shows much more details about the real contami-
nation and give a detailed perspective on the effectiveness of this method.
Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread
contaminants in soils and sediments worldwide.1 Their
concentration varies widely from below 5 mg kg−1 in the rural
area to over 1000 mg kg−1 in the industrial sites, such as for the
coal mining or manufactured gas production.2–7 Considering
their mutagenic and carcinogenic effects, 16 selected parent
PAHs, which are involved in the priority contaminant list sug-
gested by the United States Environmental Protection Agency
(U.S. EPA), have been monitored over more than four decades.8,9
iser-Wilhelm-Platz 1, 45470 Mülheim an

o.mpg.de

tion (ESI) available. See DOI:

s, 2024, 26, 136–145
Until 1990s, excavation and landlling were recommended as
a method to treat heavily PAH contaminated soils from manu-
factured gas plant sides.10 However, the PAHs were not really
eliminated. During the years a wide range of remediation tech-
niques such as thermal, physical, chemical, and biological treat-
ments have been applied for PAH contaminated soil.10,11 Among
them, the bioremediation is the most commonly implemented
method due to its safe, eco-friendly and cost-effective character.
The integrated approach, meaning a combination of more than
one remediation techniques, presents the second most frequently
used method for especially some highly contaminated soils.12 For
instance, soils in the “hot-spot” zones of industrial areas, with
PAH concentrations higher than 10 000 mg kg−1, are not
amenable to most bioremediation.13 Accordingly, a thermal,
physical or chemical pretreatment step was advised.

Physical treatments such as soil washing or using solvent
extraction are feasible cleanup techniques for highly
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Physical separation of contaminated soil in calcium chloride
solution using stirring, aeration or ultrasonication. The calcium chlo-
ride solution was liquid–liquid extracted with 3 × 40 mL dichloro-
methane (DCM, 99%, Sigma-Aldrich, Germany). The heavy fraction
was washed as the light fraction.
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contaminated soils with PAHs.5 Besides, the usage of density
difference as a physical parameter found quiet applications in
soil analysis and treatment. For example, heavy metals with
a density between 5 and 9 g mL−1 could be precipitated from
soil minerals (r z 2.5–3.0 g mL−1) using a heavy liquid.14,15

Quite the other way around, by applying a liquid with a proper
density lighter organic materials could oat and be separated
from the soil minerals.16 Ghosh et al. separated PAHs contam-
inated sediment samples into light and heavy fractions using
cesium chloride with a specic gravity of 1.8. Results showed
that the light fraction consisting of mainly organic particles,
which contributed 5–20% of the total mass but 60–95% of the
PAHs.17–19 Using the same solution Richardson and Aitken
could recover more than 50% of the PAHs in the light fraction
separated from a manufactured gas plant soil, which consti-
tuted less than 2% of the total mass.6 Even by suspending
contaminated soils into two-fold amount of water could lead to
a separation of maximum 76% of the PAHs for tar oil contam-
inated soils.7 The higher removal rate of PAHs by the simple
density separation is very promising for highly PAH contami-
nated soils. However, in the previous studies conclusions were
made based on the quantitative analysis of 16 EPA PAHs. Other
alkylated and high molecular weight PAHs as well as polycyclic
aromatic heterocycles containing N, S or O (PAXHs, X=N, S, O),
which could also be present in such a contamination are not
observed when targeting only the standard 16 PAHs,20 thus
limiting the method and the information gain.

A versatile tool for the non-targeted soil analysis is ultrahigh
resolution Fourier transform mass spectrometry (FTMS)21 in
combination with different atmospheric pressure ionization
(API) methods, such as electrospray ionization (ESI), atmo-
spheric pressure chemical ionization (APCI), atmospheric
pressure photo ionization (APPI)22,23 and atmospheric pressure
laser ionization (APLI), in negative and positive mode. This
delivers multidimensional information about naphthenic type
compounds24,25 or different polyaromatic compounds in ultra-
complex samples such as crude oil26,27 and soil.28,29 Negative
mode ESI FTMS analysis of dissolved organic matter (DOM)30–34

or soil organic matter (SOM)35–37 helped to understand the soil
biogeochemistry and global carbon cycling. Even molecular
characterization of natural organic matter (NOM) in ground-
water can be accomplished.38 However, a non-targeted analysis
of PAH contaminated soil using FTMS was not reported.39,40

In this work we compared different physical separation
methods for a highly PAXH contaminated soil. PAXH tend to
agglomerate and form sticky balls, which are non-water soluble
and can be separated from soil compounds by density differ-
entiation. Here, the method is presented and detailed analyses
of the original soil, its fractions and corresponding water phase
on the molecular level using ultrahigh resolution MS with
different API methods reveal the effectiveness of the method.

Materials and methods
Sample

One highly PAXH contaminated soil sample, obtained from
German Ruhrgebiet was provided as a gi, was air dried, ground
This journal is © The Royal Society of Chemistry 2024
in a mortar, sieved through 2 mm sieve, and stored in the fridge
at 4 °C.

Physical separation and following treatment

The contaminated soil was density separated using a calcium
chloride (93%, Sigma-Aldrich, Germany) solution with a specic
gravity of 1.4 by means of stirring, aeration or ultrasonication
(Fig. 1). 80 mL 39% (w/w) calcium chloride solution were poured
into a 100 mL baker or lter funnel (pore size: 16–40 mm) con-
taining 5 g of contaminated soil. Then the mixture was either
stirred or aerated with gentle nitrogen gas from the bottom for
5 min, or ultrasonicated for 30 min. Aerwards the mixture was
equilibrated overnight. Subsequently the light fraction oated
on the top were decanted on a lter paper (0.5 mm particle
retention, Macherey-Nagel, Germany) and washed with pure
water ve times to remove calcium chloride. The calcium
chloride solution was liquid–liquid extracted with 3 × 40 mL
dichloromethane (DCM, 99%, Sigma-Aldrich, Germany). The
heavy fraction was washed same way as the light fraction.

The original contaminated soil and the separated fractions
were Soxhlet extracted using DCM for over 300 cycles.29 In
addition the manually picked black solid aggregates (BSA) were
extracted as described above. Furthermore, because of the low
amount of organic matter found aer the liquid–liquid extrac-
tion in the calcium chloride solution, a Soxhlet extraction of the
original contaminated soil using pure water was performed.
Eventually, solvents used for the liquid–liquid and Soxhlet
extractions were rotary-evaporated and samples were stored in
the fridge at 4 °C prior to the analysis.

Spectrometric analysis

The light and heavy fractions were characterized using Hitachi
HF-2000 transmission electron microscopy (TEM) equipped
with a cold-eld emission gun and a Noran energy dispersive X-
ray (EDX) detector.

Mass spectrometric and data analysis

Mass spectrometric analysis was performed on a research type
FT Orbitrap MS (Thermo Fisher Scientic, Bremen, Germany)
with a LTQ Tune Plus 2.7.0 data processing system (Thermo
Fisher Scientic, Bremen, Germany). Samples were diluted to
Environ. Sci.: Processes Impacts, 2024, 26, 136–145 | 137
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250 mg mL−1 in toluene (99.8%, Acros Organics, Belgium) :
methanol (99.8%, J.T. Baker, VWR, Germany) (1 : 1, v/v) or
chlorobenzene (99%, Acros Organics, Belgium) for ESI or APPI
measurements, respectively. The sprayer voltage was set to +4/
−4 kV for the positive and negative mode ESI. The diluted
samples were infused with a ow rate of 5 mLmin−1 at 5, 2 and 1
arb (arbitrary unit) sheath, auxiliary and sweep gas ow for both
polarities. For the positive mode APPI samples were infused
with a ow rate of 20 mL min−1 under the irradiation from
a Krypton VUV lamp (Syagen, Tustin, CA, U.S.A.) with a photon
emission at 10.0 and 10.6 eV. The vaporizer temperature,
sheath, auxiliary and sweep gases were set to 350 °C, 20, 5 and 2
arb, correspondingly. Mass spectra were recorded at a mass
resolution of 480 000 atm/z 400 (FWHM) using spectra stitching
method41,42 in a mass range from 125–1200, using a 30 Da mass
windows with 5 Da overlap.

The data were recorded by Xcalibur 2.2 (Thermo Fisher
Scientic, Bremen, Germany) and further processed using
Composer v1.5.0 (Sierra Analytics, Modesto, CA, U.S.A.) with the
following chemical constraints: 0 < C < 200, 0 < H.< 1000, 0 < N <
3, 0 < S < 3, 0 < O < 11, 0 < double bond equivalent (DBE) < 100,
maximum mass error < 1.5 ppm. It has to be noted that due to
the use of a salt solution the formation of Ca-adducts are
possible. This was considered during data interpretation but no
addition of Ca was found. Therefore, here Ca was not used for
the overall determination of the class distributions.

Results and discussion
Physical separation

The contaminated soil was separated via density difference into
light (r < 1.4 g cm−3) and heavy (r > 1.4 g cm−3) fractions. It is
shown in Fig. 2 that the light fractions from stirring, aeration
and ultrasonication consist of only 10%, 11% and 4% of the
total soil weight, whereas the majority (over 85%) of the soil
constituents that comprise sand, silt, and clays remained in the
heavy fraction. However, considering about the solvent
extractable organics (SEO) the result was just reversed. Both the
light fractions aer stirring and aeration contained over 80% of
the SEO, and the corresponding heavy fractions contributed the
Fig. 2 Mass and SEO distributions in the light and heavy fractions after
physical separation through stirring, aeration or ultrasonication in 39%
CaCl2 solution (r = 1.40 g cm−3).

138 | Environ. Sci.: Processes Impacts, 2024, 26, 136–145
minor rest portion. Only aer ultrasonication, the amount of
SEO found in the heavy fraction was higher than in the light
fraction. This was probably due to a compact layer of heavier
soil formed initially, which entrained the lighter material, thus
preventing them from oating.

Separation techniques applied for the density differentiation
include shaking in combination of centrifugation,6 agitation,7

centrifugation,14,17–19 ultrasonication.15,16 The amount of PAH
associated with the light fraction ranges from 42% to 90% of the
total PAH. In our study, both stirring, and aeration provided
sufficient density separation.

The amount of SEO transferred during the separation into
the calcium chloride solution was negligible, so that it did not
provide enough sample volume to complete the mass spectro-
metric measurement. Nonetheless, it might be interesting to
see what and which part from the contamination can be
transferred into the water phase during the separation. There-
fore, the original contaminated soil was Soxhlet extracted using
only water. The resulting SEO was less than 0.1% of the total soil
weight in comparison to the total soil (Table 1). This indicates
a strong hydrophobic character of the SEO originated from the
contaminated soil.

The original soil was highly contaminated with organic
matter. Around 7% of the total soil weight were extractable
using DCM (Table 1). The percentages were increased to 60%
and 56% for the light fractions from stirring and aeration,
respectively. The weight ratios of the extract to the corre-
sponding heavy fractions were decreased from 7% (compared to
the original contaminated soil) to 1.1% and 1.2%. Although the
light fraction aer ultrasonication weighed less than aer stir-
ring or aeration, it consisted of comparable amount of SEO
(56%). Additionally, the result of the Soxhlet extraction of
manually selected pure BSA from the original contaminated soil
showed, that up to 80% of BSA were DCM extractable. This
implies that the main SEO was derived from BSA.

Results showed that a simple physical separation through
stirring or aeration could lead to an efficient removal of organic
matter, which aggregates and has a different density than soil
materials. These two physical methods can easily be scaled up
for the industrial use and compared to ultrasonication, which
anyway showed lower separation efficiency, require less energy.
Table 1 Percentage of solvent extractable organics (SEO) in the
sample

Sample
Percentage of SEO
in the sample

Orig. soil 7.3% � 0.5%
String_light 60.3% � 3.5%
String_heavy 1.1% � 1.0%
Aeration_light 54.0% � 3.2%
Aeration_heavy 1.2% � 0.2%
Ultrasonication_light 53.6% � 9.1%
Ultrasonication_heavy 5.2% � 0.3%
Soxhlet extraction of orig. soil using water 0.1%
Soxhlet extraction of BSA 77.6 � 1.2%

This journal is © The Royal Society of Chemistry 2024
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Table 2 The number of HC and Ox class compositions detected in
total, AI > 0.5 or >0.67 (proportion to total number in parenthesis) for
different samples

HC + Ox classes

Number of compositions in

Total AI > 0.5 AI > 0.67

BSA 3970 2648 (67%) 1530 (38%)
Stirring heavy 7643 3125 (41%) 1633 (21%)
Orig. soil* 6523 2150 (33%) 928 (14%)
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Soil particle characterization

As shown in Fig. 3a and d, the heavy fraction differed strongly
from the light fraction observable already from the optic view.
The heavy fraction manifested a clay brown color. In contrast,
the light fraction was almost black. Furthermore, the TEM-EDX
results revealed, that the heavy fraction contained primarily
irregular Si-dominated, Si–Al or Ca natural mineral particles
(Fig. 3c).

Instead, organic particles dominated in the light fraction
(Fig. 3f). The signal for Cu was derived from the copper grid
used for xation of soil particles. The result further conrmed
that the particles from the light fraction contained high amount
of organic matters, which were successfully removed from soil
minerals through simple physical separation. This is in good
accordance with the results obtained from Trellu et al.7

However, it needs deeper examinations on the molecular level
to judge, whether the rest SEOs adsorbed on soil particles differ
from the separated BSA.
Fig. 3 The separated heavy (a) and light (d) fractions from the original soil

This journal is © The Royal Society of Chemistry 2024
FT Orbitrap mass spectra

Soil is a complex mixture consisting of inorganic, organic
materials and macro- and microorganisms. A non-targeted
analysis of the organic extract from soil is a sophisticated
task. Depending highly on the location where the soil is coming
from, its content of soil organic matter can vary widely. Their
existence can inuence the analysis of organic contaminants
such as PAXHs in the non-targeted approach. The complexity
can be deciphered using ultrahigh-resolution MS. In earlier
investigations, negative mode ESI was frequently utilized for the
study of organic matter in or derived from soil, which contain
mostly polar constituents and high number of oxygen per
molecule.30–36

However, it is difficult to completely analyze all compounds
in soil by using a single ionization method, especially when
mostly nonpolar PAHs are of interest. Hence, it is essential to
compare different ionization methods for encompassing all
detectable classes.

The positive mode APPI mass spectrum of BSA separated
from the contaminated soil is shown in the top row of Fig. 4.
The results allow a differentiation between natural organic
matter from soil and PAH contamination caused by a coking
plant,43 but are comparable to data for organic-carbon rich
particles analyzed by Ghosh et al.17 Here, radical hydrocarbon
class compounds were predominant in the spectrum
throughout the mass range between 125 and 1200 Da with most
of them have a high aromaticity including the 16 EPA PAHs in
lower mass range. The distribution with small aliphatic side
with their TEM images (b and e) and corresponding EDX results (c and f).

Environ. Sci.: Processes Impacts, 2024, 26, 136–145 | 139

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3em00379e


Fig. 4 Recombined mass spectra for the Soxhlet extract from BSA, analyzed by FT Orbitrap MS using positive mode APPI (top), ESI (middle) and
negative mode ESI (bottom).
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chains are a pattern known for being pyrogenic rather than
petrogenic or biogenic.

Analogous distributions were acquired for the original
contaminated soil and its fractions (Fig. S-1†), which illustrate
that the soil was heavily contaminated with PAHs that were
mainly associated with BSA.

Not only pure PAHs were identied as contaminants, results
of positive and negative mode ESI (Fig. 4, middle and bottom)
demonstrate that also nitrogen containing PAHs are present.
Further, with both polarities applied, the PANHs found in the
contaminated soil can be categorized as basic pyridine-
containing or neutral pyrrole-containing PAXHs.44,45

Although the proportion of water soluble organics to the
total SEO using DCM was small (<1%, Fig. 2), it delivered
valuable information about which contaminants can be trans-
ferred directly into the water phase, such as groundwater or
surface water close to the contamination side, before any
remediation techniques have been taken place.

The water extract of contaminated soil contained more polar
PANHs in comparison with the DCM extracts of BSA, the
contaminated soil as well as its fractions (Fig. S-2†). Addition-
ally, the signals were shied towards lower mass ranges (<300
Da). Same trend was observed in the positive and negative mode
ESI spectra, where low molecular weight basic pyridine-like
PANHs and oxygenated PA(N)Hs were detected, respectively.
The results revealed that by monitoring only the 16 EPA PAHs
might not be sufficient to examine the total risk of PAH
contaminated sides, since higher molecular weight PAHs are
also present in addition to other more polar heteroatom con-
taining PAHs or transformation products.
140 | Environ. Sci.: Processes Impacts, 2024, 26, 136–145
Class distribution

The elemental compositions detected using API FTMS were
categorized into classes according to the number of hetero-
atoms (N, S and O) per molecule and summarized in a class
distribution plot for each sample. Pure hydrocarbons without
any heteroatoms were grouped in the HC class. A total of 20
compound classes were detected in the positive mode APPI for
Soxhlet extracts of BSA, contaminated soil and its fractions aer
stirring using DCM (Fig. 5). The number of classes for the water
extract (Fig. 5, orig. soil*) exceeded 20 classes. However, in order
to compare the water extract with other samples, only classes
were selected, which were found for the DCM extracts. APPI can
ionize pure and heteroatom containing PAH efficiently and
generate two types of ions: radical cations and protonated
molecules.26

The highest number of total assigned compositions was
found for the heavy fraction aer stirring, which was reduced
from 22 149, 16 168 (orig. soil), 15 161 (stirring_light) to 13 377
(BSA). Even in the water extract a total number of 9093 chemical
compositions were assigned. When comparing classes within
one sample of the Soxhlet extracts using DCM, highest assign-
ments were detected in the radical hydrocarbon (HC) class,
followed by radical and protonated O, O2, N, NO, NO2, N2 and S
classes. When comparing same classes between DCM extracts,
the number of assigned compositions in each class reduced
gradually from the heavy fraction to original soil to light frac-
tion and nally to BSA.

Similar results were gained for the soil fractions aer aera-
tion (Fig. S-3†). However, because of an insufficient separation
through ultrasonication, the difference between the original
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Class distributions for the heavy fraction after stirring, original soil, light fraction after stirring and BSA (from dark to light red) as well as the
water extract (selected classes only) denoted as orig. soil*, analyzed using positive mode APPI FT Orbitrap MS.
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soil and its fractions was not as prominent as from other two
methods (Fig. S-4†). Nevertheless, among the DCM extracts BSA
always displayed lowest assignments in each class. This indi-
cates that, with regard to the chemical composition BSA are
simpler than the original soil and its fractions.

In the ESI(+) measurements the total number of assigned
compositions was lower than in the APPI(+) measurements,
even though more polar classes were detected (Fig. S-4–S-7†).

Similar results were obtained compared to the APPI(+)
measurements: the highest assignments were found for the
heavy fractions, followed by the original soil, light fractions
and lastly BSA. Here, basic pyridine-like PANHs (N, N2) and
their oxygenated classes (NO, NO2) with NSOx and SOx

classes were the most abundant classes. Besides, protonated
molecules radical ions were also detected for such as HC, N
and N2 classes, which implies on the other hand the pres-
ence of highly condensed aromatic structures in the
sample.46

In the ESI(−) measurements the total assignments was
lowered to around 10 000 for the heavy fractions (Fig. S-8–S-
10†). In spite of this, negative mode data allowed a better
examination of 5-membered nitrogen containing heterocycles
or acidic species such as carboxylic acids, which trace the
inuence of natural weathering or chemical/biological reme-
diation processes.47 Here, the difference between the heavy
fraction and the original soil was minor, but the number of
assigned compositions in each class was still higher than the
corresponding light fraction and BSA. In the DCM extracts the
most abundant classes were O2–4, NO2–3 and N2O2, but a clear
shiing towards highly oxidized classes such as O6–8 or NO6

were observed in the water extract. Results indicate that
because of better solubility highly weathered oxygen contain-
ing and polar PAXHs could be easily transferred into the water
phase.
This journal is © The Royal Society of Chemistry 2024
DBE vs. carbon number plot

In Fig. 6, the major compound classes, namely radical HC and
protonated N classes, from the positive mode APPI and ESI
measurements for the different samples were compared in
Kendrick plots. Here, each composition from one class can be
visualized by its DBE and number of carbon atoms per mole-
cule. A maximum DBE of 70 with 95 carbon atoms per molecule
was detected as radical ions from the HC class. In the N class
high molecular weight azaarenes with a maximum DBE of 72
and 94 carbon atoms per molecule were discovered, which
exceeded the largest azaarenes reported by Tian et al. for PAH
contaminated soils.48

In the HC and N classes for BSA only highly condensed
aromatic hydrocarbons and N-heterocycles were detected,
which represent the identity of the contaminants on a molec-
ular level.28 From the light fraction to original soil and to the
heavy fraction, increasing amount of additional compositions
with relative lower DBE (<25) showed up. Compared with e.g.
the 16 PAHs, these compositions (highlighted in red cycles,
Fig. 6) contained more saturated side chains or naphthenic ring
systems. Likewise, in the heavy fractions aer aeration and
ultrasonication, where the main soil particles stayed, more
compositions with high carbon number and low DBE were
found in comparison to the corresponding light fractions
(Fig. S-11†). They were distinct from the chemical point of view
from the real contaminants, suggesting their natural origin.

The occurrence of natural hydrocarbons of biogenic origin in
soil was investigated by different researchers.49,50 Here, because
of the analytical technique used, results were mainly restricted
to sum parameters such as TPH or the 16 EPA PAH related
compounds with low molecular weight. Using ultrahigh reso-
lution FTMS with different API methods, more compositional
information especially polar compounds can be gained.
Environ. Sci.: Processes Impacts, 2024, 26, 136–145 | 141

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3em00379e


Fig. 6 DBE vs. carbon number plots for radical hydrocarbon (left
column) and protonated nitrogen (right column) classes from the
heavy fraction after stirring, original soil, light fraction after stirring, BSA
and original soil after Soxhlet extraction with water (from top to
bottom), analyzed using positive mode APPI and ESI Orbitrap MS. For
details of this analysis see previous results shown before.28
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Moreover, Kendrick plots for the water extract (orig. soil*,
Fig. 6) demonstrated that also low molecular weight parent
PAXHs could be transferred into water phase easily.
Fig. 7 Van Krevelen plots for Soxhlet extract from BSA (top), the
unique compositions from the heavy fraction after stirring (middle),
and the original soil Soxhlet extracted using water (bottom, denoted as
orig. soil*), compared with BSA, analyzed by both positive mode APPI
(HC) and negative mode ESI (Ox) FT Orbitrap MS. Compositions below
the gray or black line have a aromaticity index (AI) higher than 0.5 or
0.67, respectively.
Van Krevelen plot

Another graphical method frequently used for the study of natural
organic matter in the environment is the van Krevelen plot.51,52

Recently a new concept called aromaticity index (AI) is incorpo-
rated into the van Krevelen plot, which represents the density of
C–C double bond in a molecule indicating its aromaticity.53
142 | Environ. Sci.: Processes Impacts, 2024, 26, 136–145
In Fig. 7 the van Krevelen plots for BSA and the unique
compositions in the heavy fraction as well as the water extract
aer subtraction of common compositions from SBA were
compared. The compositions in BSA existed largely in ranges of
lower H/C and O/C ratio. 2648 out of 3970 compositions of HC
and Ox classes for BSA were below the gray line with AI greater
than 0.5 (Table 2), which reects the presence of aromatic cores
in the compositions. On the top of this, around 60% of them
(1530) possessed condensed aromatic ring structures (CARS),
which exhibit below the black line with AI greater than 0.67.
CARS were also detected in volcanic ash soil,30 DOM from boreal
lakes31 and paddy soils.34 There, CARS pervaded throughout the
O/C range of 0 to 0.8 and mainly located between 0.2 and 0.6.
Instead, results from our study showed that nearly 90% of the
CARS (1370) detected in BSA had an O/C lower than 0.1 and they
mainly belonged to pure HC as well as low oxygenated classes
(O1–3). The absolute number of compositions with AI > 0.5 or
>0.67 was slightly increased for the heavy fraction aer stirring.
However, due to the large increase in compositions with lower AI,
This journal is © The Royal Society of Chemistry 2024
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the percentages of compositions with AI > 0.5 and >0.67 reduced
from 67% to 41% and from 38% to 21%, respectively. The
percentages of aromatic and condensed aromatic structures in
the water extract were further reduced to 33% and 14%. Similar
result was obtained for the NOx classes (Fig. S12 and Table S-1†).

Combined the results obtained from Fig. 6 and 7, we propose
that BSA, which were characterized as the main contamination
source containing a high amount of pure and nitrogen con-
taining CARS with/without short side chains, could be sepa-
rated from natural soil material quiet efficiently through
physical methods. This simple and cheap separation step via
density difference is recommended to be implemented prior to
other chemical or biological remediation techniques for soils
highly contaminated with PAXHs, which present as BSA.

Considering the 16 EPA priority PAH, the results also show
that the contamination of industrial sites are much higher and
the complexity is more extreme than what can be covered by
these standard compounds. It should be strongly considered to
expand the range of compounds that are routinely covered
because nobody really knows about the toxic effects of such
a diverse and complex mixture.

Conclusions

In this study we investigated different physical separation
techniques for the removal of PAXHs from the heavily
contaminated soil. Over 80% of SEO could be removed from the
contaminated soil using stirring and aeration in a 39% (w/w)
calcium chloride solution. Most of the SEO in the lighter frac-
tion were associated with BSA. The BSA were then analyzed and
compared to the original contaminated soil as well as soil
fractions using FTMS with different API in a non-targeted
approach. By combining the results obtained from positive
mode APPI and positive/negative mode ESI the BSA were char-
acterized as containing highly aromatized structures, which
include pure PAHs and PAXHs (X = N, O and S). Around 67% of
the assigned elemental compositions from HC and Ox classes
and over 40% of N and NOx class compounds comprise
condensed aromatic structures. The short length of side chain
for these PAXHs detected in the BSA indicates that the
contamination has a pyrogenic origin.

Results show that by applying comprehensive non-targeted
analysis using API-FTMS a deeper understanding of the soil
contamination, including the source and determination of
contaminants as well as the corresponding remediation effi-
ciency, can be achieved.
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