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ABSTRACT

Contaminated land burdens the economy of many countries and must be dealt with.

Researchers have published thousands of documents studying and developing soil and sediment
remediation treatments. Amongst the targeted pollutants are the polycyclic aromatic hydrocarbons
(PAHs), described as a class of persistent organic compounds, potentially harmful to ecosystems and
living organisms.

The present paper reviews and discusses three scientific trends that are leading current PAH-
contaminated soil/sediment remediation studies and management.

First, the choice of compounds that are being studied and targeted in the scientific literature is dis-
cussed, and we suggest that the classical 16 US-EPA PAH compounds might no longer be sufficient to
meet current environmental challenges.

Second, we discuss the choice of experimental material in remediation studies. Using bibliometric
measures, we show the lack of PAH remediation trials based on co-contaminated or aged-contaminated
material.

Finally, the systematic use of the recently validated bioavailability measurement protocol (ISO/TS
16751) in remediation trials is discussed, and we suggest it should be implemented as a tool to improve
remediation processes and management strategies.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Countries that are or have been heavily industrialized have their
share of brownfield sites, which often present multiple types and
levels of contamination. Brownfield sites are a legacy that will
burden this generation, and probably many more to come, and
need to be dealt with appropriately, because any unmanaged
contamination is a potential threat towards the environment at
large, and also because the majority of these sites cannot host any
type of activity (agricultural, residential, or industrial) as long as
they have not been remediated, which constitutes a huge economic
loss. At a time when the world’s population is growing fast, the
sustainable use of natural resources is crucial to meet the United
Nation “Sustainable Development Goals” (Umeh et al., 2017).
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The objectives of a review are to highlight new progress, suc-
cesses and sometimes failures. But most importantly a review
should identify new directions or areas that lack data or knowledge.
This is also the objective of this paper, which aims to question
scientific approaches that have been leading contaminated soil
remediation studies and management, and more specifically
polycyclic aromatic hydrocarbon (PAH) remediation in soils/sedi-
ments. First, for the past few decades, worldwide scientific publi-
cations have focused on studying a rather short list of PAHs, namely
the 16 PAHs from the American Environmental Protection Agency’s
(US-EPA) “Priority Pollutants” list published in 1978 (Keith, 2015),
seemingly without ever questioning its content. Second, PAH
remediation techniques have been developed for several decades,
with the underlying goal of providing solutions to eliminate pol-
lutants from contaminated environmental compartments. Yet,
when performing a bibliometric analysis of all types of documents
that have been published and studies that have been conducted, it
is striking that only a small fraction of the publications on the
matter have concentrated on realistic aged-contaminated soils, not
to mention the lack of studies focusing on multiple contaminants.
Finally, PAH remediation endpoints will be discussed. When it
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comes to environmental regulations and soil remediation guide-
lines, the driving assumption is that (aged-) contaminated soils
must be remediated to the greatest possible extent. It has recently
been pointed out in several reviews that there is a need to imple-
ment a risk-based approach using a bioavailability parameter to
establish site management and decontamination strategies. But we
suggest that this bioavailability parameter be taken further and
used when developing remediation treatments, as it would bring
valuable insight on the processes in place.

1.1. On the use of the 16 “Priority Pollutants” PAHs

The study of contamination as a (potential) threat to the envi-
ronment and human population has given birth to thousands of
scientific publications on the subject. Pollutants are traditionally
separated into inorganic and organic pollutants. The list of inor-
ganic pollutants is rather well-defined, as it comprises a series of
trace metals and metalloids often referred to as “heavy metals”
(Duffus, 2002). But the list of organic pollutants comprises dozens
of groups (e.g. PAHs, PCBs, PCDDs, PCDFs, BTEX, ...) and new pol-
lutants are still being identified by scientists, as potentially harmful
effects are highlighted by research everyday (e.g. pharmaceutical
products) (Reichert et al., 2019). Besides, each group of organic
pollutants often contains a large variety of compounds. For
instance, PAHs are commonly defined as molecules made of two or
more condensed aromatic rings placed in linear, angular or clus-
tered arrangements (Dhar et al., 2019). When encountered in soil or
sediment, they have two main origins: petrogenic (which usually
implies that products of petroleum origin were spilled) and pyro-
genic (meaning compounds are created during incomplete com-
bustion) (Igbal et al., 2008; Dhar et al., 2019). PAH contamination
can arise due to natural causes (e.g. volcanic episodes or forest fires)
but anthropogenic activities are mostly to blame (e.g. fuel com-
bustion, waste incineration or accidental spillage) (Nzila, 2018). In
the scientific literature, the PAH definition is commonly followed
by the same list of 16 PAH compounds. It is however rarely
mentioned that the list was established over 40 years ago, under
time pressure, and needs to be re-assessed according to the
knowledge that has been acquired over more recent decades and in
response to today’s environmental management challenges. The
classical PAH watch list was established in 1976 by the US-EPA,
when a general awakening took place with regard to the issue of
organic water pollution. Among other classes of pollutants, the US-
EPA selected 16 PAHs as “Priority Pollutants”. These PAHs made it
onto the list mainly because (i) they had previously been detected
in several water contamination reports on North-American land
(>5%) and (ii) they were commercially available so that a standard
could be used to confirm their identity in analytical methods (Keith,
2015). The original list only contained specific isomers and apolar
PAHs because at the time, the reference analytical instrument (gas
chromatography coupled to mass spectrometry) was not reliable at
detecting isomers, and commercial alkylated PAHs were difficult to
find (Keith, 2015). Afterwards, this list served as a consistent basis
for scientific research and the comparison of results (Andersson
and Achten, 2015), and for other countries to establish environ-
mental regulation guidelines (Keith, 2015). However, this list has
not evolved with regards to the PAH compounds since it was first
drawn up, despite the fact that health and environmental chal-
lenges have evolved, new knowledge has been acquired, and
analytical methods have been developed.

There are more than 16 compounds to be concerned about, and
it is interesting to note the slight disparity between the commonly
cited 16 apolar PAHs in scientific research and the compounds
present in legislation or international scientific committees’ re-
ports. Not all countries in the world are equipped with soil quality
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guidelines, but some do have other regulations that include haz-
ardous substance watch lists. For example, in the European Union,
there is still no Soil Protection Framework Directive, but there is a
Water Framework Directive (WFD) (EC, 2020), a Food Regulation
(EFSA, 2020), a Chemicals (REACH) Regulation and even a Persistent
Organic Pollutants (POPs) Regulation (ECHA, 2020), which all take
aim at the protection of human health and environment. On a
broader scale, Canada is equipped with Soil Quality Guidelines
(CCME, 2020) and the World Health Organization, though it does
not provide soil quality guidelines, had experts work on an inter-
national programme on chemical safety and the establishment of
environmental health criteria (WHO, 2020). When comparing the
polycyclic aromatic compounds mentioned in these regulations or
watch lists (all available in Supplementary Table 1) and the US-EPA
list that most soil remediation studies lean on, a few discrepancies
are evident. For instance (Table 1), the WHO mentions 17 com-
pounds besides the usual 16, among which 15 are apolar com-
pounds and several are isomers of compounds mentioned in the
US-EPA list (e.g. benzo[j]fluoranthene and benzo[k|fluoranthene).
Another example is the European food regulation list, which
mentions 15 compounds, all of which are mentioned on the WHO
list, but out of which only 8 compounds are common to the US-EPA
list.

PAHs are part of a larger group of polycyclic aromatic com-
pounds (PACs) that are not always apolar and can contain hetero-
atoms such as oxygen, nitrogen, sulphur ... (Bowman et al., 2019).
PAHs themselves can be substituted with halogens, alkyl-, oxy-,
hydroxyl-, amino- or nitro-functional groups, and then there is the

Table 1

Comparison of the polycyclic aromatic compounds on the US-EPA watch list (EPA,
2020) to the compounds present in the WHO (WHO, 2020) and the European
Union Food Regulation (EFSA, 2020) watch lists. Compounds in bold are from the US-
EPA watch list.

Compound Watch list

WHO European Union Food Regulation

1-methylphenanthrene
5-methylchrysene
Acenaphthene
Acenaphtylene
Anthanthrene
Anthracene
Benzo[a]anthracene
Benzo[a]fluorene
Benzo[a]pyrene
Benzo[b]fluoranthene
Benzo[b]fluorene
Benzo[c]phenanthrene
Benzo[e]pyrene
Benzo[ghi|fluoranthene
Benzo[ghi]perylene
Benzo[j]fluoranthene
Benzo[k]fluoranthene
Chrysene

Coronene
Cyclopenta[c,d]pyrene
Dibenz[a,h]anthracene
Dibenzo(a,e)pyrene
Dibenzo(a,h)pyrene
Dibenzo(a,i)pyrene
Dibenzo(a,l)pyrene
Fluoranthene
Fluorene
Indeno[1,2,3-cd]pyrene
Naphthalene

Perylene
Phenanthrene

Pyrene

Triphenylene

>

XX X X

DK XK KX X XK X XK XK X KX XK X X XK X X XK X X X X X X X X XX
HKoX X X X X
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matter of NSO-heterocycles, which are aromatic rings containing
nitrogen, sulphur or oxygen (Andersson and Achten, 2015). A
comprehensive review on the matter of substituted and heter-
oatomic PACs’ origin, properties and fate in the environment was
published by Idowu et al. (2019), who insisted on the fact that such
compounds are less studied than apolar PAHs. However, it is crucial
that the scientific community and the legislators start taking these
different types of PACs seriously. (i) Because many of these com-
pounds are believed to be more genotoxic, mutagenic and carci-
nogenic than apolar PAHs (Bleeker et al., 1999; Park et al., 2008;
Lundstedt et al., 2014; Andersson and Achten, 2015; Tian et al,,
2017a). (ii) Because heteroatomic PACs are more polar, and there-
fore suspected to be more mobile in the environment (Bowman
et al, 2019). (iii) Because depending on their origin, some of
these compounds are present along with apolar PAHs (Idowu et al.,
2019). Most PAHs of petrogenic origin are of low molecular weight
(two or three rings) and they are mostly alkylated PAHs. However
PAHs of pyrogenic origin are dominated by unsubstituted com-
pounds of high molecular weight (four, five, six rings) (Bowman
et al,, 2019; Igbal et al., 2008). But no matter their origin, PAHs
can occur with PACs as co-contaminants (Tian et al., 2017b; Idowu
et al, 2019). And (iv) because alkylated and heteroatomic PACs can
appear through secondary processes acting on apolar PAHs, such as
(photo)chemical degradation and biological degradation
(Lundstedt et al., 2002; Hu et al., 2012; Chibwe et al., 2017; Tian
et al., 2017a; Idowu et al., 2019).

The fact that substituted PAHs can be metabolites of the
incomplete degradation of apolar PAHs should raise some ques-
tions regarding the way remediation strategies such as bioreme-
diation are being led. Bioremediation relies on microbial
biodegradation to mineralize PAHs, which takes place naturally in
the environment. This is why metabolic pathways, especially the
aerobic bacterial ones, have been intensively studied for decades
(Ghosal et al., 2016). The 16 US-EPA PAHs are the usual targets of all
these studies and, as several apolar PAH degradation pathways are
now established, it is well known that mineralization processes can
meet dead-ends (Idowu et al., 2019). When present in mixtures,
phenomena of augmentation, cometabolism, or inhibition can in-
fluence both the extent and rate of individual PAH degradation,
depending on the type of mixture but also on the degrading mi-
crobial consortia (Mahanty et al, 2011). These enhancing or
inhibiting phenomena were highlighted by studies conducted in
controlled conditions, implying a few PAHs (pure or in mixtures)
and a few specific strains (in individual or mixed cultures) (Bouchez
et al., 1995; Stringfellow and Aitken, 1995; Van Herwijnen et al.,
2003; Mahanty et al.,, 2010; Ghosh and Mukherji, 2017). But these
phenomena are not systematically encountered and are difficult to
predict. PAHs encountered in a polluted environment are present in
mixtures. But microbial communities are also much more diverse
than can be accounted for in controlled culture studies, and it is
thus likely that in the presence of mixed microbial species, degra-
dative pathways complete each other and intermediate or dead-
end metabolites can be substrates for other species (Mahanty
et al,, 2011; Vila et al., 2015). But when metabolites such as epox-
ides, quinones, ketones or hydroxylated-PAHs are left in the soil
instead of undergoing complete mineralization, this should raise
concern because such compounds may be more toxic than their
parent PAH (Ghosal et al., 2016; Davie-Martin et al., 2017; Chibwe
et al,, 2017). Indeed, some studies have used bioassays to high-
light the fact that although bioremediation treatments might lower
the content of apolar PAHs, the general (geno)toxicity or mutage-
nicity of the treated soil could increase during the process (Hu et al.,
2012; Chibwe et al., 2015). What is even more concerning is that the
presence of toxic metabolites is not systematically monitored.
Indeed, when soils are being remediated, the final remediation
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goals, whether in scientific studies or in realistic aged-
contaminated soil remediation, are expressed as the lowering of
the initial apolar PAH contents that must be achieved. But given
that complete PAH degradation is difficult to achieve, and to pre-
dict, maybe it is time to consider adding the monitoring of trans-
formation metabolites to the management of polluted soil,
especially when remediation techniques are applied.

Fortunately, these topics have been at the centre of several
research papers during the last few years. Besides showing that a
soil’s toxicity may increase during remediation, a few studies have
focused on the isolation, purification, and identification of the
metabolites responsible for this enhanced toxicity (e.g. Chibwe
et al., 2017; Tian et al., 2017a) and very often, oxygen-containing
metabolites have been highlighted. Also, analytical methods have
been under development to detect nitro-PAHs, oxy-PAHs, hydroxy-
PAHs, methyl-PAHs, halogenated-PAHs, or even N-heterocycles,
sometimes along with apolar PAHs (Niederer, 1998; Cochran et al.,
2012; Garcia-Alonso et al., 2012; Tian et al., 2017a; Mueller et al.,
2019; Bowman et al., 2019; Wickrama-Arachchige et al., 2020).
Unlike for the determination of the 16 US-EPA PAHs, the analytical
methods are diverse, and some have not yet achieved complete
quantification. Attempts are being made to harmonize the methods
(as was the case for some oxy-PAHs and N-heterocycles in the
intercomparison study led by Lundstedt et al. (2014)), but the work
is highly complicated by the fact that there is still a lack of
consensus concerning the compounds that should be analysed, as
well as a lack of reference materials. Of course, there are so many
possible metabolites that it is impossible to monitor every by-
product during remediation processes. But since analytical
methods are being developed and awareness on the matter is
increasing, it really is worth, from a risk-analysis point-of-view,
starting to look for different types of polycyclic aromatic com-
pounds, and including some of them in watch lists.

These few examples show a lag between regulations and
research and highlight the fact that the scientific community
should broaden the list of polycyclic aromatic compounds that are
studied, not only in soil remediation studies but also in land
management and environmental risk-assessment. First, this
broadening would address environmental challenges faced by
countries (and their regulations) with different hazardous pollutant
watch lists, and second, it might highlight remediation or naturally
occurring dead-ends and could bring new perspectives to land
management strategies at large. Andersson and Achten (2015)
initiated this process as they suggested, based on toxicity, occur-
rence, and ease of analysis, enlarging the classical list of 16 US-EPA
PAHs by adding 24 compounds (alkylated and apolar PAHs) for
environmental toxicity evaluation. They also suggested 23 NSO-
heterocyclic compounds, 6 heterocyclic metabolites, 10 oxy-PAHs,
and 10 nitro-PAHs that would be interesting to monitor in the
future. But as mentioned previously, analytical methods are
improving and progress is still being made to identify toxic me-
tabolites, meaning reflection and research on this matter remain
necessary.

1.2. On the use of realistic aged-contaminated soil in research

During the past three decades, the development of PAH reme-
diation techniques in soils/sediments has become more diverse.
Research tends to evolve quickly and to spread in many directions,
and it is useful, once in a while, to establish the state-of-the-art of a
topic. To make the work sustainable, it is often necessary to narrow
the topic to a few specific items. For example in the matter of PAH
soil/sediment remediation, reviews describing recent advances in
remediation techniques have focused on certain categories of
treatment, such as the electroremediation of PAHs (Pazos et al.,
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2010), the extraction agents used for PAH soil washing (Von Lau
et al, 2014), the surfactant-enhanced remediation of PAHs
(Lamichhane et al., 2017), and the microbe-enhanced phytor-
emediation of PAHs (Sarma et al., 2019). This section of the paper
focuses on the fact that the long-term objective of research on
remediation treatments is to develop techniques to treat PAH-
contaminated soils/sediments of all ages and types. Indeed, the
ultimate goal is to identify solutions to the management and
remediation of contaminated land. Published techniques can be
more or less efficient, cost-effective, or environmentally friendly,
but they all are being led under the same banner, since they all start
by exposing the need for PAH remediation due to their potential or
confirmed toxicity. However, when examined as a whole, they
sometimes seem to be slightly out of focus.

Several databases were explored to highlight published docu-
ments that actually studied aged-contaminated soils/sediments
and tested techniques on realistic matrices, with all their
complexity. The point was not to dissect every single study and its
outcome, but to question whether the scientific community is
taking the testing of remediation treatments as far as it can, or
should. Therefore, bibliometric tools were used. All details are
available in the supplementary material. Please note that for the
sake of clarity, single terms representing groups of search terms are
used (e.g., “aged” states for “aged or ancient or former or histori-
cal”), and a few representative treatments are discussed that aim to
cover as much of the diversity of remediation publications as
possible.

The first three searches narrowed down the number of pub-
lished documents (1) on PAHs in general, (2) on PAHs in soils or
sediments, and (3) on the remediation of PAHs in soils or in sedi-
ments (Table 2a). Out of 2901-87248 documents related to PAHs
(1), depending on the database, 1156 to 28789 documents focus on
PAHs in soils or in sediments (2), which represents an average
31 + 4% of the total number of PAH documents (1). Also, 260 to 6267
documents focus on PAH remediation in soils or in sediments (3),
representing respectively 7 + 1% and 22 + 1% of the total number of
PAH documents (1) and of the PAH in soil/sediment documents (2)
(Table 2b).

Two other searches were conducted to highlight the documents
that focused (4) on soils or sediments presenting with multiple
types of contamination, and (5) on aged soils or sediments with
multiple contaminants, both regarding PAH remediation (3)
(Table 2a). The highest percentage of relevant studies was 0.23%
and 0% respectively (Table 2b) and clearly shows the lack of
attention that has been given to the matter of multiple contami-
nants in the area of PAH soil/sediment remediation to date, even
though most contaminated areas present with multiple types of
contamination (Deary et al., 2018). This does not necessarily mean
that studies are not being conducted on soils/sediments presenting
with multiple contaminants, but more probably that research in
general has not yet moved on to trying to remediate several types of
contaminants at a time. An interesting example of a phytor-
emediation trial assisted by the addition of a complexing agent on
soil co-contaminated with cadmium and fluorene was published by
Wang et al. (2018). The soil was spiked with the pollutants prior to
the trial, but the study shows interest in multiple contaminant
clean-up strategies.

Publications concerning PAH remediation in soils/sediments (3)
were narrowed down to several categories of treatment (heating,
electrokinetic or electrochemical, washing, solubilisation, chemical
oxidation, bioremediation and phytoremediation), then narrowed
again to highlight the aged character of the pollution (Table 3a). The
proportions of documents focusing on aged experimental material
within each category of treatment, as well as in remediation doc-
uments in general (3), was then calculated (Table 3b). The average
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proportions are displayed in Fig. 1. Values range from 7 + 1% for
electrokinetic and electrochemical treatments to 33 + 11% for
heating treatments. Concerning documents on PAH remediation in
general, the average proportion was 12 + 0.4%. This, combined with
the very low number of documents related to multiple contami-
nants, shows that the scientific community is not yet working on
realistic soils/sediments on a regular basis.

When developing a remediation process, scientists try to un-
derstand the mechanisms that rule it, which is why very often
preliminary studies tend to focus on one, then a few representative
PAHs at a time, and to work in simplified controlled conditions. So,
it is common to start working in aqueous media, for example to
study biodegradation mechanisms, and then move on to freshly
spiked soil. But whilst working with simplified models brings very
valuable information and is always the best way to screen the po-
tential of an innovative technique, it is unfortunately not repre-
sentative of the reality of the aged-contaminated soils that are to be
dealt with. Indeed, most contaminated land displays multiple
contaminants, of either organic or inorganic nature, which have
been in place for decades and have partitioned, sometimes very
deeply, into the soil compartment. There were enough published
studies on this matter to acknowledge that these ageing processes
greatly complicate the remediation process, especially when the
long-term objectives are to remove the pollution to the greatest
possible extent, and to bring pollutant contents down.

The question is, why is there, apparently, still such little work
being carried out on realistic soils/sediments? Is it because scien-
tists tend to lose sight of their final objective, i.e., the remediation of
realistic contaminated land? Is it because there is still a lack of
knowledge that should be acquired by working in controlled
experimental conditions before actually moving on to realistic
conditions? Or worse, is it because the results of experiments on
realistic soils/sediments are so negative or inconclusive that they
are not being shared for common knowledge? Technical difficulties
in leading reproductive and representative experiments on realistic
soil samples are probably the main issue. Indeed, pollution is rarely
to never present in a homogeneous way in the environment.
Research should be as reproducible as possible and thus requires
work on homogenous material, meaning manipulations such as
sieving and mixing are often necessary. This de facto will render the
experimental material less representative than the state it was
originally in. Also, two experimental materials, no matter how
similar in physico-chemical properties (particle distribution,
moisture, compaction, oxygenation, but also types and levels of
contaminants), will never be exactly the same, making conclusions
on one specific realistic material difficult to generalize. A simple
example is the variety of source materials through which PAHs can
be transported and released into the soil compartment. Whether
PAHs are brought in through non-aqueous phase liquids (NAPLs,
such as gasoline) or solids (such as coke) will influence the release
and sorption of PAHs in soil/sediment (Yu et al., 2018), even if those
different source materials might lead to similar levels of PAH
contamination. Finally, and as mentioned previously, the source
and origin of PAHs (e.g., pyrogenic or pyrolytic) will determine the
types of co-contaminants (e.g., other PACs, but also heavy metals,
other organic pollutants such as PCBs, BTEX ...). In an ideal research
scenario, complete knowledge of the experimental material levels
and types of contaminants would be necessary to gather as much
information on the remediation processes and interactions at stake.
But the variety of contaminants present in realistic soils/sediments
renders exhaustive characterization extremely difficult (if not
impossible) and expensive. A good start would be to narrow down
this characterization to a few main groups of contaminants and to
examine the effects co-contaminants and remediation techniques
have on each other.
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Table 2
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a. Number of documents published in English on PAHs (1), on PAHs in soils or sediments (2), on the remediation of PAHs in soils or sediments (3), on the remediation of PAHs in
soils or sediments presenting with multiple contaminants (4), and on the remediation of PAHs in aged soils or sediments presenting with multiple contaminants (5) in a series
of databases until the end of year 2019. b. Proportions of the numbers of documents published in English on several topics compared to a larger pool of documents. The
numbers displayed in the calculated proportions line represent the number of a search question presented in part a of the table.

Number of documents Question number 1 2 3 4 5
Searching terms PAHs
soils or sediments
remediation
multiple
contaminations

aged
Database
AGRICOLA 17613 5735 1404 0 0
Agricu. & Environ. Science Collection 87248 28789 6267 2 0
Agricu. Science Collection 20514 6891 1661 0 0
Agriculture Science Database 2901 1156 260 0 0
ASP 47249 6150 1407 2 0
CAB ABST 29566 10886 2629 4 0
Environment Complete 24177 8650 1992 4 0
Environmental Science Collection 68228 22674 4738 2 0
Environmental Science Database 9781 3574 795 0 0
Environmental Science Index 66508 22466 4692 2 0
GreenFILE 11936 4648 917 1 0
Medline 20474 4963 884 2 0
Scopus 70111 13368 3283 6 0
TOXLINE 15765 4044 732 0 0
Proportion of documents Calculated proportions 2/1 3/1 3/2 4/3 5/3

Searching terms PAHs
soils or sediments
remediation
multiple contaminations
aged

Database
AGRICOLA 33% 8% 24% 0.00% 0.00%
Agricu. & Environ. Science Collection 33% 7% 22% 0.03% 0.00%
Agricu. Science Collection 34% 8% 24% 0.00% 0.00%
Agriculture Science Database 40% 9% 22% 0.00% 0.00%
ASP 13% 3% 23% 0.14% 0.00%
CAB ABST 37% 9% 24% 0.15% 0.00%
Environment Complete 36% 8% 23% 0.20% 0.00%
Environmental Science Collection 33% 7% 21% 0.04% 0.00%
Environmental Science Database 37% 8% 22% 0.00% 0.00%
Environmental Science Index 34% 7% 21% 0.04% 0.00%
GreenFILE 39% 8% 20% 0.11% 0.00%
Medline 24% 4% 18% 0.23% 0.00%
Scopus 19% 5% 25% 0.18% 0.00%
TOXLINE 26% 5% 18% 0.00% 0.00%
Mean 31% 7% 22% 0.08% 0.00%
Sd 8% 2% 2% 0.08% 0.00%
CI (5%) 4% 1% 1% 0.04% 0.00%

Another good way of transitioning towards the study of more
realistic soils/sediments could be through the more systematic use
of m-cosms (i.e., microcosms and mesocosms). For example Leroy
et al. (2015) used tanks as mesocosms, placed outdoors (thus in
realistic conditions) to study the effect of several plant species on
the dissipation of PAHs in artificially contaminated soil. A different
approach, involving microcosms, was used by our team when
studying the effect of commercial saponins on PAH bioremediation
in an aged-contaminated soil. In this case, a realistic soil was
treated and placed in controlled incubation conditions (Davin et al.,
2018). Such intermediate experimental set-ups, even though they
might be expensive to run, allow links to be created between highly
controlled laboratory studies and complex, but realistic, field
studies (Albarano et al., 2020). They also allow for scientific

reproducibility by keeping some variables under control, and could
be systematically introduced in the development and the up-
scaling of remediation techniques.

As challenging as working on more realistic material might be, it
should not be postponed because it is too complex. It is crucial that,
once research has provided encouraging results in controlled con-
ditions, the potential new treatment is brought to the next level:
the testing on realistic soils/sediments, and preferably a variety of
them. And if the next level is inconclusive or somewhat disap-
pointing, it is still important to publish these outcomes so that
other researchers can try and improve the treatment, and not waste
time repeating the same experiment, which will likely be consid-
ered a failure too. After all, that’s what science is based on: sharing
knowledge. But in order to do so, changes are needed within the



Table 3

a. Number of documents published in English on the remediation of PAHs in soils or sediments (3), on the remediation of PAHs in aged soils or sediments (6), and on specific treatments of PAHs in soils or sediments. Search
numbers 7, 9, 11, 13, 17, and 19 are for specific treatments in soils or sediments in general, and search numbers 8, 10, 12, 14, 16, 18, and 20 are for specific treatments in aged soils or sediments. b. Proportions of the numbers of
documents published in English on several topics compared to a larger pool of documents. The numbers displayed in the calculated proportions line represent the number of a search question presented in part a of the table.

Number of Question number 3 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
documents

Searching terms PAHs

soils or sediments

remediation /
heating electrokinetic washing solubilisation chemical bioremediation phytore-
or oxidation mediation
electro-
chemical
aged aged aged aged aged aged aged aged
Database
AGRICOLA 1404 158 8 1 27 2 1 0 1 0 45 8 674 75 278 31
Agricu. & Environ. 6267 808 48 14 159 12 24 5 12 2 197 33 3640 471 1109 139
Science
Collection
Agricu. Science 1661 191 12 2 37 2 3 1 3 0 55 11 833 98 320 38
Collection
Agriculture Science 260 33 4 1 10 0 2 1 2 0 10 3 159 23 42 7
Database
ASP 1407 172 19 3 58 5 48 6 55 4 34 9 779 98 244 28
CAB ABST 2629 319 18 4 71 5 75 9 61 8 49 9 1383 175 460 49
Environment 1992 241 20 7 72 6 61 9 56 7 49 12 1056 128 280 34
Complete
Environmental 4738 641 39 13 132 10 22 5 11 2 151 25 2884 390 816 107
Science
Collection
Environmental 795 97 7 3 19 2 4 1 4 1 22 6 455 55 167 22
Science Database
Environmental 4692 634 39 13 130 10 22 5 11 2 151 25 2856 386 813 106
Science Index
GreenFILE 917 116 11 3 45 4 35 7 34 6 21 4 449 61 154 16
Medline 884 108 5 2 27 1 26 1 20 1 20 4 442 57 153 19
Scopus 3283 372 40 10 115 9 119 11 133 12 191 28 2194 234 484 52
TOXLINE 732 99 1 1 27 1 1 0 3 0 28 2 319 47 137 16
Proportion of documents Calculated 6/3 7/3 8/7 9/3 10/9 11/3 12/11 13/3 14/13 15/3 16/15 17/3 18/17 19/3 20/19
proportions
Searching terms PAHs
soils or sediments
remediation
heating electrokinetic washing solubilisation chemical bioremediation phytore-
or electro- oxidation mediation
chemical
aged aged aged aged aged aged aged aged
Database
AGRICOLA 11% 0% 13% 0% 7% 0% 0% 0% 0% 1% 18% 12% 11% 5% 11%
Agricu. & Environ. Science Collection 13% 0% 29% 1% 8% 0% 21% 0% 17% 1% 17% 13% 13% 4% 13%
Agricu. Science Collection 11% 0% 17% 1% 5% 0% 33% 0% 0% 1% 20% 12% 12% 5% 12%
Agriculture Science Database 13% 0% 25% 1% 0% 0% 50% 0% 0% 1% 30% 14% 14% 4% 17%
ASP 12% 0% 16% 1% 9% 1% 13% 1% 7% 1% 26% 13% 13% 4% 11%
CAB ABST 12% 0% 22% 1% 7% 1% 12% 1% 13% 0% 18% 13% 13% 4% 11%
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scientific community. On the one hand, researchers should publish
all kinds of results, as long as they are scientifically robust, and on
the other hand, journal editors and reviewers should provide re-
searchers with the opportunity to share disappointing or unex-
pected outcomes, and even encourage them to do so.

1.3. On the use of the bioaccessibility parameter in remediation
studies

Three decades ago, the scientific community started to focus on
the concept of PAH bioavailability. Researchers were gathering
encouraging results and increasing knowledge regarding PAH
metabolism (mainly under aerobic conditions) in the laboratory,
but failed to predict outcomes in field conditions (Sanseverino
et al., 1993). They were facing poor PAH mineralization rates and
yields even under favourable conditions. Research and publications
focused on several aspects of bioavailability: (i) defining it, (ii)
identifying the factors that influence it, (iii) measuring it, and (iv)
increasing it for degrading microorganisms (in the context of
remediation).

Settling on concepts and definitions alone has been at the centre
of many publications and reviews (Ehlers and Luthy, 2003; Semple
et al,, 2003, 2004, 2007; Reichenberg and Mayer, 2006; Ortega-
Calvo et al,, 2015). Concepts as crucial as “chemical activity”,
“bioavailability”, “bioaccessibility”, “non-extractable residues”
(NERs) and the processes that govern them were defined, and will
not be repeated here. Please note that the term “bioavailability” is
used as a generic term.

The factors and the sorption/desorption mechanisms influ-
encing organic compounds’ bioavailability (including PAHs) have
been, and still are being, thoroughly investigated and reviewed.
They include (i) soil/sediment properties such as solid and dis-
solved organic matter (SOM and DOM) content, particle size,
chemical structure, composition, polarity, mineral composition and
organo-mineral associations; (ii) environmental factors (pH, tem-
perature, moisture ...); (iii) characteristics of the contamination
such as the source material (atmospheric emission, solid, semi-
solid, NAPLs), the presence of co-contaminants, and the initial
amounts of pollutants, and (iv) microbial capacities such as the type
and variety of degrading species, their morphological, behavioural,
and physiological adaptations, and chemotactic capabilities
(Ortega-Calvo et al., 2013; Duan et al., 2015; Ren et al., 2018; Yu
et al., 2018).

Several methods to measure bioavailability have been devel-
oped and also reviewed (Semple et al., 2007; Cui et al., 2013; Riding
et al., 2013; Cachada et al., 2014). Recently, the ISO/TS 16751 norm
(2018, revised in 2020) settled some debates on bioavailability
measurement by defining a protocol using either a strong sorbent
(Tenax®) or complexing agents (cyclodextrins) to determine the
“bioavailable fraction” of non-polar organic compounds (such as
PAHs), also named “environmental availability”. The norm uses
biomimetic surrogates, which are meant to imitate a potential
maximal uptake from the aqueous solution by organisms. This
environmental availability is defined in norm ISO 17402 (2008) as
“the fraction of a contaminant actually or potentially available to
organisms”, which is the definition of bioaccessibility by Semple
et al. (2004). It is different from the environmental bioavailability,
which includes uptake by the organisms and is dependent on the
biological group or even the species. Indeed, aqueous diffusion
(which requires a biomimetic method to measure environmental
availability) is not the only mechanism through which organisms
might be exposed to pollutants. Higher organisms, like mammals
and invertebrates, can access pollutants through the ingestion of
soil material, then residual fractions might be released in the gut
due to chemical conditions (Umeh et al., 2017). Thus, it is essential
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Fig. 1. Proportions of documents on aged soils/sediments in several clusters of documents on PAH remediation treatments. Values are means + confidence intervals (o = 0.05). See

Supplementary Table 3 for detailed numbers and calculations.

to keep in mind that the ISO/TS 16751 norm is a tool that allows the
estimation of the environmental availability in general, but does
not represent bioavailability to all types of organisms. In relation to
soil/sediment remediation, bioavailability is now assimilated to the
availability to microorganisms such as bacteria and fungi, and it is
based on the assumption that the rapidly desorbable fraction (i.e.
the bioavailable fraction) of a contaminant represents the endpoint
of bioremediation (Hu et al., 2014). This precision is important
because as was demonstrated by Hu et al. (2014), a pollutant’s
removal through bioremediation can sometimes be higher than
could have been predicted through bioavailability measurements.
Thus, it is important to keep in mind that bioavailability is a tool
that should be used as a complement to other decision-making
tools.

Nevertheless, now that the norm exists, the scientific commu-
nity should start implementing it in soil/sediment remediation
studies.

When countries are equipped with a legislation regulating
environmental pollution and setting remediation goals, endpoints
are established on the assumption that when environmental harm
has been done, it has to be repaired to the greatest possible extent.
Even for some countries where legislation is based on risk-
assessment (e.g. Canada, New Zealand, Australia, USA, UK, the
Netherlands, and Belgium), the total extractable content is at the
basis of management strategies. For example, in Belgium (Walloon
region), the management strategy of a brownfield site is based on a
risk-analysis. Coefficients based on exposure scenarios, toxicolog-
ical data, soil physico-chemical properties, etc. are applied to the
content to which the targets (e.g., humans) are considered to be
exposed, leading to a value that is then considered acceptable or
not. The content to which coefficients are applied is assumed to be a
pollutant’s total extractable concentration. But this assumption has
been thought to overestimate risks for some time now. As discussed
previously, the interactions between a pollutant and the matrix it is
in are complex and tend to become stronger with time. This means
that the complete removal of a pollutant can become technologi-
cally infeasible or very expensive as time goes by. It also means that
risks could be overestimated if the risk-analysis estimates that the
total extractable pollutant content is bioavailable to organisms
(which is potentially true in the case of ingestion, but not in the
case of dermal contact, for example). So complete removal of a
pollutant could actually be unnecessary in some cases.

Several authors have discussed this issue, and suggested that
several pieces of information should be used in the decision-
making process: the pollutants’ total concentrations (based on
classical exhaustive extraction methods) of course, but also their
bioavailability. Norm ISO/TS 16751 is very useful to determine the
environmental availability, but it should be complemented with

biological assays, or chemical surrogates suitable for different bio-
logical groups, such as mammals (Alexander, 2000; Latawiec et al.,
2011; Duan et al., 2015). And although progress still needs to be
made in developing such methods, it is encouraging to know that
some work has already been accomplished on PAH bioavailability
in food using in vitro digestion, and that it could be implemented on
soils/sediments as well (Hamidi et al., 2016).

On the other hand, implementing bioavailability measurement
in soil/sediment remediation studies would bring considerable
insight to the processes taking place during trials. The bioavail-
ability concept was originally studied to explain the lack of proper
biodegradation during bioremediation. Recently, the assessment of
bioavailability has largely been discussed as a tool for risk-analysis
in contaminated land management, as explained previously. But it
should also be used as a tool to follow the evolution of that risk
throughout the actual remediation process, and not only as a way to
plan the extent of clean-up that should be achieved. This would
mean using bioavailability assessment for all types of remediation
techniques, on all types of soils/sediments being remediated.
Throughout remediation research, many trials and methods have
based their strategy on increasing bioavailability. State-of-the-art
reviews on techniques enhancing bioavailability exist (Ortega-
Calvo et al., 2013) or have been included in remediation reviews
which evaluated progress in PAH remediation treatments (Gan
et al, 2009; Kuppusamy et al., 2017; Lamichhane et al., 2017;
Sarma et al., 2019). But none of these reviews, to the best of our
knowledge, have reported the systematic assessment of bioavail-
ability throughout remediation trials. As indicated throughout this
section, bioavailability is at the centre of risk-analysis because it is
what makes a pollutant a danger to its environment or not. So, the
determination, but also the evolution of a pollutant’s bioavailability
should be taken into account in remediation studies. From a
remediation point-of-view, it would bring considerable insight to
the processes at work and help understand the dynamics of the
treatment, and from a risk-analysis point-of-view, it would provide
continuous data to feed the risk-analysis assessments, and could be
used in combination with the total concentration contents to follow
the evolution of land clean-up and of risk, and to determine where
to stop. Evidently, since bioavailability applies by essence to his-
torical pollution to evaluate its danger, such work has to be asso-
ciated with aged material, as this realistically presents pollutants
with lowered bioavailability. Recently, studies have started to
assess the bioavailability of PAHs in soils/sediments after under-
going remediation. Posada-Baquero et al. (2019, 2020) recently
applied the ISO/TS 16751 norm to determine the environmental
availability of PAHs in aged-contaminated soils before and after
remediation treatments, and our team measured PAH bio-
accessibility throughout a bioremediation trial (Davin et al., 2019)



M. Davin, G. Colinet and M.-L. Fauconnier

and a rhizoremediation trial (Davin et al., 2020) before the norm
came out.

Finally, let us keep in mind that if, as suggested previously, in-
termediate PAH metabolites or other PACs were to be added to the
list of compounds of interest in the matter of environmental
remediation, their bioavailability would also have to be monitored
throughout remediation processes. Indeed, it was previously
mentioned that as some of these compounds are more polar, they
are also probably more mobile and bioavailable. This needs to be
verified, as it is crucial that remediation techniques actually
diminish the general toxicity and threat pollutants pose towards
the environment. Here again, some researchers (Hu et al., 2014)
have started to examine this issue when they investigated possible
links between the biodegradable and the desorbable fractions of
compounds such as oxy-PAHs, but also apolar PAH degradation
metabolites. They obtained mixed results depending on the type of
compound and concluded that although bioremediation could
generate genotoxic metabolites, these compounds were not
necessarily desorbable from the soil, and thus bioavailable. This
finding is yet another argument supporting the need to implement
and expand the assessment of bioavailability in remediation trials.

2. Conclusions

This paper has reviewed and questioned a few scientific pa-
rameters that have been leading soil and sediment PAH remedia-
tion studies and management for the past few decades.

The first parameter is the list of PAH compounds that are being
studied and targeted in the scientific literature. We have shown
that the classical 16 US-EPA compounds might no longer be suffi-
cient to meet current environmental challenges and quality
guidelines throughout the world. We suggest that it might be
relevant to expand the variety of studied and remediated PAHs, but
also PACs, in soils/sediments to meet remediation challenges and
prevent toxic dead-ends.

The second parameter is the choice of experimental material in
remediation studies. We have shown with bibliometric measures
that neither co-contaminated nor aged-contaminated material
have been systematically used in PAH remediation trials to date,
even though such material is the most representative of realistic
remediation challenges when it comes to land management. We
thus suggest that researchers start using aged-contaminated and
co-contaminated material more systematically in their trials. We
also strongly advise that all types of results, even inconclusive ones,
be shared with the scientific community.

The final parameter concerns the use of bioavailability mea-
surement. A norm was just published that allows the evaluation of
environmental availability (ISO/TS 16751). It was mainly developed
as a tool to improve risk-analysis based management of contami-
nated land, but we suggest such measurement should be system-
atically included in remediation trials, on realistic soil material, to
improve our understanding of remediation processes as well as
management tools.
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