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Abstract Geosorbents are the main host of anthropogenic
organic pollutants and play a vital role in their fate and
transport in the natural environment. Soil and sediment are
the most common and abundant geosorbents in the natural
environment; their interactions with organic pollutants,
especially sorption and desorption processes, have been
extensively studied from the perspectives of thermodynamics and kinetics. Recently, the aging of organic pollutants in geosorbents has drawn increased attention, leading
to an improved understanding of interactions between
organic pollutants and geosorbents and informing remediation criteria. Aging has been deemed important in accurately assessing ecologic and health risks of organic
pollutants, and both positive and negative impacts have
been reported in studies of natural and artificial sorbents.
This paper summarizes recent research progress on organic
pollutant aging in geosorbents, including related mechanism research, influence factors, bioavailability assessments, and biological and physicochemical remediation of
aged organic pollutants. We also discuss issues in the
current research and bring forward suggestions for future
study.
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1 Introduction
With extensive industrial manufacturing, agricultural production, and military exercise operations, a variety of
pollutants have been—and will continue to be—released
into the natural environment. Environmental contamination
by anthropogenic chemicals, which may persist in soil and
sediment for a long time, have mainly included inorganic
contaminants, such as nitrate (Laurent and Ruelland 2011)
and sulfate (Fisher et al. 2011); organic contaminants, such
as agricultural pesticides (Kookana 2010; Koskinen 2011;
Wong and Bidleman 2011; Abir et al. 2012; Mitton et al.
2012), polychlorinated biphenyls (PCBs) (Huang et al.
2011; Wong and Bidleman 2011; Aslund et al. 2012;
Lehtinen et al. 2014), and polycyclic aromatic hydrocarbons (PAHs) (Xiao et al. 2004; Liang et al. 2006; Xiao and
Huang 2011; Zhang et al. 2012; Ouvrard et al. 2013;
Sánchez-Trujillo et al. 2013; Barnier et al. 2014); heavy
metals (Gaw et al. 2012; Settimio et al. 2014); and industrial solid waste (Mata-Alvarez et al. 2000; Pappu et al.
2007). Most of these pollutants are discharged into the
environment through wastewater. Figure 1 shows the distribution of organic wastewater emissions in China and the
world. Although there are numerous studies on the fate and
transport of traditional organic pollutants (Laurent and
Ruelland 2011; Wong and Bidleman 2011; Ye et al. 2013;
Yang et al. 2014), emerging organic contaminants, such as
perfluorinated compounds (Domingo 2012; Route et al.
2014), brominated flame retardant (Covaci et al. 2011;
Johnson et al. 2013; Marteinson et al. 2015), and disinfection by-products (Bond et al. 2011; Grellier et al. 2015)
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Fig. 1 The distributions of organic wastewater emissions in China and the world (Data represent the mean values of the districts; global data
from the International statistical yearbook 2014 and China data from the Chinese statistical yearbook 2015)

have received increasing attention since 2010. Many of
these organic pollutants are highly carcinogenic and
mutagenic, and tend to be enriched in organisms higher in
the food chain. A list of famous global pollution incidents
is presented in Table 1. Various agencies and treaties have
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sought to reduce organic pollutants in the environment. For
example, the United States Environmental Protection
Agency (EPA) has listed sixteen PAHs as priority pollutants and the 2001 Stockholm Convention required stricter
emission control of certain organic pollutants. The vast
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Table 1 Major organic contamination accidents worldwide
Site

Creature

Contaminant

Damage

Literature

Puget Channel

Butterfly
fish

PCBs

Fish oocyte deformity rate increase, spawning rate decline

Örn et al. (1998)

Lawrence Sea

Beluga

POPs

Reproductive damage

Martineau et al.
(1994)

Gulf of Alaska, Aleutian Islands
and Bering Sea

Sea lion

POPs

Sea lions decline, become endangered species

Perugini et al.
(2007)

California lakes and reservoirs

Birds

DDD

Bioaccumulation led to the deaths of birds

Stevenson
(2007)

Coastline of Cantabrian
Mountains and SW of France

Birds and
falcon

PAHs

Bird poisoning and embryonic death, eventually led to
drastic reduction in falcon population

Zuberogoitia
et al. (2006)

Europe and the Great Lakes

Fish and
birds

POPs

POP cause reproductive problems in fish and birds

Zabel et al.
(1995)

majority of the targeted organic pollutants have a high noctanol/water distribution coefficient (KOW) and are known
as hydrophobic organic contaminants (HOCs). Hydrophobicity contributes both to HOCs’ enrichment in solid
environmental media and to long retention times in the
environment (Alexander 1995; Chung and Alexander 1999;
Schwarzenbach et al. 2006; Koskinen 2011; Pignatello
2012; Wei et al. 2014).
Geosorbent is a comprehensive concept, referring to all
kinds of absorbent solid media in the natural environment
that were formed from and are still actively involved in
geological processes. Soil, sediment, and black carbon
materials are the most common examples of geosorbent.
Geosorbents are an important receptor of HOCs, attracting
various kinds of organic pollutants, and are the main sink
of HOCs in the natural environment (Luo et al. 2012; Duan
et al. 2014). As such, they are critical in health risk
assessments. For example, as an essential component in the
grain cultivation system, soil has direct and indirect influences on human health (Bakshi et al. 2015). Sorption and
desorption processes dictate enrichment, transport, fate,
and biological reactivity of HOCs in the terrestrial environment (Brandli et al. 2008; Khan et al. 2010; Zhou et al.
2010; Cheng et al. 2012; Oen et al. 2012; Ouvrard et al.
2013). Geosorbents are often highly heterogeneous in
terms of both chemical composition and physical structure,
as depicted in Fig. 2 (Luthy et al. 1997). Initially, soil/
sediment organic matter (SOM) is believed to be the
dominant factor controlling sorption of HOCs, and the
sorption isotherm linear, noncompetitive, and reversible
(Chiou et al. 1979; Karickhoff et al. 1979). However,
nonlinear sorption phenomena emerged in the research of
the 1990s (Brusseau et al. 1991b; Scribner et al. 1992;
Pignatello and Xing 1995; Huang et al. 1997; Chiou and
Kile 1998); competitive sorption (Xing et al. 1996; Xing
and Pignatello 1998) and multiphasic desorption kinetics

(Scribner et al. 1992; Kan et al. 1994; Huang and Weber
1997; Cornelissen et al. 1998) are widely reported and lead
to the suggestion of a dual-mode sorption concept (Weber
Jr et al. 1992; Xing et al. 1996; Huang and Weber 1997;
Xing and Pignatello 1997). In this theory, sorption of
HOCs by SOM is controlled by two domains: the soft
carbon or amorphous SOM (linear sorption) and the hard
carbon or condensed SOM (nonlinear sorption). The
sorption process often includes an initial rapid and reversible step followed by a period of slow sorption over
weeks, months, or even years. In slow sorption, a fraction
of organic pollutant often survives in the natural environment. Many studies have shown that HOC desorption from
soil and sediment is a time-dependent reduction process
and often is not simply the reverse of sorption. Therefore,
the concept of aging is introduced and used to explain this
phenomenon in the vast majority of the literature
(Alexander 1995, 2000; White et al. 1999; Kottler et al.
2001; Northcott and Jones 2001; Guthrie-Nichols et al.
2003; Ahmad et al. 2004; Regitano et al. 2006;
Louchart and Voltz 2007; Ncibi et al. 2007; Hale et al.
2011; Tang et al. 2012; Wei et al. 2014). Several mechanisms have been invoked to describe the aging of chemicals in geosorbents like soils and sediment, including the
hypotheses that a desorption-resistant fraction of chemical
molecules exists within some components of SOM (Brusseau et al. 1991a, b), and that HOC molecules can diffuse
slowly into SOM matrix and be entrapped within small
pores of SOM (Wu and Gschwend 1986; Steinberg et al.
1987; Brusseau et al. 1991a; Hofmann et al. 2004; Cheng
et al. 2012; Ran et al. 2013). It is also possible that strong
bonds may form between HOCs and SOM (Isaacson and
Frink 1984; Kong et al. 2013).
Early research on aging effects of HOCs in geosorbents
begin two decades ago; the latest research has focused on
the formation mechanism and influence factors of aging
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Fig. 2 Conceptual model of geosorbent domains (modified after Luthy et al. 1997)

Fig. 3 Sequestration or aging of PAHs resulting from diffusion into
the solid portion of soil or entry into nanopores (modified after
Alexander 2000)
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effects. Many studies have concluded that the aging effect
increases with contact time of HOCs and geosorbents; thus
desorption and bioavailability of HOCs are varied (Hwang
and Cutright 2002; Tang et al. 2012; Glaesner et al. 2014;
Duan et al. 2015). The aging effect can be described as the
trapping or insulation of organic pollutants, inhibiting their
release and desorption, thus reducing bioavailability
(Fig. 3). Although the aging effect significantly affects
sorption–desorption behaviors of HOCs, previous risk
assessment methods only considers the physicochemical
properties of extraction solvents (Hatzinger and Alexander
1995); the long-term physical and chemical impacts of
HOCs on the environmental media are rarely considered.
This lead to an overestimate of the short-term effects and
an underestimate of the long-term effects of HOCs
(Alexander 2000). On one hand, aging could reduce the
releasing of organic pollutants and decrease their
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bioavailability to a certain extent, so aging has a sort of
beneficial effect; on the other hand, the repairing function
of some engineered agents, such as activated carbon, could
be impeded and remediation outputs could be affected.
There has been a significant amount of research
regarding HOC aging in geosorbents, but clear and
complete understanding of specific mechanisms at the
micro-level has not been established. Aged HOCs in
geosorbents are insulated temporarily, but when surrounding environments or media structures change, the
trapped HOCs are likely to be released into the environment, resulting in damage to organisms and even fatal
harm to humans. It is therefore necessary to understand
deeply and completely the aging effects of HOCs in
geosorbents. We should not only study the properties of
HOCs, but also analyze the matrix structures and components of geosorbents, considering the surrounding
environments, such as pH, microbial activity, competition
of different pollutants, temperature, hydraulic conditions
of the aqueous phase, and so on.
The effects of aging are various. First of all, it affects
the fate and transfer of pollutants. Recent studies show
that the fate and transfer of organic pollutants are closely
related to soil/sediment composition (Alexander 2000;
Guthrie-Nichols et al. 2003; Luo et al. 2012) and to pollutant properties (Northcott and Jones 2001; Hale et al.
2011), and that changes in ambient environmental conditions are also important. Second, the aging of organic
pollutants changes their bioavailability for organisms.
Bioavailability research of aging HOCs in geosorbents
has mainly focused on the reduced degradation ability of
microorganisms; since aged pollutants may not be
decomposed easily by microbes, the bioavailability of
organic pollutants is reduced (Alexander 2000; Nam and
Alexander 2001). Humans may be exposed to organic
pollutants by a variety of pathways including inhalation,
oral ingestion, and dermal sorption (Rostami and Juhasz
2011) of soil or aerosol particles. Understanding aging of
organic pollutants in geosorbents is therefore essential to
a health risk assessment of organic pollutants.
Recently, research interests have included the effects of
supergene processes exerted on geosorbents and pollutants
by simulation experiments such as freeze–thaw cycle,
amorphous organic matter encapsulating, dissolution and
precipitation of soil minerals, and other interactions among
soil, SOM, and organic compounds. To our knowledge,
research on the aging effect has concentrated on the following perspectives: the influence factors and bioavailability assessment of aged organic pollutants; the physical,
chemical, and biological remediation of aged organic pollutants; and related mechanisms. This paper reviews recent
progress on the mechanisms of organic pollutants aging in
geosorbents, the factors that influence aging, the extraction
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methods of organic pollutants, and the corresponding
remediation methods in dealing with aged organic pollutants, and then looks forward suggestions on future
research. We hope it will provide necessary theoretical
guidance for comprehensively governing organic pollutants
in the natural environment and for accurately assessing
their health risks.

2 The formation and governing factors of organic
pollutants aging in geosorbents
2.1 The formation of organic pollutants aging
in geosorbents
The concept of aging has been raised in sorption–desorption studies to explain the phenomenon of hysteresis or
irreversibility of sorption and desorption (Ye et al. 2013;
Cheng et al. 2014; Bakshi et al. 2015). There are two major
theories of the mechanism of aging. One is that the surface
of the sorption-active component of the geosorbent, for
example SOM, contains different functional groups and the
pollutant molecule may be combined with certain functional groups to form relatively stable chemical bonds,
causing irreversible sorption and aging of pollutants.
Classic chemical sorption, p-bond function, and p–p
interactions often happen since soil and SOM usually
contain highly aromatic constituents which are rich in p
electrons and can interact with another oscillatory electron
acceptor in p–p electronic reactions. HOCs usually contain
aromatic p electrons, for example PAHs, which may
interact strongly with certain aromatic carbon sites of the
sorbent via p–p bond interactions (Zhu et al. 2004; Xin
et al. 2013). A second theory is related to ‘‘pore-conditioning’’ (Luo et al. 2012; Pignatello 2013), an indirect
mechanism underlying the hysteresis between sorption and
desorption. The ‘‘pore-conditioning effect’’ is a complicated process in which solute molecules enter pores of
SOM matrix and expand some micropores through interaction with the inner surface of the micropores. When the
solute concentration in the micropore becomes high
enough, the total volume of pores is enlarged, or pores are
deformed, and more sorption sites are created. However,
pore deformation occurs only when the solute concentration in the sorbent is high and its degree varies accordingly.
Sorption–desorption hysteresis follows since the solute
concentrations in the sorbent at sorption and desorption are
different despite the solute concentrations in the solution
phase being the same. These two mechanisms of the aging
of organic pollutants in certain geosorbents have been
tested by many studies. However, biotic and abiotic
transformation processes of the pollutants and the geosorbents were not systematically considered (Puglisi et al.
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2013). Therefore, it is unclear whether non-extractable residues form through physicochemical processes,
such as slow diffusion into micropores (Xing et al. 1996;
Pignatello 2012; Ran et al. 2013; Zhang et al. 2015);
through entrapment in hydrophobic pores or glassy phases
of SOM (Pignatello et al. 2006); or through biochemical
reactions, such as biological production of metabolites
(Gajdošová et al. 2011), partial oxidation by exoenzymes,
and subsequent covalent bonding of SOM (Bollag 1992;
Kong et al. 2013).
2.2 Factors governing the aging of organic
pollutants in geosorbents
A complete understanding of influence factors in controlling organic pollutants’ aging in geosorbents is important
in evaluating aging effects. Researchers have suggested a
variety of major influence factors for pollutant aging in soil
including SOM quality (Chung and Alexander 2002); soil
aggregate structure and presence of clay minerals (Nam
et al. 2003); humidity (Kottler et al. 2001); pH (Brusseau
et al. 1991b); and other properties, such as cation-exchange
capacity (Chung and Alexander 1998), nanoporosity (Nam
and Alexander 1998), polarity (Young and Weber 1997;
Kile et al. 1999), aromaticity (Bogan and Sullivan 2003;
Gunasekara and Baoshan 2003), and spatial structure of
molecules (Cornelissen et al. 2005). The latest research on
influence factors, such as supergene geochemical processes, metal ions, size of organo-mineral particle, and
temperature, are discussed separately below.
2.2.1 Supergene geochemical processes
Organic pollutants are not fixed upon release into the natural environment, but rather move through the environment
and organisms in ways that are determined by their
physicochemical and biological properties as well as various relevant processes. Supergene geochemical processes
are ubiquitous in the natural environment. Generally
speaking, supergene geochemical processes include any
movement of an element or chemical in the surficial zone
of the Earth system. The aging of organic pollutants in
geosorbents is intimately related to supergene geochemical
processes since the processes continually change the
physical structure and chemical properties of geosorbents
and of the ambient environment, affecting sorption/desorption behaviors of organic pollutants. These effects
manifest in the natural environment differently from in
simulated laboratory environments. Repeated freeze–thaw
cycles and material enwrapping are two of the most common and important supergene geochemical processes.
Freeze–thaw is the result of ambient temperature changes,
and leads to the breakdown of aggregate formations of
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geosorbents like soil (Hofmann et al. 2004; Zhao et al.
2009, 2013a, b ; Schneckenburger et al. 2012). Previous
studies suggest that the freeze–thaw cycle has a great effect
on adsorption–desorption of HOCs in soils, but no general
trend has been observed relating desorption capacity with
occurrence of freeze–thaw; rather, the phenomena were
explained as consequences of the initial status of the tested
soil and different initial concentrations of HOCs (Zhao
et al. 2009, 2013b). However, other investigators found that
drying–wetting or freezing–thawing treatments conducted
on contaminated soils did not show consistent effects on
desorption behavior of organic compounds (Kottler et al.
2001; Northcott and Jones 2001; Chung and Alexander
2002). A few researchers have tentatively discussed
underlying mechanisms. The freezing of wet soils might
cause breakage of macromolecules in SOM or organomineral structures, which could expose additional functional groups of SOM through crystallization of soil waters
(Yu et al. 2010). The complex and heterogeneous structures of SOM and soil matrix might change after multiple
freeze–thaw treatments. For example, some parts of the soil
may become wetter and others may become drier—the
freezing process may disrupt soil aggregates in wetter parts
because of the expanding of ice crystals in pores; on the
other hand, soil mass is reduced and bonding agents precipitated at interfaces of particles in drier parts, such that
the original surface area and micropore volume of the soil
changes during the breakdown or formation of soil aggregates, and the extraction efficiency of organic compounds
from the soil is changed accordingly; furthermore, if the
soil is contaminated by two or more HOCs, the extraction
efficiency variation of each HOC is different from the
single HOC contamination scenario due to competition
among HOC solutes (Lehrsch and Sojka 2011).
Besides freeze–thaw, other supergene geochemical
processes, like precipitation and wrapping of secondary
materials on geosorbents, also influence the aging of HOCs
on geosorbents. When Zhou et al. (2010) studied the
influence of dissolved organic carbon (DOC) on sorption
behaviors of carbonaceous material in soil/sediment samples, they found that DOC-covered soil/sediment samples
had different rapid and slow desorption fractions from
untreated soil/sediment samples. Lu et al. (2009) studied
the effects of DOC coating on nanoparticle atrazine sorption and found that DOC coating reduced the sorption
abilities of both SiO2- and kaolinite-based nanoparticles
and that the reduction was significant for the SiO2
nanoparticle. Koelmans et al. (2009) studied the effects of
DOC on PCB sorption on charcoal samples, concluding
that DOC changes the pore size and surface properties of
the charcoal samples and therefore affects the desorption
dynamics of PCBs. Our recent studies (Fig. 4, unpublished
data) demonstrated that the simulated supergene
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particularly Fe and Al ions, and cause partial dissolution of
SOM. Carvalhais et al. (2011) reported the dissolution of
soil minerals by root-secreted organic acids, which affects
sorption and desorption behavior of organic pollutants in
soils. Sun et al. (2012) studied the effects of adding different root exudate components on availability of phenanthrene in soils, concluding that metals extracted from soils
affect desorption behavior of phenanthrene. Kim and Hyun
(2015) showed that organic acids can dissolve metals from
soil solids and break down SOM-mineral complexes,
resulting in decreased SOM in the soil and increased DOM
in the solution.
Fig. 4 The effects of supergene geochemical processes on the aging
behavior of organic pollutants. (St and S0 (mgkg-1) are amounts of
phenanthrene in SOM samples at time t; the supergene geochemical
processes include inorganic deposition, freeze–thaw treatment, DOM
wrapping, and darkness.)

geochemical processes have notable but varying degrees of
influence on the aging behaviors of organic pollutants in
geosorbents.
2.2.2 Metal ions
Metals exist commonly in geosorbent samples; their types,
species, and concentrations have great influence on the
aging of organic pollutants in geosorbents. The presence of
different cations affects the conformation or structure of
SOM, thus influencing sorptive properties of SOMs. For
example, monovalent cations, like K? and Na?, can
expand SOM and make it more flexible, while polyvalent
complexing cations, like Al3?, can make SOM condensed
and rigid (Buurman and Jongmans 2005; Schneckenburger
et al. 2012). The species—as well as the concentrations—
of metal ions in natural water–geosorbent systems are
highly dependent on the pH of the solution phase. Unlike
inorganic acids, organic acids in the natural environment
usually result from organism activities—either secretion
and degradation of organisms or human release—and have
important influence over metal ions in the system. Generally speaking, organic acids are the most active groups of
root exudates, usually in the forms of monocarboxylic,
dicarboxylic, and tricarboxylic acids, and can closely bind
with metal cations. When adding organic acids to soils, soil
minerals will be dissolved and the bridges between soil
mineral surfaces and SOM will be broken (Xu et al. 2012;
Fan et al. 2015), resulting in a decrease of SOM and an
increase of DOM in the solution (Pan et al. 2012). Yang
et al. (2001) found that desorption of organic pollutants
from soils is enhanced by adding sodium citrate and
sodium oxalate; they suggest that sodium citrate and
sodium oxalate can mobilize metal cations of soils,

2.2.3 The particle size of geosorbent
The role of mineral particle size on the aging of organic
pollutants on geosorbents has drawn growing research
interest. Sorption–desorption and other physical–chemical
processes controlling the fate and transport of organic
pollutants happen on the surface of the organo-mineral
particle (Kaiser and Guggenberger 2000; Ahangar et al.
2008; Lin et al. 2012). The distribution and risk of organic
pollutants may change when they are associated with
mineral particles of different sizes. For example, the resuspension of micro-particles puts humans at higher risk by
presenting a new inhalation exposure pathway of organic
pollutants (Schulten and Leinweber 2000). Organic pollutants bound with different fractions of soils may exhibit
different bioavailabilities since sorption and desorption are
affected by particle size; this ultimately affects aging.
Figure 5 shows the amounts of organic pollutants in different particle fractions; organic pollutants ‘‘pool’’ in certain materials in the natural environment (Cui et al. 2011).

Fig. 5 The concentration of pyrene on particles of varying size (sand:
[50 lm; silt: 2–50 lm; clay: \2 lm). Data from Cui et al. (2011)
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2.2.4 Temperature
Early studies showed that while ambient temperature can
change the status of pollutants and geosorbents variously
according to their characteristics, it is difficult to tease out the
specific influence of temperature on the aging process. On one
hand, researchers have reported that the sorption capacities of
sediment samples decrease as the temperature under which
experiments are conducted increases. For example, experimental data have shown a lower sorption of hydroquinone by
sediments at higher temperature (Cheng and Lehmann 2009).
On the other hand, increased ambient temperature may
enhance desorption of organic pollutants from geosorbents
(Table 2). Higher temperature has significant effects on the
aging of organic pollutants, whether the geosorbents are subjected to it during their formation or at a later stage. Cheng and
Lehmann (2009) found that the formation temperature of black
carbon (BC) samples influences the aging of organic pollutants
in them since the elemental composition, surface area, and
chemistry of BC change consistently with temperature. Hale
et al. (2011) reported that the surface area and porosity of BC
samples decrease with increased temperature, while Cheng
et al. (2014) found that acidic functional groups of BC samples
increase with aging temperature, especially the carboxylic
groups. It is therefore reasonable to conclude that temperature
could accelerate aging effects in sediment supplemented with
BC. Researchers have also proposed that natural organic
matter (NOM) could change from a glassy (rigid-chain) state
to a rubbery (flexible-chain) state when the temperature is high
enough (Huang and Weber 1998; Xiao et al. 2004). It is
assumed that the higher temperature could accelerate the diffusion rate of organic pollutant molecules from the solution
into geosorbents (Ghee et al. 2013). In summary, further
studies are necessary to determine how temperature affects the
aging process of organic pollutants in geosorbents, especially
geosorbents containing BC (Lou et al. 2012).
2.2.5 The influence factors of adsorption and desorption
The aging of organic pollutants in geosorbents is intimately
related to sorption and desorption processes; sorption and
desorption behaviors of organic pollutants in geosorbent
Table 2 Rate constants of desorption at maximum release rates
Sample

kdes, 7 °C

kdes, 15 °C

kdes, 18 °C

kdes, 23 °C

Fig. 6 The relationship of desorption fraction and sequestration or
aging fraction (qfast and qslow represent fast and slow desorption
fraction, respectively, and qseq is the sequestration or aging fraction)

determine the final state of aging (Fig. 6). Sorption of
hydrophobic organic contaminants is related directly to the
contents of SOM in soils (Shin and Nam 2014), the source and
structure of SOM (Glaesner et al. 2014), the hydrophobicity of
the contaminant compounds, and other soil properties (Duan
et al. 2014). PAHs, for example, interact strongly with SOM
because of their high hydrophobicity, acting as an important
sink for hydrophobic contaminants (Ouvrard et al. 2013). A
strong positive correlation between sorption of phenanthrene
and total soil organic carbon (TOC) has been observed, while
other soil properties, such as soil texture and DOC, also affect
sorption behavior (Kothawala et al. 2009; Duan and Naidu
2013). The different sorption capacities of organic matter
factions could be attributed to their different molecular
properties, such as polarity (Oleszczuk et al. 2012), aromatic
carbon and aliphatic carbon content (Xing 2001), and carbonaceous material content (Cornelissen et al. 2005).
Desorption is influenced by many factors, including the
components and properties of contaminants (a linear relationship exists between desorption behavior and hydrophobicity, Fig. 7), geosorbent properties, aging time, contaminant
concentrations, etc. However, observed effects have been
inconsistent across studies. Most of the rapidly desorbing
fractions of hydrophobic organic contaminants are similar
regardless of concentration (Barnier et al. 2014). So the
combined effect of concentration and chemical properties of
organic pollutants should be taken into account. The desorption ability of organic pollutants from geosorbents does not
always decrease as molecular weight increases, but four-ring
PAHs might be special (Li et al. 2013).

Pyrene (Pyr)

0.08

0.20

0.43

–

Fluorene

0.05

0.15

0.23

0.60

Anthracene
Fluoranthene

0.05
0.12

0.17
0.26

0.33
0.54

1.10
3.38

3 Bioavailability of aging of organic pollutants

Phenanthrene

0.25

0.76

1.63

2.80

The aging effect on fate and transport of organic pollutants
in the natural environment has come to be considered in
regulating the health risk to humans and other creatures

kdes is the desorption rate constant in lg L-1 h-1 (data from Enell
et al. 2005)
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Fig. 7 log krap (filled square), log kslow (filled triangle), and log
kvery slow (filled circle) versus log kow lines are regression lines (log k
is the log value of desorption rate constant), data from the literature
(van Noort et al. 2014) and our research results

(Crampon et al. 2014). Aging may lead to decreased toxicity and bioavailability of organic pollutants via
immobilization.
3.1 The bioavailability of organic pollutants
Bioavailability and bioaccessibility are two concepts easily
confused. The difference between availability and accessibility is illustrated in Fig. 8. The bioavailable and bioaccessible portions of an organic pollutant may differ
substantially; bioaccessible chemicals include both immediately bioavailable chemicals and those chemicals that are
potentially bioavailable (Semple et al. 2004). Figure 9
describes the current understanding of bioavailability of
organic pollutants to organisms. Briefly, there are four main
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steps (A to D) for an organic pollutant molecule to be taken
by a microorganism: (A) a bound or recalcitrant chemical
changes into a more accessible form; (B) and (C) transport
of the chemical to the cellular membrane; and (D) uptake of
the chemical across the cellular membrane. Theoretically,
bioavailability should be defined as step D only, whereas
bioaccessibility includes all four steps (Semple et al. 2004).
But since bioavailability is more closely related to the ecological and health risks of organic pollutants, it is more
commonly used in the literature and it is the term we will
use hereafter. The bioavailability of organic pollutants has
drawn increasing interest, and the current consensus is that
the bioavailability may decrease as organic pollutants are
aged in soil and other substrates. This review mainly focuses
on the research progress on organic pollutant extraction and
how aging affects bioavailability.
3.2 The extraction method and bioavailability
Bioavailability is defined as the maximum quantity of an
organic pollutant available to an organism within a given
period of time. Bioavailability of aged pesticide residues in
soil is a key factor in accurately assessing the environmental risk and phytoremediation efficiency of organic
pollutants (Semple et al. 2004; Hofman et al. 2014). Lower
bioavailability of organic pollutants impedes biodegradation and reduces the efficiency of pollution control technology. Numerous previous studies have evaluated the
bioavailability of organic pollutants in soils and/or sediments using mild extraction methods, including n-butanol
or an aqueous solution of surfactant as extracts (Khan et al.
2012), solid-phase extraction/micro-extraction (Bao et al.
2013), Tenax and XAD-2 resin (van Noort et al. 2014), and
passive sampling devices (Lohmann et al. 2012). The low

Fig. 8 Bioavailable and
bioaccessible fractions of
pollutant in soil (modified after
Kirk 2011)
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Fig. 9 Bioavailable processes
in environmental media
(Semple et al. 2004)

bioavailability of HOCs is generally attributed to impeded
biodegradation due to either (a) the presence of nonaqueous phase liquid and an accompanying low solubility
and dissolution rate, or (b) interaction with or occlusion
into the soil matrix.
Combined biological and chemical treatment has been
widely used to improve the biodegradation of organic
pollutants by increasing biodegradability and removing
toxic compounds which may restrain microbial activity
(Silva-Castro et al. 2013). Organic pollutants may be
sequestered and their bioavailability reduced through
interaction with the geosorbent, like soil; the quantity and
quality of SOM directly and significantly influence the
aging status of organic pollutants in soils (Schmidt et al.
2011). In addition, soil characteristics can affect the
microbial community by providing different environmental
conditions, further impacting the aging status of organic
pollutants (Cassidy et al. 2015). Hydroxypropyl-b-cyclodextrin (HPCD) has been suggested as a successful
reagent to extract organic pollutants from geosorbents and
to evaluate the bioavailability of organic pollutants. The
HPCD-extractable amount of organic pollutant is wellcorrelated to the bioavailability of organic pollutants. The
HPCD extraction method was first developed by Reid et al.
(2000) to estimate the bioavailability of PAHs; they found
a 1:1 relationship between HPCD-extractable phenanthrene
and microbial mineralized phenanthrene in soils. Others
have posited that the slow desorption fraction of the sorbed
phenanthrene in soils and sediments can be extracted by
adding HPCD (Gao et al. 2014). HPCD has several
advantages over other organic solvents and non-ionic surfactants: it is non-toxic for microorganisms, highly
biodegradable, and sorbs little on soils (Sánchez-Trujillo
et al. 2013). HPCD can improve the solubility of a wide
range of HOCs by forming complexes between its
hydrophobic cavity and HOCs (Khan et al. 2011) and
HPCD can enhance the mass transfer of organic pollutants
from the soil matrix into the soil solution (Villaverde et al.
2013). However, there are some conflicting results. For
example, Lemaire et al. (2013) found no direct correlation
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between cyclodextrine-extractable PAHs and microbial
mineralized PAHs.
3.3 Other issues of bioavailability
The bioavailability of aged organic pollutants may vary with
other factors besides extraction reagents used in experiments. Recent studies have shown that root exudates may
alter the availability of persistent organic pollutants (POPs)
in soils by altering chemical and biological properties of the
soil, such as the spatial structure of soil matrix, functional
group composition on the soil surface, and affinity of organic
pollutants to SOM (Sun et al. 2012; Philippot et al. 2013).
Joner et al. (2006) found that concentrations of five-ring and
six-ring PAHs in soils were relatively higher near roots and
attributed this phenomenon to root exudates that enhance
desorption of PAHs. Ling et al. (2009) found that n-butanol
extractable PAHs in soils increased after root exudates were
introduced into the experimental system, and Gao et al.
(2010) studied the desorption of phenanthrene and pyrene
from soils with or without root exudates. The enhanced
desorption and bioavailability of other organic pollutants,
including dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethylene (DDE), and PCBs by organic
acids in soils were recently documented by Sun et al. (2012).
Unfortunately, research is still needed to reveal the effects of
root exudates on the desorption and bioavailability of different organic pollutants in geosorbents and to clarify the
underlying mechanisms.

4 Remediation of aging of organic pollutants
Remediation of organic pollutants in geosorbents involves
reducing the concentrations of organic pollutants by
physical, chemical, and biological methods. A successful
remediation method may comprise a series of processes of
sorption, desorption, degradation, transport, and transformation until the concentrations of the target pollutants are
reduced to an acceptable or nonhazardous level.
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Remediation projects often deal with sites with a long
contamination history where target pollutants may have
interacted with geosorbents for a long time and aged in the
sorbent matrix, introducing additional challenges. This
paper briefly reviews the existing research and prospective
technology relevant to governance and remediation of aged
organic pollutants.
4.1 Physicochemical remediation methods
Physicochemical remediation often seeks to extract organic
pollutants directly or to oxidize labile organic pollutants
in situ to remove them from the bulk soil. Physicochemical
remediation is effective but has negative effects on the soil
environment since it changes the characteristics of the soil
and the surrounding environment. The method of in situ
chemical oxidation (ISCO) has been widely used because it
is relatively simple and efficient, but it only partially
removes organic pollutants (Lemaire et al. 2013) and the
introduction of large amounts of strong oxidants into the
environment affects SOM and soil aggregates and eventually damages the local eco-environment, e.g. plant production and biodiversity (Cassidy et al. 2015).
Surfactants are another reagent often used in physicochemical remediation of organic pollutants. Due to the
amphiphilic nature of surfactants, they can increase the
solubility of organic pollutants remarkably, which is beneficial for desorption, while at the same time surfactants
attached to soil surfaces can help sorb additional organic
pollutants (Zhang et al. 2011). Cheng and Wong (2006)
found that desorption behaviors of phenanthrene and pyrene from soils are enhanced in the presence of a nonionic
surfactant (Tween-80) when their concentrations are higher
than the critical micelle concentration. However, when the
concentration of the surfactant was as low as 7.5 mg/L, the
enhancement effect on desorption of phenanthrene and
pyrene disappeared. Pan et al. (2009) also reported contrasting impacts on sorption and desorption behaviors of
perfluorooctane sulfonate (PFOS) from both a cationic
surfactant and an anionic surfactant (Pan et al. 2009).
Previous studies have indicated that nonionic surfactants, such as Tween-80 and Triton-100, can emulsify
organic pollutants and transfer them from solids into the
aqueous phase, significantly increasing the bioavailability
of PAHS in soils (Lü et al. 2012). Additionally, study
results show that surfactants can enhance the metabolism
of p,p-DDT in soils (Yang et al. 2014). However,
researchers have also found that surfactants interact with
clay soils and prevent the transport of pesticides from soils
to the aqueous phase (Mitton et al. 2012). Liu et al. (2012)
studied the role of bio-surfactants such as rhamnolipid
biosurfactant (RB) in the remediation of organic pollutants
and concluded that RB facilitates the removal of total
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petroleum hydrocarbons (TPH) from soil through a combination of micellar solution and emulsion, but they also
noticed a retarded biodegradation rate of TPH in the first
160 days of the batch experiment.
4.2 Biological remediation methods
Bioremediation is a low-cost and environmentally friendly
choice to remove organic contaminants from geosorbents
at contaminated sites. It has many advantages over
physicochemical methods and has become one of the most
active research fields of site restoration research (Zhang
et al. 2012; Jayanthy et al. 2014). Bioremediation can be
divided into microbial remediation, phytoremediation, and
animal remediation; phytoremediation and microbial
remediation are the most widely applied and studied.
Phytoremediation usually makes use of certain hyperaccumulator plants; organic pollutants are selectively taken
up by the plants and subsequently removed by repeatedly
harvesting plant biomass. Of the four major phytoremediation mechanisms—phytodegradation, phytoextraction,
phytovolatilization, and phytostabilization—Mitton et al.
(2012) suggest the first three are major players in organic
pollutant remediation: (a) degradation near root-zones
through the activities of exuded enzymes and/or rhizospheric organisms (b) accumulation of organic pollutants
followed by translocation and metabolism in different tissues of the plant, and (c) volatilization of parental compounds or their metabolites.
Ideally, in microbial remediation, organic pollutants act
as sources of carbon and energy for microbes and eventually decompose into carbon dioxide and water or other
harmless substances. Microorganisms play an important
role in the soil ecological system (Ros et al. 2010). The
theory and technology of microbial remediation has been
broadly developed to fight environmental contamination.
The microorganisms used in bioremediation usually
include both indigenous and exotic microorganisms, as
well as gene-engineering bacteria. Generally speaking, one
kind of microbe can degrade various organic pollutants,
mainly through two mechanisms: either by using extracellular enzyme excreted by the microorganism or by
taking organic pollutants into the cell as regulated by an
intracellular enzyme (Puglisi et al. 2013; Ma et al. 2014).
Bioremediation also includes the culturing of lower animals at contaminated sites. Some lower animals, like
earthworms, can accumulate organic pollutants from soils by
ingestion and can degrade organic pollutants to low- or even
non-toxic products through metabolism (Zhou et al. 2013).
Previous studies indicate that the accumulation and metabolism of organic pollutants by molluscs normally follows a
first-order kinetic model; each specific organic pollutant has
a certain metabolic half-life in the animal, and the organic
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pollutant might reach the accumulation limit after 5–6 halflives (Whitfield Aslund et al. 2013). In addition, many small
fauna in soil, such as nematodes, collembolans, etc., are
helpful in removing organic pollutants from the soil matrix
as some organic pollutants are prone to being sorbed by
these creatures (Zhou et al. 2012, 2013). Other research has
shown that nematode inoculation could promote the
biodegradation of prometryn by food bacteria and inoculations of rhizobia and mycorrhizal fungi could increase the
efficiency of PCB remediation by alfalfa (Teng et al. 2011;
Hamdi et al. 2012). Thus the remediation strategy of combining microbes, plants, and animals is strongly recommended (Barrutia et al. 2011; Mitton et al. 2012).
4.3 Amending by engineering natural sorbents
Amending contaminated soil with engineered sorbent
materials can reduce environmental impacts and health risks
associated with organic pollutants. Theoretically, this is a
type of physicochemical remediation but it is separately
listed here because it is used extensively in different types of
contaminated sites, not only for organic pollutants but also
for inorganic pollutants. Carbonaceous materials, such as
activated carbon and biochar, are considered good amendments for decreasing the environmental mobility and risk of
aging organic pollutants. Previous research has reported
many successful applications of different engineered sorbent
materials, such as composts (Puglisi et al. 2007; Beesley
et al. 2010; Zhu et al. 2011), sewage sludge (Kim et al.
2010), commercial activated carbon (Brandli et al. 2008;
Chai et al. 2012; Hale et al. 2012; Oen et al. 2012;
Oleszczuk et al. 2012), and biochar (Kookana 2010; Martin
et al. 2012; Ogbonnaya and Semple 2013; Xin et al. 2013).
However, the shortcomings of some of these materials
cannot be ignored; sewage sludge often contains other
organic pollutants and heavy metals, and compost consists
mainly of soft organic carbons which result in limited
sorption ability. Follow-up research has achieved much
better results by using modified engineered natural sorbents
in combination with fresh plant materials pretreated with
superheated water and high pressure (Tang et al. 2007; Han
et al. 2014). Modified sorbents have significantly different
physical and chemical properties. In-situ amended engineered natural sorbents can effectively reduce the
extractability and bioavailability of aging organic pollutants
(Weber et al. 2006; Tang et al. 2007, 2008).

5 Prospects and suggestions
Although the research on aging has led to some advancements, such as better understanding of formation mechanisms and controlling factors, there are still many
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unanswered questions. Previous studies on aging effects
and the fate of organic pollutants were conducted mainly
with purified soil components under laboratory conditions
and over a short time period, but in natural scenarios,
organic pollutants and soil media are more complicated,
and their interactions are at slow speeds and long timescales. It is necessary to simulate natural environment
conditions and to systematically study the interaction of
organic pollutants with geosorbents.
The aging of organic pollutants in geosorbents has two
opposite effects on the risk assessment of organic pollutants and comprehensive governance of polluted sites. On
the positive side, aging keeps more organic pollutants in
geosorbents for longer, preventing them from entering the
food chain. While aging does not destroy organic pollutants, it affects their toxicity and bioavailability, reducing
risk of environmental hazards.
The negative side of aging affects the practice of using
engineered additive materials, such as activated carbon,
biochar, and other sorbents, to inactivate or fix organic
pollutants at contaminated sites. The aging of organic pollutants reduces the removal efficiency of organic pollutants
from soils and the aging of engineered materials may cut
down on their capacities to sorb organic pollutants. Aging
effects vary with local conditions and remediation techniques, so it is necessary to comprehensively understand the
effects and mechanisms of aging to precisely assess environmental impacts and risks of organic pollutants and to
design site-appropriate comprehensive control strategies.
In summary, aging plays a vital role in the fate, transport, and bioavailability of organic pollutants. The mechanisms of organic pollutant aging in geosorbents mainly
include the formation of stable chemical bonds, pore filling
and deformation in porous media, and modification of
geosorbents by supergene geochemical processes. Controlling factors include pH, temperature, metal ions, and
mineral particle size, among others. Further research
should focus on how to effectively avoid negative effects
and make use of positive functions of aging, and how to
accurately assess the effects of aging on bioavailability of
organic pollutants.
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