Chapter 7
Organic Contaminants in Urban Soils
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Abstract Organic pollutants are predominantly synthetic compounds made or
extracted by humans, and it is therefore not surprising that they are common con-
taminants in urban soils. This chapter provides details of the immense range of
potential organic pollutants in urban soils, including their types, physical properties,
chemical structures, and sources. The behaviour of non-polar, polar, and ionic
organic compounds in soils is explained in terms of their key chemical reactions,
including abiotic and biological degradation, and transport phenomena are also
addressed, before a brief discussion of toxicity. Sampling, extraction, and chemical
analysis methods are covered briefly, together with background concentrations,
regulatory contamination thresholds, and contamination indices. A comprehensive
case study is focused on polycyclic aromatic hydrocarbons (PAH) in the highly
urbanised Pearl River Delta region of China. This case study uses the PAH family
of compounds to illustrate many of the concepts needed to understand the behaviour
of persistent organic pollutants in urban soils, concluding with their fluxes and a
conceptual PAH cycle.
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What you could learn from this chapter:

* The types of organic contaminants that are of concern are in urban soils and their
sources.

e The processes controlling immobilisation, mobility, and bioavailability of
organic contaminants.

e What the fluxes of organic contaminants are between air, water, sediment, and
soil and the factors controlling these, including a case study of the Pearl River
Delta, Guangdong, PR China.

* Being aware of chemical analysis methods for organic contaminants in soils.

7.1 Sources of Organic Contaminants in Urban Soils

An enormous diversity of organic compounds has been added to soils in urban envi-
ronments. Very few of these compounds are naturally occurring in soils, and there-
fore even low concentrations represent contamination. The much less common
natural occurrence of organic pollutants is an important point of difference from
inorganic pollutants such as metals. There is some natural occurrence of compounds
in the PAH and dioxin categories from phenomena such as wildfires, but even for
completely anthropogenic compounds, there are still ‘background’ concentrations
in soils in minimally disturbed natural environments (Biasioli et al. 2012).
Background concentrations of organic contaminants represent widespread disper-
sion of anthropogenic compounds by global atmospheric circulation by the late
twentieth century (Wania and MacKay 1996). For example, Fuoco et al. (2009)
describe the occurrence of persistent organic pollutants in Antarctica, derived from
both remote sources and local use of fuels and other organic chemicals. Some
important categories of organic pollutants and their main sources are listed on
Table 7.1.
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Table 7.1 Categories and sources of organic contaminants which may be found in urban soils

Category of organic contaminant

Important sources

Reference(s)

Petroleum hydrocarbons
(subdivided into fractions based on
number of C atoms)

Fuel/oil leaks; drainage and
stormwater from impermeable
surfaces; some pesticides

Kostecki et al. (2005)

Volatile organic chlorinated
compounds (e.g. trichloroethylene
(TCE), vinyl chloride)

Emissions from industrial use as
solvents/cleaners, precursors for
other products (e.g. plastics)

National Pollutant
Inventory (2020)

Monocyclic aromatic
hydrocarbons (MAH), e.g. BTEX
(benzene, toluene, ethylbenzene,
xylene)

Fuel/oil leaks; improper industrial
solvent disposal; vehicle and
industrial emissions

Kostecki et al. (2005)

Polycyclic aromatic hydrocarbons
(PAH), e.g. naphthalene, anthracene,
benzo(a)pyrene, etc.

Emissions from incomplete
combustion of coal, petroleum
hydrocarbons, wood, etc.; road
bitumen

Johnson (2005)

Phenols and phthalates

plastics; industrial products and
wastes; landfills; oil refineries;
coal conversion plants; spills

National Pollutant
Inventory (2020)

Pesticides (e.g. organochlorine Pesticide usage and residues; Bromilow (2005)
pesticides (OCPs), phenoxyacetic leaks and spills

acid herbicides, triazines)

Polychlorinated biphenyls (PCB) | Industrial and consumer products | Johnson (2005)

and wastes; electrical transformer
leakage; e-waste

Dioxins and dibenzofurans
(PCDD/F)

Unintentionally produced from
combustion (e.g. of waste) and
some industrial processes

Weber et al. (2008)

Flame retardants (e.g. PBDEs,
PFAS)

Flame retardant products;
industrial and consumer products
and wastes; e-waste; waste
incineration

Barcel6 (2012)

Pharmaceuticals, cosmetics,
household products, etc. (e.g.
antibiotics, steroids, oils, detergents)

Biosolids; septic tanks;
wastewater and wastewater
treatment

Barcel6 (2012) and
Rodriguez-Eugenio
et al. (2018)

POPs — persistent organic pollutants

Category includes PAHs, OCPs,
PCBs, PCDD/F, PBDEs, PFAS

See Sect. 7.5

7.1.1 Types of Organic Compounds

McBride (1994) identifies some important properties of organic compounds which
affect their behaviour, such as retention or mobility, in soils. These include the type
and chemical reactivity of organic functional groups, the size and shape of organic
molecules, and polarity/polarisability or charge of organic molecules and ions. The
susceptibility of an organic compound to oxidation or reduction is also important.
These molecular properties also affect physical properties such as volatility (e.g.
vapour pressure or boiling point), density, or solubility in water or other solvents
which, in turn, affect their behaviour in soils and similar environments. One of the
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more important aspects of the behaviour of organic compounds in soils is whether
or not they are readily degraded by soil (micro)organisms, a distinction which con-
tributes to separating the persistent organic pollutants (POPs) from other organic
chemicals.

7.1.1.1 Categories of Organic Contaminants Based on General
Chemical Properties

Polarity and charge (ionisation) of organic molecules are some of the more impor-
tant properties affecting their behaviour (McBride 1994). We also distinguish
organic molecules based on whether they consist of linear or branched chains of
carbon atoms (aliphatic) or contain ring structures with carbon-carbon double bond-
ing that involves delocalisation of electrons (aromatic); some examples of chemical
structures are shown in Table 7.2 together with information on ionisability and
polarity and potential sources. In both aliphatic and aromatic compounds, carbon
atoms are bonded either to other carbon atoms or to hydrogen atoms. Much differ-
entiation between organic compounds also depends on the presence in the mole-
cules of specific arrangements of atoms, or functional groups. These functional
groups often define a class of organic compounds and may include atoms other than
carbon and hydrogen: oxygen, nitrogen, sulphur, phosphorus, or halogens such as
fluorine, chlorine, or bromine.

The chemical structure of organic pollutants is an important determinant of their
toxicity and persistence in environments. Of the 12 ‘persistent organic pollutant’
(POP) compounds originally listed by the United Nations’ Stockholm Convention,
all contain both chlorine atoms and rings of carbon atoms. In some cases, the com-
pounds were designed to be toxic (the original 12 POPs included 8 pesticides), but
their effects on non-target species, including humans, were not initially considered.
Other chemicals such as the PCBs, hexachlorobenzene, and the dioxins and diben-
zofurans (see Tables 7.1 and 7.2) were either intended for other uses or, in the case
of the PCDD/F compounds, were unintentional by-products of other anthropogenic
processes. In humans and other mammals, exposure to the Stockholm Convention
POPs can result in adverse effects to multiple physiological systems including
endocrine, immune, digestive, and reproductive systems. Many of the compounds
are also known or suspected to increase the incidence of cancers and have been
shown to produce birth defects.

Much of the risk associated with persistent organic pollutants relates to their
tendency to bioaccumulate and biomagnify — that is, they are not excreted effi-
ciently from the body, so they accumulate and also tend to increase in concentration
towards higher levels in food chains which increases the risk to predators and humans.

Persistent organic pollutants (POPs) are anthropogenic organic chemicals which
persist for many years once released into the environment. In addition, POPs tend to
bioaccumulate and are toxic to humans and other organisms (Rodriguez-Eugenio
et al. 2018). The POPs (Table 7.3) are generally highly regulated, based on the
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Table 7.3 List of the 28 persistent organic pollutants (POPs) recognised by the Stockholm
Convention

Category of

POP Recognised persistent organic pollutants

Pesticides Aldrin; chlordane; DDT; dieldrin; endrin; heptachlor; hexachlorobenzene;
mirex; toxaphene; lindane; pentachlorophenol and its salts and esters; technical
endosulfan and its related isomers

Industrial Hexachlorobenzene; polychlorinated biphenyls (PCBs); decabromodipheny]

chemicals ether (commercial mixture = c-decaBDE); alpha hexachlorocyclohexane; beta

hexachlorocyclohexane; chlordecone; dicofol; pentachlorobenzene;
hexabromobiphenyl; hexabromocyclododecane; hexabromodiphenyl ether and
heptabromodiphenyl ether (commercial octabromodiphenyl ether);
perfluorooctanesulfonic acid, its salts, and perfluorooctane sulfonyl fluoride;
perfluorooctanoic acid (PFOA), its salts, and PFOA-related compounds;
short-chain chlorinated paraffins (SCCPs); tetrabromodiphenyl ether and
pentabromodiphenyl ether (commercial pentabromodiphenyl ether)
By-products | Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/
(where not PCDF); hexachlorobutadiene; polychlorinated naphthalenes

included
above)

revised Stockholm Convention of the United Nations Environment Programme
(Secretariat of the Stockholm Convention 2018).

7.2  Controls on Organic Contaminant Behaviour
in Urban Soils

7.2.1 Non-polar, Non-ionic Compounds

The organic compounds which are both non-ionic and non-polar include the unsub-
stituted hydrocarbons (i.e. those composed of only C and H) and some halogenated
hydrocarbons having molecules with high symmetry such as carbon tetrachloride,
tetrachloroethylene, or 1,3,5-trichlorobenzene. Some molecules with low polarity
(e.g. 1,2-dichlorobenzene, DCB) behave similarly and are also classified as non-
polar in some contexts (Kile et al. 1995). A good operational measure of whether an
organic compound behaves as polar or not is the octanol-water partition coefficient,
K., (Eq.7.1):

v (7.1)

where C, is the concentration of compound in n-octanol and C,, is the concentration
of compound in n-octanol, both in contact and at equilibrium.
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A very non-polar compound will be much more soluble in the low-polarity liquid
n-octanol compared with water and have a large K, (or, commonly, log;o(Ky))
value compared with a polar compound.

Very non-polar organic compounds, if present in soils in large enough concentra-
tions (e.g. from a leak or spill), can be present as a separate liquid phase, commonly
called a non-aqueous-phase liquid or NAPL. The NAPL group is subdivided on the
basis of density relative to water into the LNAPL (light non-aqueous-phase liquid)
and DNAPL (dense non-aqueous-phase liquid) subcategories (Fig. 7.1). The separa-
tion of LNAPLs and DNAPLSs on the basis of density relative to water is important,
since their density is one of the primary factors affecting how separate NAPL phases
will behave in a soil-groundwater system. Light NAPLs, such as petrol/gasoline,
will “float’” on top of the groundwater; conversely, dense NAPLs will sink through
the groundwater until reaching a confining layer such as a clay lens or impermeable
bedrock. This tendency to float or sink also affects how contamination with LNAPLs
or DNAPLS is treated, as we discuss in Chap. 11.

LNAPLs DNAPLs

trapped in pores
between soil and
sediment particles |

Unsaturated soil
(vadose zone)

Fig. 7.1 Schematic of the behaviour of light non-aqueous-phase liquids (LNAPL) and dense non-
aqueous-phase liquids (DNAPL) in soils, sediment, and groundwater below release zones.
(Graphic by Andrew W. Rate)


https://doi.org/10.1007/978-3-030-87316-5_11
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7.2.1.1 Adsorption of Non-polar Organics

The K, value is also extremely useful in explaining the retention of organic chemi-
cals by soils or sediments. Natural organic matter in soils and sediments behaves as
an organic ‘solvent’ into which non-polar organic compounds preferentially parti-
tion into, by a related mechanism to their partitioning into n-octanol. The contents
of soil organic matter and the associated black carbon are therefore the main factor
affecting adsorption of non-polar organic compounds in soils. The partition coeffi-
cient for soil organic matter is related to K, by a linear log-log relationship, and so
retention can be predicted if the organic carbon content of soil or sediment is known.
Retention of organic contaminants in soils is commonly described by Kp, the
adsorption (or partition) coefficient:

w (7.2)

where C; is the concentration of compound adsorbed to soil and C,, is the concentra-
tion of compound in water at equilibrium with soil.

The organic carbon normalised adsorption coefficient, Koc, is defined by
(Eq. 7.3):

x Ko

T L (13)

where f,. is the mass fraction of organic carbon in soil.

The affinity of an organic compound for soil can then, in theory, be estimated
from K, and f,., without the need for direct measurement of adsorption on soil. In
real soils and sediments, the relationship between K¢ and K., is not perfectly linear,
conferring some statistical uncertainty to estimation of Kp. Figure 7.2 shows an
example of a measured relationship between log Ko and log K., which illustrates
this uncertainty (Li and Ran 2012). In this example, prediction of log Koc from any
log K., value may fall within a range 1.2—1.33 units wide, corresponding to a 16- to
22-fold difference in possible log Ko values. For accurate prediction of adsorption-
dependent behaviour such as leaching or degradation, therefore, laboratory mea-
surement of Kp, on the actual soil or sediment involved is likely to be necessary.

The dependence of pesticide adsorption on soil on the soil organic carbon con-
tent is shown by the example in Fig. 7.3. The positive slopes of the relationship
between (log;y)-Kp and soil organic carbon suggest that, for a 1% increase in soil
organic carbon content, the strength of adsorption as measured by K, increases by
about fivefold. More recently, it has been recognised that organic matter in the form
of [micro]plastic contamination can also act as an adsorbent for organic contami-
nants (Rodriguez-Eugenio et al. 2018). If the organic matter itself is mobile (as is
the case for some naturally occurring humic macromolecules), adsorption may
actually increase transport of organic pollutants (Enfield et al. 1989).
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. 95% confidence interval
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7.0

log Koc (mL/g)

6.0

5.5
e
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5
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Fig. 7.2 Relationship between log;(K,, and log,,K,. for PAH adsorption on sediment from the
Pearl River, Guangdong, China, showing the prediction and confidence intervals for the linear
regression model. (Redrawn from Li and Ran (2012); used under the terms of a CC-BY-3.0 license)

Pesticide
-©-24-D —®— Chlorotoluron
£~ Acetochlor —®— MCPA
200 | A- Atrazine 4= Trifluralin A
50
20 [
051
02 [o)

05 1.0 15 2.0 25
Soil organic carbon (%)

Fig. 7.3 Dependence of adsorption coefficient Ky, on soil organic carbon content for various
organic pollutants (pesticides) on several soils. (Drawn by Andrew W. Rate from data in Hiller
et al. (2008))
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7.2.1.2 Volatilisation

Many organic compounds, particularly those with low polarity and low molecular
weight, evaporate readily at ambient temperatures. Such compounds are often called
volatile organic hydrocarbons, or VOCs, and include common pollutants such as
light petroleum hydrocarbons, trichloroethylene, and the BTEX group of com-
pounds. Volatilisation of these compounds is known to be an important mechanism
for transfer of some pollutants from soils to the atmosphere (Petersen et al. 1996;
Marti et al. 2014). As the case study later in this chapter (Sect. 7.5) will discuss,
however, volatilisation from soil to air of organic compounds other than VOCs, such
as PAHs, does occur and needs to be considered in order to fully understand their
behaviour and fate in the environment.

7.2.2 Behaviour of Polar or lonisable Organic Compounds

Compounds which have high polarity, or readily ionisable compounds, have much
greater solubility in water (such as soil pore water) than do the non-polar com-
pounds discussed above. High polarity compounds tend to be those having short
(1—4 atom) carbon chains, with functional groups in asymmetric positions contain-
ing atoms such as oxygen, nitrogen, or sulphur with different electronegativity than
carbon, such as simple alcohols or ketones. Readily ionisable compounds include
carboxylic acids, amides, and amines, and the tendency to ionise is related to acid-
base reactions with water as a solvent.

Volatilisation of polar organic solvents tends to be less than for non-polar organic
solvents, since intermolecular attraction of polar molecules lowers their vapour
pressure. Polar compounds do volatilise, however, such as low molecular weight
alcohols (e.g. methanol, ethanol) and ketones (e.g. acetone).

Ionisation. Organic molecules containing carboxylic, sulfonic, or phosphoric
acid functional groups are able to ionise in water, by acid dissociation reactions, to
form carboxylate or sulfonate anions, leading to high water solubility, since water
can easily solvate most ionic chemical species. Similarly, organic molecules con-
taining amino functional groups are basic and can accept hydrogen ions from water
to form cationic species. Ionisable pollutants include many pesticides (e.g. anionic
2,4-D or metsulfuron-methyl; cationic triazine herbicides) (McBride 1994; Kah and
Brown 2006). In addition, some organic compounds (e.g. glyphosate, the active
ingredient of the widely used herbicide Roundup®) can form ‘zwitterions’, having
combinations of functional groups which can allow molecules to have both positive
and negative charge.
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7.2.3 Adsorption of Ionisable and Polar Organics

Organic compounds can accumulate as ions or molecules at the surface of finely
particulate substances in soils, such as secondary minerals and organic matter, by
similar mechanisms to those described for inorganic substances in Chaps. 4 and 6.

7.23.1 Cation Exchange

Organic compounds which are ionisable to form organic cations tend to be adsorbed
onto the surfaces of negatively charged soil solids such as clays and organic matter
by cation exchange (McBride 1994). Other mechanisms such as hydrophobic inter-
actions (i.e. non-polar partitioning as described in Sect. 7.2.1), hydrogen bonding,
and charge transfer can also result in adsorption of cationic pesticides (Kah and
Brown 2006). Adsorption of organic cations such as the triazine herbicides on soils
generally increases with increasing soil organic carbon content, since much of the
CEC of many soils is conferred by negative charge on soil organic matter and since
adsorption by non-polar partitioning also increases with soil organic carbon content
(Fig. 7.3). The effect of soil pH on organic cation adsorption is complex; generally,
organic cations have decreased adsorption as pH increases, which is counter-
intuitive if we only consider increasing pH as increasing the pH-dependent negative
charge on soil colloids. The decrease in adsorption of organic cations with increas-
ing pH relates to the ionisation of the organic molecules themselves; at low pH the
molecules are cationic since their weakly basic amino or pyridyl functional groups
accept a hydrogen ion to become positively charged. As the pH increases beyond the
pK, value (—log), acid dissociation constant) of the organic cation, the molecule
loses its charge and can no longer interact electrostatically with a negatively charged
soil surface. Adsorption of organic cations on clay minerals such as smectites is
probably by physical processes rather than chemical bonding. The ability of clays
such as smectites with expanding interlayers to adsorb organic cations is restricted
by the molecular size of the cations, such that larger cations (e.g. quaternary ammo-
nium compounds) are excluded from interlayer spaces (McBride 1994).

7.2.3.2 Adsorption of Anionic Organics

Molecules with weakly acidic functional groups (carboxylic acids, -NHSO,— acids,
sulfonic acids) become progressively more dissociated as pH increases, producing
organic anions and hydrogen ions. The acid dissociation constants of the undissoci-
ated acids are usually large enough, however, that the molecules are almost com-
pletely dissociated within normal soil pH ranges. Adsorption occurs by ion exchange
if positively charged soil colloids such as ferric oxides exist, by ligand exchange on
clays or oxide minerals, or by other mechanisms such as cation bridging (Kah and
Brown 2006). Organic anion adsorption generally decreases with increasing pH,
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Fig. 7.4 Association, based on component weightings from principal component analysis, of
adsorption constants for anionic organic contaminants (%) and soil properties (), with observation
scores for individual soils 1-10 (O). MSM metsulfuron-methyl, IMHP 2-isopropyl-4-methyl-6--
hydroxypyrimidine (a metabolite of diazinon), TCP 3,5,6-trichloro-2-pyridinol (a metabolite of
chlorpyrifos). The clustering of adsorption constants with organic carbon (OC), amorphous iron
oxides (Feoy), and CEC in principal component space suggests that these soil properties exert the
most control on adsorption. (Redrawn from Béez et al. (2015); used with permission from Springer)

due to the increasing negative charge on soil colloids as pH increases. Adsorption of
anionic organic contaminants increases with increasing content of soil organic car-
bon, reactive ferric oxides, or cation exchange capacity (Fig. 7.4).

7.2.4 Chemical Degradation (Abiotic) of Organic Compounds

Organic contaminants degrade in soils, with the main cause of degradation being
metabolism by soil microorganisms, a topic that will be addressed in sections of
Chaps. 8 and 11. The biochemical degradation processes do not always convert
organic contaminants directly to CO,, and intermediary degradation products, or
metabolites, are produced which may have similar toxicity to the original com-
pound. For example, the organochlorine insecticide DDT (now banned in many
jurisdictions) is metabolised to several products including o,p’-DDE, p,p’-DDE, and
0,p’-DDD. The persistence and toxicity of DDE, the predominant DDT metabolite,
is greater than for DDT itself; DDD has also been used as a pesticide. Conversely,
the metabolites of 2,3,7,8-TCDD, the most toxic of the dioxin (PCDD/PCDF) group
of compounds, are considerably less toxic than the parent 2,3,7,8-TCDD.

Many organic compounds are oxidisable or reducible, and chemical oxidation or
reduction is pathway for abiotic degradation of organic pollutants in soils (Mulligan
and Yong 2004). The principal oxidising agent, or electron acceptor, in soils is


https://doi.org/10.1007/978-3-030-87316-5_8
https://doi.org/10.1007/978-3-030-87316-5_11
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oxygen; other substances, such as Fe™ or Mn'v oxides, can also react as oxidising
agents, and some clays can catalyse oxidation by oxygen by forming reactive oxy-
gen species (Yong and Mulligan 2003). In the presence of aluminosilicate clays, for
example, reactive oxygen species can degrade phenols by oxidation to quinones.
Barrett and McBride (2005) showed that glyphosate (N-(phosphonomethyl)gly-
cine) could also be degraded by an oxidation reaction where a manganese oxide was
the electron acceptor. Reductive processes are perhaps better known in soils, espe-
cially reductive dechlorination of chlorinated hydrocarbons such as PCE (perchlo-
roethylene = tetrachloroethene), TCE (trichloroethene), and carbon tetrachloride.
Reduction of chlorinated organic contaminants can occur if other substances (e.g.
polycarboxylic acids such as oxalate or citrate, which can be released by plant roots,
or natural organic matter) reduce Fe** to Fe?* at a ferric oxide surface; the surface
Fe?* ions can then facilitate the reductive degradation (Li et al. 2008a). Zerovalent
(metallic) iron (ZVI) is a powerful reducing agent which can also reductively
dechlorinate organic compounds, and the use of ZVI in remediation is discussed in
Chap. 11. Other naturally occurring substances such as Fe?* or pyrite can also reduce
organic compounds; their presence in soil would normally require anoxic conditions.

Many organic molecules, including persistent and other pollutants, can be
degraded by ultraviolet light derived from solar radiation (e.g. Zhong et al. 1994;
John and Shaike 2015). The efficiency of photodegradation is lower in soil than in
air or water (Kromer et al. 2004), and the importance of photodegradation for
organic pollutant removal in urban soils is essentially unknown, but not considered
to be significant relative to other removal mechanisms.

7.2.5 Biological Degradation

Some soil microorganisms (including species of bacteria and fungi) can use con-
taminant compounds as a metabolic energy source and growth substrate, decompos-
ing the contaminants in the process. We call this biological decomposition process
biodegradation, and the end products are carbon dioxide (or intermediary carbon
compounds, or metabolites). We discuss the biodegradation process in more detail
in Chap. 8, including explanations of the factors affecting bioavailability of differ-
ent organic compounds.

From a perspective of chemical kinetics, the biodegradation rates of organic con-
taminants in soils are commonly first-order processes, meaning that the degradation
rate is dependent only on the concentration of the contaminant compound, and the
half-life is constant. First-order behaviour was confirmed for a range of pesticides
and soils by Jury et al. (1987), whose analysis showed that the reaction rates
observed were dependent on the half-life for a specific compound (i.e. related to the
pollutant) and the Ky value (Eq. 7.3) for adsorption (i.e. related to soil properties).
Other soil properties are also known to affect the rates (and therefore amounts) or
biodegradation that occurs. In many cases, the ability of microorganisms to degrade
pollutants is limited by the external supply of water and/or nutrients such as
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nitrogen and phosphorus (Shahsavari et al. 2017). In many pollutant environments,
organic contaminants coexist with other contaminants such as metals. The presence
any one of several metals (e.g. Cd, Cr, Cu, Hg, Pb, or Zn) at sufficient concentra-
tions can inhibit biodegradation of compounds such as pesticides, PAHs, or petro-
leum hydrocarbons (Sandrin and Maier 2003).

As with inorganic contaminants (Chap. 6), the bioavailability of organic pollut-
ants is affected by their residence time in soil, and this is known as an ‘aging effect’.
Biodegradation is slower and occurs to a lesser extent, for contaminants which have
been in contact with soil for longer, compared with very recently added contami-
nants (Hatzinger and Alexander 1995). In processes such as composting, where
microbial stabilisation of organic materials is the primary objective, the bioavail-
ability of organic pollutants is also known to decrease (Chen et al. 2015b).

7.2.6 Transport of Organic Contaminants

Organic compounds can be transferred within soils or between soils and other envi-
ronmental compartments (air, surface water, groundwater, biota) by a number of
processes (Fig. 7.5). The existence of widespread diffuse pollution of Earth’s envi-
ronments with organic contaminants is strong evidence that transport of organic
contaminants is a significant issue (Fuoco et al. 2009; Rodriguez-Eugenio et al.
2018; Sect. 7.1). Some transport phenomena specifically related to polycyclic aro-
matic hydrocarbons (PAH) are described in Sect. 7.5 later in this chapter, with Sect.
7.5.7 explicitly covering fluxes of PAH compounds to and from soils.

Spreading

Volatilization
Photo- j
Spreading Deco ITIpDSI(II?FI J Wind drift
in surface
water
g in topsoil and
by groundwater groundwater

Fig. 7.5 Transport mechanisms for pesticides within and between environmental compartments.
(Adapted from Rodriguez-Eugenio et al. 2018; reproduced with permission from UNEP)
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Fluxes from direct human use or production of organic compounds to soils (also
called ‘primary emissions’; Wang et al. 2016) include:

* Accidental loss, leakage, or spillage (e.g. of fuel hydrocarbons or during manu-
facture or use of most classes of organic compound — see Table 7.1).

* Deliberate application to soils (e.g. pre-emergent herbicides).

 Incidental addition to soils from other deliberate activities (e.g. spraying of pes-
ticides onto crops, use of fire retardants).

e Unintentional generation during combustion (e.g. formation of PAHs or dioxins
from coal or biomass burning).

* Entry of organic pollutants into wastewater streams which may eventually be
deliberately or accidentally applied to soil (e.g. detergents or antibiotics in sew-
age sludge).

Atmosphere-soil fluxes include additions to soils from wet and dry deposition
and emissions from soils by volatilisation. The additions to soils are from the
primary emission processes described above. Secondary emissions from soil to
atmosphere occur for volatile organic pollutants, depending on several factors.
Higher temperatures favour volatilisation (Rodriguez-Eugenio et al. 2018), and
greater soil water contents suppress volatilisation by reducing air-filled pore
space and by Henry’s Law partitioning of organic compounds into soil water
(Grathwohl 2011). Emissions from soil by volatilisation are also limited by
adsorption of organic compounds (see Sect. 7.5.7) or if biodegradation is rapid
(Grathwohl 2011).

Soil-surface water fluxes are mainly from run-off, although wind erosion and
subsequent deposition of atmospheric particulates containing organic pollutants are
also possible. The partitioning of organic pollutants into organic matter may increase
the transport of these pollutants in the dissolved form by association with dissolved
organic matter (Enfield et al. 1989). Transport from soil to water can also occur
when pollutants are adsorbed to particulate organic matter, by soil erosion or loss of
soil during urbanisation (Wang et al. 2016).

Soil-groundwater fluxes occur via leaching, that is, vertical transport through
soil by percolating water. As we would expect, leaching is greater for organic com-
pounds with greater water solubility (Mulligan et al. 2001) and depends on suffi-
cient precipitation or other water input to soil to allow transport of water through
the soil matrix or preferential flow through macropores. Reactions between organic
contaminants and soil sold phases suppress leaching to groundwater, as do biodeg-
radation (Grathwohl 2011). The partitioning of hydrophobic organic compounds
into dissolved organic matter macromolecules may increase the transport of pol-
lutants in soil water, even if the pollutants have low water solubility (Enfield
et al. 1989).
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7.3 Effects of Organic Soil Contaminants
on Ecosystem Services

The toxicity of organic pollutants to a range of organisms is well established
(Rodriguez-Eugenio et al. 2018), and we address some of the effects and issues
involved in Chap. 8, particularly for soil microorganisms. Organic pollutants such
as petroleum hydrocarbons, PAHs, PCBs, organochlorine or organophosphate pes-
ticides, and PCDDs/PCDFs have also been shown to be toxic to organisms other
than microorganisms in soils or sediments, including plants, insects, earthworms,
crustaceans, and burrowing vertebrates. In addition, many of the persistent organic
pollutants (POPs) are known to undergo biomagnification as pollutants taken up by
organisms lower in food webs are consumed by predators (Rodriguez-Eugenio et al.
2018). The toxicity of POPs varies widely with type and species of organism. While
some plants show adverse effects such as reduced growth and photosynthetic activ-
ity (Ahammed et al. 2012), others are more resistant to toxic effects and may be able
to take up organic pollutants to an extent that they can be used for phytoremediation
(Wyrwicka et al. 2014). Similarly, while some microbial processes such as respira-
tion or nitrification may be affected by organic pollutants such as PAHs or pesti-
cides (Sverdrup et al. 2007; John and Shaike 2015), some microorganisms are able
to degrade organic pollutants, a phenomenon which may also be used for remedia-
tion of contaminated soils (Chap. 11).

The toxicity of many organic pollutants to humans is well-known; for example,
benzo[a]pyrene is a recognised human carcinogen. In contrast, however,
benzo[a]pyrene in soil does not always show adverse effects on plants or inverte-
brate animals (Sverdrup et al. 2007). Vertebrates other than humans have negative
responses to organic pollutants; for example, Gonzalez-Mille et al. (2013) showed
DNA damage could occur to a toad (amphibian) species exposed to urban soil con-
taminated with POPs (mainly organochlorine pesticides such as hexachlorocyclo-
hexane and DDT and also PCBs).

7.4 Measurements and Data

7.4.1 Total and Partial Analyses
7.4.1.1 Soil Sampling for Organic Compounds

The sampling methods for hydrocarbons differ depending on whether the target
organic compound(s) are volatile or semi/non-volatile. For volatile compounds such
as C5-C10 alkanes, BTEX, and 2-3-ring PAHs (see Sect. 7.5.2), sampling tech-
niques must avoid the loss of target compounds by evaporation. Such methods
include zero-headspace sampling in specialised containers, or solvent extraction
(Sadler and Connell 2003). Less rigorous sampling procedures are required for
semi- or non-volatile compounds.
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7.4.1.2 Extraction of Organic Compounds from Soil

Materials sampled for volatile organic compounds by zero-headspace or solvent
extraction methods need no further extraction prior to analysis. Non-volatile or
semi-volatile compounds, however, may be strongly adsorbed to soil materials
(Sect. 7.2.1) and require extraction with a solvent able to remove target compounds
from adsorbed forms. These include the commonly used Soxhlet extraction using
solvents such as acetone/hexane or methylene chloride/acetone (US EPA 1996a) or
extraction in specialised high-pressure vessels with supercritical fluids such as lig-
uid CO, (e.g. US EPA 1996b). The supercritical fluid extraction methods may also
be applied to volatile organic compounds. Adaptations of these methods are appli-
cable to several other categories of organic contaminants, such as organochlorine
pesticides, phenols, PCBs, and so on.

It is worthwhile noting that solvent extraction procedures do not extract all of the
organic contaminants present in soil or sediment samples. The extractability, for
example, of PAHs, is controlled by organic carbon and black carbon content (Ma
et al. 2010). He et al. (2008) found that between 34% and 57% of PAHs in soils and
sediments was non-extractable in dichloromethane in a Soxhlet procedure, with
between 235 and 1425 mg/kg of total PAHs not extracted in some samples.

7.4.1.3 Analysis of Organic Compounds in Extracts

Since soils usually contain a range of potential organic contaminant compounds,
analytical methods usually involve a chromatography technique which separates
compounds according to their polarity or other chemical property. The most
common of these is gas chromatography (US EPA 2018), which may be coupled
with a mass-spectrometer detector to increase the method’s ability to identify
individual compounds unambiguously. This textbook does not have space to
cover all the details of chemical analytical techniques, so readers are referred to
a general analytical chemistry text such as the excellent open-access book by
Harvey (2016).

7.4.2 Background Concentrations

Many potentially polluting organic compounds have natural sources, and so back-
ground concentrations in urban soils must be considered. Natural phenomena such
as volcanism, forest fires, crude oil seeps, decomposition of organic residues, or
plant emissions can emit organic compounds such as hydrocarbons including those
in the BTEX and PAH categories, phenols, dioxins, and others. In contrast, numer-
ous organic compounds such as many chlorinated hydrocarbons including PCBs,
PFAS, and most pesticides (i.e. most of the compounds identified as POPs in
Table 7.3) have no known natural sources. Even for compounds which do not occur
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naturally, however, measurable background concentrations may occur in urban soils
due to the widespread use and emissions of these substances.

Any assessment of organic contaminants should therefore account for unavoid-
able background concentrations of potential pollutants caused by diffuse source
emissions from urban areas. This type of background concentration is called the
‘anthropic background’ by Biasioli et al. (2012), who used the 90th percentile
(excluding outliers) of multiple observations to calculate background concentra-
tions of benzo[a]pyrene (31.5 pg/kg), PCBs (8.9 pg/kg), and PCDDs+PCDFs
(3.5 pg/kg). Most other studies which report background concentrations for organic
pollutants in urban or peri-urban areas rely either on measurements at non-urban
sites or concentrations cited in other scientific literature.

7.4.3 Regulatory Contamination Thresholds

Contamination thresholds for organic contaminants soil are based on an analysis of
risk, including the desired level of protection, exposure pathways, and the types of
organisms which may potentially be affected (e.g. National Environment Protection
Council 2013a). More detail on risk assessment processes is presented in Chap. 9.
Some examples of regulatory contamination threshold concentrations in soil, for
organic contaminants, appear in Table 7.4, for compounds from the BTEX, PAH,
and PCDD/PCDF categories.

Table 7.4 Examples of human health-based regulatory concentrations of organic pollutants from
different jurisdictions

Country/region

Parameter Australia UK New Zealand Canada
Guideline type Trigger Guidelines | Soil contaminant Remediation
values standards criteria

Applicable land Residential Residential | Residential
use

Reference 1 2 3 4,5
Regulatory concentration in soil (mg/kg)

Pollutants

Benzene 0.5-0.8* 0.33 0.05

Benzo[a]pyrene |3 3.6° 10 20

Total PCDD/ 8 0.27 0.00001

PCDF

References: 1. National Environment Protection Council (2013b); 2. CL:AIRE (2009-); 3. Ministry
for the Environment (Manati Mo Te Taiao) (2012); 4. Canadian Council of Ministers of the
Environment (1991); 5. Canadian Council of Ministers of the Environment (2010)

“Depends on soil depth, soil texture, and residential density

*Urban background value
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7.4.4 Contamination Indices

The concept of contamination indices, as discussed in Chap. 6 for trace elements
(metals and metalloids), is seldom used explicitly, probably because the practice of
summing concentrations of pollutants in a particular category is so common. As the
case study below (see Sect. 7.5.2) observes, it is normal for polycyclic aromatic
hydrocarbon (PAH) concentrations to be presented as the sum of several (typically
9-28) critical compounds (even though there are hundreds of PAH compounds).
The same practice is used for other classes of compounds; for example, Biasioli
et al. (2012) summed the concentrations of polychlorinated biphenyls (PCBs) and
also polychlorinated dibenzo-dioxins and furans (PCDDs/PCDFs) rather than pre-
senting the concentrations of individual compounds. Similarly, summed concentra-
tions of phthalic acid esters (Mo et al. 2009) and organochlorine pesticides (You
2015) have been reported instead of separate compounds. Effectively, a sum of con-
centrations of a class of contaminants (e.g. Y. PAH) is analogous to a simple additive
contamination index, as presented in Chap. 6.

7.5 Case Study: Polycyclic Aromatic Hydrocarbons (PAHs)
in the Pearl River Delta

The focus on the Pearl River Delta region of China in this textbook is quite deliber-
ate — we think that it is representative of many urban environments on Earth. As well
as being one of the largest conurbations worldwide, it is also one of the fastest grow-
ing in terms of population, and like many large urban areas, it has a legacy of soil
contamination with a range of substances including metals and persistent organic
pollutants. Similarly, we have chosen to focus on polycyclic aromatic hydrocarbons
(PAHs) as representative organic pollutants. This does not mean that other organic
pollutants are less important or relevant, but PAHs have been studied now for a long
time, and we think that many aspects of their behaviour in the Pearl River Delta are
more widely applicable to other pollutants or other regions.

7.5.1 The Pearl River Delta

The Pearl River Delta (PRD) in Guangdong Province, People’s Republic of China,
is a large (54,156 km?) and industrialised area which contains a series of interlinked
megacities, including Guangzhou, Shenzhen, and Hong Kong. Table 7.5 shows the
sizes of these urban areas in the PRD region in terms of their land areas and human
populations. The area, extending from Yangjiang in the west to Shanwei in the east,
to approximately Qingyuan and Heyuan in the north, and bounded in the south by
the South China Sea (Nan Hai) (Fig. 7.6), is still rapidly urbanising, and an
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Table 7.5 Population and projected population of large urban centres in the Pearl River
Delta, China

City Land area (km?) Population (millions) Projected 2030 (millions)
Dongguan 2469.4 8.179 8.279
Foshan 3763 7.197 8.35
Guangzhou 7690.75 12.530 16.024
Hong Kong 1078.5 7.070 7.987
Huizhou 9187.73 4451 -
Jiangmen 9183.55 4.451 1.956
Macao 30.3 0.540 -
Shenzhen 1944.36 10.136 14.537
Zhaoqing 14,822.17 3.805 -
Zhongshan 1783.9 3.121 3.302
Zhuhai 2202.27 1.563 2.12
TOTAL 54,155.93 63.043 72.7

111 °E 112 °E 113 °E 114 °E 115°E -21°N
Fig.7.6 Location map of the Pearl River (2£7L.[1, Zhujiang) Delta, showing the major waterways
and urban centres. (Modified by Andrew W. Rate from Liang et al. (2019), used under the terms of

a CC-BY-4.0 license)
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estimated 120 million people live in the greater Pearl River Delta area (UN-Habitat
2016). The PRD region is known to be heavily polluted with a wide range of con-
taminants and other anthropogenic substances, including nutrients, trace metals, a
range of organic pollutants including PAHs and many other POPs, as well as emerg-
ing contaminants such as pharmaceuticals, perfluoroalkyl compounds, and micro-
plastics (Wang and Rainbow 2020).

7.5.2  Polycyclic Aromatic Hydrocarbons

The polycyclic aromatic hydrocarbons (PAHs) are a group of persistent organic pol-
lutant compounds with chemical structures based on chemically bonded benzene
(6-carbon aromatic) ring structures sharing at least two carbon atoms (see the exam-
ple of phenanthrene in Table 7.2). They range in molecular size from the smallest,
naphthalene, with two rings, up to molecules with six to nine rings such as
benzo[ghi]perylene (see Table 7.6) and numerous other compounds which are

Table 7.6 List of the 16 US EPA priority polycyclic aromatic hydrocarbons (PAHs) with
abbreviations and selected physico-chemical properties

Number of | Molar mass | Boiling point | Log
PAH compound Abbreviations® rings (g/mol) (°C)° Kow®
Naphthalene NAP, NA, NaP 2 128 281 3.35
Acenaphthene ACE, AC, ANA 3 154 278 3.92
Acenaphthylene ACY, CAN,ANY |3 152 265 3.94
Fluorene FLU, Flo, FL 3 166 295 4.18
Phenanthrene PHE, Ph, PHEN 3 178 339 4.46
Anthracene ANT, An 3 178 340 4.45
Fluoranthene FLA, Flu, FLT, FA |4 202 375 5.16
Pyrene PYR, Py 4 202 360 4.88
Benzo[a]anthracene? | BaA, B[a]A 4 228 435 5.76
Chrysene! CHR, Ch, CRY 4 228 448 5.84
Benzo[b] BbF, B[b]F 5 252 481 5.78
fluoranthene!
Benzolk] BKF, B[k]F 5 252 481 6.11
fluoranthene!
Benzo[a]pyrene! BaP, B[a]P 5 252 495 6.13
Benzo[ghi]perylene | BghiP, B[ghi]P 6 276 NA (>500) |6.63
Indeno[1,2,3-cd] IcdP, IP 6 276 536 6.70
pyrene?
Dibenzo[a,h] DahA, D[ah]A, 6 278 524 6.75
anthracene? DB(ah)A

*Abbreviations in the literature are not always case-sensitive; e.g. Pyr is equivalent to PYR; initial
letters always capitalised

"Boiling points are from Joa et al. (2009)

“Kow is octanol-water partition coefficient; values are from Achten and Andersson (2015b)
dListed as probable human carcinogens (USEPA 2020)
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generally less common as environmental pollutants (Achten and Andersson 2015a).
In some of the compounds, 5-membered rings are also present (e.g. acenaphthene,
fluorene, indenol1,2,3-cd]pyrene, etc.).

The concentrations of PAHs in soils may be reported individually, and it is very
common for a sum of PAH concentrations to be reported, such as the 16 PAHs pri-
oritised by the US EPA (2020; see Table 7.6 and Fig. 7.7). The abbreviation X;;PAHs
is commonly used to represent the combined concentrations of the 16 US EPA pri-
ority PAHs (or X;sPAHs since naphthalene is sometimes omitted), or a different
number subscript may be used to show how many individual PAH compounds were
analysed for (e.g. 2,sPAHs). Seven of the 16 US EPA priority PAHs are known to
be carcinogenic: benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]flu-
oranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, and dibenzo[a,h]anthracene
(abbreviated variously as X,PAHs, X;CarPAHs, XcarcPAHs, etc.).

The PAHs occur naturally in many soils in small concentrations due to their pres-
ence in geogenic hydrocarbon deposits such as oil shales or crude oil and emission
by natural wildfires or volcanic activity (National Pollutant Inventory 2020). In
environments affected by urbanisation, however, PAHs are released in greater
amounts into various environmental compartments due to their presence in fossil
fuels and solvents and their release during combustion of coal, other fossil fuels,
and biomass for energy production (Chen et al. 2005). Another source of PAH pol-
lution is waste disposal, especially disposal or burning of e-waste (Leung et al.
2006; Wang et al. 2017).

Lower molecular weight PAHs may volatilise significantly or be transported in
the atmosphere by sorption to airborne particulates. Contamination of soils, surface
water, and groundwater with PAHs is well known in many urban environments
worldwide (Menzie et al. 1992; Wang and Rainbow 2020), and exchange between
environmental compartments does occur, including uptake by plants from soils.

5&

Naphthalene  Acenaphthylene Acenaphthene Fluorene Anthracene Phenanthrene Fluoranthene
MW = 128 MW =152 MW = 154 MW = 166 MW =178 MW =178 MW =202
Pyrene Benzo[a]anthracene Chn/sene Benzo[b]fluoranthene Benzo[k]ﬂuoranthene
MW =202 MW =228 MW = 252
Benzo[a]pyrene Benzo[gh perylene Indeno[1 2, 3 cd] pyrene D|benzo[a h] anthracene

Fig. 7.7 Schematic chemical structures for the 16 US EPA priority PAHs, in increasing order of
molecular weight
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7.5.3 PAH Concentrations in Soils of the Pearl River Delta

The concentrations of PAHs in soils are generally reported in units of pg/kg (or
equivalently ng/g); both units correspond to parts per billion to reflect the low con-
centrations of PAHs in uncontaminated environments. In a range of studies across
the PRD, in urban and peri-urban soils used for vegetable growing, parklands, urban
forest, and even e-waste recycling, Y ,PAH concentrations ranged from undetect-
able (Li et al. 2007) to >12,000 pg/kg (Wei et al. 2014 and Fig. 7.8). The mean
concentrations in urban surface soils, if presented, were generally in the range
150-320 pg/kg. The focus on surface soils is reasonable since the risk of transfers
by wind erosion, plant uptake, or direct soil contact is greatest in the soil surface.
Some of the difference between findings of different studies may be caused by the
differences in sampling depth for ‘surface’ soils; while most studies sampled
0-20 cm depth, a few sampled 0—10 cm (e.g. Leung et al. 2006; Ni et al. 2011), and
one study sampled soil from O to 5 cm (Zhang et al. 2016).

The concentration ranges measured in PRD soils are often lower than other
urbanised areas worldwide (Ma et al. 2009; Cao et al. 2010), perhaps reflecting the
shorter history of intense urbanisation. Chen et al. (2005) found that background
concentrations of )" ;sPAHs in vegetable-growing soils in Guangzhou were between
1 and 10 pg/kg, lower than background concentrations between 20 and 50 pg/kg in
the Netherlands. Menzie et al. (1992) reviewed 15 studies of PAHs in urban soils
and found a median concentration of X;CarPAHs (carcinogens) of 1100 pg/kg with
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Fig. 7.8 Map of the distribution of Y ,sPAHs in soils of the Pearl River Delta. (From Wei et al.
(2014) showing PAH pollution centred on Foshan, Guangzhou, and Dongguan. Reproduced with
permission from Elsevier)
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arange of 60-5800 pg/kg, suggesting that the Pearl River Delta soils are genuinely
less contaminated with PAHs than elsewhere (especially since X,CarPAHs omits 9
of the US EPA priority PAHs and so underestimates X,;PAHs). Nevertheless, Ke
et al. (2017) calculated that the PAH concentrations in urban parks in Guangzhou
represented a ‘potentially high’ cancer risk for people using the parks, based on
established exposure pathways and likely dosage for adults and children.

PAHs in street dust. Street dusts can contribute PAHs to air, water, and soils in
urban areas and have been suggested to do so in the Pearl River Delta region (Mai
et al. 2003; Liang et al. 2008; Wu et al. 2014). These dusts are not PAH sources in
themselves but are a transitional reservoir of PAHs and other contaminants derived
from traffic (e.g. liquid fossil fuel combustion, direct petroleum emissions) and
other sources. The concentrations of PAHs are commonly greater in street dusts
than in soils; Menzie et al. (1992) gave a range of measured concentration of
2,CarPAHs in street dusts between 8000 and 336,000 pg/kg and suggested that very
high XPAHs measured in the literature for urban soils probably include a contribu-
tion from street dusts. Apart from emissions or incomplete combustion of vehicle
fuels and oils, PAHS may also be derived from asphalt-based road materials (Abdel-
Shafy and Mansour 2016).

7.5.4 Fractionation of Individual PAHs

Fractionation refers to changes in relative amounts of related substances, such as
individual PAHs as a result of environmental processes. The concepts of fraction-
ation are very well developed in inorganic geochemistry, with considerable focus on
fractionation of isotopes of various elements, the rare-earth elements, and many
others. The concentrations of different PAH compounds in urban soils will differ,
since different PAHs will be released into receiving environments in various
amounts depending on the nature of the source and physical and chemical proper-
ties of the PAHs themselves. For example, dominance of PAHs with two or three
rings may suggest background additions (Li et al. 2007; Xiao et al. 2014) or more
recent additions from a contaminant source (Cai et al. 2007). The tendency of lower
molecular weight PAHs to be present at greater concentrations, when contamination
is recent, probably reflects the greater volatilisation and water solubility (lower K,
values) of these compounds relative to the larger PAH molecules. Low molecular
weight PAHs also have a greater tendency to be chemically reduced or oxidised
(Abdel-Shafy and Mansour (2016), and see Sect. 7.5.7 for more information on fac-
tors affecting PAH fluxes). The smaller PAH molecules would therefore tend to
persist for shorter times in soils, before being lost relative to heavier PAHs as the
contamination ages. Biodegradation of PAHs is also more rapid for compounds hav-
ing lower molecular weight; for example, Zhu et al. (2019) found the degradation
rate of phenanthrene (3 rings, MW = 178 g/mole) to be much greater than for
benzo[a]pyrene (5 rings, MW = 252 g/mole). The same factors lead to greater
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concentrations of 2-3-ring PAHs in water and in plant tissue following uptake from
PAH-contaminated soil. You (2015) found that 2-3-ring PAHS were dominant in
water and that in vegetable tissue 2—4-ring PAHs were most common. In relation to
fractionation of PAHs by plants, Zhang et al. (2008) found that PAH uptake by veg-
etables from (peri)urban soils was greater for PAHs with lower K, values, with
4-ring PAHSs being most common in soils but 2-3-ring PAHs taken up by vegetables
in greatest amounts. The relative amounts of PAH compounds also reflect the source
of contamination. At an e-waste recycling/disposal facility in Guiyu, Leung et al.
(2006) found mainly 2-3-ring PAHs associated with a printer roller dump, but
where wastes had been burned, 3—5-ring PAHs were the most common. In general,
combustion yields PAHs with greater molecular weights than other sources (Chen
et al. 2005). Most commonly, however, additional information is necessary to iden-
tify the probable source of PAH pollution, and the next section discusses how we
can use PAH data to obtain information about their sources.

7.5.5 Sources of PAH Pollution in the Pearl River Delta

The sources of PAH pollution in soil can be assessed to some extent by analysing
the relative concentrations of PAHs of different ring number or molecular weight.
More commonly, however, additional information from the molar ratios of PAH
isomers is used, where isomers are one or more compounds which share the same
chemical formula (and therefore the same molecular weight) but have a different
chemical structure (see Table 7.6 for molecular weights and Fig. 7.7 for chemical
structures of PAHs). The sets of isomers commonly used are anthracene-
phenanthrene (ANT-PHE, MW 178), benzo[a]anthracene-chrysene (BaA-CHR,
MW 228), benzo[b]fluoranthene-benzo[k]fluoranthene-benzo[a]pyrene (BbF-BkF-
BaP, MW 252), and benzo[ghi]perylene-indeno[1,2,3-cd]pyrene (BghiP-IcdP, MW
278). For example, Cao et al. (2010) interpreted the ratios listed in Table 7.7 to infer
a combustion source for PAH contamination of soil in Shenzhen. We should note
that isomeric ratios of PAHs should always be interpreted with caution, since even

Table 7.7 PAH isomeric ratios and their interpretation thresholds for source identification in soils
of the Pearl River Delta (Cai et al. 2007; Li et al. 2007; Cao et al. 2010)

Threshold and interpretation
Ratio Low Medium High
ANT/(ANT + <0.1 - > (.1 combustion
PHE) petroleum
FLU/(FLU + <04 0.4-0.5 liquid fuel > (.5 coal, wood, grass
PYR) petroleum combustion combustion
BaA/ <0.20 0.20-0.35 petroleum or > (.35 combustion
(BaA + CHR) petroleum combustion
IcdP/(IcdP + <0.20 0.2-0.5 liquid fuel > (.5 coal, wood, grass
BghiP) petroleum combustion combustion
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PAHs which are members of the same isomer set can have different mobilities,
transformation rates, or degradation rates in various environmental compartments
(Zhang et al. 2005).

In most studies, two or more PAH isomeric ratios are plotted in bivariate ‘cross
plots’, so that more than one ratio informs the identification of likely PAH source(s).
Figure 7.9 presents an example of the plots from Ma et al. (2008), who used the
PAH isomeric ratios to deduce that the PAHs in the Dongguan, Guangzhou, and
Foshan areas of the PRD had multiple sources. These sources were mainly combus-
tion of solid fuels (coal, plant matter), with fewer samples suggesting that PAHs
were derived from liquid fuel combustion or direct pollution by petroleum (Fig. 7.9).
This interpretation was supported by relative concentrations of phenanthrene
(3-ring) and other 4- or 5-ring PAHs accounting for, on average, 68% of PAHs by
mass, also suggesting combustion sources.

In a variation on the analysis of PAH isomer ratios, source information can also
be obtained from the concentrations of substituted PAHs, in which a hydrogen
bonded to the PAH carbon framework is replaced by another atom or functional
group (such as a methyl group, —CHj, or a hydroxyl group —OH). The ratio of
methyl-phenanthrene/phenanthrene, for example, was used to infer a mainly
petroleum-based origin for PAHs from vegetable-growing soils in urban Guangzhou
(Chen et al. 2005). In a somewhat different context, Gao et al. (2019) concluded that
the spatially different ratios between individual PAHs and their hydroxyl-substituted
counterparts represented different degrees of microbial transformation depending
on land use.

Multivariate statistical analyses (see Chap. 3) have also been used to identify the
potential sources of PAHs in contaminated urban soils of the PRD. For example, Ke
etal. (2017) used principal component analysis (PCA) in combination with multiple
regression to assess the contributions of traffic emissions and coal combustion to
PAH contamination in urban parklands in Guangzhou. Ma et al. (2009) also anal-
ysed data for PAHS in soils from Huizhou using principal component analysis, in
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Fig. 7.9 Graphical analysis of PAH isomeric ratios using ‘cross plots’, implying a dominance of
combustion sources for PAHs in urban soils in Dongguan and Foshan. (From Ma et al. 2008; used
with permission from Springer)
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combination with hierarchical cluster analysis (another multivariate statistical
method). The cluster analysis broadly grouped PAHs by ring number, which Ma
et al. (2009) attributed to the trends in parameters affecting environmental behav-
iour of PAHs having different molecular weights (e.g. see Table 7.6 and Fig. 7.13).

7.5.6 Controls on PAH Concentrations and Fractionation

Soil organic carbon and ‘black carbon’. As we discussed in Sect. 7.2, soil organic
carbon content strongly affects the adsorption of non-polar (or low-polarity) organic
compounds such as PAHs. In many examples of PAH contamination of urban soils
in the Pearl River Delta, a positive relationship between PAH concentration and soil
organic carbon content is observed (Li et al. 2008b; Ma et al. 2008; Zhu et al. 2019).
Similarly, there can also be a positive relationship between PAH concentration and
black carbon content of soil, where black carbon is composed of partially com-
busted solid materials such as soot or finely divided charcoal (Ma et al. 2008).
Figure 7.10 shows examples of relationships of ) ,;PAHs concentration with both
total soil organic carbon and black carbon, in soils of the Pearl River Delta, which
suggest that PAHs in these soils are adsorbed to one or both forms of organic car-
bon. (It is worth noting here that not all methods of measuring soil organic carbon
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Fig. 7.10 Relationships between Y ;sPAHs concentration and both total soil organic carbon and
black carbon, in urban and peri-urban soils in Guangzhou, Dongguan, and Foshan (Pearl River
Delta, Guangdong, China). (Redrawn from Ma et al. (2008); used with permission from Springer)
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measure total carbon. For example, the widely used methods employing wet oxida-
tion of soil organic matter with acid dichromate solution are known to exclude black
carbon, so do not measure a true ‘total’ organic carbon content (TOC).)

In some urban environments, PAH concentrations are not (or poorly) correlated
with either soil organic carbon or black carbon. The lack of a strong correlation
between Y. ;sPAHs concentration and soil organic/black carbon is usually attributed
to recent additions of PAHs or proximity to ongoing PAH sources, so that PAHs are
not in equilibrium with the soil environment (Cai et al. 2007; Ke et al. 2017).

The microbial community composition of urban soil, although not strictly an
effect of soil organic matter (which is usually defined as the non-living organic
material), may also affect the concentrations of fractionation of PAHs. For example,
Zhu et al. (2019) found shifts in bacterial community structure when exposed to
phenanthrene and benzo[a]pyrene, suggesting that some groups of soil bacteria may
be able to degrade PAHs more effectively than others.

Urban spatial and land use effects. The concentrations of PAHs in urban soils
should reflect spatial factors such as distance from point sources or from the urban
centre, since PAH concentrations into soils should be greater where industrial or
traffic emissions are greater. For similar reasons, land use should also have an effect
on PAH concentrations in urban soils. Unless there have been significant changes in
land use, we would expect lower PAH concentrations in less urbanised environ-
ments, such as residential suburbs or peri-urban agriculture, than in industrial areas
or in the urban centre.

In the Pearl River Delta, PAH concentrations in urban and peri-urban soils seem
to follow these expected trends. For example, Liu et al. (2011), Xiao et al. (2014),
and You (2015) all found that PAH concentrations decreased with increasing dis-
tance from urban centres across several cities in the PRD (Fig. 7.11). The greatest
Y'PAH concentrations observed in Shenzhen (Zhang et al. 2014) in traffic-affected
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Fig. 7.11 (a) Decreasing trends in ) PAH concentrations with decreasing intensity of urban land
use, redrawn and translated from Zhang et al. (2014); (b) trends in the proportions of Y PAHs by
ring number, on an urban-rural gradient. (Redrawn from Xiao et al. (2014) and used under the
terms of a CC-BY-3.0 license (http://creativecommons.org/licenses/by/3.0/))
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soils are consistent with the greater expected concentrations of PAHs in street dusts
(Menzie et al. 1992). Low-intensity land uses such as gardens, urban woodland, and
urban green space tend to have the lowest PAH concentrations (Fig. 7.11a).

When individual PAHs, or smaller categories based on ring number, are consid-
ered, the trends do not necessarily match those of the ) PAHs. As the data from
Xiao et al. (2014) show (Fig. 7.11b), the proportions of 2-ring and 3-ring PAHs (e.g.
[2-ring PAHs] / [ sPAHs]) are both greater in soil in rural land than in urban land,
tending to increase from urban, to suburban, to rural. In contrast, the proportions of
4-,5-, and 6-ring PAHs follow the same trend as Y ;sPAHs in soil and decrease from
urban, to suburban, to rural land. The combination of low ) ;PAHs and greater
proportions of 2- and 3-ring PAHs in rural soils may represent small ongoing back-
ground additions from other environmental compartments such as wet or dry depo-
sition from air.

Uptake of PAHs from soil by plants. The concentrations of PAHs in plants are
generally lower than in the soils they are grown in. Song et al. (2013) determined
mean Y, sPAHs of 318 pg/kg in soil, which was approximately 1.4 times greater
than the 234 pg/kg in vegetables. Similarly, Zhang et al. (2008) measured approxi-
mately 1.3-fold greater concentrations of Y ;sPAHs in soils than in vegetables. In
contrast, You (2015) found greater ) PAH concentrations in vegetable matter
(Fig. 7.12), with mean ) ;;PAH concentrations across 56 sites of 232 pg/kg in soils
and 641 pg/kg in vegetables.

In addition, plant uptake is not the same for all PAH compounds, resulting in
fractionation during the transfer between soil and plant. For example, Song et al.
(2013) showed that vegetable tissues were depleted in 5- and 6-ring PAHs relative
to soils (Fig. 7.12). The differences in uptake for different PAHs are consistent with
their water solubilities. The PAH compounds with greater molecular weights (i.e.
greater ring numbers) have lower water solubilities and larger Ky values, meaning
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Fig. 7.12 (a) X sPAH concentrations in soils, vegetables, and water (drawn by Andrew W. Rate
from data in You (2015) and (b) mean concentrations of individual 16 US EPA priority PAHs in
soils and vegetables from the Pearl River Delta. (Drawn by Andrew W. Rate from data in Song
et al. 2013).
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that they are more strongly associated with soil solids (mainly soil organic carbon),
a situation which restricts plant uptake.

Within plant biomass, PAHs partition differently between above-ground (shoots)
and below-ground (roots) tissues. Transfer within plants is in water-based media
(the phloem and xylem), so, being non-polar compounds, PAHs would be expected
to have limited mobility in plants. Individual PAHs with greater water solubility
(lower Kyy) are more likely to move from soil to roots to shoots. For a range of plant
species grown at e-waste recycling sites in Longtang, Guangdong, Wang et al.
(2017) measured mean Y ;sPAH concentrations in shoots of 196 pg/kg compared
with 284 pg/kg in roots. In addition, there was some evidence of differential accu-
mulation of individual PAHs in root and shoot tissues of plants.

7.5.7 Fluxes of PAHs to and from Soils in the Pearl
River Delta

Emissions of PAHs from industry and other sources are mainly into the atmosphere
from combustion processes, so that atmospheric deposition represents the dominant
input flux into environmental compartments such as soils (Abdel-Shafy and
Mansour 2016). The soil budget for PAHs in the Pearl River Delta region is not
known completely, but the amounts are large; Ma et al. (2008) calculated values for
Guangzhou of 920,000 kg, for Dongguan of 143,000 kg, and for Foshan of
229,000 kg. In Shenzhen, Ni et al. (2011) calculated the soil Zl sPAH inventory to
be 152,000 kg. With such large reservoirs of PAHs in urban and peri-urban soils of
the PRD, the transfers to and from the soil environment are therefore very
significant.

Atmosphere to soil fluxes of PAHs. The inputs of PAHs across the entire Pearl
River Delta region are substantial (Table 7.8); for example, Li et al. (2010) sampled
sites across the PRD including urban and rural locations and calculated that particle-
phase deposition of )" ;sPAHs was 2950 kg/y (excluding Hong Kong), with ) ;sPAHs
deposition of 86 kg/y in Hong Kong (both fluxes are possibly underestimates, given
that only particle-phase deposition was measured). Including Hong Kong in the
regional estimate, this represents 0.054 kg/km?/y over the 54,156 km? of the PRD,

Table 7.8 Atmosphere to soil fluxes of PAHs in the Pearl River Delta region, Southern China

Location in Deposition PAH Air to soil PAH flux

PRD Land use | type analysis (kg/km?/y) References

Whole region | Multiple | Particulate > sPAHs* | 0.054 Liet al. (2010)

Shenzhen Multiple | Total >sPAHs* | 0.56 Nietal. (2011)

Guangzhou Urban YoPAHs" | 0.206 Chen et al.
forest (2015a)

“The 16 EPA priority PAHs excluding naphthalene
"Phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoran-
thene, benzo[k]fluoranthene, and benzo[a]pyrene
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which includes both urban and non-urban land. In Shenzhen, Ni et al. (2011) calcu-
lated that total atmospheric fluxes (wet and dry deposition) accounted for inputs of
1156 kg/y over the 2050 km? area of Shenzhen (i.e. 0.56 kg/km?/y). The differences
are likely to be due to more comprehensive measurement in Shenzhen, which
included ‘rain washing’, wet deposition, and dry deposition; the rain washing flux
was dominant, being about 98% of total atmosphere to soil transfer (Ni et al. 2011).
In addition, the proportion of non-urban land in Shenzhen may be greater than in the
PRD region as a whole. PAH fluxes to soil via precipitation were also important in
a peri-urban forest in Guangzhou (Chen et al. 2015a); importantly, interception of
precipitation by tree canopies decreased PAH inputs to soil by nearly 25% relative
to the original precipitation.

Soil to atmosphere fluxes of PAHs. Despite the large atmospheric deposition of
PAHSs to soil, Ni et al. (2011) found that diffusion of PAHs from soil into air was
also an important pathway, accounting for over 10,000 kg/y of ) ;sPAHs over the
2050 km? area of Shenzhen (i.e. approximately 4.9 kg/km?/y). As Fig. 7.13 shows,
the net flux may be positive or negative for individual PAHs (Wei et al. 2014).
Lower molecular weight PAH molecules such as acenaphthene or fluorene are more
volatile and have less affinity for soil organic matter so have positive soil to air
fluxes. In contrast, high molecular weight PAHs such as benzo[a]pyrene or
indeno[1,2,3-cd]pyrene have net air-soil fluxes (Fig. 7.13).
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Fig.7.13 Relationship of soil-atmosphere flux for priority pollutant PAHs to their molecular mass
(redrawn by Andrew W. Rate using data for central Pearl River Delta soils from Wei et al. 2014).
Abbreviations for individual PAHs are from Table 7.6 and are followed by the number of rings in
parentheses; the trend ellipse is just a visual guide. A similar plot is obtained for soil-air flux vs.
logoKow (octanol-water partition coefficient). Larger PAH molecules are less volatile and have
greater affinity for soil organic matter so have small or negative soil to air fluxes
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Other soil fluxes of PAHs: run-off, leaching, and erosion. In their Guangzhou
peri-urban forest study, Chen et al. (2015a) calculated a loss of Y ¢PAHs in run-off
of 0.034 kg/km?*y. In the same forest environment, leaching of Y yPAHs through
soil transferred 0.065 kg/km?*/y to a depth of 30 cm and 0.008 kg/km?*/y to 60 cm.
The decrease in PAHs during leaching through soil was attributed to a combina-
tion of processes including biodegradation and adsorption (and presumably also
volatilisation from surface soil, although the authors did not consider this). A
component of the run-off flux was soil erosion, which also removed PAHs from
the soil environment. Run-off was separated into water and particulate (i.e. ero-
sion) components by Ni et al. (2011), who estimated a water (dissolved) run-off
flux of ) ;sPAHs of 0.94 kg/km*y and soil erosion (particulate run-off) flux of
0.32 kg/km?/y.

7.5.8 Other Issues for PAHs in the Pearl River Delta

The PAHs released by combustion, petroleum, and other sources into urban soils
may react to give new compounds which are not measured in routine PAH analyses.
For example, small but significant concentrations of several hydroxylated PAHs
were measured in 15 cities across the Pearl River Delta region by Gao et al. (2019).
Ni and Zeng (2012) found non-negligible concentrations of a range of chlorinated
and brominated PAHs in urban soils in Shenzhen. For hydroxylated, chlorinated,
and brominated PAHs, the absence of correlations between concentrations of sub-
stituted PAHs and their probable parent compounds inferred that they were formed
by reactions in the soil environment. The toxicity profiles of these compounds are
not currently well understood, but both studies recommended that the potential risks
to human health be considered.

The occurrence and behaviour of polycyclic aromatic hydrocarbons in China’s
Pearl River Delta is a globally relevant case study. Based on the material covered in
this chapter, Fig. 7.14 presents a generalised conceptual model for cycling of organic
pollutants in urban environments.

7.6 Summary

* A wide range of organic compounds are potential contaminants in urban soils
and sediments, with these compounds having widely varying structures and
properties. Soils are one of the largest reservoirs of organic pollutants.

e Organic compounds can be highly toxic to a wide range of organisms, includ-
ing humans.
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Fig. 7.14 Fate of persistent organic pollutants such as polycyclic aromatic hydrocarbons (PAHs)
in urban soil-plant-atmosphere systems, based on studies in the Pearl River Delta region, China

e The behaviour of organic contaminants in soils is affected by the properties of
the individual compounds, or categories of compounds, involved, including:
polarity, volatility, density, ionisation, substitution with atoms other than C and
H, and molecular weight.

e The natural organic carbon content of soils (including black carbon) is very
important for the retention of organic contaminants by adsorption and cation
exchange.

* Organic contaminants can degrade chemically in soils (as opposed to biologi-
cally mediated degradation), but the most effective and common form of degra-
dation is mediated by soil microorganisms such as bacteria and fungi.

* Using the behaviour of polycyclic aromatic hydrocarbons in soils of the large
urban agglomeration of the Pearl River delta as a case study, it is apparent that:

e Categories of closely related organic contaminants such as PAHs can have
systematic differences in properties which lead to fractionation in soils. This
fractionation can provide information about the sources of contamination.

» Transfers of organic contaminants such as PAHs between urban soils and the
atmosphere can be particularly important, as can transfers between soils and
other environmental compartments.
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7.7 Further Reading

Albanese S, Cicchella D (2012) Legacy problems in urban geochemistry. Elements
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Kah M, Brown C (2006) Adsorption of ionisable pesticides in soils. Rev Environ
Contam Toxicol 188:149-217. https://doi.org/10.1007/978-0-387-32,964-2_5

Berkowitz B, Dror I, Yaron B (2008). Contaminant geochemistry: interactions and
transport in the subsurface environment. Springer, Berlin

Rodriguez-Eugenio N, McLaughlin M, Pennock D (2018) Soil pollution — a hidden
reality. Food and Agriculture Organization of the United Nations, Rome

7.8 Questions

7.8.1 Checking Your Understanding

Give as many examples as you can of non- or weakly polar organic pollutants.

. Which organic pollutants could be derived from use of solvents?

3. Explain the acronyms LNAPL and DNAPL and how they relate to soil and
groundwater contamination.

4. What are the properties of persistent organic pollutants that distinguish them
from other organic compounds?

5. Why are Koy values of organic compounds useful — what do they represent, and
what can they predict?

6. What are the two main steps in analysis of organic compounds in soils, and what

is involved in each step?

Do =

7.8.2 Thinking About the Topics More Deeply

7. Explain how fractionation of polycyclic aromatic hydrocarbons occurs and what
information that fractionation can provide.

8. Why is biodegradation of organic pollutants usually more significant for attenu-
ation than abiotic degradation?

9. The intensity of soil pollution with organic contaminants is often related to the
intensity of land use, especially along a rural-urban gradient, with land in indus-
trial or urban-core zones being the most contaminated. Can you think of any
scenarios where this may NOT be the case?
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7.8.3 A Question ‘Out of Left Field’

10. Different countries have different limits for acceptable concentrations of
organic contaminants in soils (even for the same organic compound). Do you
think that there is a scientific reason for this or do other factors contribute to the
diversity in contaminant limits?
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