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Abstract Within historically accepted, major soil-forming
major processes, the role of chemicals as a human-induced
factor was neglected until the middle of the last century.
Over the years, however, anthropogenic chemicals have
emerged and are being released on the land surface in large
amounts. Irreversible changes in the matrix of soil and soil
constituents may occur as a result of both intentional and
accidental release of anthropogenic chemicals, as well as a
byproduct of human activity. After presenting an historical
evolution of the discussion on soil-forming factors, we
focus here on human impacts and examine the abiotic role
of anthropogenic microchemical contaminant (AMCC)
interactions with soils at the molecular level. Selected
examples of microchemical contaminants, including heavy
metals, pesticides, hydrocarbons, and engineered
nanomaterials, are presented to demonstrate that
AMCCs—even at low concentration—may irreversibly
alter the matrix of the soil and soil constituents and lead to
the formation of anthropogenic soils with different
properties than those of the pristine soils.

Keywords Engineered nanomaterials - Heavy metals -
Organic contaminants - Soil constituents and properties -
Soil formation factors

INTRODUCTION: HUMAN IMPACT ON SOIL
FORMATION

Soil formation has been considered for many years to be
the result of natural processes occurring over geological
time scales, under various climatic conditions. Until the
nineteenth century, soil formation was related strictly to the
degradation of geological material, due to weathering
processes, at the land—water—air—atmosphere interface. It
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was only in the late nineteenth century that Darwin (1881),
in England, Dokuchaev (1883, 1899), in Russia, and Hil-
gard (1906), in the USA, reached the conclusion (based on
different approaches) that soil is a living body formed
under various natural processes. While the Dokucheav
approach was largely adopted, Darwinian understanding of
soil formation was virtually ignored. However, both
noticed the formation of a soil profile with a similar
number of horizons, notwithstanding that different factors
leading to horizon formation were considered (Johnson and
Schaetzl 2015).

From Darwin (1881), Dokuchaev (1883), and Hilgard
(1906) to Jenny (1941, 1961), soil-forming factors referred
only to natural “virgin” soils formed, under natural envi-
ronmental conditions, over geological time scales. How-
ever, human activity impacts pristine soils, changing them
irreversibly, and forming new bodies with different con-
stitutions and properties. Agricultural practices such as
terrace construction, deep plowing, irrigation, application
of natural or anthropogenic agrochemicals, and fire have
led to irreversible changes in soils.

Soil formation processes affected by human intervention
have generally been considered to be deviations, which can
be reversed over time by natural attenuation or as a result
of remediation processes. However, a classical example of
human impact on soil changes, during 1000 years of rice
paddy cultivation, is the study of a chronosequence con-
sisting of five soil profiles derived from the same calcare-
ous sediments located in Zhejiang Province, China (Zhang
and Chen 2010). Comparison between chemistry of non-
cultivated and cultivated soils revealed increased depletion
of CaCOj; with increasing paddy cultivation, which led to
significant clay accumulation in the lower soil horizons
after 700 and 1000 years; the distribution pattern of iron
was similar to the clay content. In contrast, soil organic
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carbon accumulation in the upper soil horizon remained
constant over the entire chronological sequence.

Yaalon and Yaron (1966) argued, for the first time, that
human-induced changes in soil-forming processes should
be considered as an integral, independent factor to be
added to the recognized forming factors. In contrast to
natural factors, the rate of change of human-induced pro-
cesses is relatively rapid, and the fundamental properties of
natural soils are changed quantitatively within a short time.
These anthropogenic changes represent an additional factor
within a new reference system wherein the natural soil
serves as parent material and an initial state for the newly
formed soil. Amundson and Jenny (1991) accepted the
human factor in soil formation, but stated that anthro-
pogenic factors are contained implicitly in the previously
identified organism factor. However, anthropogenic effects
and their impact on the rate of soil modification were
recognized subsequently as an independent factor (e.g.,
Dudal 2005; Brady and Weil 2007; Richter 2007; Richter
and Yaalon 2012; Certini et al. 2013; Certini 2014).

Dudal (2005) introduced the notion of “anthropogenic
soils” to describe human impacts on pristine soils, with
changes to soil class, soil horizon, parent material, and
landform, and with consequences for soil classification and
nomenclature. In a comprehensive discussion of human
transformation of the Earth’s soil, Richter (2007) distin-
guished between contemporary and historic periods in soil
formation. Positing soils as the most appropriate marker,
Certini and Scalenghe (2011) suggested consideration of
approximately 2000 year BP as the start of the Anthro-
pocene, when the natural state of the terrestrial surface
began to be altered. As a consequence, Anthropocene
formation coincides with the beginning of anthropedoge-
nesis process suggested by Richter and Yaalon (2012). This
process is defined by three overlapping time scales: mul-
timillenial pedogenesis of traditional natural bodies, the
historic legacy of human forcing, and contemporary human
impacts.

The effects of chemicals on the formation of contem-
porary soils have generally been considered in terms of
agricultural activities such as irrigation with saline water,
use of gypsum or lime for soil reclamation, and fertilizer
application. However, over the years, a wide range of
anthropogenic microchemicals has reached the land sur-
face, applied to improve crop production, or disposed of as
industrial and municipal wastes. Recently, irreversible
changes in natural soils were found to occur as a result of
soil contact with chemicals of anthropogenic origin. By
“irreversible changes,” we refer to long-term, stable, and
persistent transformations of soil physical and chemical
properties—on a human time scale—which are also resis-
tant to remediation procedures. Some of these changes
occur following deposition or adsorption—desorption of
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chemical contaminants, with irreversibility implied by
hysteresis or soil conditioning.

In Fig. 1, we suggest a general time-scale scheme for
soil change that emphasizes the fast alteration process of
anthropogenic soils (time frame of less than 10* years),
relative to geological time scales of up to millions of years
for natural soil formation processes. These changes are
especially pronounced for high volume, modern industrial
and urbanization processes. It is further noted that release
of anthropogenic microchemical contaminants (AMCCs) to
the environment is one of the outcomes of recent scientific
and technological advances that drive industrial and
urbanization processes, and even from warfare (Certini
et al. 2013).

Additional information available from other studies on
interactions among anthropogenic chemicals and soil has
been used to support the argument that anthropogenic
chemicals are a factor in contemporary soil formation
(Yaron et al. 2008, 2010, 2012, 2016; Berkowitz et al.
2014; Dror et al. 2015). Based on research results reported
in ~900 publications, Capra et al. (2015) offered a
worldwide perspective on anthropogenic soil. Many facets
of human factors leading to the formation of anthropogenic
soil were noted. However, the input and influence of
chemical contaminants were essentially neglected, despite
the fact that their input represents addition of anthro-
pogenic materials to soils (e.g., Tu et al. 2013; Kelepertzis
2014; Romi¢ et al. 2014).

In the present paper, we argue that despite their rela-
tively low concentrations on the land surface, AMCCs may
act also as a factor in anthropogenic soil formation, by
irreversibly changing soil properties and the natural matrix
of reactive soil constituents. We first illustrate selected
modes of interaction between the main reactive soil con-
stituents (clays and humic substances) and AMCCs (“An-
thropogenic microchemical contaminant (AMCC) impacts
on soil constituents” section). These interactions are then
shown to lead to irreversible changes in the structure and
surface chemistry of clays and humic substances at the
molecular level. In the last part (“AMCC-induced changes
to soils: selected examples” section), we discuss how the
cumulative effects of these changes over time and at large
scales may result in alteration of natural soil properties
such as wettability, retention capacity of associated solutes,
and soil morphology.

ANTHROPOGENIC MICROCHEMICAL
CONTAMINANT (AMCC) IMPACTS ON SOIL
CONSTITUENTS

As a thermodynamically open system, soil will never return
to its initial state after being modified by an external factor.
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Fig. 1 Time scale for soil change history: from natural weathering of the parent material (potentially stretching back for several millions of
years) to anthropogenic soil change by historic human activity (potentially stretching back for several thousands of years), and further to modern
urbanization and industrial processes and products that lead to AMCC release, which in turn modify soil (potentially stretching back for several

decades)

Because chemical contaminants may, under specific con-
ditions, change soil constituents, it is logical to expect that
irreversible retention of AMCCs and their transformation
products may also change soil properties, thus leading to
contemporary soil formation (Yaron et al. 2012). On the
other hand, due to their low concentrations, the impact of
AMCC:s on soil, and consequently on the formation of new
anthropogenic soils with different matrix and properties,
may be questioned. However, molecular studies on AMCC
interactions with soil reactive constituents (i.e., clays,
humic substances) provide valuable information on
potentially induced changes to host materials (e.g., Bertsch
and Hunter 1998). Table 1 depicts a list of potential con-
taminant-induced changes to the soil matrix and properties
(after Yaron et al. 2009). In “Anthropogenic microchemi-
cal contaminant (AMCC) impacts on soil constituents” and
“AMCC-induced changes to soils: selected examples”
sections of this article, we illustrate irreversible changes to
soil constituents by providing new examples. We show also

that the amount of AMCCs retained in different soils is
controlled by the ratios among various soil constituents.

Changes to soil clay minerals

As a function of their structural properties, clays may be
affected in different ways by interactions with organic and
inorganic AMCCs. The permanent negative charge of clay
minerals must be balanced by a positive charge situated at
or in vicinity of the mineral surface. When the surface is
negatively charged, positively charged cations of AMCCs
are attracted electrostatically to the clay surface. Processes
leading to 2:1 clay modification include adsorption, ion
exchange, binding with inorganic and organic cations, and
interlamellar polymerization (e.g., Bergaya and Lagaly
2001; Yariv and Cross 2002; Sanchez-Martin et al. 2006).
These changes, in turn, affect surface properties, and
chemical and physical interactions, of clay with its
surrounding.

Table 1 Selected potential contaminant-induced irreversible changes in the soil and subsurface: matrix configuration and properties. After

Yaron et al. 2009 with permission from IUSS

Matrix configuration

Properties

Solid phase

Aqueous phase Solid phase Aqueous phase
Salinity/alkalinity Charge of clay surface Acidity

Ionic composition Cation exchange capacity Redox potential
Presence of organic ligands Organic matter configuration Solubility
Heavy metals Hydration status Salinity

Toxic organic substances Clay redistribution with depth Turbidity

Radionuclides Surface tension

Colloids

Infiltration rate
Hydraulic conductivity
Retention capacity
Porosity

Rheological properties
Water repellency
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Induced modification of soil clays via AMCC exchange

Heavy metal ion sorption on clay surfaces leads to change
in the clay matrix, via two mechanisms (Schlegel et al.
1999): (1) adsorption of metal ions as surface complexes in
the outer sphere, on exchange sites, or on inner sphere
crystallite edges, and (2) co-precipitation of sorbate and
sorbent species. Extensive information on heavy metal
adsorption—desorption processes leading to heavy metal
retention in various soils may be found in the reviews of
Bradl (2004) and Selim (2013). We choose from the lit-
erature the case of irreversible retention of lead and zinc on
clays.

The effects of ionic strength and pH on the adsorption of
lead (Pb) on montmorillonite clay were shown by Strawn
and Sparks (1999). Based on batch experiments, it was
found that at low ionic strength, Pb adsorption is pH
independent, consistent with an outer sphere complexation
mechanism where the majority of Pb is accumulated on the
planar sites. At high ionic strength, Pb adsorption is pH-
dependent, suggesting inner sphere complexation where
adsorption occurs on functional groups existing on the
montmorillonite edges. TEM observations showed that Pb-
exchanged on a natural bentonite surface displayed micro-
aggregates or microstructure units, consisting largely of an
association of small particles packed together without
interparticle pore space (Jozja et al. 2006).

Another example of irreversible sorption, and in turn,
change of clay structure is given by zinc incorporation into
hydroxyl-Al interlayers. The interaction of Zn with
hydroxyaluminum and hydroxyaluminum-smectite com-
plex was studied by EXAFS analysis (Jacquat et al. 2009).
The authors showed that Zn is octahedrally coordinated
with oxygen at 2.06-2.08 A, and surrounded by Al atoms at
3.03-3.06 A in the second shell with increasing molar Zn/
hydroxyaluminum ratio. The coordination number of the
second shell Al decreases from 6.6 to 2.1. A progressive
shift was observed with increasing Zn loading, from Zn
trapping in vacancies of the mineral Al polymer, to Zn
adsorption on incomplete Al polymers, and finally to
uptake by cation exchange in the polymer free interlayer
space. The irreversible adsorption of Zn on silicate com-
plexes causes a significant reduction in permanent negative
charge, a substantial increase in pH-dependent negative
charge, a drastic reduction of internal surface, and a slight
increase in external surface area (Barnhisel and Bertsch
1989).

Cationic pesticides are adsorbed to clay minerals by ion
exchange processes. Diquat and paraquat, for example, are
cationic herbicides used broadly for crop protection. The
adsorption—desorption of these pesticides was thought to be
directed by charge pattern interactions (Lagaly 1986).
Their retention and release on bentonite and kaolinite,
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investigated by Weber and Weed (1968), showed that the
extent of adsorption is controlled by the cation exchange
capacity of the minerals. Herbicide leaching with an
aqueous electrolyte solution led to desorption of 80 % from
kaolinite and only 5 % from montmorillonite, which was
explained by interlamellar absorption. Similar induced
interlamellar absorption of other organic substances was
shown to modify the microstructure of clay layers. For
example, Ogawa et al. (2003) illustrated (schematically)
microstructure changes to montmorillonite as a function of
exposure to different concentrations of azobenzene
(Fig. 2).

Induced modification of soil clays via AMCC binding

Nonionic pesticides include chemical groups such as
chlorinated hydrocarbons, organophosphates, carbamates,
ureas, anilines, anilides, and benzonitriles. Only slightly
soluble in water, nonionic pesticides may bond to clay
surfaces through various mechanisms such as cation dipole,
coordination, hydrogen, m and van der Waals interactions.
Advanced instrumental techniques (e.g., DTA, XRD,
FTIR, NMR, and EXAEFS) and molecular modeling pro-
vide the possibility to define the mechanism of nonionic
pesticide—clay complex formation and stability within soil
clays.

Parathion is an organophosphorus insecticide that was
used mainly as a crop protection chemical. The adsorption
isotherms of parathion from hexane solution, performed on
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Fig. 2 Tmpact of amount of azobenzene (Az") intercalated in
montmorillonite clay as expressed in the microstructure of newly
formed clay-pesticide complexes a 13, b 37 and 66, and ¢ 94 and
105 meq/100 g clay of adsorbed Az". Reprinted from Ogawa et al.,
Intercalation of a cationic azobenzene into montmorillonite Applied
Clay Science, 22, 179-185, Copyright (2003), with permission from
Elsevier
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different types of clays, showed that montmorillonite (2:1
type) and attapulgite (fibrous) have a similar retention
capacity, while adsorption on kaolinite (1:1 type) is much
lower (Prost et al. 1977). The impact of parathion inter-
actions, as reflected in structural changes to clay, is con-
trolled by the type of mineral. For example, X-ray studies
showed an increase in the basal spacing for Ca and Al clays
(Saltzman and Yariv 1976). These authors also showed by
infrared studies a competition between water and para-
thion, that leads to a change in the coordination between
hydrated and nonhydrated clay-parathion complexes.

Alachlor, a chlorinated herbicide, interacts with mont-
morillonite clay (which is saturated with various cations),
revealing a correlation between adsorption and the
polarizing power of exchangeable cations (Bosetto et al.
1993). XRD measurements showed that alachlor pene-
trated the interlayer space of the clay, while FTIR analysis
confirmed that alachlor (with the molecular structure of a
tertiary aromatic amide) is adsorbed by coordination
through the interlayer space of the montmorillonite,
replacing interlayer water. Results based on SEM analysis
(Nasser et al. 1997) showed a difference in clay mor-
phology before and after alachlor contamination. While
Na-montmorillonite exhibited a plate-like structure, the
alachlor-Na-montmorillonite complex displayed flocks
having significant edge-to-edge association of the blocks.
These authors also observed that once the alachlor
adsorbed and modified the clay surface, even after it was
degraded with aging, its products continued to maintain
the morphology changes when compared to the uncon-
taminated mineral.

Engineered nanomaterials (ENMs) were examined
during early stages of nanotechnology research for the
possibility of interactions with clay minerals. For example,
Mehrotra et al. (1992) found intercalation of amino-func-
tionalized fullerenes (Cgp) in fluorohectorite, a mica type
silicate by XRD and IR spectra. The XRD pattern of flu-
orohectorite in an amino-functionalized Cgy aqueous sus-
pension showed a relatively well-ordered multilayered
structure corresponding to a primary repeating unit of 26.5
Aora gallery height of 16.9 A. In contrast, a gallery height
of 3.6 A was observed when only ethylenediamine was
intercalated in fluorohectorite (Mehrotra et al. 1992). The
same authors observed changes in the mica-type mineral
matrix following intercalation of fullerenes (Cgp) into flu-
orohectorite in FTIR studies. IR spectra of the fullerenes
(Cgp) intercalated silicate, compared to the pure fullerenes
(Ceo) spectra, show presence of fullerenes (Cgp) clusters
(Lieber and Chen 2009).

Intercalation of a Cgy fullerene (fulleropyrrolidine)
derivative into Wyoming Na-montmorillonite was studied
by Gournis et al. (2004). Organophilic derivatives were
intercalated into organic modified clays, while water-
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soluble fulleropyrrolidine was introduced into clay gal-
leries by ion exchange. Derivatization of the fullerene (Cg()
was manifested by shifts and formation of a new broad
band in the Raman spectrum. When the clay fullerene
derivate composite was examined, the same major peaks
(found at 1460, 1421, and 1570 cm_l) showed that the
derivate was intercalated in the clay. Microscopic studies
on interactions of clay minerals with water-stable fullerene
(Cgp) aggregates indicated a change in clay structure due to
association between the fullerene and kaolinite or smectite
clays (Fortner et al. 2012). Avanasi et al. (2014) confirmed
the role of clay minerals for Cg( fullerene accumulation in
soil.

AMCC-induced changes to humic substances

In the soil system, humic substances are of major impor-
tance and have an enormous impact on the retention and
persistence of anthropogenic chemicals reaching the land
surface. Use of advance instrumental and analytical tech-
niques in soil and water chemistry (electrospray ionization
(ESI) coupled with Fourier transform ion cyclotron reso-
nance mass spectroscopy (FTICR MS)) over the last dec-
ades has advanced knowledge on  molecular
characterization of both particulate and dissolved terrestrial
organic matter. For example, irreversible sorption of
chemical contaminants on humic substances is linked to
their irreversible structural expansion. The irreversible
structural change of a humic acid was reported by Sander
et al. (2006). They demonstrated that irreversible sorption
is caused by expansion of humic substances and creation of
internal micropores by penetrating molecules.

Recent experimental evidence portrays humic sub-
stances as heterogeneous supramolecular mixtures, which
associate dynamically through noncovalent interactions
involving hydrogen bonding and hydrophobic forces (Orsi
2014). Dissolved organic matter is described as a complex
mixture of low molecular weight substances and larger
molecular weight biomolecules such as proteins and
polysaccharides, together with exocellular macromolecules
(Nebbioso and Piccolo 2013). However, it should be rec-
ognized that data on acid-base properties obtained from
dissolved humic substances will be different from those
obtained on the basis of humic acid in soils, due to soil
buffering capacity.

Induced modification of humic substances due to inorganic

AMCCs

Heavy metal bonding to humic substances can be viewed as
an ion exchange process between H' and metal ions on
acidic functional groups. X-ray absorption fine structure
(XAFS) spectral data for metal-loaded humic substances
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showed that acidic functional groups in humic acid are
principal binding sites for metals. It was also shown that
the static exchange capacity of humic acid toward heavy
metal ions (e.g., Cu®", Ni*") is directly dependent on the
carboxylic group content of humic acid; as a consequence,
the maximal sorption capacity of humic acid toward heavy
metals is governed by the carboxylic groups (Lishtvan
et al. 2006). Heavy metal ion adsorption—desorption iso-
therms on and from humic substances originating from
peat, for example, show a hysteretic process which points
to irreversible retention. The high degree of selectivity
shown by organic matter for certain metals suggests that
some metals coordinate directly by forming inner space
complexes with the functional groups (McBride 1989).
These interactions change the basic structure of the humic
substances. Following this approach, the hysteresis of
heavy metals on humic substances is due not only to
cationic exchange but also to an associated ligand
exchange process.

Another example of changes to humic substance con-
figuration, and in turn aggregate stability, was reported by
Christl et al. (2001). They studied the binding of Cu** and
Pb>" to soil fulvic and humic acids and found that despite
differences in chemical composition and protonation
behavior, the two types of humic substances exhibited very
similar binding behavior. No difference between Cu"
adsorption on fulvic and humic acids was observed at
pH = 4; however, at pH = 6 and 8, Cu?* was bound more
strongly to humic acids. Christl et al. (2001) attributed this
binding behavior to the different chemical structures and
types of linkage of the functional groups to the carbon
backbone. They considered that adjacent carboxyl and
phenolic groups on aromatic rings such as phthalic or
salicylic acids, which are capable of forming strong com-
plexes with Cu®", are higher in humic acids than in fulvic
acids. The total number of binding sites was found to
control Pb*" binding on humic acid. The fact that proton
metal ion exchange ratios of humic substances are lower
for lead than for copper may explain the differential
aggregation of humic substances with Cu?* and Pb?. It was
observed that Pb-fulvate complexes precipitated at much
lower mole ratios of metal ion to fulvic acid than Cu-
fulvate, which showed again the dependence of aggrega-
tion behavior on the metal cation. As the stability of soil
aggregates is governed by humic substances, heavy metal
impact on humic substances will in turn affect soil aggre-
gate formation and stability.

Induced modification of humic substances due to organic
AMCCs

Molecular level transformation of humic substances can be
observed by advanced techniques such as NMR spectroscopy
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"H(**F)RHSTD and cross-polarization magic angle spinning
CPMAS'"*CNMR spectroscopy (e.g., Chefetz et al. 2000).
Polyaromatic hydrocarbons (PAHs) comprise a large group of
AMCCs which may be irreversibly retained on humic sub-
stances, thus altering their pristine state. Studies on phenan-
threne, for example, showed that like other hydrophobic
organic contaminants, it has a strong affinity for aliphatic
domains of humic substances, and in some cases this affinity is
higher than that for aromatic domains (Chefetz and Xing
2009). Phenanthrene binding to modified humic substances is
affected greatly by structural and chemical changes of humic
acids and humins (Kang and Xing 2005). Irreversible changes
occurring in humic substances following phenanthrene pol-
lution were demonstrated by sorption hysteresis (Oren and
Chefetz 2005). In general, sorption hysteresis of hydrophobic
organic compounds by soil organic matter was confirmed by
the formation of metastable states of adsorbate in fixed
mesopores and irreversible deformation of the sorbent by the
sorbate (Sander et al. 2005; Ge et al. 2006).

Pesticides may adsorb on humic substances by ion
exchange. Because humic substances have flexible exchange
sites, the charge density of humic substances is pH depen-
dent thus affecting ionic pesticide retention. Acidic pesticide
retention on humic substances may occur through a physical
process. A comprehensive review by Senesi and Chen
(1989) discussed adsorption mechanisms of toxic organic
chemicals, including many examples of interactions with
pesticides that may lead to irreversible modification of
humic substances. The early infrared (IR) studies of Sullivan
and Felbeck (1968) proved that ionic bonding can occur
between a protonated secondary amino group of the s-tri-
azine and a carboxylate anion of the humic acid. Senesi et al.
(1987) confirmed these results and provided evidence of
possible involvement of the acidic phenolic group of humic
acid. The direct relationship among pH, dissociation con-
stant, and adsorption is strong evidence that protonated
alkali pesticides can be adsorbed on humic substances
through an ion exchange process. Pesticides that may bind
covalently with humic substances include phenylcarba-
mates, dinitroaniline herbicides, nitroaniline fungicides, and
organophosphorus insecticides. Their binding involves car-
bonyl, quinone, and carboxyl groups of humic substances
(Gevao et al. 2000 and references within).

Nonpolar and hydrophobic pesticides can undergo
sequestration during prolonged residence or aging in soils.
Pignatello and Xing (1996) considered this process to
involve two concurrent mechanisms, partitioning and hole
filling, in which the pesticide is sorbed in either rubber or
glass-like regions of humic substances. The existence of
pesticide hysteresis was observed due to some sorbed
pesticides being irreversibly retained through different
mechanisms on humic substances (e.g., Mamy and Bar-
riuso 2007; Barriuso et al. 2008).
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Engineered nanomaterial (ENM) retention on soils as a
function of soil carbon content has been reported (e.g.,
Avanasi et al. 2014). The impact of ENMs on humic
substances has been observed, for example, by an FTIR
study of nanosized TiO,, SiO,, Al,O3 and ZnO. Yang et al.
(2009) identified interactions between functional groups of
soil organic matter and inorganic oxide nanomaterials. A
schematic illustration of possible interactions of nanopar-
ticles with humic substances, and their possible mecha-
nisms, is given in Fig. 3. It is noted that strong interactions,
as shown for example for metal oxide nanoparticles,
modify the structure of the humic substance and its
capacity to interact with other substances in the soil
environment.

It was observed that COOH groups are responsible for
humic acid ligand exchange with TiO,, and that there are
strong TiO, interactions with humic acid phenolic OHs.

© Royal Swedish Academy of Sciences 2016
www.kva.se/en

This finding indicated TiO,-induced modification of the
natural humic acid structure (Gournis et al. 2004). Using
fluorescence spectroscopic methods, Klavins and Ansone
(2010) studied interactions of fullerene (Cgp) with humic
acids. They reported that signal quenching is proportional
to fullerene (Cgp) concentration, providing information on
complex formation between fullerenes (Cgy) and humic
acids. Fluorescence spectroscopy was also used to confirm
the chemical changes to soil organic matter when CuO
ENMs and strong oxidation conditions were applied (Ben-
Moshe et al. 2013). In addition, ENMs may interact and
change the structure and behavior of dissolved organic
matter (DOM) from the soil pore water through various
mechanisms, such as ligand exchange with surface hydro-
xyl groups (Yang et al. 2009), or m—n interactions with
aromatic groups of carbon-based ENMs (Sedlmair et al.
2012). DOM-ENM interactions may capture and block
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many DOM functional groups (Cornelis et al. 2014), thus
leading to reduction in DOM availability for other inter-
actions, involving DOM net charge, steric limitation due to
already existing DOM-ENM interactions, and hetero-
aggregation.

AMCC-INDUCED CHANGES TO SOILS:
SELECTED EXAMPLES

The literature contains a large spectrum of research results
that show irreversible alteration of soil matrix and prop-
erties following anthropogenic chemical contamination..
General persistence trends that demonstrate the long-range
impact of a few AMCCs, in comparison to soil fertilizer
components in sandy soil, are depicted in Fig. 4. It may be
seen that heavy metals such as Zn and Cu, and several
persistent anthropogenic organic compounds such as DDT
and PCBs, remain in soil for periods much longer than
human lifetimes, and therefore can be considered to be
retained irreversibly.

Inorganic AMCC impacts on soil

AMCC-induced changes to soil properties are highly
dependent on association with processes such as adsorp-
tion, nucleation, precipitation, coagulation and coprecipi-
tation. Under prevalent conditions in the soil environment,
and due to coprecipitation processes, heavy metal solubil-
ity, for example, decreases and a solution can be formed
with soil hydroxides, carbonates and phosphates. This
behavior is demonstrated by the deposition of Cd, Cu, and
Zn from solution onto carbonates and oxyhydroxides of the
soil solid phase. In such cases, the soil retention capacity is

1000000 Years P
o
100000
° ®  Copper
10000 ® DDT ¢
Zinc
1000
100
°
® 6 Phosphorus
10
° O Atrazine
Y OPotassium

o
Nitrate

Fig. 4 Time needed to remove chemicals from 1 m of sandy soil by
natural leaching. Reprinted from Salomons (1995). Long-term
strategies for handling contaminated sites and large scale areas. In
Salomons W. and Stigliani W.M. Biogeodynamics of Pollutants in
Soils and Sediments. Springer pp 1-30, with permission of Springer
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higher than the natural soil adsorption capacity (e.g., Hass
et al. 2010). Copper and zinc disposed on land surface as
agrochemicals bind on the clay fraction of soils by ion
exchange, fixation, and hydrolysis reactions that are pH
dependent. Cavallaro and McBride (1984) found that the
oxide fraction of a soil acid phase strongly controls Cu®"
and carbon fixation. At pH in the range 4-7, 95 % of the
sorbed metal was irreversibly retained. Lopez-Periago et al.
(2008) analyzed Cu®*t retention Kinetics, demonstrating
irreversibility and showing that release rate coefficients are
not dependent on metal loading.

It is further noted that accumulation of Cu”" salts in
soils after long-term application has toxic effects on soil
bacterial populations, by inhibiting the activity of dehy-
drogenase, urease, acid phosphoric and alkali phos-
phatases, as well as on earthworms which are crucial
promoters of soil structure and porosity (Spurgeon et al.
1994; Wyszkowska et al. 2006). Because the microbial
population contributes indirectly to the formation and sta-
bilization of soil aggregates, Cu>" accumulation leads to a
change in soil physical properties by altering the process of
aggregate formation and aggregate stability.

Organic AMCC impacts on soil

Once disposed on the land surface, effluents and wastew-
aters containing hydrophobic organic contaminants may
affect the repellency of natural soils. Changes in soil water
repellency are reflected in the rate of wetting, retention,
and transport of water from the land surface to ground-
water. Organic compounds such as aliphatic hydrocarbons
and amphiphilic substances may induce soil-water repel-
lency by hydrophobic coating. High molecular mass polar
compounds as fatty acids, amides, aldehydes/ketones,
alkanes and complex ring-containing structures were found
in water-repellent sandy soils from Netherlands and UK
(Mainwaring et al. 2004). In a field experiment (Coastal
Plain, Israel) where a citrus orchard was irrigated with
treated wastewater, an increase in soil water repellency was
determined using the water drop penetration time method
(Wallach and Graber 2007). The authors linked the results
to soil humidity and wastewater composition, which in turn
impact biological activity and soil water repellency. Soil
water repellency caused by petroleum hydrocarbon con-
tamination was reported by Roy et al. (2003), based on a
study of 12 hydrocarbon contaminated soils from Alberta,
Canada. The results indicated that petroleum hydrocarbon
induced repellency is predominantly a surface phe-
nomenon. Persistence of water repellency is much greater
in sandy soils than in clayey soils. Adams et al. (2008)
explain these differences by the reduced field capacity of
the sandy soils, which after rapid drying favor the depo-
sition of a hydrocarbon film with repellent properties. In
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contrast, clay soils require a longer time for dehydration,
delaying deposition of hydrocarbon repellent film on the
soil surface. Such changes in soil water transmission
properties can be considered irreversible although they
may be partially mitigated by remediation treatments.

Adsorption and retention capacity of soils, from a water
solution, may be affected by the presence of nonionic
PAHs. The retention of PAHs in soils is dependent on the
specific structure and physicochemical properties of the
PAH compound, its concentration in the water solution,
and the soil solid phase. The '*C NMR spectra and the
sorption coefficient of aromatic hydrocarbons of contami-
nated sediments suggest that sorption occurring on aro-
matic and aliphatic moieties of the sedimentary organic
matter, and rigid crystalline paraffinic domains, may con-
tribute to linearity of PAH sorption (Oren and Chefetz
2005). However, the extent of PAH adsorption and reten-
tion in soil may be affected by the presence in the water
solution or an organic co-contaminant which may affect
properties of the soil adsorbing phase (e.g., Bayard et al.
2000).

Engineered nanomaterial (ENM) impacts on soil

Irreversible impacts of ENMs on soil were recently
reviewed by Dror et al. (2015). It was shown, for exam-
ple, that ENM retention on soils and sediments may lead
to changes in their natural surface properties. Wang et al.
(2014) reported changes in clay rich Ultisol soil surfaces
as a result of contamination by polyvinylpyrrolidone
(PVP)-coated silver nanoparticles (AgNPs). TEM images
confirmed that negatively charged PVP-AgNPs preferen-
tially bind to the edges of the positively montmorillonite
clay fraction, enriching the soil with clusters of large
aggregates with a relative high charge density. Similarly,
other materials are often utilized as synthetic binding
agents to form clusters of large aggregates; for example,
anionic polyacrylamide (PAM) is added to irrigated arable
soils (e.g., Sojka et al. 2007), or to soils affected by
wildfires to prevent post-fire erosion (e.g., Inbar et al.
2015). Deposition of copper oxide and iron oxide on a
Mediterranean red sandy clay soil and on Rendzina soil
from an arid region, studied by fluorescence spectroscopy,
showed also that ENMs are retained on soil aggregates,
changing their surface morphology (Ben-Moshe et al.
2013).

The combined effects of electric double layer repulsion,
London—van der Waals attraction, Born repulsion, and
hydrodynamic forces affect the fate of ENM deposition on
soil, leading to modification of the soil solid phase surface
(Arab and Pourafshary 2013). In a soil-water system,
ENM-induced charge modification of the solid phase may
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lead to more positive surface potential, which in turn
reduces the electric double layer repulsive forces between
suspended nanoparticles and the surfaces.

Exposure to ENMs may lead to changes in the retention
capacity of pristine soils for associated AMCCs. For
example, Cheng et al. (2005) reported that the retention of
naphthalene in soil was affected by Cg, presence. In a
column experiment, Cgy was added to a Lula silty loam soil
(Pennsylvania, USA) and its retention was determined
following naphthalene application. An increase in the
retardation factor from 8.5 to 13.1 was determined by
comparing pristine soil to the soil amended with Cgg. This
increase was related to sorption of naphthalene on the Cg
in the soil. In another study, retention of arsenic in sandy
and red-clay soils following application of stabilized iron-
based ENMs (zero valent iron, iron sulfide and magnetite
(Fe304)) was studied by Zhang et al. (2010). The Fe;O4
nanoparticles appeared to be particularly effective for As
retention: 58 % was retained in the sandy soil and 67 %
was retained in the red clay soils. Increases in the natural
retention capacity of soils for other inorganic contaminants,
such as Pb(NO;) and Zn(NOs3),, as a result of prior addition
of zero valent iron nanoparticles, was also observed by Gil-
Diaz et al. (2014).

CONCLUDING REMARKS

After discussing the human impacts on soil-forming fac-
tors, we examined AMCCs as agents that may alter soil
constituents and matrices that lead to the formation of
anthropogenic soils with different properties than those of
the pristine one. We provided examples of changes to soil
clays and humic substances, induced by interactions at the
molecular level with various AMCCs. We show that even
low concentrations of AMCCs released on the land sur-
face may irreversibly modify, at a molecular level, the
matrix of soil constituents, which in turn leads to changes
in soil properties. It is noted that although only a few
publications have to date provided direct evidence of
these phenomena, the literature contains findings from
many other studies that can be used to support conclu-
sions regarding such changes.

Because of the high volume of AMCCs used in
increasing numbers of processes and applications world-
wide, their impact is expected to become a significant
factor affecting anthropogenic soil formation. This legacy
should therefore be considered in designing adequate
management of newly formed soils.
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