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The presence and transport of emerging Engineered Nano Particles (ENPs) in the environment is driven by com-
bination of multiple factors comprising their size, charge and aggregation/agglomeration rate along with interac-
tions with different soil types. Due to the complexity of the soil, it is difficult to associate an exact concentration
with the possible transport pathways, interactions and transformation mechanisms. Major uncertainties arise
with the increased number of extraction and filtration steps required for determining the exact toxicity doses
of ENPs. Due to these issues, TiO, and Ag behavior, characterization, transport, and environmental effects in
soils are still not clear. In soils, TiO, and Ag have been mainly reported to be present in the surroundings of
point sources and are driven by their aggregation/agglomeration rate in combination with different soil types.
TiO, and Ag are mainly transported by interstitial water depending on their zeta-potential in the local soil.
Along the transport route, TiO, and Ag undergo alteration in dissolution, corrosion, redox reaction and coatings
with the soil matrix. Their mobility is better across mineral soil in comparison to soil rich in organic colloids. The
bioavailability gets modified and, in consequence, they are retained until complete degradation of the organic
matrix. Depending on the soil matrix composition in terms of water content, minerals, and biological structure,
the current most used methods for TiO, and Ag characterization are FFFF and UV spectroscopy coupled with
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ICP-MS and LCMS/MS. The increased flux of TiO, and Ag across soil is significant in understanding/accessing the
viable threats, in particular their release affects the natural ecosystem.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Particle sizes with at least two dimensions between 1 and 100 nm are
defined as nanoparticles and are commercially used across several indus-
trial processes (Cumberland and Lead, 2009; Klaine et al., 2008). Over the
last 30 years, nanotechnology has engineered many structures
(Bartlomiejczyk et al., 2013), with 1750 types in 2012 compared to 212
types in 2006 (Peyrot et al., 2014). Market potential of engineered nano-
particles (ENPs) is doubling every three years, for instance Ag NPs (anti-
bacterial) market will rise from 0.79 billion in 2014 reaching $2.54 billion
by 2022 (Grand View Research, 2015). In contrast, TiO, annual produc-
tion is around 6 million tons (Jovanovi¢ and Guzman, 2014), being al-
ready a billion dollars market with a price of approx. 2000$ per ton (ICI,
2015). The term of ENPs usage throughout the study is in with respect
to TiO, and Ag nanoparticles. The number of nano based products will
reach an estimated $3 trillion market by 2020. Their properties, size, sur-
face area, zeta potential, and quantum effects can be tailored to adjust to
special needs enabling dual-use technology applications, such as nano-
electronics, -coatings, -optics, -sensors, -monitors, -textiles and nano-
weapons (Anne and Kirsten, 2014). ENPs are frequently used in electronic
devices, cosmetics, environmental remediation, energy and textile indus-
try (Bindhu and Umadevi, 2015; Peyrot et al., 2014). The possibility of fea-
ture engineering has shown a great potential with increased interest in
medicine and health-related areas, such as cancer treatment and targeted
drug delivery systems due to their antibacterial and antiviral properties
(Cumberland and Lead, 2009). ENPs have become a general-purpose
technology, expected to increase with innovation and commercialization
to generate economic value. However, there is a need to create social and
environment value for the society (Roco et al., 2011).

During production, at the time of land application for biosolids waste-
water treatment, accidental spills or applications of nano-pesticides, ENPs
find their way into the soil environment Fig. 1 (Cornelis et al., 2013). Most
studies related to transport of ENPs have been performed using well-
defined lab conditions, although their relevance with transport of ENPs
in the natural soil environment is questionable. Only few studies have ex-
amined ENPs transport in natural soils and no systematic research of the
effect of soil properties and its microbial community was conducted
(Cornelis et al., 2013; Sagee et al., 2012).

Depending on exposure modeling, soil is the major sink for most of
the ENPs released into the environment and their concentrations were
higher in comparison to water or air (Dale et al., 2015; Suresh et al.,
2013). Since the fate and transport of ENPs in the environment also in-
volves interactions with soil microbial systems, it is widely recognized
that nanomaterial-microbial interactions may also impact human
health (Suresh et al., 2013).

ENPs have been examined for their potential toxicity (Table 1), asso-
ciated environmental risk and consequently considered as emerging
pollutants (Cafias et al., 2011; Chai et al., 2015; Choi and Hu, 2008;
Throbdck et al., 2007). Understanding ENPs behavior requires better
elucidation of environmental and human health risks for establishing
tailored regulatory guidelines (Peyrot et al., 2014). The recent studies
for hazard assessment of ENPs on different food-chain level organisms,
such as bacteria, algae, fish, crustaceans and nematodes indicated that
metal ENPs (such as Ag, TiO,, ZnO and Cu) are toxic at environmentally
relevant concentrations (Cupi et al.,, 2015; Holden et al., 2014).

ENPs are often used for their powerful antimicrobial and antiviral
properties and have adverse effects on the survival, reproduction and
mobility functions of soil organisms (Cornelis et al., 2013), depending
upon the ENPs dose, size, shape and reaction with the soil environment
(Cumberland and Lead, 2009). ENPs colloidal stability dominates their
toxicity and is affected by many factors, such as capping agent, back-
ground electrolyte composition, environmental pH and ionic strength
(Cornelis et al., 2013; Sohn et al., 2015). The behavior of ENPs across
soil environment also varies with different forms of ENPs, which results
in bio-availability, chemical changes and possible transformations in the
soil environment (Cornelis et al., 2013).

In this study the emphases on the most commonly used nanoparti-
cles, TiO, and Ag as examples, considering their transport into the soil,
their influence on soil quality and effect on soil organisms. Information
related to its characterization and development of these ENPs for their
release into the environment is also discussed.

2. Presence of engineered nanoparticles

TiO,-NPs used as white pigment in body tattoos date from ancient
times (Sciau, 2012). There are many natural NPs originating from
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constituents of soil, coal, dystrophic lakes, ocean water, surface ground
water and some from interstellar origin caused due to impact of comets
and asteroids on earth (Heck et al., 2014; Neubauer et al., 2011). The be-
havior of these natural NPs resulting from weathering in the presence of
humic acids is almost identical to ENPs developed in laboratory
(Ciglenecki et al., 2014; Rana and Kalaichelvan, 2013) creates a back-
ground from which ENPs can be hardly discriminated.

Man-made engineered nanoparticles are produced at a nano-scale
(above 1 nmand <100 nm) with its physical-chemical properties differ-
ing from the same material having larger particle size. TiO, finds its ap-
plication across medicine for burn treatment, dental compositions,
antibacterial agents and sunscreen lotions (Bindhu and Umadevi,
2015). Applications of AgNPs are also spread across varied consumer
products, which include cosmetics, textiles, water purifiers, food pack-
aging surfaces, linings in dishwashers or washing machines, coolants
in refrigerators/air conditioners. In addition to biomedical applications,
such as antibacterial, sensors and detectors (Bindhu and Umadevi,
2015; Calder et al., 2012). Moreover, multiple potential applications in
agriculture has been developed as nanosensors for detection of animal
and plant pathogens, in food processing as nanocapsules for flavor/
taste enhancement, in food packaging as nanofilms to avoid. The latest
addition of ENPs across edible products or that could be ingested, such
as canola active oil, nanotea, nanoceuticals slim shake chocolate, mater-
nal water, nanosupplements, nano toothpaste and toothbrush with reg-
istered companies across the world under the project on emerging
nanotechnologies increased not only the range of applications but also
the exposure scenario (Weir et al., 2012; Wijnhoven et al., 2009). In
this context, human exposure to ENPs is inevitable.

Once ENPs are released into the environment, they find their way
into the soils; depending upon the composition and nature of the soil
type, the transport and transformation process of ENPs initiates. ENPs
not only react with soil but also interfere with various aspects of soil or-
ganisms. Hence, determining total amount of ENPs in soil may not pro-
vide the full picture with respect to their exposure and bioavailability
estimation. In this sense, the bio-accessibility can be defined as the frac-
tion of available ENPs to cross an organism's cellular membrane from
the soil at a given time (BaldzZ et al., 2013). Bio-accessibility encom-
passes both bioavailability and potential availability of ENPs and it is
mainly determined for metals content in soil (Peijnenburg et al., 2007;
Riding et al., 2015). In this sense, partitioning and aging of ENPs drive
their behavior in contact with different environment matrices (Coutris
et al., 2012; Tavares et al., 2015).

To calculate their environmental concentration, researchers came-up
with several analytical techniques, such as probabilistic material flow
analysis considering the life-cycle of ENPs products. On surface waters,

the concentrations have been estimated to range from 0.003 ng/L (fuller-
enes) to 21 ng/L (nano-TiO,) while in sewage treated effluents they range
from 4 ng/L (fullerenes) to 4 pg/L (nano-TiO,) (Gottschalk et al., 2009).
Using various variables, such as production volume, location, particle re-
lease with their flow coefficient, researchers have created a life-cycle per-
spective model for quantification of nano-silver in rivers reached
0.002 ng/L and 1.5 ng/L respectively (Dumont et al., 2015) which
underlined the current need of addressing this emerging problem.

It is very difficult to determine the exact concentration of ENPs in soil
due to its complex nature. Across the studies (Cornelis et al., 2013;
Coutris et al., 2012; Dumont et al., 2015), the natural NPs presence
tends to behave and show similar background signals to that of ENPs.
This complicates their differentiation and use of control sample popula-
tions would allow estimating the man-made contribution.

3. Transport of engineered nanoparticles

During manufacturing, transportation, application and disposal, the
ENPs are inevitably released into the environment (Lin et al., 2010;
Sun et al., 2015a). These ENPs enter the environment through direct:
metal remediation of contaminated soil, photocatalyst during water
treatment or indirect modes human activities, such as fuel combustion
or waste incineration accidental spillage, industrial effluent and release
from nano-products (Bakshi et al., 2015; Soni et al., 2015; Sun et al.,
2015b; Yin et al,, 2015) and many others mentioned above.

The discharged ENPs get transported and transferred through the dif-
ferent environmental reservoirs i.e. water, soil, air, organisms and can
play a very important role in the environment along the life cycle that
can affect the balance of the communities. The entry, cycling and deposi-
tion of ENPs in the environment are schematically represented in Fig. 1. If
released into the air, ENPs behave like an aerosol, traveling some distance
from the source and finally depositing into soil and water bodies. More
precisely, when they enter the water bodies, ENPs may get aggregated
and precipitate to sediments which depend on the properties of ENPs
and conditions of water chemistry. Altered ENPs break through soil-
matrix to reach ground water and are transported by water flow
(Dumont et al., 2015; Lin et al., 2010). ENPs get retained by soil particles
due to the particular soil features, such as ionic strength, pH, zeta potential
and soil texture which dominate the ENPs transport process. Due to these
factors, diverse behavior of ENPs in soils occurs, such as aggregation, de-
position, and stabilization (Darlington et al., 2009; Peralta-Videa et al.,
2011; Sun et al., 2015a). ENPs can be subjected to transformation and
degradation steps, such as dissolution in aqueous phase, oxidation,
photo-degradation and passivation by coexisting matter. Different
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Fig. 1. The entry, transport, and fate of engineered nanoparticles in environment.
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organisms may take-up the ENPs, which may lead to bio-accumulation
(Kim et al., in press; Lin et al.,, 2010).

3.1. ENPs behavior with soil organic matter

Due to the high specific surface area of the natural colloids present in
soil, ENPs get adsorbed to these substances, which in-turn facilitates
their transport. Most of these colloidal surfaces are negatively charged
and adsorb positive ENPs by electrostatic attraction and ligand ex-
change. In the presence of dissolved organic matter (e.g. humic and
fulvic acid), the colloidal stability of ENPs increases along the distance
traveled (Cornelis et al., 2013; Peralta-Videa et al., 2011; Wuithschick
et al., 2015). The enhanced stability of humic acid-coated ENPs occurs
due to strong steric stabilization and the adsorbed humic acid swells
with increase in osmotic potential (Ghosh et al., 2009; Nielsen et al.,
2015). This is because humic acid is sorbed on the surfaces of nanosized
TiO, and ZnO, with a decrease in their zeta potential indicating the fact
that humic acid-coated nano-oxides could easily disperse and suspend
in solutions (Mansouri et al.,, 2015; Yang et al., 2009). In contrast, depo-
sition and collision efficiency between soil media and ENPs may result
in reduced AgNPs mobility with potential risk from off-site transport
(Cornelis et al., 2013; Watson et al., 2015). Free migration and deposi-
tion of ENPs depended on several interactions, which are affected by
soil solution chemistry, such as ionic strength and presence of organic
matter (Peralta-Videa et al., 2011; Philippe, 2015). The ionic strength
of soil organic material is important parameter and investigated exten-
sively across TiO, and AgNPs. The interaction is depended on spherical
particles with van der Waals and electrical double-layer interactions
(Cornelis et al., 2013; Lin et al., 2010; Saleh et al., 2015). Thus, the inter-
actions between ENPs and soil media strongly influence the balance be-
tween free mobility of particles and the deposition of ENPs across the
soil environment.

3.2. ENPs interaction with soil minerals

Chemical stability studies of AgNP and nano-ZnO were carried out in
the presence of mineral suspensions indicating no change in AgNP dur-
ing several months, but nano-ZnO rapidly dissociated within 1 day.
Hence, there is no direct evidence on ENPs interactions with soil mate-
rials (Dror et al,, 2015; Peralta-Videa et al., 2011). In some cases, the mo-
bility of ENPs might be retarded due to adsorption of ENPs on the

surface of soil minerals. Therefore, the interaction between soil minerals
and ENPs depends on the surface charge and presence of soil minerals
which play an important role in sorption behavior (Joo et al., 2009).

3.3. ENPs interaction with existing soil contaminants

Soil contaminants mainly consist of herbicides and pesticides along
with inorganic pollutants, such as heavy metals and trace elements
from mining, industrial and technological activities. Due to their large
surface area most of the soil contaminants get removed from the envi-
ronment by using the high specific surface area of the ENPs with their
super paramagnetic property along with their elevated sorption capac-
ity (Martinez-Fernandez et al., 2015). The toxic soft metals, including
Hg, Ag, Pb, and Cd tend to adsorb on the specific surface functional li-
gands of ENPs (Mahdavi et al., 2015). The ENPs tend to behave like re-
ceptors by transformation into porous microstructures controlling the
transport of trace contaminants (Bakshi et al., 2015). Such functional li-
gands are indirectly used for the degradation of herbicides. In this case,
ENPs tend to degrade them efficiently under aerobic conditions, but
degradation is complete for instance in the presence of Pd catalyst
under anaerobic process (Zahedi et al., 2015). ENPs interaction with
trace contaminants depends on several factors, such as nanoparticle
transportation, environment effect, aggregation and contaminant up-
take rate (Bakshi et al., 2015; Cruz et al., 2015).

3.4. Transport of ENPs in soil columns

When it comes to behavior of ENPs in soil systems, only few research
studies have been carried out. The stability of TiO, NPs was studied in
saturated homogeneous soil columns collected from different regions
possessing various physical and chemical characteristics. The soil sam-
ple was air-dried for 1 week at room temperature and sieved (across
2 mm) to remove debris before carrying out experiments (Fang et al.,
2009; Wang et al., 2014, 2015). The transport distance of TiO, ranged
from 41.3 to 370 cm, suggesting a potential risk of underground water
contamination (Fang et al., 2009). On the contrary, inorganic and or-
ganic coated ENPs are important determinants of mobility and may en-
hance the transport of ENPs (Jaisi and Elimelech, 2009). The dissolved
forms of AgNPs are toxic to many organisms, such as microbes, inverte-
brates and somewhat less for fish and humans (Osborne et al., 2015) but
the magnitude of these effects depends on the amount of AgNPs,

Table 1
The toxicity effect of engineered nanoparticles on microorganisms in soil.
ENP Objective Size (nm) Dosage Bacterial strains Observation Ref.
Ag To study the size-dependent 9-21 0.05-1 mg/L Nitrifying bacteria Inhibition to nitrifying organisms  Choi and Hu
inhibition and evaluate inhibition with AgNP <5 nm being more (2008)

with ROS on Nitrifying bacteria
Ag To study dose dependent effect on -

0.003-100 mg/kg

toxic

Soil denitrifying Sigmoid dose-dependent Throback et al.

denitrifying bacteria bacteria reductions in denitrification (2007)
activity with no recover till 90
days
Ag, Cu, SiO, To study the toxicity effect on 15-20 0.066% (w/w) Soil bacterial High latitude soil contaminated Kumar et al.
plant-associating bacteria communities with NP induced respirationand ~ (2011)
DNA damage
Zn0 To study chronic toxicity of <100 250-750 mg/kg Soil earthworm Survival rate, immune activity Hooper et al.
nano-ZnO and ionic-Zn on soil decreased with effects on life (2011)
earthworm history traits
Zn0, TiO, To study acute and reproductive ~ 40-100 0.1-10* mg/L (acute) Soil earthworm No acute toxicity but reproductive Caiias et al.
toxicity of NP on soil earthworms 0.1-10° mg/kg effects to earthworms in soil (2011)
(reproduction)
Ag To study the concentration effect - 0.1-0.5 g/kg Soil dehydrogenase Survival rate and soil Murata et al.
on bacterial growth colony activity dehydrogenase activity decreased (2005)
Nano-Ag To study the effects of silver NPs 20 nm 100 mg/kg Bacteria and fungi Reduced enzymatic activity and Sillen et al.
on soil microorganisms decreased substrate uptake (2015)
Zn0, Si0,, TiO, and  To study the effect of metal oxide - 1 mg/g Bacteria Reduced abundance of functional  Chai et al. (2015)
CeO, NPs on bacteria bacteria and enzymatic activity
Ag-NPs To study effects of silver NPs on 10 nm 1500 mg/kg Eisenia fetida glutathione reductase and Gomes et al.
soil invertebrates oxidative damage (2015)
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colloidal stability, its bio-availability, chemical changes and possible
transformations in the soil environment (Cornelis et al., 2013). The be-
havior of ENPs is largely dependent on soil media transport and it also
varies with different forms of ENPs. For instance, a recent study on
PVP coated AgNPs indicated that mobility increased with pH, the capac-
ity of exchanging ions, and the content of organic matter in the soil ma-
trix, while iron oxide decreased mobility as well as calcium and
potassium (Wang et al., 2015).

4. Fate of engineered nanoparticles

ENPs aggregation is an association of colloid particles and adhering
surface by forces, such as electrostatic repulsions and van der Waals
forces. Aggregation of similar ENPs creates homo-aggregation and dis-
similar ENPs with clay materials create hetero-aggregation. Aggregation
plays a significant role in ENPS transformations, which depends on crit-
ical coagulation concentration, aggregation attachment efficiency, cap-
ping agents, and preparation methods of ENPs and pH conditions of
soil environment (Dwivedi et al., 2015). ENPs collide through Brownian
motion increasing their size with repeated collisions forming agglomer-
ates of ENPs. The collision rates of ENPs during agglomeration by
Brownian movement have more influence during the transport in com-
parison to turbulence force. Agglomeration is directly related to the
number of primary ENPs that form agglomerates, as well as the pres-
ence of dissolved organic carbon (DOC) and depends on media with
high ionic strength (Soni et al., 2015). The clustering process of nano-
particles can occur through irreversible aggregation or reversible ag-
glomeration. Distinguishing among them is not an easy task using
conventional techniques and therefore an electrochemical nano-
impact technique was recently described for Ag clusters (Sokolov
etal., 2015). A schematic representation of the aggregation and agglom-
eration processes is shown in Fig. 2. ENPs aggregation and agglomera-
tion are affected by environmental physical forces, such as Brownian
motion, gravity and fluid motion (Casals et al., 2012) and the probability
of collision between two ENPs is believed to be directly proportional to
the rate of the aggregation (Tourinho et al., 2012). Resulting aggregates
lead to formation of particle flocs and are of sufficient size to get
sedimented by gravity. Aggregation rate and size of formation depend
on the concentration of ENPs. Nevertheless, not all ENPs form

aggregates; few ENPs were detected in suspensions suggesting varia-
tion in size distribution among particle types (Casals et al., 2012). Ag-
glomeration leads to different surfaces, concentrations, and mobility
behavior of ENPs, which are very specific but differ from the initial
ENPs. The highly agglomerated ENPs may be less mobile than the
well-stabilized ones during transportation (Casals et al., 2012;
Tourinho et al., 2012). ENPs aggregation and agglomeration are time-
dependent processes requiring few seconds to weeks and this property
must be considered in the biological tests. During evaluation of ENPs for
toxicity assay, the aggregation and agglomeration can create confusion.
Thus, it is necessary to control aggregation/agglomeration degree and
colloidal stability in soil (Casals et al., 2012).

Dissolution and corrosion processes for ENPs are also widely studied
(Lin et al,, 2010). They are derived from the interest of the metallurgical
industry for presence of metal ions and its biological impact on the en-
vironment. Corrosion is nothing but rust associated with degradation of
iron from iron-based tools. In the case of ENPs, the corrosion ability of
metallic ENPs (Ag, Fe and Au) releasing metal ions for their induced tox-
icity is studied. Corrosion of ENPs with its release of ions ends up in dif-
ferent chemical species (Ito et al., 2001; Stack et al., 2011). The ions
released from inorganic NPs cause more detrimental effects with higher
biological implications in short-term period. ENPs with reduced size,
high surface-to-mass ratio, and high radii present less coordinated
atoms at the surface tend towards dissolution during the oxidative pro-
cess (Casals et al., 2012; Stack et al., 2011). The dissolution of ENPs is
subjected to various events, such as chemical reactions due to exposure
to oxygen or chlorine or enzymes and also due to thermodynamic/ki-
netic favorable conditions which tend to disintegrate ENPs (Ag, Fe and
Au) into their constituent atoms (Casals et al., 2012). Due to their size
distribution, released ions lose their chances to return to pure ENPs
and are driven towards dissolution in the environment (Casals et al.,
2012; Tourinho et al., 2012).

On the other hand, ENPs can get trapped between the soil pores
influencing particle retention in soils, which depends on particle size
and pore size distribution. Only few ENPs show higher travel distance
and they are potential risks to groundwater contamination. The trans-
port gets affected due to electrostatic interactions between charged par-
ticles of soils (Tourinho et al., 2012) and also with microorganisms
leading to bioaccumulation which slows down their transport.
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Fig. 2. A schematic representation of the aggregation and agglomeration process along with dissolution and corrosion process are represented for an engineered nanoparticle.
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The studies on the negative effects of ENPs are increasing along with
the increase in the production of these ENPs. To minimize the negative ef-
fects and also to understand the future of ENPs, it is necessary to assess
their fate, toxicity and biological effects on an urgent basis (Lopez-
Serrano et al., 2014). All this depends on the oxidative aging of ENPs sur-
face over exposure to UV light or aggressive soil chemistry (Mittelman,
2015). The nanomaterial-microbial interactions may also impact on the
human health by external or internal ways of exposure. External exposure
is nothing but the bioavailability of ENPs in the surrounding environment.
Internal exposure refers to the ENPs intake, which might be metabolized
and transferred to different organs and tissues (Lopez-Serrano et al.,
2014) causing different effects with varying size and dosage as seen in
Table 1. In the microbial communities, the indirect effects can occur due
to the interaction with natural organic matter, as well as direct interaction
with toxic compounds which would cause a synergistic toxic effect
(Dinesh et al., 2012). The uptake of ENPs by microorganism depends on
the pH, which results in ecotoxicological toxicity associated with solubil-
ity/dissolution kinetics of ENPs (Milani et al., 2015; Read et al., 2015).

To study the toxic effect and bioaccumulation of ENPs in soil biota, the
nematode Caenorhabditis elegans is the model organism selected in most
cases. The exposure of C. elegans to nano-Zn0O, TiO, and AgNPs decreased
its reproduction rate, growth inhibition, cell rupture, altered enzyme ac-
tivity, apoptosis, etc. (Peyrot et al,, 2014). The soil worm, Eisenia fetida
was exposed to ENPs, triggered glutathione reductase activity and caused
oxidative damage at higher dosage as result of bioavailability of metal in
salt-form along with a partial effect caused by release of metal ions
from the ENPs (Gomes et al, 2015). The nano-silver exposure
(100 mg/kg) and TiO, (1 mg/g) on soil fungi and bacteria caused de-
creased enzymatic activity, altered substrate uptake rate and abundance
(Chai et al., 2015; Sillen et al., 2015). Till date, however, there are no pub-
lications describing the transport of ENPs by soil microorganisms.

The toxicity of ENPs on soil microorganisms depends on the mode of
intake by the cell, through endocytosis or phagocytosis (Bartlomiejczyk
et al., 2013). Eventually, molecular mechanisms of toxicity within the
cell may differ for different ENPs and living organism. But the primary
and common cause of ENPs toxicity is the dissolution of ENPs into ions
(Suresh et al., 2013). Fig. 3 represents different potential interactions of
ENPs and modes of toxicity in bacterial cell. The surface bonding of
ENPs, cellular internalization, dissolution process, membrane rupture, 0x-
idative and DNA damage are few of the molecular mechanisms of toxicity.
In a mesocosms study, the ENPs homo-agglomerated with the organic
matter fraction of bacteria DNA and the adsorption rate resulted in persis-
tence of ENPs across the bacterial community (Furtado et al., 2015). These
experiments revealed the ENPs toxicity mechanisms across various
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cellular levels depending on release, exposure, physical-chemical charac-
teristics of ENPs, agglomeration transport rate and the possible combina-
tion of multiple events along with soil properties (Saleh et al., 2015; Soni
et al,, 2015). The measurements of ENPs particle number concentration
with their accurate detection across soil media at natural concentrations
will demonstrate and improve our understanding of fate of ENPs
(Prasad et al., 2015). It is important to determine the exact concentration
of the expected ENPs present in soil, their mode of contact, direct or indi-
rect intake and also different pathways which affect humans.

5. Characterization of engineered nanoparticles

The phase purity, particle and cluster size, surface chemistry, solubil-
ity, charge, and crystallinity are the essential characteristics to elucidate
NPs homogeneity, stability, reactivity, application, behavior and fate by
different means (Kahru and Dubourguier, 2010). Soil consists of solid
(minerals and organic matter) and a porous phase that holds gases and
water. Through this porous phase, the ENPs are dispersed or mobilized.
Hence, the variable nature of each soil makes it difficult to separate extract
and collect individual ENPs and their characterization often requires ad-
vanced analytical techniques (Ju-Nam and Lead, 2008). Besides, the sta-
bility of ENPs in soil is related with its exposition to environmental
conditions during their life cycle and fate. Oxidation is likely to be one
of the main degradation factors of ENPs in soils (Sanchis et al., 2013).
Table 2 describes some ENPs, their specific evaluated conditions and
their characteristics identified in soil (Farré et al., 2011; Forouzangohar
and Kookana, 2011; Peralta-Videa et al., 2011; Wilson et al., 2008).

The hydrodynamic diameter of ENPs reflects the agglomeration level
and it has great impact on the transport and bioavailability, which is the
main problem in the characterization of ENPs as seen in Table 2. Nowa-
days, there is no available general method to characterize or describe
ENPs present in soil, as it has multiple geological and environment fac-
tors affecting the behavior of ENPs.

A very important step for the ENPs characterization is the physico-
chemical analysis of soil, because its water ionic strength, hardness,
pH, biochemical oxygen demand, alkalinity and organic matter are the
parameters which modify the ENPs behavior (Peralta-Videa et al.,
2011). Two key steps for the characterization of ENPs are the extrac-
tion-fractionation and separation Fig. 4. In this sense, it has been re-
ported that during the extraction, the solubility is driven by physico-
chemical characteristics of ENPs, such as size, shape, and density. Al-
though water is the most important media used to study ENPs behavior,
there are also some reports using toluene, ethanol and mixtures (Fang
et al., 2009; Sanchis et al., 2013).
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Fig. 3. Schematic representation of bacterial cell with different potential interactions of engineered nanoparticles and modes of toxicity.
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Table 2
Characteristics of some NPs identified in soil.

ENPs Some reported characteristics Reference

Fullerene C60

Hydrophobic compound.

Soluble in some organic solvents.

Emit fluorescence at room temperature
when dissolved in organic solvents.
Their solubility in water is about 1.3 x
10-11 g/L.

Oxidation when it is exposure to water
for a prolonged period.

Its surface charge is sensitive to the pH of
the system.

Tend to agglomerate due to their struc-
tural properties and hydrophobic char-
acter.

Its colloidal properties would be a func-
tion of pH and salt content and their
deposition would depend on the soil
mineral and their charge characteristics.
Absorb light in the 300-350 nm range.

Forouzangohar and
Kookana (2011),
Peralta-Videa et al.
(2011)

TiO, » Aggregation and deposition processes Fang et al. (2009)
soil-dependent, it could remain
suspended in soil suspensions even after
settling for 10 days.
« Significantly retained by soils with
higher clay contents and salinity.
Al,03 * Hydrodynamic diameter = 50-99 nm. Darlington et al.
« Zeta potential = strongly positive (30 (2009)
mV).
Ag, Hg, Pb, Cd, < Hydrodynamic diameter of 30 nm. Hagendorfer et al.
Tl » Tendencies for agglomeration in media  (2012)

with higher ionic strength.

5.1. In-situ extraction of nanoparticles

Stability of ENPs in water is highly influenced by their solubility and
dispersibility. The agglomeration and settling are common mechanisms
that occur when they enter natural systems, affecting their solubility
and mobility (Peralta-Videa et al., 2011). This group of researchers de-
veloped a liquid nebulization-differential mobility method to measure

the distribution of sizes and quantitative mass concentrations of twelve
nanomaterials in aqueous matrices with a limit ranging from 0.01 mg/L
to 3 g/L depending on diameter and matrix complexity. Further, the for-
mation of agglomerates will increase the settling rates in suspension
and may impact the deposition from a colloidal suspension to a solid
surface (Darlington et al., 2009) misleading actual measurements. To
improve the extraction efficiency, Sanchis et al. (2013) suggested that
changing the polarity of the extractant solvent (adding methanol)
would increase extraction efficiency. More recently, the extraction of
nano Ag with different methods resulted in an efficiency of about 50%
with 2 M HNOs, indicating low reactivity, while the Simplified Bioacces-
sibility Extraction Test gave the highest yields of interaction with or-
ganic ligands (Cruz et al., 2015). In addition to solvent effect, the
selection of an appropriate technique for the extraction is very impor-
tant for the adequate characterization of ENPs. Lopez-Serrano et al.
(2014) described different techniques for this purpose but only a few
have been evaluated for the extraction of ENPs from soils.

5.2. Size distribution of ENPs

Different microscopic techniques, light scattering, X-ray-based and
spectroscopy have been used for determination of size distribution of
ENPs. Although microscopy techniques are the most well-known, yet
they have not been discussed in details in research on ENPs in soils,
probably because of the difficulty detecting of ENPs mixed with soil
particles.

Flow field-flow fractionation (FIFFF) is a technique reported to char-
acterize particle size distributions (PSDs) in the <1-um fraction of ‘col-
loidal’ soil suspensions. Gimbert et al. (2006) reported that different
soil types have been fully characterized and that <1-um fraction is usu-
ally obtained by gravitational settling of 1% w/v soil suspensions. Com-
paring this technique and DLS results for sizes of Ag nanoparticles in
soil solution resulted in a close agreement even if the NPs are coated
(Koopmans et al., 2015).

FIFFF is applicable to macromolecules, particles and colloids ranging
from 0.001 pm (approximately 1000 molecular mass) to at least 50 pm
in diameter. FIFFF has flexibility in terms of sample type, carrier liquid

Soil Sample

‘ ‘ Soil characterization

4

Drying

g

Sieving

Solvent (DDW*, toluene.
ethanol or other)

>

4

Soil suspension

’ Extraction (UASE)** ‘
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’ Clean-up

Separation-fractionation ‘

3

NPs quantification

Fig. 4. General scheme for the characterization and quantification of ENPs from soil. *Deionized distilled water. **Ultrasound assisted extraction.
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Table 3
Characterization of ENPs in soil with advantages and disadvantages of the analytical methods.
ENPs Analytical method Advantages Disadvantages Reference
C60 Accelerated solvent extraction (ASE) followed by =~ Minimization of the Limit of quantitation (LOQ) = 20 pg kg~ Giergielewicz-Mozajska
Fullerene LC-UV. extraction step High cost et al. (2001), Shareef
Separation by gradient elution using Good recovery in the range et al. (2010)
methanol-toluene mobile phase. 84-107%
Quantification by ultrasound-assisted toluene €60 can be detected and After 5 h, a slight decrease in the efficiency, Sanchis et al. (2013)
extraction followed by liquid quantified in 19% of the 58  probably by the toluene heating and analyte
chromatography-electrospray ionization-tandem  samples of soils analyzed. degradation.
mass spectrometry Concentrations between Limits of detection ranged from 14 to 290 pg/g.
0.15 and 6.83 ng/g was Extraction in toluene could not reproduce the real
quantified. conditions at which fullerenes are present in the
First work that reports the  soil environment.
presence of fullerenes in
superficial soil.
Quantification by HPLC-UV. Consisted in a gradient ~ The peaks are fully resolved The analysis in environmental matrices can be Carboni et al. (2014)
elution starting with 75:25, toluene:acetonitrile and elute in the end of the ~ problematic because of the presence of matrix
(vol.%) and the gradual conversion after 6 min to analysis after 17.0 min. components in the extracts that can absorb in the
100% toluene to allow a faster elution of the more same range of wavelengths affecting the detection.
apolar compounds.
...Gold and  Size fractionation Characterize particle size NPs can change under environmental conditions Gimbert et al. (2006)
silver distributions (PSDs) in the  and sample treatment.
<1-pm fraction of ‘colloidal’ Sampling and sample preparation have to be
soil suspensions. optimized to prevent these change.
TiO, ICP-OES Adequate determination of  Evaluation in soil columns. Future work should Fang et al. (2009),

Quantification HPLC-photo array detector (binary

mixture ethanol-water), wavelength of 336 nm. particle size.

surface area and daverage

study the transport of TiO, in field soil columns. Forouzangohar and

Kookana (2011)

(solvent), pH and ionic strength. A possible limitation of Asimetric FIFFF
is that the elution of coated Ag nanoparticles can be delayed by
suspended clay particles, which has to be taken into account for com-
parisons (Koopmans et al., 2015). Also, FFFF Hyphenated ICP-MS was
recently reported to achieve better results than cloud point extraction
for quantification of nano silver at ng per kg, since the first concentrates
the NPs, and then ICP-MS detects (Mudalige et al., 2015).

Carboni et al. (2014) also reported the use of UV-visible spectro-
scopic techniques in the characterization of ENPs in soils. These tech-
niques provide information on NP size, aggregation, structure,
stabilization, and surface chemistry through the surface plasmon reso-
nance by collective oscillations of their conduction band electrons in re-
sponse to electromagnetic waves. These techniques have been used
jointly with other techniques for the ENPs quantification. Also nanopar-
ticle tracking analysis (NTA) was reported to be useful in matrixes con-
taining large amounts of liquid (Amini et al., 2015).

5.3. Quantification of ENPs

Although ENPs quantification is the third but decisive step to under-
stand and study the processes in which they may be involved, there is a
lack of validated analytical methods and standards. However, there
seems to be a consensus in the election of ICP-MS to quantify metal
and metal-oxide NPs. As a first step, it is recognized that pretreatment
of the samples strongly modifies the results. In this sense, Fabricius
et al. (2014) indicated that, aiming to establish a standard protocol for
quantification of metallic NPs with ICP-MS, ultrafiltration combined
with microwave digestion would be the best practice to maximize the
measurements. This method delivered recoveries of 99.3%. In contrast
Cruz et al. (2015) using acid extraction, reached less than 50%. Further
Peters et al. (2014) reported a detection limit of 0.1 mg/kg when quan-
tifying nano Ag in organic matrices using ICP-MS. In this sense, single-
particle inductively coupled plasma mass spectrometry (sp-ICPMS)
was tested for a tentative protocol to quantify nano Ag. To do this 23 lab-
oratories in Europe, USA and Canada performed measurements on sim-
ulations of food with nano Ag. Particle mass concentration and particle
number concentrations were determined, but relative precision was
good for Ag particle mass concentrations (78%) (Linsinger et al.,
2014). Other techniques were also used for quantification of ENPs in

soils, inductively coupled plasma optical emission spectroscopy (ICP-
OES) and high-performance liquid chromatography (HPLC).

For inductively coupled plasma optical emission spectroscopy (ICP-
OES) the liquid and gas samples may be injected directly but solid sam-
ples require extraction or acid digestion so that the analytes will be
present in a solution. Wang et al. (2014) utilized this technique to quan-
tify the concentration of silver in solutions while Antisari et al. (2015)
also used this technique to track the transport of Ag TiO, and other
metals from soil to roots leaves and tomato fruits. Similarly, Servin
et al. (2013) quantified TiO, uptake in cucumber fruit using p-XRF, p-
XANES and ICP-OES, while Fan et al. (2014) used it to prove the negative
effect of nano TiO, in Rhizobium leguminosarum. In contrast HPLC, when
coupled with ICP-MS, was reported to have a detection limit of ng/L and
recoveries over 80% for nano Ag (Soto-Alvaredo et al.,, 2013).

Adequate characterization of ENPs in soil requires a combination of
different techniques based on extraction, size distribution, conditioning
and quantification. Some of the ENPs with analytical methods used for
extraction, separation and quantification along with advantages and
disadvantages are discussed in Table 3. However, an adequate compar-
ison of these techniques in the analysis of ENPs from soils was not pos-
sible due to the differences of the aim proposed in each analyzed report
and also due to limits of analytical methods. Therefore, as stated above,
ICP-MS seems to be currently the most easy and commonly used tech-
nique for quantification of Ag and TiO, NPs.

6. Future perspective on research in engineered nanoparticles in soil

There are several areas to investigate the presence, fate, transport,
impact and characterization of ENPs and to contribute to monitoring,
control or mitigating their adverse effects. A study on characterization
of ENPs in real conditions represents a step forward towards integration
of different research fields. Mapping the presence of ENPs in soils with
higher intensity in relation to the hot spots of activities of production,
elimination or uses around each site is the key for determining the
local range of transport and possible implications. The correlation of
the mapping of soils with the frequency of human exposure and toxicity
studies could help in the evaluation of the hazard potential of these
ENPs.

The development of social programs for the communication and
awareness of their hazards could contribute in the responsible use,

(2015), http://dx.doi.org/10.1016/j.scitotenv.2015.11.090
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treatment and disposal of ENPs in the coming years. Furthermore, stud-
ies of ENPs aggregation, deposition, and mobilization during their trans-
port will help to better predict their behavior in soil systems simplifying
the application of local regulations and controls. Development of meth-
odologies for the precise and accurate characterization and differentia-
tion of ENPs and their appropriate management is a growing research
field. Comparative evaluation between the available techniques under
same conditions of sampling and measurement is required for adequate
characterization of ENPs. Finally, with all this data, it will be important
to organize an international database of the conditions tested success-
fully in the characterization of ENPs to facilitate the identification of dif-
ferent nanoparticles present in an unknown sample. The
implementation of international rules for the production, handling
and release of ENPs considering their fate and behavior is still required.

7. Concluding remarks

The behavior of ENPs in soils is driven by their mutual interaction.
The potential accumulation of ENPs in soils is mostly studied using sim-
ple porous media e.g. quartz and glass beads. However in complex nat-
ural soils, the organic matter increases aggregation and agglomeration.
Furthermore, these interactions, mainly with humic acids, influence
the bio-availability and mobility of ENPs. The toxicity of ENPs varies
with soil type and also its transport and bio-availability varies according
to soil chemical and physical properties. In addition, more realistic envi-
ronmental studies using lower concentration over longer exposure pe-
riods, are needed, but their variables are difficult to control due to the
dynamic changes that the NPs can undergo in a short time period.
Other major limitations in ENPs research is the lack of data at environ-
mentally realistic conditions since the background measurements can
sometimes mask the results. Furthermore, detection and quantification
of low concentrations of silver and TiO, NPs in natural soil is requires a
large number of extraction and filtration steps, in comparison to stan-
dards. During these steps the NPs can further react affecting reliability
of the results. Hence, characterization of silver and TiO, NPs in soil re-
quires the development of methodologies that combine different tech-
niques as ICP-OES, LC-MS/MS and FFFF to deal with the physico-
chemical characteristics of soil. Even with the advanced technologies,
major uncertainties do exist till date for the exact dose measurement,
precise characterization and use of commercial ENPs for the studies. Be-
cause of these limitations, there are some unanswered questions related
to ENPs stabilization mechanisms and their effect on the environment.
Mobility of ENPs in natural soils under dynamic flow conditions, effect
of soil properties on ENPs transport and also the kinetics of desorption
under biological relevant conditions need to be further explored.

Nomenclature

ENPs engineered nanoparticles
CNTs carbon nanotubes

TiO, titanium dioxide

FeO, iron hydroxide

AgNPs  silver-nanoparticles

FIFFF flow field-flow fractionation
PSDs particle size distributions

UV-visible spectroscopic ultra-violet visible spectroscopic

ICP-OES inductively coupled plasma optical emission spectroscopy;
LC-MS  liquid chromatography-mass spectrometry

HPLC high-performance liquid chromatography

ESI-MS  electrospray ionization coupled to mass spectrometry
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