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Abstract Nanomaterials, including engineered nano-sized iron oxides, manganese
oxides, cerium oxides, titanium oxides, or zinc oxides, provide specific affinity for
metal/metalloids adsorption and their application is being rapidly extended for envi-
ronmental management. Their significant surface area, high number of active sur-
face sites, and high adsorption capacities make them very promising as cost-effective
amendments for the remediation of contaminated soils. The alleviation of the toxici-
ties of metal/metalloids by their immobilization in the soil stimulates the growth
and development of plants during phytoremediation, but there is a body of evidence
indicating that nanomaterials themselves can yield both beneficial and harmful
effects in plant systems at the physiological, biochemical, nutritional, and genetic
levels. Nanoecotoxicological studies are providing a good understanding of their
interactions with plants, and an increasing number of publications have attempted
to clarify and quantify their potential risks and consequences for plants. However,
many results are contradictory and the safety of engineered nanomaterials still
represents a barrier to their wide, innovative use in phytoremediation. Both their
positive and negative effects on plants will have to be taken into account to evaluate
their applicability, and the scientific community faces a challenge to understand
deeply the factors which can determine their relevance in environmental science and
technology.
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14.1 Introduction

Soil contamination by metals (e.g., Cd, Cu, Mn, Ni, Pb, Zn) and metalloids (e.g.,
As, Sb) is a current global phenomenon endangering safe agricultural production
and groundwater quality. Therefore, society, economics, and science are involved
together in the common need for novel and environmentally friendly techniques for
soil remediation. Recently, nanotechnology has offered a new generation of envi-
ronmental remediation technologies that can provide cost-effective solutions to
some of the most challenging environmental clean-up problems [1]. While various
industrial sectors produce a large number of products containing nanomaterials,
nanotechnology is also used in environmental management. Nanoparticles (NPs,
materials with at least two dimensions between 1 and 100 nm) and nanomaterials
(NMs, materials with at least one dimension smaller than 100 nm) [2—4] have the
potential to revolutionize agricultural systems, environmental engineering, safety
and security, water resources, and numerous other life sciences [5]. The smaller
particle sizes, the higher specific surface area, and thus the higher number of reac-
tion sites for metal adsorption represent the main advantages of NMs [6]. Nano-
sized metal oxides, including nano-sized iron oxides, manganese oxides, aluminum
oxides, zinc oxides, titanium oxides, and cerium oxides, have specific affinities for
metal/metalloids adsorption and their application has been rapidly extended for
environmental tasks [7-9]. Although they can exist naturally in the environment,
they can also be produced/engineered intentionally [10], through methods that are
becoming simpler, more effective, and cheaper. Concerning the economic aspect, it
is clear that the doses of these compounds required for adsorption are lower when
applied as engineered NMs because of their huge reactivity, while the contact times
needed for the metal/metalloids adsorption are shorter in comparison with conven-
tional adsorbents. In this sense, their application seems to be profitable [11].

14.2 Nanoparticles for Environmental Remediation

For sites contaminated by metal/metalloids, successful remediation is complicated
by the fact that these pollutants do not degrade spontaneously, and it is not usually
possible to excavate all the contaminated soil. Therefore, chemical stabilization of
the metal/metalloids in these soils, through adsorption, surface precipitation, struc-
tural incorporation, or ion exchange, is a viable option for such sites as this technol-
ogy immobilizes the contaminants in the soils and thus reduces their mobility,
bioavailability, and bioaccessibility. In fact, this first step—the reduction of their
toxicity—is crucial for the establishment of a vegetation cover on the contaminated
sites during phytoremediation. The use of engineered NMs for remediation pur-
poses can then enhance the natural attenuation processes, a key mechanism for the
re-establishment of sustainable environmental systems. It has been claimed that
nanotechnology has great potential as an environmentally cleaner technology,
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including alleviation of the toxicities of various metal/metalloids [12]. As a result,
several studies have appeared in various journals dealing with the metal-
NMs-mediated diminution of metal toxicity [13—15]. In general, this remediation
technology involves (a) NMs transport along with the solution to the contaminated
zone; (b) attachment to soils in the contaminated zone; and (c) reaction with the
target contaminants to form less toxic or less mobile products [6]. The principal
removal mechanisms for the most common inorganic contaminants can be divided
into five categories: (1) adsorption (Cr, As, U, Pb, Ni, Se, Co, Cd, Zn, Ba); (2)
reduction (Cr, As, Cu, U, Pb, Ni, Se, Co, Pd, Pt, Hg, Ag); (3) oxidation (As, U, Se,
Pb); (4) precipitation (Cu, Pb, Cd, Co, Zn); and (5) co-precipitation (Cr, As, Ni, Se).
The overall reaction processes are strongly influenced by a number of factors, in
particular the NMs chemical properties and structure, the presence of more than one
contaminant species, the pollutant characteristics, and the hydrogeochemistry of the
aqueous environment (pH, redox conditions, natural dissolved species, etc.) [6, 16].

Since the amendments applied for the stabilization process need to be cost-
efficient and suitable for different soil types and should not pose a risk to environ-
mental compartments, application of engineered NMs in remediation technologies
provides a very interesting alternative to soil excavation and dumping, ex situ soil
washing, etc., because these are generally disruptive and costly. Nanoparticles have
been studied as adsorbents of metals and their characteristics (i.e., large surface
area, high number of active surface sites, low intra-particle diffusion rates, and high
adsorption capacities) make them very promising for the cost-effective treatment of
polluted soils [17, 18]. Then, nanoremediation, defined as the use of nanoparticles
for environmental remediation, has the potential not only to reduce the overall costs
of cleaning up large-scale contaminated sites, but can also reduce clean-up time,
eliminate the need for treatment and disposal of the contaminated soil, and reduce
the availability of some contaminants [19-21]. This is reflected in the increasing
number of publications on this subject and the rising level of funding for remedia-
tion projects [6, 22-26].

To date, researchers have mainly focused their attention on the removal of metals
from aqueous solutions rather than soil-bound metals, which may be absorbed by
plants and subsequently spread into the human food chain. The nanoremediation of
contaminated soils is a topic that has been researchedless, compared to the removal
of pollutants from water or wastewater [21]. Based on this idea, soil columns can be
set up for ex situ remediation, and a liquid suspension of NMs can be added to
extract or to immobilize the contaminants (typically metals); the species adsorbed
onto the NMs can be removed by applying mild gravitational (centrifugal) or mag-
netic (in the case of magnetic NMs, such as magnetite) gradients [21]. As a result of
these previous leaching experiments with aqueous solutions, and thanks to the dem-
onstrated potential of engineered NMs, they have been gradually incorporated into
new in situ strategies for phytoremediation. Most of the information about their
behavior in aqueous systems can be extrapolated to the soil solution, which is
important since the physical/chemical properties of NMs are one of the most impor-
tant factors that control their behavior in the environment although obviously it
must be modified to take into account the new conditions in the soil. In this context,
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different hydrochemical parameters—such as pH, Eh, ionic strength, and aqueous
chemistry—can change the aggregation kinetics and transformation of engineered
NMs and their subsequent behavior. Similarly, natural organic matter alters their
stability through electrostatic and steric interactions. The transformation process for
NMs is also altered by a confluence of factors, depending on the characteristics of
the NMs and of the environmental receptors.

Although the use of plants for phytoremediation and their capacity to accumulate
and tolerate high concentrations of metals have been explored, and a significant
amount of literature is available, the same is not true regarding NMs, and understand-
ing the response of plants to NMs would be a key element in identifying mechanisms
involved in stress tolerance and NMs toxicity [27]. According to Juganson et al. [28],
936 was the total number of publications (as sum of all the materials) found in the
Thomson Reuters Web of Science™ for “environmental remediation” using NMs
(for a search done on March 19%, 2015), with 303 publications for nTiO,, 219 for
nFeOx, 110 for nAg, 74 for nZnO, 36 for nCuO, 16 for nCeO,, and the rest for other
NMs like fullerenes and carbon nanotubes (See chart in Fig. 14.2).

14.2.1 Main Types of Nanomaterials for the Adsorption
of Metals and Metalloids

Metal NMs display size-dependent properties, such as magnetism (magnetic NPs),
fluorescence (QDs), or photocatalytic degradation (metal oxide NPs), that have bio-
technological applications in sensor development, agrochemical degradation, and
soil remediation [29]. Nanoparticles and nanomaterials are mainly classified accord-
ing to their dimensionality, morphology, or uniformity [30], but the classification
according to their chemical properties is the most accepted and useful.

14.2.1.1 Iron Nanooxides: Nanogoethite, Nanomaghemite,
Nanomagnetite

Iron oxides represent natural components of soils and exist in many forms, includ-
ing mainly goethite («-FeOOH; prevailing in temperate climatic areas), hematite
(a-Fe,O3; prevailing in warm-dry climate zones), maghemite (y-Fe,0;), and magne-
tite (Fe;O,4). These iron oxides play a crucial role in soil systems due to their ability
to adsorb potentially toxic elements such as metals and metalloids [31-33]. Synthetic
iron-based NMs are thus interesting candidates for the removal of metals and metal-
loids from contaminated waters and soils, or their stabilization therein, due to their
increased specific surface area and modified surface structure, which strongly affect
their reactivity and chemistry [34—37]. During the remediation process, they can be
applied directly as nano iron oxides or in the form of their precursors (i.e., nZVI,
nano zero-valent iron) ([38] and references therein). The use of iron-based NMs for
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the in situ immobilization of trace elements limits the potential leachability of
metals/metalloids and thus prevents their transport into deeper soil layers and
groundwater [39].

Due to its abundance and the presence of surface hydroxyl groups, goethite
is significantly involved in the transport and transformation of nutrients and
contaminants—including inorganic/organic anions, cations, and some gases [40].
Synthetic nanogoethite (nFeOOH) has been successfully used for the removal of Cu
from aqueous solutions, showing photocatalytic activity and a high adsorption
capacity for Cu [41].

Maghemite is a common weathering product in soils of temperate, tropical, and
subtropical climatic regions, usually formed during the oxidation of magnetite.
Synthetic maghemite (nFe,0O;) is a promising material for the removal of inorganic
contaminants as it is readily available, inexpensive, and can be easily separated and
recovered because it is magnetic [42]. Nanomaghemite has been deeply investigated
due to its efficient removal of the most-toxic form of As (arsenite, As (III)) [43-47].
Moreover, it has been demonstrated that it is an important scavenger of Cr(VI), Pb(Il),
Cd(II), Cu(Il), and Zn(II) from aqueous solutions and thus could be a useful sorbent
for water and soil remediation [4, 42, 48, 49]. The use of nFe,O; has been reported to
be useful for promoting the growth of plants in a contaminated soil [S0], mainly due to
the immobilization of Zn from the soil pore water (available to plants) with the conse-
quent reduction of its toxicity to the roots and aerial parts. Adsorption of Pb(II) by
nFe,0; occurs mainly through the formation of inner-sphere complexes, while Cd(II)
is likely adsorbed as a mixture of inner- and outer-sphere complexes [42]. The effec-
tiveness of the adsorption of these metal/metalloids is affected by the modification of
the atomic structure on the particles surface with decreasing size of nanomaghemite
[43]. Also, the presence of other components in the soil solution—such as citrate com-
plexes and organic acids [51], or other nutrients [52]—influences the sorption process.
For example, PO,*~ has been described as a competitor for arsenite and arsenate immo-
bilization by nanomaghemite [53] due to their similar outer electronic structures.

Magnetite is a mixed-valence magnetic iron oxide, containing Fe?* and Fe**, and
it can be formed in the soil through (bacteria assisted) weathering of ferrihydrite
[54]. Immobilization of As in soils using nanomagnetite (nFe;O,) was performed by
Zhang et al. [32], who reported higher stabilization efficiency of nFe;O, compared
to iron sulfide or nZVI. In another study, nFe;O, proved to be an efficient amend-
ment for the removal of Pb from aqueous solutions, yielding fast adsorption with a
maximum capacity of 36 mg Pb g~' [17]—which was much higher compared to, for
example, goethite [55]. Moreover, the behavior of Pb was not affected by the pres-
ence of other ions such as Ca, Ni, Co, or Cd. Additionally, desorption and regenera-
tion tests showed that nFe;0, can be used repeatedly without loss of their adsorption
capacity [17]. Shen et al. [56] investigated the influence of pH, temperature, and
particle size on the adsorption of metals from aqueous solution by nFe;O,. Under
room temperature at pH 4 with an average particle size of 8 nm, >85% of Cu*,
Cd*, Ni*, and Cr® were removed, yielding the maximum at pH > 7 for divalent
metals and at pH 2 for hexavalent Cr. In contrast, coarse particles showed values of
maximum adsorption capacity about seven-times lower [56].
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Recently, the synthesis and utilization of iron NMs (nFeOx) with novel properties
and functions have been widely studied, both for their nano size and for their magnetic
characteristics [11, 36, 57-59]. Typical iron NMs syntheses involve routes including
chemical precipitation [60], sol-gel, hydrothermal, dry vapor deposition, surfactant
mediation, microemulsion, electro-deposition, and sonochemical methods [36]. Iron
oxide composites such as clay—iron oxide magnetic composites and magnetic zeolites
can be synthesized and used for the removal of metallic contaminants from water [61].
If the size of the magnetic NPs is reduced to below a few nanometers, they become
superparamagnetic. Using an external magnetic field, these particles change their
direction. Therefore, the remediation efficiency may be enhanced by combining metal
binding and selective adsorption properties with separation of magnetic nano-sorbents
from the system, since their magnetic behavior (either ferromagnetic or superpara-
magnetic) depends on the particle size [36]. Gomez-Pastora et al. [11] illustrated that
engineered nFeOx have very high adsorption capacities for metals/metalloids in
polluted waters; moreover, their magnetic properties facilitate their collection from
the solution—allowing their further reuse. The recovery of magnetic NMs by the use
of magnetic gradients [62, 63] represents a promising alternative for sorbent
applications.

14.2.1.2 Nano Zero-Valent Iron (nZVI)

A vast number of studies have demonstrated the applicability of nano zero-valent
iron (nZVI) as an amendment for remediation of metal/metalloid-polluted water
systems [6, 11, 64—66] or trace elements immobilization in contaminated soil [16, 39,
67-69]. The possible mechanisms by which nZVI stabilizes metal/metalloids
include adsorption and/or surface precipitation, redox reduction, and co-precipitation
in the form of metal iron oxides or oxyhydroxides [6] ([66] and references therein).
The particles of nZVI have a core-shell structure, which gives them characteristics
typical of both iron oxides (sorption) and elemental Fe? (reduction) [6]. The iron
core (up to 98% Fe) is covered by a shell composed of iron oxides and hydroxides
(FeO, Fe,0;, FeOOH). Furthermore, the surface of nZVI particles has a significant
influence on their stability and mobility in the environment and it prevents their
rapid oxidation. Their increased specific surface area results in much higher reactiv-
ity but, on the other hand, the reaction of particles smaller than 20 nm is so fast that
their reaction capacity may be depleted before they get to the contaminant. Thus,
attaining the optimal balance between the reactivity and lifetime of nZVI needs to
be guaranteed for in situ applications [66, 70, 71]. Detailed overviews of nZVI
reactivity have been provided by O’Carroll et al. [6] and Yan et al. [72], while the
reaction mechanisms have been recently reported by Filip et al. [73].

When nZVI is exposed to air or water, it is oxidized, forming a layer of iron
oxides or hydroxides on the surface that is responsible for the subsequent adsorption
process [6, 64, 74]. The reaction process is strongly dependent on pH. Under alkaline
conditions, a negatively charged surface is favorable to metallic cations adsorption,
while the high pH values limit the adsorption of metallic anions. Therefore, nZVI
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can interact with arsenate and chromate oxyanions at low pH, mainly through
electrostatic interaction with the positively charged groups on the surface [45, 56, 75].

Different forms of nZVI are available, including powder, mineral oil suspension,
or aqueous suspension. The synthesis methods include formation of the nanomate-
rial from atoms or molecules through physical/chemical methods (nucleation, vapor
condensation, precipitation, agglomeration) and physical/chemical methods to
breakdown a bulk material to the nanoscale size (thermal decomposition, thermal
reduction of oxide compounds, or pulsed laser ablation) [66, 71]. The synthesis
method influences the size, shape, and composition of iron NPs and thus their actual
reactivity. Particles of nZVI prepared by the reduction of goethite or hematite are
generally bigger (up to 100 nm) and of irregular shape, while formation using
NaBH, provides smaller, regular-shaped particles up to few tens of nm in size [66].
The borohydride reduction of ferrous salts is the most common method of nZVI
synthesis for laboratory-scale experiments [71, 76]. However, the industrial appli-
cation is precluded since highly reactive particles with a significant tendency to
agglomerate are produced by this procedure and the overall expenses are high [70, 71].
The easy and cost-effective synthesis of highly reactive NMs, such as nZVI, is a
priority of the academic community and nZVI producers. In this context, a method
using leaf extracts from different trees was performed to obtain “low-cost” nZVI
particles [77].

In order to prevent particle aggregation and to improve nZVI reactivity, various
innovative surface modifications/coatings have been developed [6, 66]. Among the
traditional agents for nZVI stabilization are poly(acrylic acid), poly(methyl meth-
acrylate), poly(ethylene glycol), polyaspartate, and others. Several stabilizers of
natural origin have been tested also, including xanthan gum, guar gum, potato
starch, alginate, and chitosan. Bimetallic NPs represent nZVI particles coated with
noble metals [6]([78] and references therein). Although the surface properties of
nZVI may change, the modifiers generally ensure the transport of stabilized NPs
and the reaction with the target contaminant only in the polluted zone. The specific
surface of Fe® can be 4—15 m? g~!, while up to >40 m? g=! can be reached for surface-
stabilized particles [6, 71]. The use of several composites such as bentonite-nZVI
has been reported also [79].

Due to its abundance, easy accessibility, high reactivity, and efficiency for risk
element stabilization, nZVI has become a widespread remediation amendment both
on a laboratory scale and for in situ applications. However, as nZVI is a redox-active
material, this being important for treatment of redox-sensitive elements (e.g., As,
Cr) [14, 80], the impact on soil microbial communities needs to be investigated.
According to Li et al. [81], rapid and complete oxidation of Fe® eliminates its effects
on bacteria due to passivation within a few hours. Significant impacts on microbial
diversity were reported for nZVI-treated soil contaminated with Pb, whereas there
were no effects on microbial activity in Zn-contaminated soil [16].

Efficient treatments of contaminated soils with nZVI have been reported, result-
ing in Pb and Zn immobilization [16, 69] as well as decreased availability of
As [39]. However, nZVI was a less efficient amendment for in situ soil remediation
of Cr, compared to other sorbents studied by Chrysochoou et al. [82], while success-
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ful remediation of Cr from ore processing residue [83] and wastewater [14, 80] was
achieved upon the application of nZVI. Further studies are needed in order to assess
the long-term impacts of nZVI on the environment in terms of contaminant stabili-
zation, while minimizing the effects on soil characteristics.

14.2.1.3 Manganese-Based Materials

Manganese oxides (including hydroxides and oxyhydroxides) together with Fe
oxides occur naturally as erosion products in almost all soil types, mainly as coat-
ings on soil particles and pores or in the form of concretions and nodules with
poorly crystalline (even amorphous) structure [84]. Compared to Fe oxides, Mn
oxides are generally less abundant in soils but appear more efficient in the immobi-
lization of some metals [85, 86]. This is mainly due to their large specific surface
and (usually) low value of pH at point of zero charge (pH,,.)—the reason for their
negative surface charge in usual soil conditions [87]. Their specific structure, formed
by sheets (layers) or tunnels in most cases, allows the accommodation of water
molecules or various cations in interlayer or tunnel regions [84]. Manganese oxides
possess strong oxidative properties and thus take part in many oxidation-reduction
and cation exchange reactions. For this reason, Mn oxides are not suitable amend-
ments for soils contaminated with Cr as they are able to readily oxidize Cr(III) to the
more toxic and mobile Cr(VI) [88, 89]. On the other hand, this oxidizing nature can
be beneficial in the case of contamination with As; Mn oxides have proved efficient
in the oxidization of the more mobile and toxic As(IIT) to As(V) [90-93].

Due to their promising properties, many studies focused on the synthesis and test-
ing of engineered Mn nanooxides, which are potential agents for environmental
clean-up. Manganese oxide NPs can be prepared both by classical chemical routes
[94-97] and by biotechnological means, using the activity of microorganisms like
bacteria or fungi [98—100]. In fact, biogenic oxidation of Mn(II) represents also the
prevailing route for the formation of Mn oxides in soil. Although thermodynamically
favored, Mn(II) oxidation in the environment solely by chemical means is very slow.
On the other hand, when the process is mediated microbially, the reaction rate can be
increased by several orders of magnitude [101, 102]. As in the case of other nanoad-
sorbents, the first studies dealing with these materials focused mainly on their syn-
thesis, characterization, or adsorption properties with respect to targeted compounds;
in this case, metals/metalloids. Based on these data, possible applications—including
remediation—can be proposed. In this context, application of Mn nanooxides for
soil remediation appears relatively safe as nanoscale biogenic Mn oxides are natural
and ubiquitous soil components. Although numerous studies have been published
dealing with the adsorption performance of Mn-based NPs [100, 103—108], their
application for the direct remediation of contaminated soil, together with assisted
phytoremediation, is still rather scarce. Della Puppa et al. [109], together with
Michalkova et al. [110] and Ettler et al. [111], studied the adsorption properties and
stabilizing potential of partially nanoscale amorphous Mn oxide (AMO) with regard
to Cd, Cu, Pb, Zn, and As in contaminated soils. In these studies, after application to
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contaminated soils, AMO was able to decrease significantly the amount of targeted
metal/metalloids in the soil solution, even showing a higher sorption capacity for Cd,
Cu, and Pb than engineered nanomaghemite [51, 110]. On the other hand, higher
dissolution of this agent in acidic conditions—connected with unwanted oxidation
and dissolution of soil organic matter—was recorded. For this reason, AMO appears
a suitable amendment for neutral and slightly alkaline soils.

14.2.1.4 Other NMs

In addition to Fe- and Mn-based NPs, there exists a wide variety of novel, engi-
neered NMs potentially usable in the remediation of soil and water contaminated
with metals/metalloids (see chart in Fig. 14.2, according to Juganson et al. [28]). To
date, one of the most studied NMs is nTiO,, also the most studied photocatalyst
worldwide. Besides its applications targeting the decomposition of various organic
compounds, dyes, etc., the process of photocatalytic reduction can be used to
remove various toxic metal ions as well. Numerous studies have examined the
potential of nTiO, for the reduction of highly mobile and toxic Cr(VI) to Cr(III)
[112-114] and the immobilization of toxic As(IIl) species [115]. Other materials
(Zn/Al-based nanocomposites) were shown to be very promising as they not only
behaved as adsorbents but also had photocatalytic properties, being able to adsorb
the highly toxic Cr(VI)—that was subsequently reduced photocatalytically to
Cr(III) [116]. Nanoparticles of hydrous Ce oxide were reported as another material
suitable for adsorption of Cr(VI) from aqueous solution [117]. Nanoparticles of
nMgO, nTiO,, and nZnO were found to be efficient adsorbents for Cr in soil con-
taminated by leather factory waste, decreasing significantly the exchangeable Cr
fraction while increasing the residual fraction [118]. Carbon nanotubes represent
another promising type of engineered material, being efficient in the adsorption of
various divalent metals from aqueous solution [119]. In the study of Josko et al. [120],
application of multiwalled carbon nanotubes reduced the phytotoxicity of sediment
contaminated with various organic and inorganic contaminants.

14.2.2 Nanomaterials in the Environment

The global production of engineered NMs was estimated to be 260,000-309,000
metric tons in the year 2010; of which about 8-28, 0.4-7, and 0.1-1.5% were esti-
mated to have ended up in soils, water bodies, and the atmosphere, respectively
[121]. The use of NMs in environmental remediation will inevitably lead to the
release of NMs into the environment and subsequent ecosystems. Once in the envi-
ronment, NMs may persist for a long time or be taken up by organisms and trans-
ferred between organisms of different trophic levels, thus acting as an ecotoxicological
hazard, and undergo biodegradation or bioaccumulation in the food chain [121-123].
Plants are considered to represent both the first sink for the accumulation of NMs



378 D. Martinez-Fernandez et al.

from the surrounding environment and the point of entry for their bioaccumulation
in the food chain [124]. For this reason, emerging studies have focused on the gen-
eral consequences of NMs uptake by plants, as their effects on the biomass produc-
tion and plant response are very relevant to phytoremediation. Although
nanotechnology has the potential to solve problems that cannot be solved by the
full-scale products, one important aspect in nanoremediation, the safety of NMs,
still represents a barrier to their wide innovative use and is hindering their full appli-
cation; hence, intensive studies must be done before their use. As concluded recently
by Schaumann et al. [125], further assessment of environmental impacts on the fate
and effects of NPs is needed.

14.3 Consequences of Nanomaterials for Plants

Nanoecotoxicology is a branch within toxicology which focuses on measuring the
toxicity of NMs that enter into contact with organisms like plants, bacteria, fish, and
invertebrates [126]. A good understanding of the interactions of NMs with the plant
system is of paramount importance for assessing their toxicity and trophic transport
[127, 128]. To understand and quantify the potential risks for plants, the mobility,
bioavailability, toxicity, and persistence of manufactured NMs need to be studied.
An increasing number of published studies have attempted to understand the inter-
actions between NMs and plants, and several reviews have already examined the
implications of NMs in food crops [8, 129-131]. As can be seen in Fig. 14.1, which
shows the general trends of the effects of NMs on plants according to the published
literature to date, there is sufficient evidence that NMs can yield both beneficial and
harmful effects in plant systems at the physiological, biochemical, nutritional, and
genetic levels. The interactions between plants and NMs can shed light on the envi-
ronmental consequences of nanotechnology, but, in contrast to the huge amount of
research done on the bulk chemicals as environmental hazards, the research on NMs
toxicity is markedly scarce [128] and it needs to be improved.

There are many factors which must be taken into account during nanotoxicologi-
cal studies, and this makes it very complicated to understand the real consequences
for plants since even small differences in the design of the experiments can produce
different results. For example, for most NMs, relatively high concentrations are
needed to cause observable toxicity in plants and the toxicity threshold is species
dependent [132, 133]. Owing to their insolubility in water, NMs in general have a
limitation for toxicity experiments [128]. Moreover, most plants showed visible
signs of recuperation from NMs toxicity—indicating that the toxicity was tempo-
rary [4]. Auffan et al. [134] pointed out that chemical stability under physiological
redox conditions appears to be a condition for the non-toxicity of metallic NMs.
Nevertheless, metallic NMs with strong oxidative or reductive properties can be
cytotoxic and genotoxic. Consequently, the nanotoxicological research on the
uptake and accumulation of NMs by plants, and their subsequent response, has
sometimes generated controversial data [27, 135, 136]. However, when taken
together, the apparent differences in the toxicity of NMs to plants may arise from
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Fig. 14.1 Matrix of the described effects of NMs on plant physiology during environmental reme-
diation. The matrix has been created using the general effects of each NM from the literature
compiled in this book chapter. In some cases, contradictory responses have been detected (two
colors in the same box), denoting that the toxicity of NMs to plants is not completely understood

their chemical (reactivity) and physical properties (size, form, aggregation) and the
dose (high or low concentrations), exposure time, plants (species, age, physiologi-
cal status), and experimental conditions (in hydroponics, soils, field, glasshouse,
etc.) used. Many of the responses to NMs by plants have been evaluated to find out
how NMs improve growth when used as soil amendments to reduce or mitigate the
toxicity of contaminants; but their effects must be studied in isolation, to ascertain
the effects of the NMs themselves on the plants. If the addition of NMs to a con-
taminated soil can potentially ameliorate metal-induced damaging effects on
growth, by the reduction of metal availability and toxicity, this stimulation of growth
may mask the potential negative effects caused by NMs. The effects on key physi-
ological processes in plants of engineered NMs with potential use for phytoreme-
diation, reported to date, are described below.

14.3.1 Germination

Seed germination tests represent one of the simple and rapid tools for assessing the
phytotoxicity of NMs. The recorded effects of NMs on seed germination fall into all
possible classes—being negative, nil, or positive, depending on the kind of NM, the
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species, and the concentration used [10, 27, 129]. For example, strong to total
inhibition of germination after seed exposure ton Fe;O, has been reported for lettuce
(Lactuca sativa), radish (Raphanus sativus), cucumber (Cucumis sativus), and spin-
ach (Spinacia oleracea) [137, 138]. However, for the same NMs, Barrena et al. [139]
reported low to nil toxicity against cucumber and lettuce germination. Nano-CuO
did not affect germination, but inhibited growth of Zea mays seedlings [140] and
enhanced the seed germination and shoot-to-root ratio of lettuce [141]. Exposure of
pea (Pisum sativum) seeds to nZnO had no impact on germination [142].The effects
of nZVI on germination have been reported to be concentration dependent [143, 144].
Although widely used, germination tests have to be interpreted carefully. When
evaluating the influence of NMs on seed germination in relation to the phytoreme-
diation of soil, attention should be paid to the experimental approach as different
experimental designs may give different results. Classical ecotoxicological studies
dealing with NMs and their effects on seed germination are usually performed with
the seeds directly exposed to NMs in the suspension. But, in the context of assisted
phytoremediation, this experimental approach appears to be not very suitable. In
this case, NMs are applied to soil—the aim being to immobilize contaminating met-
als, decrease their solubility and toxicity, and promote thus the plant growth. The
soil solution from contaminated soil amended with NMs thus represents a system
completely different to that of a pure NMs suspension. For this reason, NMs des-
tined for use in assisted phytoremediation should be tested not just directly in sus-
pension; their influence on the soil solution composition and, subsequently, the
influence of the soil solution obtained or the amended soil itself on seed germination
should be examined too, as the results of these tests could vary significantly.

14.3.2 Uptake of NMs by the Roots

Most of the available studies on phytotoxicity of NMs have focused mainly on tox-
icity symptoms of plants, and relatively few have examined the mechanisms of NMs
phytotoxicity, uptake, translocation, and bioaccumulation [136]. The roots are the
first organ which can suffer from NMs interference in the soil, and for that reason
there is an urgent need to evaluate the impacts on plant physiology of NMs, together
with their potential ecotoxicity and interactions with the key processes in the rhizo-
sphere [145-147]. Possible interactions of NMs with plant roots include adsorption
onto the root surface, incorporation into the cell wall, and uptake by the cell
[148, 149]. For NMs to enter the root stele, they have to either cross the cell wall and
plasma membrane of an endodermal or exodermal cell or cross a root cell wall of a
cell exterior to the endodermis/exodermis and move into the stele symplastically
[135]. They may be transported from one cell to another through plasmodesmata.
However, the exact reasons why only some plant species readily take up several
NMs are still unknown and remain to be explored [131]. To cross an intact cell wall,
it has been hypothesized that NMs have to move passively through a cell wall pore,
suggesting that plant uptake is highly size selective. Even so, NMs could be
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incorporated passively into the apoplast of the endodermis; they would be then
subjected to the highly size-selective permeability of the membranes before reach-
ing the central cylinder [135]. It is generally assumed that it is difficult for NMs
bigger than 20 nm to penetrate through the cell wall since the cell wall pore sizes
vary from 2 to 20 nm [4, 8, 150-152]. According to Burello and Worth [153], NMs
with a diameter larger than 20-30 nm act often as bulk materials; thus, the “true
nanoeffects” are attributable to NMs with smaller size. Roy and Bhattacharya [4]
suggested that NMs can enter plant cells by binding to carrier proteins, through
aquaporins and ion channels, by creating new pores, or by binding to organic chemi-
cals in the environmental media. Endocytosis may be also an important pathway by
which NMs enter plants [154] since NMs could theoretically activate membrane
receptors and induce endocytosis.

The high reactive capacity of NMs—due to their high specific surface area—can
stimulate their adhesion to the epithelial root cell wall. Nanomaterials of all compo-
sitions also have the potential to aggregate, due to Van der Waals forces or other
interactions [155]. As a result, NMs may aggregate along the roots, blocking their
proper water uptake and disturbing thus the whole plant physiology and ultimately
affecting their growth and development [3]. Aggregation of NMs appears to change
the color of the roots surface by covering the epithelial cells [152, 156]. It can affect
also the interactions of the plant with the external medium through mechanical dis-
ruption of membranes and cell walls, blocking the pores and diminishing the root
hydraulic conductivity [156]. Despite their adherence to the surface, due to binding
and electrostatic attraction by a limited number of cell surface cation exchange and
binding sites on the negatively charged root surface [157], some NMs do not seem
to move through the surface of the roots. In this way, inhibition of plant growth may
not derive directly from chemical phytotoxicity of NMs. Instead, toxicity may result
from the physical interactions between the NMs and plant cell transport pathways
[129, 156]. Anyway, even though potential aggregation might dramatically increase
the size of the NMs and reduce their mobility [149, 158], Whitley et al. [159]
showed that NMs may remain unaggregated in soil pore water for an extended
period of time, suggesting that NMs are likely to be bioavailable to plants.

Although some NMs can be found in plant cells and tissues [8], no uptake or
toxicity has been reported specifically for nFeOx, which may be due to the adher-
ence of these materials to soil particles. Zhu et al. [124] reported no measurable
uptake of nFeOx by pumpkin (Cucurbita maxima) grown in either soil or sand, or
of nFe;0, by lima bean plants. Similarly, Wang et al. [160] reported no uptake of
nFe;0, (25 nm in diameter) by pumpkin plants. For poplar, it appeared that some of
the nZVI penetrated through the membrane and was internalized in the root cells [161].
Zhou et al. [162] reported the adsorption of nCuO (55 nm in size) onto the Triticum
aestivum root surface. As defended by Lii et al. [163], metallic NMs can affect the
epithelial root cells but they seem not to have an important effect in the xylem of the
plants. In spite of the adsorption of nCeO, aggregates on the root surface observed
by Majumdar et al. [164], Ce accumulation increased linearly with increasing
exposure concentrations, corroborating previous studies in other edible plants
like tomato [165], rice [166], soybean [167], corn [168], and cucumber [169].
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The concentration-dependent linear increase in Ce accumulation in roots suggests
uptake through simple diffusion. According to Pradhan et al. [170], nano-sized Mn
oxides (nMnOx) were readily taken up from soil by the roots of Vigna radiata and
transported to the leaf, where nMnOx acted as a cofactor in a series of enzymatic
reactions during the assimilation of nitrate into organic nitrogen compounds. In a
nano-ZnO translocation study by Hernandez-Viezcas et al. [171], the use of pXRF
images led the authors to conclude that Zn was obtained from nZnO by the roots,
but it was not adsorbed on the root surface. This interesting research indicated an
important concept because the authors were careful to separate the effects produced
by nZnO from those related to and produced by Zn released from the NMs.

The type of roots and their architecture, their age, and the species are also crucial
factors in the response to and uptake of NMs by roots. For example, lignin can act
as a barrier to reduce the permeability of foreign materials in cells. This could be a
reason why, in the study by Ma et al. [161], nZVI was able to enter the root cells of
poplar plants, while the relatively high lignin content in the cell wall of Typha lati-
folia prevented nZVI from passing through it.

14.3.3 Translocation and Accumulation

The available literature indicates vaguely that NMs are found in plant cells and tis-
sues, and even though some studies report NMs internalization in roots, no translo-
cation to the shoots was found [4, 130]. However, NMs could potentially be taken
up by plant roots and transported to shoots through vascular systems, depending
upon the composition, shape, size, and plant anatomy [129]. There are many
physico-chemical differences between plant species—such as variations in hydrau-
lic conductivity, cell wall pore size, and root exudate chemistry—that could influ-
ence NMs bioaccumulation. For example, Zhu et al. [124] observed accumulation
of nFe;0, (min. size 20 nm) in Vigna radiata (mung bean) and pumpkin grown in
an aqueous medium, but did not observe bioaccumulation when conducting this
same experiment using Phaseolus lunatus (lima bean) or Phaseolus limensis, in
either soil or sand. Corredor et al. [172] investigated xylem transport of NMs by
injecting graphite-coated iron NMs into the pith cavity of the leaf petiole of pump-
kin plants, and a very homogenous population of approximately 46-nm NMs was
found in the xylem at a distance from the injection site, suggesting that NMs larger
than 46 nm were not transported. Recently, lack of uptake and translocation for
nFe,0; were demonstrated by Martinez-Ferndndez et al. [156], without the presence
of these NMs in the sap of Helianthus annuus, possibly as the result of aggregation
of NMs on the root surface. Another study examined the importance of size on
uptake by exposing wheat plants to nTiO, ranging from 14 to 655 nm [173], con-
cluding that NMs greater than 140 nm were not taken up and NMs greater than
36 nm were not translocated into the aerial portions of the plants. The accumulation
and translocation of nCeO, were dose dependent [174], but they accumulated
mainly in the root tissue [166, 175]. Birbaium et al. [176] also reported no uptake
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after exposing 3—5-week-old corn plants to 37-nm-diameter nCeO, for 14 days. The
work by Schwabe et al. [177] showed that nCeO, with a size range of 17-100 nm is
at least partially available for uptake by pumpkin. Translocation of Ce has, however,
been documented in previous studies of cucumber [169], corn [178], and beans [164].
Ma et al. [161] reported that nZVI was able to move into the root cells of poplar
plants while such internalization was absent in the case of Typha latifolia, maybe
because the aggregate of nZVI was too large for the xylem tissues to transport. In
both cases, upward transport to the shoots was insignificant. Although Lin and Xing
[179] reported accumulation of the nZnO in the protoplast of endodermal cells, they
found no evidence that the particles were translocated into the shoots and leaves,
possibly as the result of NMs aggregation in the exposure media. Wang et al. [180]
observed xylem- and phloem-based transport and biotransformation of nCuO
(20—40 nm) as well as nCuO transport from roots to shoots via the xylem and trans-
location back to roots via the phloem.

In contrast, recent studies show that Au, Ag, CuO, and ZnO NMs are readily
taken up and translocated by plants, either as NMs or in their ionic form [181].
Nanomaterials may accumulate and/or increase the concentrations of the compo-
nent metal in the fruits/grains of agricultural crops, have detrimental or beneficial
effects on the agronomic traits, yield, and productivity of plants, induce modifica-
tions in the nutritional value of food crops, and transfer within trophic levels. So, it
is important to establish whether a more predominating trend of NMs accumulation
exists and whether the metals involved follow the same trend as the chemical form
available in the soil or in the water [27].

14.3.4 Water Balance

Because of their relevance to the proper growth, nutrients uptake, stress, and
biomass production of plants, more studies of NMs are needed at the root—soil inter-
face, including measurements of plant water relations [182]. As described above,
many researchers consider that the observed toxicity exerted by NMs in plants is
based on physical plant—-NMs interactions. The presence of NMs on the root surface
could alter the surface chemistry of the root such that it affects how the roots interact
with their environment [183]. For example, it is known that metals/metalloids can
reduce the root hydraulic conductivity, with consequent decreases in plant water
content, turgor potential, and growth [184, 185], but how metallic NMs influence the
transport of water through the roots is not known. Martinez-Ferndndez et al. [50, 156]
found a reduction of the root hydraulic conductivity in plants of H. annuus treated
with nFe,O; in hydroponic culture, but no changes in the internal water status of
plants grown in a contaminated soil treated with the same NMs. The work by
Trujillo-Reyes et al. [186] suggests that the reduction in dry biomass production in
plants exposed to nFeOx is most likely due to the particle aggregation on the surface
of the root, which affected water entrance, resulting in growth reduction. Asli and
Neuman [187] also found that exposure to nTiO, (30 nm) caused a reduction of the
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water transport capacity in sections of primary roots, their effect being proportional
to the exposure time in hydroponic culture. The nTiO, also inhibited transpiration,
reduced root hydraulic conductivity in Zea mays root apices, caused cell wall pores
to constrict, and resulted in minor inhibition of shoot and root growth. Other work
suggests that NMs increase the expression of aquaporins in roots [188, 189], maybe
as a response by the plant to compensate a reduction in root hydraulic conductivity.
Trujillo-Reyes et al. [190] showed that, although Fe ions/NMs did not affect the
water content of lettuce plants, Cu ions/NMs reduced their water content, root length,
and dry biomass. Nano-CuO (size: <50 nm) was reported to reduce the transpiration
volume in plants [191], also related with an up-regulation of proline-biosynthesis
genes under nCuO exposure in Arabidopsis thaliana [192]. Nano-CuO stress induced
high accumulation of proline (a water-stress indicator in plants), and the degree of
accumulation was associated closely with the nCuO concentration [193, 194]. The
accumulative transpiration rate in plants indicated that transpiration was highest for
the controls and gradually decreased as the concentration of nZVI increased in pop-
lar, Typha latifolia [161], and peaplants after nZnO exposure [142, 179].

14.3.5 Nutrients Uptake

A damaged water transport system implies a lower capacity to pass water to the
shoot, affecting the transport of all the dissolved elements and causing a deficiency
of them in the shoot, according to the plant requirements. Generally speaking, expo-
sure to NMs involves changes in the nutritional status of the plants and development
is negatively affected, but positive effects have been documented as well. Studies
revealed that the lower uptake of nutrients is related to the fact that NMs clog the
root openings and inhibit both hydraulic conductivity and nutrient uptake in roots
[156, 187], although NMs with high specific surface areas may also help to seques-
ter nutrients on their surface.

The effects of NMs on plant nutrition have been reported in few studies [195,
196]. Martinez-Fernandez et al. [156] detected a significant reduction of trace ele-
ments concentrations in shoots and roots of H. annuus exposed to nFe,Os, without
changes in their concentrations in the sap. However, the concentration of Mo in the
roots increased with the dose of nFe,O;, maybe due to the close relationship between
the Fe and Mo uptake systems and because the uptake of Mo can be facilitated
under higher Fe concentrations in the external medium [197]. Iron oxide NMs have
been reported as facilitators of iron and photosynthates transfer to the leaves of
peanut [40]. In bean (Phaseolus vulgaris), nCuO decreased the shoot Fe, Zn, and Ca
levels, but not that of Mg, while K showed little change and Na increased [195].
Aluminum, Ca, and Zn concentrations in roots and leaves were higher in plants
exposed to Cu NMs, compared with the control treatment [190]. Silicon NMs used
to mitigate the Cu toxicity increased the contents of Mg, Ca, K, and P in the root and
shoot of pea plants [15].
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There are different effects related to the nitrogen uptake and metabolism in plants
during the interaction with NMs. Manganese NMs affected the assimilatory process
by enhancing the net flux of nitrogen assimilation in mung bean plants [170]. Nano-
sized TiO, can also have a positive effect on plants through promotion of the uptake
of nitrate, which accelerated the transformation of inorganic nitrogen into organic
nitrogen [27], due to increased nitrate reductase activity, and could also protect
chloroplasts from aging in soybean and A. thaliana [198, 199]. Exposure to nTiO,
also increased biomass, photosynthesis rate, and enzyme activity in spinach [200-202],
related to enhanced N, fixation from nitrogen photoreduction and the stimulation of
RuBisCo activity. Cai et al. [203] reported stimulation of the removal of Cu and
nitrate from aqueous solution, after the application of bimetallic Fe/Ni NMs. On the
other hand, the presence of nZnO in the environment is potentially hazardous to the
Rhizobium—legume symbiosis system [142], this interaction being an important fac-
tor for plant growth and crop productivity as it provides bioavailable nitrogen to the
plants. The presence of nZnO in the rhizosphere affected the early interactions
between rhizobia and the host plant as well as nodule development, and subse-
quently delayed the onset of nitrogen fixation [142].

14.3.6 Oxidative Stress

Nanomaterials can mediate significant elevations in reactive oxygen species (ROS)
generation and its subsequent consequences (such as membrane damage), as well as
the modulation of antioxidant defense system components and cellular redox
homeostasis in plants. Iron nanooxides can significantly increase the antioxidant
enzyme activities, but their effects seem to be related more to the changes in the
mineral composition in the plant than to the presence of nanoscale forms of Fe
[190]. Iron NMs toxicity studies have primarily focused on Fe(Il) and its oxides,
and little is known about the toxicity specific to others NMs such as nZVI. However,
nZVI produces Fe(II) and iron oxides through oxidation, and nZVI can produce free
radicals which are highly reactive and cause oxidative stress [204]. This could be
one of the mechanisms behind the toxic effects of nZVI on plants. Further studies
on A. thaliana evidenced that nZVI triggered high plasma membrane H*-ATPase
activity, resulting in stomatal opening that was fivefold higher than in unexposed
plants [205]. Nano-MnOx has been reported to increase the activity of the electron
transport chain by binding with the CP43 protein chain of photosystem II [206]. The
nMnOx enhanced the oxygen evolution process, being a part of the water splitting
complex in the light reaction of photosynthesis, hence improving the photophos-
phorylation capacity [206]. Nano-CuO stress also induced modulation of anti-
oxidant enzymes activity, and nCuO treatment caused oxidative damage to rice
seedlings, as evident from high ROS-scavenging antioxidant enzymes activity and
enhanced malondialdehyde levels [193], and maximally disrupted the plant-defense
system by oxidative stress [207]. The accumulation of nTiO, in plants does not
appear to induce oxidative stress in the leaves [173]. Biochemical assays with nZnO
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indicated increases in the specific activity of CAT (in the root, stem, and leaves of
Prosopis juliflora-velutina), but no evidence of chlorosis, necrosis, stunting, or wilt-
ing, even after 30 days of treatment [171]. In ROS formation and release, the con-
version of fatty acids to toxic lipid peroxides occurs, leading to the disruption of
biological membranes [208] and consequently the entrance of and damage by NMs
and metals, causing TBARS (thiobarbituric acid reactive species) formation—
which damages the membrane permeability. This specific report showed that, by
increasing the concentrations of the nZnO, higher values for the TBARS were
observed. Silicon NMs protect pea seedlings against Cr(VI) phytotoxicity, by reduc-
ing Cr accumulation and oxidative stress and up-regulating the antioxidant defense
system and uptake of nutrient elements [15].

14.3.7 Chlorophylls

Nano-sized materials may interact with the proteins associated with photosystems,
the starch-synthesizing machinery, and/or carbohydrate translocation [209]. Since
chlorophyll content is considered as an index of the total light harvesting complex
and the electron transport components, present in chloroplast membranes [210], it
is used as a stress indicator in plants. Studies of the bioavailability of nFe,O; in A.
thaliana, performed by Marusenko et al. [211], suggested that the Fe-NMs were not
used for chlorophyll production. Iron NMs reduced the accumulation of chloro-
phylls in the leaves of Lactuca sativa [190] and Helianthus annuus [156], this effect
being related to the reduction of the root hydraulic conductivity and the transport of
dissolved nutrients from the solution, especially for Mg since this nutrient is associ-
ated with the synthesis of chlorophylls. In an experiment with nCeO,, Zhang et al.
[131] related a reduction in the chlorophylls content with the physical adsorption of
the NMs on the root surface, and the consequent blockage of Mg uptake by the
roots. Nano-CuO was reported to decrease chlorophyll content significantly in
wheat [212], soybean [213], and A. thaliana [192], and in Vigna radiata in an
in vitro experiment [194]. On the other hand, A. thaliana plants treated with bulk
ZnSO, had a smaller amount of chlorophyll and were shorter compared with the
plants treated with nZnO [211]. In an in vitro experiment carried out with
Petroselinum crispum by Dehkourdi and Mosavi [214], nTiO, caused a significant
increase in the chlorophyll content of seedlings. Higher chlorophyll contents were
also recorded in leaves of Brassica juncea treated with Ag NMs [215].

14.3.8 Genotoxicity

Plants have been used as indicator organisms in studies of genotoxicology, facilitat-
ing data interpretation for a complete understanding of the effect of NMs [216-218].
Genotoxicity may be produced by direct interaction of NMs with the genetic
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material, by indirect damage from NM-induced ROS, or by toxic ions released from
soluble NMs [174, 219, 220]. Nanoparticles that cross intracellular membranes
(diameter between 8 and 10 nm) may be able to reach the nucleus, through diffusion
across the nuclear membrane or transportation through the nuclear pore complexes,
and interact directly with DNA [220] and influence DNA replication and transcrip-
tion of DNA into RNA. However, as expected, this effect is very conditioned by
their size. The NMs aggregates could also mechanically damage the chromosomes.
Nano-CuO is able to enter the nucleus of plant cells and mediate direct oxidative
damage to DNA [221]. Nano TiO, (~100 nm in size) was found to be genotoxic as
well as cytotoxic in plant systems [222]. Kumari et al. [223] showed a direct rela-
tionship between the increase in the number of aberrations and the increase in the
concentrations of the NMs, by analysis of changes in the chromosome morphology
caused by nZnO in root cells of Allium cepa, and explained these results based on
ROS activation. According to Lépez-Moreno et al. [174], the toxicity may rise
either due to the interaction of the DNA with the Zn ions leached out from the nZnO
or its direct interaction with the nZnO. But the absence of nZnO in plant tissues, as
shown by the XANES results, failed to confirm the main reason behind the geno-
toxic response in soybean. It is not clear from these studies whether the genotoxicity
in plants is caused by the NMs themselves or their biotransformation within the
plants. Ma et al. [129] pointed out that one of the most urgent needs in plant—-NMs
interaction studies is to determine the genetic response of the plants and the genes
that are up-regulated/down-regulated in plants exposed to NMs, but this knowledge
is in its infancy still. More research needs to be focused on the differences in toxic-
ity of NMs in relation to their respective bulk counterparts, and on the effects of the
ions produced inside or outside the organism exposed to the NMs.

14.3.9 Growth and Biomass Production

During recent years, the number of peer-reviewed papers related to nanoecotoxicol-
ogy has increased exponentially. On the one hand, there are abundant references for
positive effects of NMs on growth and biomass production: nTiO, in spinach
[200-202]; nCeO, increased root and stem elongation in cucumber [167]; nCuO
enhanced lateral root formation in A. thaliana [192]; nCuO enhanced the lignifica-
tion of root cells in Glycine max [213]; nFeOx increased root elongation in pumpkin
[160]; etc. On the other hand, negative effects also appear very often in the related
literature: ALLO; NMs in tobacco plants [224]; nCuO reduced root length in
Landoltia punctate [225]; nCuO in L. sativa and M. sativa [196]; nCeO, decreased
stem elongation in corn and inhibited root elongation in alfalfa and tomato [167].
Many researchers have considered the biomass production as a response to the
stress, concluding that some external factors (treatments) affect it positively or neg-
atively according to the stimulation or inhibition of the growth, development, and
productivity of plants in comparison to untreated controls. However, the biomass
production is only the mere consequence of the huge combination of the positive
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Fig. 14.2 Once in the soil, the engineered NMs can interact with the metal/metalloids in the soil
solution, aggregate, or interact with the roots of the plants. According to the balance among all the
positive and negative effects at different plant physiological levels, the plant will show the overall
effect on biomass production; but, even when apparent changes in growth are not manifested,
intrinsic and important effects can happen in the plants. In accordance with Juganson et al. [28],
the chart shows the percentages of each type of NM within the total number of publications in the
Thomson Reuters Web of Science™ for “environmental remediation” by NMs

and negative effects (Fig. 14.1) at different plant physiological levels (Fig. 14.2).
In contaminated soils, the application of engineered NMs can decrease the contami-
nant availability in the soil solution and thus enhance the growth of plants.
Nevertheless, as described above, there are many steps previous to the complete
understanding of the real consequences for plants exposed to NMs. In fact, and
generally speaking, long-term exposure to metallic NMs affects growth negatively
[226-228]. Only when the individual effects of engineered NMs on plants and their
applicability are properly evaluated, can concise conclusions be obtained to decide
about their use during phytoremediation tasks.

Sunflower plants treated with nFe,0; in a Zn-contaminated soil showed a 25%
increase in shoot biomass, related to the Zn-adsorption capacity of the NM [50].
These results highlight the applicability of this NM as an amendment during phy-
toremediation due to its immobilization of metals in the soil, stimulating the growth
of plants by making the contaminants less available. However, an additional experi-
ment with the same species in hydroponic culture showed that treatments with the
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same nFe,0; reduced the functionality of the roots, changed the nutrient status of
the plants, and led to reductions in the shoot macronutrient concentrations and chlo-
rophyll content [156].

Aspects like stem and root elongation, root gravitropism, architecture of the root
system, and number of lateral roots can help to describe the direct effect that NMs
have on the growth of plants. Trujillo-Reyes et al. [190] found that iron NMs (Fe/
Fe;0,) reduced root size and changed root architecture, as well as affecting the root
water content and the chlorophylls accumulation in the leaves of Lactuca sativa.
Exposure of peas to nZnO had an impact on root length [142], decreasing the num-
ber of first- and second-order lateral roots. When the concentration of nZnO was
increased in the medium, the shoot and root lengths declined. Extended treatments
with nZnO also resulted in shorter root length than in controls without the NMs in
radish, rape, ryegrass, lettuce, corn, and cucumber during seed incubation [132].
Controversial results were also found for nZnO treatments, which increased the
lengths of the shoots and roots compared with the control for peanut [229] and
Brassica juncea [230]. Ma et al. [231] observed that, although nCeO, inhibited the
root elongation of lettuce, six other plant species were unaffected. Also, the dose is
crucial: Ma et al. [232] noted that nCeO, at concentrations less than 250 mg L'
significantly increased A. thaliana biomass, but, above 500 mg L~!, biomass and
chlorophyll production were reduced and lipid peroxidation was evident.

According to the Thomson Reuters WoS, 770 peer-reviewed papers on nano-
ecotoxicology that corresponded to the keywords “nano* AND ecotoxic*” were
published between 2006 and March 2015 [28]. The rapidly increasing number of
scientific publications on ecotoxicity of NMs over the past decade has inspired sev-
eral review articles summarizing the existing data in the field. However, each review
has focused on specific aspects and parameters of NMs testing; therefore, it is dif-
ficult to get an overview of all the factors (and their values) that might influence the
toxicity of NMs. All these results will be an important factor to take into account
with regard to the applicability of NMs for long-term use in phytoremediation tasks,
but they will be especially useful when the causes become clear.

14.4 Limitations and Drawbacks of the Use of NMs

The use of NMs is not exempt from limitations. For example, the proneness to rapid
passivation of some NMs [233], susceptibility to geochemical conditions [234], and
possible environmental and human health threats of various NMs [235]. The high
reactivity and heterogeneous size distribution of NMs may have adverse impacts on
the sorption efficiency, which negatively affects the long-term performance and
overall applicability. The mobility and sorption capacity of such particles are limited
by three principal mechanisms: (1) nanoparticle aggregation followed by gelation,
caused by poor colloidal stability, (2) nanoparticle oxidation/corrosion followed by
the formation of corrosion precipitates, and (3) nanoparticle trapping from solution
by interaction with other components (i.e., mineral surfaces and organic matter) or
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via microbial removal [71]. In order to prevent them, the particles can be coated
with certain organic or inorganic materials. The development of various surface
stabilizers and modifiers—such as biopolymers and alginate—has made the NMs
much more versatile [11, 59, 236].

In spite of their nano size, NMs may be able to pervade very small spaces in the
subsurface and remain suspended in groundwater, allowing the particles to travel
farther than larger, macro-sized particles; in practice, the NMs used currently for
remediation do not move very far from their injection point [237]. In fact, the intro-
duction of NMs into soil is one of the most difficult aspects to consider in in situ soil
bioremediation [21]. Since NMs have the potential to aggregate [155], either during
manufacture or during wastewater treatment, this may dramatically reduce their
bioavailability, mobility, and toxicity [158, 238], and consequently limit their effec-
tiveness [233, 239]. The aggregation of some NMs supports the need for polymer or
other coatings to modify their surface, in order to improve mobility [240].

The regulatory framework generally assumes that NMs possess toxicity and
risk equivalent to those materials with larger particles, but the smaller size of NMs
results in entirely different physico-chemical properties. Since knowledge about
NMs regarding their interaction with biota and their toxicity is scarce, their full-
scale application and usage for soil remediation is still problematic. For example,
the report by The Scientific Committee on Emerging and Newly Identified Health
Risks does not even mention or define engineered NMs.

14.5 Prospective Work Plan in Phytoremediation with NMs

As described in this book chapter, NMs appear to offer faster and cheaper remedia-
tion solutions, and their use at sites around the world is beginning to be explored.
Comprehensive utilization of nanotechnology at the present time and unprecedented
application of NMs in products will certainly create significant amounts of new-
generation waste in the near future [30]. NMs are a reality, but future research
efforts need to be directed towards finding new methods for nanoremediation, rec-
ognition of the biological effects of NMs in the environment, and creation of the
bases of nanobiomonitoring. Recently, a database working group was established in
the framework of the European Union Nano Safety Cluster [241]—which high-
lights that research efforts are necessary to promote science-based regulations for
nanotechnology. Detailed research on the biogeochemical behavior of NMs in soil
systems, and on the potential advantages and drawbacks of their use in chemical
stabilization combined with phytoremediation, is being undertaken by the scientific
community, but a much broader view is still needed about their use. Each step in this
research will have the potential to provide better knowledge for the use of engi-
neered NMs during remediation tasks and thus to provide a very significant benefit
to society, by evaluating the impacts and safety of NMs application to soils contami-
nated with metal/metalloids.
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Most experimental studies with NMs have been conducted in batch systems
using model compounds and model media, instead of natural systems. Understanding
the fate of NMs and their effects in natural environments also requires more realistic
experimental setups [125]. Mesocosm experiments complement laboratory experi-
ments and, as a best practice, can be combined with laboratory experiments to fur-
ther develop the process of understanding the aging and functioning of NMs [125]
as well as their transformations through their life cycle [242]. So, more realistic and
holistic studies are needed in future investigations, including long-term experiments
in more complex environmental media. Critical knowledge gaps and incomplete
studies mean that the mechanisms for the removal of metals by NMs from contami-
nated soil proposed by different researchers are often contradictory [14]. These
discrepancies in the literature can be primarily related to methodological and
experimental shortcomings, such as inadequate NMs characterization, lack of
consideration of NM aggregation or dissolution, lack of proper controls, or the use
of environmentally irrelevant NM concentrations and/or exposure conditions.
However, it is now evident that, under certain circumstances, NMs are bioavailable
and toxic to several key terrestrial ecoreceptors [135].

New perspectives regarding the combined use of engineered NMs have been
proposed and open a huge field for new research. For example, magnetic Fe-NMs
have been demonstrated to increase the reactivity and cation exchange capacity of
biochar [243, 244], increasing the uptake of nutrients by the plants since the mag-
netic Fe-NMs can also increase nutrient availability and decomposition of soil
organic matter. Also, due to their antimicrobial properties, NMs may increase the
resistance of plants to stress and produce indirect plant growth stimulation. Detailed
knowledge of NMs ecotoxicity to bacteria and other soil microorganisms is also
lacking. It is essential to understand the diversity of the aspects involving engi-
neered NMs and plants if major advances in new fields are to be made.
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