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Abstract

Since engineering nanoparticles (ENP) have been developed for using in industry and human
commodities, is common to find their wastes and by-products from industrial chemical reactions, and
it is also possible to find incidental nanoparticles in the environment. Currently, the remediation of
polluted soils using nanotechnologies has become an emerging area with a huge potential to improve
the performance of traditional remediation technologies. However, environmental concerns have also
emerged regarding human and environmental health when nanotechnologies are released to ecosystems.
The goal of this manuscript is to highlight the environmental benefits and risks that arise when
nanotechnologies are used to remediate polluted soils. We searched Web of Science and Scopus in order
to get latest updated information and patents pertaining to developments in the field of nanotechnologies
for decontaminating soils. It has been determined that soil nanoremediation has some advantages,
but it also has some disadvantages related to the final disposal of nanoparticles, nanomaterials,
or nanodevices. Will some nanotechnologies be our pitfall? Nanoparticle toxicity has to be assessed
and the standardization of techniques should be set by scientists and decision-makers worldwide.
Cutting-edge knowledge regarding the use of nanoparticles to decontaminate soils has to move forward,

but environmental quality, human health, and social welfare should also be ensured.
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Introduction

Plants perform many ecological functions in their
environments, and they shape the life in the environment
where they live. Living things in the world are directly
or indirectly dependent on plants [1-6]. The ability of
plants to fulfil their functions primarily depends on
the availability of appropriate climatic and edaphic
conditions [6-9]. Therefore, soil is a necessary condition
for plant existence.

Soil is defined as the part of the solid earth that
has been altered by the loosening of the earth, humus
formation, and chemical decomposition, and by
the transportation of humidification and chemical
decomposition products [7, 10-19]. However, when it
is examined in detail, soil is a complex structure and
the biological and biochemical processes in it are the
basis of the terrestrial ecosystems [7, 8, 10-19]. In this
respect, it is imperative to examine health changes
of the soil and to determine its relationship with the
plant. Also, both improving the soil quality throughout
soil conservation and remediation technologies, and
reducing the conditions that jeopardize soil quality are
two critical points to shape the sustainability of soils
[20-25].

Currently, advancements in the fields of nanoscience
and nanotechnology have delivered myriad possibilities
for consumer product applications. Many of these
products have already migrated from laboratory
working tables toward store shelves and e-commerce
websites. However, research regarding nanoparticles,
nanomaterials, or nanodevices is still ongoing regarding
their potential effect on human and environmental
health [20-21].

Also, new arecas of knowledge have emerged
along with nanoscience and nanotechnology such as
nanotoxicology, nanobiotechnology, nanoremediation,
etc. However, cutting-edge knowledge regarding the use
of nanoparticles to decontaminate soils is being built
right now worldwide. It is well known that knowledge
regarding nanoremediation has to move forward, but it
is also well known that this huge challenge requires the
participation of scientists from many areas of knowledge
[22-23]. It has been reported that nanoparticles might
increase polycyclic aromatic hydrocarbon (PAH)
dissipation in a polluted soil when it is amended with
wastewater sludge, polyacrylamide, and nanoparticles
[23-25]. Besides, the use of nanotechnologies to
decontaminate soils has frequently been published
during the current year [26-28]. However, the
development of the appropriate use of nanotechnologies
for remediating polluted soils has to be achieved as
soon as possible in parallel with a comprehensive
understanding of the human and environmental risk-
benefit balance [29].

Soil contains many kinds of organic and inorganic
particles in the nanoscale or colloidal range, i.e., <100
nm [30]. However, a lot of nanoparticles, nanomaterials,
or nanodevices have been used to dissipate soil pollutants

notwithstanding the interactions of nanoparticles
with the soil environment that have not been well
studied, i.e., the movement, fate, and bioavailability of
nanoscale materials into soil matrix are still unknown.
In addition, the increasing entry into soil of engineered
and anthropogenic nanoparticles has raised concerns
about their potential adverse effects on human, animal,
or ecosystem health.

The goal of this review is to highlight the
environmental benefits and risks that emerge when
nanotechnologies are used to remediate polluted soils.
Therefore, this manuscript shows an updated discussion
about the nanoremediation of polluted soils and its
human and environmental risks or benefits.

Soil Environment

The environment of soil is a complex system from
several points of view. For example, the soil matrix is a
tri-phasic system, i.e., it has solid, liquid, and gas phases
or states. Additionally, there are biotic and abiotic
interactions, the biotic interactions by microorganisms
such bacteria, virus, fungi, protozoa, and amoebas,
mainly, and as multicellular organisms are nematodes,
arachnids, mites, earthworms, etc. The abiotic
interactions are by mineral elements such as alkaline
and transition metals, particularly.

Soil microorganisms play important roles in plant
growth and agroecosystem (they are involved in soil
ecosystem, in the decomposition of organic residues,
and they are the key to driving nutrient cycling in soils,
such as biogeochemistry cycling of carbon, nitrogen,
phosphorus, and potassium, mainly). The extensive use
of nanoparticles (NPs) will increase their concentration
into the soil and consequently their environmental
effects and ecological risks [31], by manufactured
NPs for products with a wide industrial, commercial,
medical, and agricultural applications [25, 32]. Some
metal or metal oxide NPs have been found to be highly
toxic toward soil microorganisms and to have a high
impact on soil microbial species diversity [24, 32].
However, there are reports about beneficial effects of
some NPs, as stated by He et al. [32], who reported
that the changes in abundances of bacteria, eukaryotes,
and ammonia-oxidizing bacteria measured by real-
time polymerase chain reaction (Real-Time PCR),
also known as quantitative polymerase chain reaction
(@PCR), studying the effects of metal or metal oxide
nanoparticles on soil microbial metabolic activity and
the key ecological functions. It was found that AgNP
(at 0.1, 1 and 10 mg kg' soil) amendments decreased
soil microbial metabolic activity, nitrification potential,
and the abundances of bacteria and ammonia-oxidizing
bacteria. On the opposite, it was found that FeO-NPs
had positive effects on soil microbial metabolic activity
(at 1 and 10 mg kg soil) and soil nitrification potential
(at 0.1 and 1 mg kg' soil) [32].

We observe that concerns are about the synthesis
and production of NPs (unpublished data), but not on
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the toxicological, environmental, exposure, or disposal
effects on humans, animals, and plants. So, the view
about the extensive application of NPs under the
non-regulated condition of many applications must be
a concern.

Nanoscience and Nanotechnology as Useful Tools
in Agriculture

Nanotechnology is a multidisciplinary science
research area that basically works in the design,
characterization, fabrication, and application of
structures and constituents, and is created by the
controlled size manipulation and shape at the nanometer
scale (atom and molecular, less than 100 nm) producing
structures, components, and systems with at least one
feature or new characteristic or higher property [33].
These new materials are engineered intentionality
looking for advantages over traditional materials. The
nano-sized particles have reached a big amount scale
production, estimated to be 260,000-309,000 metric tons
in the 2010 and about 8-28%, 0.4-7%, and 0.1-1.5% were
calculated to end up in environmental containers: soil,
water bodies, and atmosphere, respectively [34].

According to the report published by FAO in 2013
on the state of the art of nanotechnology in food and
agriculture, research was conducted for ten years
seeking to achieve sustainability and solutions to
environmental problems. Such investigations focus
on: the smart release of active ingredients (disease
management and crop protection), minimizing the loss
of nutrients in fertilization and increasing performance,
and producing bio-nano compounds from traditional
crops [35].

The need to increase food production is projected
to reach 9.9 billion people by 2050 [36]. A growing
population requires the optimization of resources (soil,
water, inputs) and the conditioning of damaged soils for
agriculture uses. Declining oil reserves will generate a
transition to the production of energy crops gradually. As
a result of FAO in the 2009 forum of experts, “How to
feed the world in 2050,” it will be necessary to increase
grain production by 70% by 2050. Nanotechnology can

supply tools in modern agriculture and become useful
in the solution of future problems of food and energetic
demand with a sustainable approach (Fig. 1).

Our knowledge about the interactions of ENMs
with soil is very limited, and because of the complexity
of this system, there is still a long way to completely
understanding  the  behavior of  anthropogenic
nanoparticles. The last fifteen years of soil studies are
encouraging in transcendental issues: improving fertility,
reducing degradation, attenuation or degradation of
contaminants, and developing nutrient and pollution
sensors [37, 38].

The development of nanocomposites and
nanoencapsules suggests that controlling amounts of
active ingredients needs to be taken up in a stable
form throughout crop growth, avoiding overdoses,
and reducing input and waste [39]. These active
ingredients can be fertilizers [40, 41], herbicides [42-44],
plaguicides [45, 46], or growth promotors [47], and their
rationalization and control of the amount of application
could be effective in reducing the overall costs of
cleaning up highly contaminated places by eliminating
the need for treatment and disposal of contaminated soil
[48].

About improving and maintaining soil conditions,
there are published on the web several reviews about
applications of nanomaterials that are potentially useful
[39, 49]. Progress has been documented in retaining
nutrients since it is known that only a small percentage
of the fertilizer applied is used by crops, the rest is lost
by washing, processing or mineral retention, and the
use of nanofertilizers allows the nutrient movement
in the rhizosphere, improving composition and doses.
Today it is possible to design NPs or nanoscale vehicles
to reach the roots and enhance the uptake of beneficial
molecules. These vehicles could also look for specific
soil particles and repair damage [50].

Bin Hussein et al. [51] reported on utilizing zinc and
aluminum hydroxide-based composites as a coating to
slow the liberation of nutrients. Kottegoda et al. [52]
encapsulated urea hydroxyapatite nanoparticles in wood,
where they liberated nitrogen during 60 days versus
30 days of commercial fertilizer. There is a list of
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Fig. 1. Technological advances aiming to improve soil quality and reduce its pollution through nanotechnological applications .



1016

Medina-Peérez G., et al.

patented products, one of them based on a mixture of
nitrogen, phosphorus, potassium (NPK), micronutrients,
mannose, and amino acids designed for grain crops [53].
The loss of nitrogen by leaching is well known, which
is the cause of eutrophication of water; this problem
was less present when fertilizers were coated by
nanomaterials like plastic-starch mixtures of composites
[54].

Water retention of nanomaterials has been developed
in nanoclays, nanozeolites, and nanohydrogels [55].
Sekhon [56] showed a complete review of them and
their novel properties. Nanoclays, made of
polyacrylamide polymer, is a nanocomposite that
presents high water absorbency and water retention
when coated with zinc. This is an important
characteristic because they could be applied to rain-
fed crops [57]. Recent research on the present year by
Mahfoudhi and Bouf [58] designed nano-hydrogels
based on cellulose nano-fibrils (CNFs) and polyacrylic
acid-co-acrylamide. The obtained structure caused the
system to release urea simulating a fertilizer. This last
report shows the combined properties of nanomaterials
to enhance soil conditions. Kottegoda et al. [59] drank
hydroxyapatite nanoparticles (obtained from H,PO,)
between spaces of clay platelets and they achieve a
slow release of phosphate, the same authors included
modified cellulose for the same protective function.
Liu and Lal [60] produced synthetic apatite nanoparticles
as the form of phosphorus slowly loaded for soybean
plants (Glycine max L.).

Mesoporous silica (MSN) are used to load pesticides,
this coat protects the active ingredient (avermectin) from
photodegradation, and dosified slowly thus they remain
active longer [61]. Some nanomaterials are useful in crop
protection and eventually become “soil friendly” due to
their biodegradability. Khot et al. [62] was encapsulated
inside a mixture of chitosan and alginate with two
active substances (nano-imidacloprid in combination
with Ag/TiO,) for plague control. As a result, the
residues of the formulation were degraded in the
soil after eight days of application. Zhao et al.
[63] presented a complete overview about the bio-
nanocomposite, and the proposal has the advantages
of utilizing biodegradable polymeric matrices based on
proteins or starch in order to protect fertilizer formulas
and nanobioplastics production. The application of
biochar has shown interesting results, including soil
amendment and sorption of several undesirable residues
[64, 65].

In respect to the nanosensors, there are advances
and improved features compared with the common
sensors. The nanosensors are made for sensing 100
nm or fewer dimensions. Nanotubes, nanoparticles,
nanocrystals, or nanowire send a signal in response
to the presence of other composites of similar size.
The big surface reaction of nanomaterials gives back
a rapid reaction, enhancing the sensitivity of the
detection system; installing nanosensors in fields allows
the farmer to know in real time the conditions of soil

and very early detection of potential problems such as
water deficit and soil nutrient demand. It could be an
advantage enhancing precision farming in the next years
in order to improve the reactions in front of agronomic
challenges [24, 25, 66].

Natural and Anthropogenic Occurrence
of Nanosized Materials in Soil

Nanoparticles (NP) are considered to be the building
blocks for nanotechnology, and refer to particles with
at least one dimension < 100 nm [22, 24, 25, 67].
On the other hand, the nanomaterials (NM) are defined
as engineered materials with a least one dimension in
the range of 1-100 nm [22, 68]. Soils are a repository of
many engineered and natural nanoparticles prevenient
of many industrial and environmental applications, and
this has originated discussions concerned its effect on
biological systems, especially on human health and
about its role on geochemical processes [23, 69] and
impacts on the ecosystems [25, 70].

Nanoparticulate Materials
in the Environment

As it was said before, these nanomaterials are
a complex mixture of natural and anthropogenic
nanostructures [71]. Nanoparticles had reached the
environment before the field of nanotechnology
emerged. The most important sources of natural
nanoparticles have been present as geogenic dust [72],
volcanic soot, and carbonaceous particulate matter [73],
and sub-products of combustion processes such as power
generation and transportation [74], and erosion [75].
Since the nanoparticles have been developed for use
in industry and human commodities, it is common to
find wastes and sub-products from industrial chemical
reactions [76], wastewater treatment plants [77], and
landfill lixiviation [78], among other activities.

The presence of the nanomaterials is not only
associated with their natural origin; it is also
possible to observe the non-intentional release due
to manufacturing or transportation [79]. Because of
the diversity of the nanotechnology applications, the
nanoparticles may enter the environment through many
pathways, for instance emissions to the atmosphere
may result in deposition to soils and water, the use or
nanotechnologies for remediating polluted soil, it may
also enter as a result of the wastewater treatment, as
a sub-product of water treatments sewage sludge or
accidentally during spills. Despite knowledge about
the release pathways, some nanoparticles present in the
environment are still unknown [80].

In most cases the dispersion medium of
nanoparticles that come in close contact with man of
other living components is air or water, therefore the
soil is the main receptor of most of the either natural
and anthropogenic nanoparticles via direct release or
because of the deposition of nanoparticles [81]; this
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complex multiphasic matrix releases the nanomaterials
to plants and animals, and greatly affects human health
[82].

Natural Nanoparticles

According to Lungu et al. [83], earth, cosmic, and
weather-dependent phenomena on the planet produce
particulate matter that is lifted in the air through
volcanic eruptions, air currents generated by storms or
strong winds, the disintegration of meteorites entering
the atmosphere, or the accumulation of cosmic dust.
The evolutionary development of hominids has been
accompanied by the presence of natural nanominerals
and mineral nanoparticles [84].

Humic and Fulvic Acids

The particles belong to the clay fraction in the
soil and have been classified as particles smaller than
2 micrometers; however, it is possible to identify
colloidal particles in size range of 1 to 100 nanometers,
allowing for the inclusion of this fraction to the nanosize
scale.

As a ubiquitous component in soil, the organic
matter may influence greatly some properties of the
nanoparticles such as surface speciation and electric
charge [85], affecting their aggregation/deposition
properties. Their biological importance is based on
structural support for microbial communities and its
function as a nutrient provider [86]. On the other hand,
the fulvic and humic acids participate as acceptors
and donors of electrons for the biodegradation of
contaminant compounds [87]. In some cases, they are
involved in processes of contaminant transportation
and can enhance the chemical degradation [88-90]. The
mobilization of NPs in soil is driven by its interaction
with the organic matter, and it can affect superior
organisms such as plants, animals, and finally humans
[91].

Generic Geogenic Oxides

The primary and permanent reservoirs of
nanoparticles and nanomaterials are deserts. Shi et
al. [92] reported that about 50% of the minerals in
aerosols in world air come from deserts. Although
the composition is variable, the most important group
of geogenic nanoparticles are formed by oxides,
hydroxides, and oxyhydroxides of metallic elements such
as Al, Fe, and Mn, which were formed by weathering of
silicates and microbial pathways [93].

Some special characteristics are related directly
to the origin, and its distribution in the environment
is variable. For example, the aluminum nanostructures
can be found in soil as gibbsite and boehmite, generated
by geological processes. The manganese nanoparticles
are formed during bioprocesses in soil bacteria and
fungi [94]. Also, the iron hydro oxides are among

the most abundant natural nanoparticles in soil,
developing an important role in the process of
nutrients absorption, and acting as exchangers of
molecules due to its electrostatic charge [30].

Anthropogenic Nanoparticles

All the human activities have an impact on the
environment. The development of new materials and
particles for diverse applications has driven into a
new era: the nanoscale dimension. The anthropogenic
sources of mnanoparticles and nanomaterials are
classified as primary due to mineral exploitation and the
secondary given by industrial activities (stationary or
mobile sources) [83, 95].

The presence of primary nanoparticles is localized
in places with activities such as fossil fuel exploitation,
ferrous, and non-ferrous mineral extraction and
exploitation of natural materials for construction. The
nanoparticles prevenient from primary sources are
not as harmful as the nanoparticles prevenient from
secondary sources.

Carbon Nanotubes

Probably, the most relevant example is given by
graphene, which has an excellent thermal and electrical
conductivity and is released to the environment as
a result of the discharge of the materials containing
this material (plastics, electrodes, sensors, automotive
components). It has been reported that the nanomaterial
may behave differently in the environment and it could
affect the biogeochemical and microbial dynamics in
soil [96].

Engineered Metallic Oxides

Most of the metallic nanoparticles have been
developed for the cosmetic sector [97], catalyzers
in industrial processes [98], medical diagnosis [99],
delivery of drugs [100], and bioremediation of polluted
soil and water [101, 102].

Oxide metallic nanoparticles have been elaborated
upon as both individual oxides (ZnO, TiO,, CeO,,
CrO,, MoO,, and Bi,0,) and binary oxides (BaTiO,,
LoCo0,, and InSnO) [103, 104], and according to their
composition, variable adverse effects in soil have been
reported.

Inventory of Nanowastes
in the Environment

Despite  the commercial and technological
importance of NP and NM, its presence — natural,
intentional, or accidental — in the environment is still
unknown. However, some efforts have been made
to offer a clear idea regarding the applications of
nanomaterials in consumer products and its presence in
the world market.
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Since the presence of nanomaterials in the market
implies its release to the environment, this information
has been taken for having a wider landscape of the
nanomaterials presence in the environmental matrixes,
such as soil and water. Vance et al. [23] reported
that around 64% of carbonaceous nanomaterials are
embedded in solid products, whereas products of all
other compositions are suspended in liquid. Of the few
bulk nanomaterials that are available for purchase by
consumers, the largest group (42%) consist of metal
oxide nanomaterials. Metal and metal oxides were also
the largest compositions for surface-bound particles and
those suspended in liquid products.

According to Chatterjee [105], there are eight
categories where the nanomaterials are majorly used,
in increasing order: goods for children, appliances,
automotive, cross-cutting, food and beverage, electronics
and computers, home and garden, and health and fitness.
Some examples are given as follows: TiO, and Ag
nanoparticles are used to confer antimicrobial protection
[22, 106], and TiO, and SiO, are used to provide
protective coatings and for environmental treatments
[107]. Cosmetic products contain silver, titanium, and
gold nanoparticles [97] and nano-organic compounds.

A geographical inventory was reported by Chatterjee
[105], where the number of products was registered
by region, placing the United States of America as the
first producer of 247 products, followed by East Asia
(China, Taiwan, Korea and Japan) with 123 products.
Also, Europe (UK., France, Germany, Finland,
Switzerland, Italy, and Sweden) with 76 products and
others (Australia, Canada, Mexico, Israel, New Zealand,
Malaysia, Thailand, and Singapore) with 27 products.
This distribution is directly linked to the laws and
regulations for each country or region [108].

Some other partial and complete inventories were
done by Maynard et al. [109], Kannan et al. [110], and
Berube et al. [111]. It is clear that this is useful for policy
makers focused on the regulatory terms of consumers
and producers of these products. Additionally, it is also
important for having a clear idea about where and how
nanomaterials are present in the environment after being
used by consumers, allowing us to know and understand
the routes by NM and NP arrived at the environment.
The subsequent step would be to use tools such as
life cycle analysis (LCA) to evaluate its impact on the
environment [34, 112, 113].

Nanotechnologies to Remediate Soils

Nanotechnology is a virtually new environmental
technology, and when applied to contamination problems
it is known as nanoremediation [114]. This has recently
been used for the treatment of hazardous waste sites.
Lately, the use of nanotechnologies for environmental
remediation has received significant attention from
the scientific community [115], specifically in use for
environmental remediation [24, 25, 115], in spite of that
is recent technology field.

In 1996, Gillham was the first investigator who
presented the idea of utilizing zero valent iron in
permeable barriers reactive, based on their experience
with the use of nanomaterials in decontamination with
water-halogenated pollutants [116]. Some authors have
synthesized nanoparticle zero-valent iron from chemical
synthesis, while others from various extracts of green
leaves, the same as those used for treating contaminants
in aqueous solutions. In many cases the use of
nanoparticles were effective to degrade contaminants
such as organic halogenated hydrocarbons [117, 118],
nitrates, heavy metals [119-121], insecticides, and dyes
[122, 123].

There are very few studies that apply nanoparticles
technology for the remediation of contaminants in soil,
the research in this field has been used more for the
decontamination of water or aqueous solutions [124];
according to the literature, the nanoparticles have the
ability to adsorb and facilitate degradation of pollutants
through various mechanisms such as redox reactions,
surface processes, adsorption, ion exchange, surface
complexation, and electrostatic interaction [125].

Shi et al. [124] tested nanoparticles zero-valent iron
(nZVI), and iron nanoparticles zero valence on a matrix
of bentonite (B-nZVI), in the removal of Cr (VI) in
water and soil solution contaminated with this metal.
As a result, they found that nZVI nanoparticles became
more effective when the bentonite was introduced
(B-nZVI) as carrier material due to the reduced
aggregation and increased specific surface area; besides,
they obtained a high rate of removal of Cr (VI), which
increased directly proportional to temperature, and the
amount of B-nZVI, but decreased as the pH increased
[124-126]. In this project the use of nanoparticles
B-nZVI for removal of Cr (VI), had great utility due to
having a high surface area that is associated with its high
reactivity, allowing it to work like an excellent agent
capable of transforming, and degrade contaminants
that use nanoparticles B-nZVI for removing Cr (VI)
[124]. Likewise, the removal of other pollutants such
as chlorinated organic compounds, pesticides, phenols,
amines, and organic acids through such nanoparticles
has been studied [126].

Other studies on this subject have shown that
polybrominated diphenyl ethers, which are a class of
environmental contaminants that can easily accumulate
in the soil, can be degraded with zero valent iron
nanoparticles immobilized in silica microspheres
[127, 128]. The evaluation of the degradation
decabromodiphenyl ether, from an aqueous solution
with tetrahydrofuran (THF), was analyzed by Qiu et
al. [127] and found that it was effective in a solution
of THF/water to temperature and environmental
pressure. Moreover, Xie et al. [128] evaluated this
degradative ability to remove soil decabromodiphenyl
ether, obtaining results that revealed that the removal
efficiency or the performance of elimination of the ether
of decabromodiphenyl was 78%. It was higher than the
biomass of untreated plants with nanoparticles [128].
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In other experiments, the growth of cabbage
mustard in the presence of Cr (VI) and using iron
nanoparticles supported on bio-carbon was evaluated;
here the phytotoxicity of Cr (VI) was analyzed, and they
found that the growth of cabbage mustard increased
by treatment with nanoparticles, and also effectively
reduced Cr (VI). Remediation tests Cr (VI) and total
chromium (Cr) showed that immobilization efficiency
was 100% and 91.94%, respectively, by applying 8 g per
kg of soil [129].

Also, SiO, nanoparticles coated with a lipid derivative
of choline have been used in the bioremediation of
polycyclic aromatic hydrocarbons (PAHs) [130]; also,
these nanoparticles were used coated with a lipid
derivative of choline in the bioremediation of PAHs.
Other nanomaterials that have been used are iron sulfide
stabilized with carboxymethylcellulose; similarly, they
were tested for immobilizing Hg in soils highly polluted
with this metal [130].

Trujillo and Reyes [125] described the efficiency
of zero valent iron nanoparticle to the remediation
of contaminated aqueous solutions with ibuprofen
in soils; being able to degrade ibuprofen in 54-66%
of the initial amount in aqueous solutions and they
obtained similar remediation efficiencies in the
sandy soils. Olson et al. [131] conducted studies
on soil with nanoparticle bivalent metals (Fe and
Mg) to reduce the concentration of polychlorinated
biphenyls (PCB) in soils achieving a reduction of 56%
of the average concentration of PCBs, with a rate of
average degradation of 19 mg kg' week! [131]. Also,
phytotoxicity tests conducted on samples of treated
soil indicated almost complete restoration of PCB,
evaluated based on high levels of germination; the same
type of emulsified zero-valent iron was used in in situ
treatment of polychlorinated soils, where there was the
destruction of 2-clorobifenilo [131].

Other authors have emphasized the need to develop
investigations on the ecotoxicity of the soil remedied
with the use of nanotechnology [132], especially
considering the tests with the use of plants that may be
useful as sensitive indicators of soil toxicity [131, 132].
Also, the processes of nanoparticle degradation in the
soil and its phytotoxicity need to be researched more,
especially taking into account testing with the use of
plants that may be useful as sensitive indicators of soil
toxicity [133].

Recent research in 2016 refers to the toxicity of some
nanomaterials and their effectiveness to interact in soil.
For example, Fan et al. [134] studied the mechanism by
which nano-TiO, affects the toxicity of Cu on Daphnia
magna, mentioning that nanoparticles of titanium
dioxide (TiO,) can affect the toxicity of other pollutants
and that the presence of organic matter can influence
their combined toxicity. This study also found that the
effect of nano-TiO, on the toxicity of Cu to D. magna
decreased significantly with the presence of acid humic,
which implies that the presence of organic matter in soil

could decrease the remedial effect of such nanoparticles
in the presence of some contaminants in soil. They
mentioned that the effect of TiO, nanotoxicity of heavy
metals depends on the adsorption capacity of heavy
metals in the nano-TiO,; and absorption and stability
in the formation of complex metal-nano-TiO, and the
presence of dissolved humic acids, which affect the
ability of nano-TiO, to accumulate Cu [134].

Although many types of nanoparticles can be used
for soil decontamination, almost all researchers only
consider the use of nanoparticles of zero-valent iron for
practical field application; it is also interesting to note
that most studies refer to decontaminating primarily
saturated soils. Only a few studies have addressed the
remediation of contaminated — not saturated — soils
[135]. The different existing publications in 2016 refer
to different experimental parameters and of synthesis
of nanoparticles, which makes it difficult to make
a comparison between the efficiencies of different
used nanomaterials, since they vary in their structure,
composition, and morphology, and all this affects
adsorptive capacity opposite to similar contaminants,
and knowledge of their ability to degrade different types
of pollutants is still scarce.

Analysis of the literature highlights the need for
more studies on nanomaterials, given the lack of
information on the mechanisms of regeneration and
reuse, and its large-scale application and effectiveness
in treating industrial wastewater real and contaminated
soils; nevertheless, existing results to date indicate
that this remediation technology represents a good
alternative to traditional technologies. Nowadays, little
is known about the mechanisms of nanomaterials on the
ground, their life cycle, the release of metal ions, and
their impacts on different ecosystems. Nanoremediation
has different advantages, such as reducing the cost,
cleanup time of contaminated sites, and they can be
used on a large scale. But it is necessary to make deep
studies evaluating the effect of nanoremediation on
the ecosystem level in order to prevent any adverse
environmental impact.

Effect of Anthropogenic Nanosized Materials
on Soil Environment and in the Environment

Why Nanotechnologies?

From the definition of nanotechnology, it is possible
to observe the many benefits that this technique can
bring to sciences. This technology has been reported to
be beneficial in medicine [136-140], physics [136, 141],
genetics [142-144], and, most recently, in environmental
sciences, among many other areas [123, 145-147]. We
must highlight the fact that nanotechnologies have been
reported as reliable [148], feasible [140], promising
[149], practical [150], precise [151], cheap and effective
[152], emerging [153], powerful [154], and economically
feasible [155].
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Nanotechnology Examples in Environmental
Sciences, Specifically for Soil Remediation

Nanotechnology in environmental sciences is still
new, and many of the results of the research in this
field are still in the process of being marketable in
the form of nanoproducts. It was not established with
certain clarity what was exactly a nanoproduct in the
environmental area. Nevertheless, Cinelli et al. [156]
established the criteria for evaluating the sustainability
of nano products. The authors identified six main
areas of environmental nanoproducts, including
environmental impacts. Thus, we should include
nanotechnologies for soil remediation under the already
cited category. Examples of the use of nanoproducts
in environmental sciences are: i) the ones reported by
Ali et al. [157], for the applications on photocatalytic
degradation of organic pollutants; ii) the study of Li
et al. [158] in the area of propulsion; iii) studies of
Scognamiglio et al. [159] in biosensor technology for
endocrine-disrupting chemicals; iv) studies by Elango
and Roopan [160] for the degradation of methylene blue,
an important water pollutant; and v) studies by Begum
et al. [161] for the quick sensing of environmental
stimuli (as pH, ion strength, biological molecules). More
studies in nano molecules for sustainability procedures
are the ones from Li et al. [162] for the construction of
hydrogels for bioanalysis purposes, and the studies of
Kannan et al. [110] describing the use of hydrothermal
carbonization materials that convert wet biomass into
a cool-like material with applications in the field of
energy. Additionally, studies by Pereira et al. [163] on
the use of microorganisms during the biosynthesis
of metallic nanoparticles and studies by Bogdan et al.
[164] reporting the creation of nanomaterials with self-
disinfecting and self-cleaning surfaces, have been
described in the literature. It has to be noted that many
of them are in experimental phases and cannot be found
in the market.

More recent studies show some applications of this
nanotechnology in the area of agriculture. Peters et al.
[165] report the in-development applications of nano-
encapsulates and nanocomposites for food and feed
additives, biocides, pesticides, and food contact materials.
Also, Ibrahim et al. [166] report the application of
nanomaterial as amendment agents for phytoremediation
purposes and the use of stabilizers to enhance their
performance. Nathanail et al. [29] indicated the existence
of the NanoRem European Research project, which
finances studies directed to develop the appropriate
nanotechnology for contaminated soil remediation. They
report the injection of nanoparticles into contaminated
groundwater to result in a minimal level of risk because
of the peculiar pathway these particles unleash while
unfolding the contaminant macromolecules. Das et al.
[145] reports the increasing use of diverse materials
in their nano form (iron, titanium, dioxide, silica, zinc
oxide, carbon nanotubes, dendrimers, polymers, etc.) to
decontaminate soils.

A comprehensive review from Dadrasnia et al.
[167] exposed the remediation options available in the
case of oil/spill contamination with the emphasis on
biological treatments via advances in nanotechnology
(supplement addition and phytoremediation). In the
area of simulation, Wang et al. [139] reported the use
of the proposed coarse-grained molecular dynamics
simulation, useful for studying the water/oil/solid
systems, which could be of a broader use in industrial
applications, including environmental sciences. This
proposed model is expected to promote the development
of this type of simulation to study multiphase systems.
Interesting is the report from Husen and Siddiqi [168]
describing the use of plants or their extracts, providing
a biological system route for the generation of several
metallic nanoparticles. This last represents a more
eco-friendly route for the production of these useful
nanoparticles. The so-called photosynthesis represents a
viable route for the production of metal and metal oxide
nanoparticles, allowing a controlled synthesis with
well-defined size and shape, with broad application in
industry, including soil bioremediation.

More  specifically, nanotechnology in  soil
remediation and bioremediation has been recently
introduced as a worthy technology in the last decade.
The study by Nguyen et al. [75] generated a new strain
of the genus Cronobacter, which have been studied for
their capacity to remove selenite with 100% efficiency
by taking up electrons from an electrode that performs
selenite reduction. The use of produced nanoparticles
by microbial seclenite reduction may represent an
alternative for industrial recovery purposes. An
extensive investigation from Fernandez-Llamosas et al.
[169] report the isolation of Azoarcus bacterial genus as
a physiologically versatile group of beta proteobacteria.
It is defined as a facultative anaerobe genus combining
the ability to anaerobically and aerobically biodegrade
a wide range of aromatic compounds, including
toxic hydrocarbons (toluene and m-xylene) while and
endophytic lifestyle in the root of rice. Authors conclude
the technique to be suitable for more sustainable
agricultural practices in bioremediation strategies.

Pollmann et al. [170] reported the so-called
biohydrometallurgical — processes,  which  include
the operations of biomining, bioleaching, and bio-
oxidation, facilitating the degradation of minerals.
Other interesting processes are bioaccumulation,
bioflotation, bioprecipitation, and biomineralization,
which are processes that have been very well studied
but with recent practical applications because of the
rapid development of novel techniques as nanoscience
technologies. The mentioned processes are thought to
be an environmentally friendly and efficient alternative
for industrial applications, including contaminated soil
bioremediation.

Interesting is the concept of bioprospecting,
introduced by Beattie et al. [171]. Benefits of this
technique include unrespecting products useful for
industry, chemicals, metabolic pathways, structures,
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and materials. To ‘bioprospect’ a remediation technique
for soil remediation would involve the decrypting of
the involved pathway in the mineralization of soil
pollutants, which can be strongly benefited by the
support of nanotechnologies. Emtiazi et al. [172]
reported the use of nanofilters and nanofilters plus a
microbe to be 45 and 91% more efficient, respectively,
for the removal of Methyl ter-butyl eter, used in
gasoline and polluting soils. Bozarth et al. [173] have
reported a source of nanotechnological procedures for
bioremediation of contaminated soils, which includes
the diatom molecular biology as well as the culturing
conditions and photobioreactor efficiency. The future in
soil bioremediation with the use of nanotechnologies is
the one represented by experiments from Juwarkar et
al. [174], reporting cell isolates of Bacillus sphaericus
(named JC-A12) from a uranium mining waste pile.
The isolates can accumulate toxic metals (U, Cu,
Pb, Al, Cd) as well as precious metals (U, Cu, Pd(II),
Pt(Il), Au(IIl)). The special capabilities of the cells
are highly interesting for the cleanup of uranium-
contaminated wastewaters and soils. An extensive
overview of nanotechnology-supporting and -improving
bioremediation procedures is presented by Juwarkar et
al. [174]. Successful case studies from this last include
bioremediation studies in vadose soils, bioremediation
of contaminants from mining sites, air spraying, slurry
phase bioremediation, and phytoremediation from
pollutants and heavy metals, as well as vermicomposting.

So, are Nanotechnologies a Sustainable Procedure
for Soil Remediation?

A commonly accepted definition of sustainability
is “the ability to pursue an economic prosperity
maintained over time while protecting the global natural
systems and providing a high quality of life for people”
[175]. From the results of the research of all the cited
authors in this review, we want to propose an affirmative
answer to the original question, but the answer has
several edges, i.e., social, environmental, and economic
concerns regarding nanoremediation have to be attended
in order to improve the technologies, decreasing costs
and shaping a sustainable future. Procedures and
researchers cited in this review claim that the results
are useful for the production of commercial applications
(economic prosperity) and also claim that the procedures
are “environmentally friendly” to protect natural
systems worldwide.

It should not be forgotten that all natural systems
are self-regulated but, in most cases, the pollution’s
concentration is far above the environment’s natural
ability to decontaminate by itself, ie., natural
attenuation is not always possible. In addition, to our
best knowledge, there is no evidence regarding the
natural attenuation of nanopollutants.

Our activities, and we as humans, have changed
the global natural balance. Then, nature and wisdom
are providing us with tools to face up to pollution and

degradation through nanotechnology. All we have to
do is to understand the system where we are working
— especially in the area of soil remediation. If we
create more eco-friendly technologies for agricultural
procedures, improve industrial processes, increase
the regulatory framework, and educate the society,
remediation techniques would not be necessary ever
again. It has to be remembered that 1 cm? of soil has
more than 3000 species of microorganisms and more
than 1x107 organism cells. Soil organisms are very
important for environmental balance and one of the key
issues for shaping a sustainable future is the preservation
of biodiversity for maintaining the global natural
balance. Until now, there is no information regarding
the effect of nanotechnologies on global biodiversity, but
there are several attempts to put the nanoscience and the
nanotechnology as some of the best humanity advances
in recent years. Will some nanotechnologies be our
pitfall by ourselves?

How do Patents Increase the Use of Anthropogenic
Nanosized Materials in Environmental
Remediation?

Who is Patenting New Nanotechnologies
to Improve Environmental Quality?

According to the Derwent Innovations Index from
Web of Science (by restricting the search field topic

Table 1. Authors, institutions, or people to whom patents were
assigned, plus patent numbers and reference.

Patent numbers; Reference

CN106475052-A; [176
CN105950155-A; [177
CN105950180-A; [178
CN105950181-A; [179

CN105733593-A; [180
CN105733588-A; [181
CN105647539-A; [182
CN105598158-A; [183

Author; Institution

Zhang, C.; Yantai Inst
Coastal Zone
Res Sustainable

Yang, Z.; Univ. Cent. South

Li, J.; Liu, X. CN104807762-A; [185

CN104801534-A; [186

Cheng, G.; Jiangsu Gaiya En-
vironmental Eng. Co. LTD.

CN105505397-A; [187
CN105505398-A; [188
CN105441082-A; [189

Fang, Z.; Univ South China
Normal

CN105131960-A; [190
CN105013811-A; [191

]
]
]
]
]
]
1
1
CN104801540-A; [184]
]
]
]
]
[
]

[191]
CN103157810-A; [192]

Feng, X.; Gefeng
Environmental Protection

CN106430598-A; [193]
CN206051687-U; [194]

Technolo
Bezbaruah, A.; Ndsu Res WO02014168728-A1; [195]
Found. WO02013173734-A1; [196]

Chen, M.; Inst Mineral
Resource Chinese Acad
Geolo

CN104893732-A; [197]
CN104129841-A; [198]
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to ‘nano®’ and ‘remed*’), during the last five years
154 patents have been assigned regarding the topic of
nanoscience, nanotechnology, and remediation. After
that, we did a manual analysis to set the relevant patents
that met the established search topic.

During the last five years only eight authors have
published two patents or more regarding nanotechnology,
nanoscience, and remediation of soil or water (Table 1).

Main Benefits of Patents Regarding
the New Nanotechnologies to Improve
Environmental Quality

In recent years, scientists and technologists have
gone further to create new devices or tools in order
to improve environmental and human health. Some
patents improved other technologies throughout the
synthesis of new nanomaterials in order to remediate
the environment and save energy [176]. Additionally, we
have built a soil-conditioning agent for remediating soil
contaminated by heavy metal and reuse the conditioning
agent at low cost [177]. Another patent argues that lime
powder, hydroxyapatite, nano-silica, gravel, activated
carbon, and calcium peroxide can permanently remove
heavy metals in the soil, and reduce the toxicity and
the leaching concentration of heavy metals in soils by
a straightforward and rapid industrial process [178].
Nanocomposites of attapulgite are a repairing agent
used in ecological restoration projects in mining areas,
and soil remediation projects in agricultural land
polluted with heavy metals. These nanocomposites
have a particular advantage that quickly and efficiently
stabilizes the soil, while they are environmentally
friendly [179].

Some bioremediation techniques have also seen
patents in order to restore heavy metal- polluted soils.
Chai et al. [180] patented a microbial assembly synthesis
method for preparing an arsenic-contaminated soil
remediation fixing agent. The method enables the
preparation of an arsenic-contaminated soil remediation
fixing agent with an environmentally friendly process. It
does not produce secondary pollution, does not disrupt
the physical and chemical properties of the soil, and is
non-toxic [181]. Additionally, a method for preparing
phosphorus-based bio-carbon material for remediating
cadmium-contaminated soil utilizing culture medium of
filamentous fungus was also patented [182, 183].

In addition, a remediation method of a contaminated
site involves the coating surface of zero-valent nano
iron with organic polymer layer. This technology injects
the coated zero-valent nano iron into contaminated soil
through an injection well, oxidizing zero-valent nano
iron and injecting reducing bacterium solution into
the contaminated soil, while the growth of indigenous
microorganisms and the degradation of pollutants are
accelerated [184, 185]. A similar patent was assigned
in which a method for degrading organic pollutants
of persulfate in water is described [177]. This method
enables a high remediation rate of organically polluted

water, with strong free-base oxidation ability and a
stable reaction system at wide pH range.

A new technology to remove a contaminant from an
aqueous medium required bare nanoscale zero-valent
iron (NZVI) particles or calcium (Ca)-alginate entrapped
NZVI under conditions and for a time effective to
sorb the contaminant [195]. According to the inventor,
phosphate, selenium, and other collected nutrients can
be recycled as an agricultural fertilizer. The method
is a green technology that follows the principles of
reduce, reuse, and recycle [195]. Additionally, a new
functionalized amphiphilic plant-based copolymer
was patented. It was stated that the copolymer
facilitates improved dispersion and suspension of
iron nanoparticles (FeNPs) in water for application
in groundwater remediation [196]. Furthermore, the
copolymers are surface active due to their amphiphilic
nature. Thus, the compounds may provide an additional
advantage, i.c., antimicrobial activity.

Another patent has described the synthesis of a
magnetic nanomaterial with a core made of a magnetic
material while an organic matter cladding layer is
provided outside the core. This magnetic nanomaterial is
used to remediate heavy metal-contaminated soil [186].

A method for preparing iron-based bio-char material
used for remediation of arsenic-polluted soil was also
patented [181]. The method enables preparation of iron-
based bio-char material with a simple process and at
low cost [181].

Some mixtures of nanomaterials have also been
patented. For example, a mixture of nano-material
containing bentonite, fly ash, magnesium nitrate,
barium oxide nanoparticles, polymeric ferric aluminum
silicate, stachydrine, dimethylol urea calcium aluminate,
magnesium aluminosilicate, and phospholipid was
patented in 2015 in order to remediate soils polluted
with lead or copper ion [187-189]. Another mixture
was patented as a remediating agent for heavy metal
lead-cadmium and lead-cadmium sulfide composite-
contaminated soil [197]. This remediating agent contains
5-20 parts mass modified carbon nanotubes, 10-60 parts
mass modified clay mineral, and 10-75 parts mass lime.
According to the inventors, the remediating agent can
be prepared in a simple and economical manner, and
reduces 75-90% cadmium [197].

The preparation of composite material used for in-
situ remediation of lead-contaminated soil has also
been patented [190]. According to the authors, the
method provides soil-remediation composite material
having high soil repairing efficiency. Additionally, the
same authors patented a method for preparing biochar
particles used in preparing load-type zero-value nano-
iron particles for in-situ remediation of chromium-
contaminated soil [191]. Additionally, a method for
preparing dispersed nanometer nickel/iron bimetallic
particles that are utilized for in-situ remediation of poly
brominated diphenyl ethers was also patented [192].

In addition to the nanomaterials, other devices
also have been patented in order to remediate soil or
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water. An ecological bag filled with multifunctional
nanocomposite material was patented to remove heavy
metals, total nitrogen, and phosphorus from soil or
water [193, 194]. However, this device cannot be found
in the market yet.

In general, the patents described above represent a
sustainable practice that facilitates efficient recovery of
heavy metals or wasted nutrients, and the dissipation of
pollutants (at least this is the genuine intention of the
inventors). The inventors argue that these technologies
are well suited to the needs of the fertilizer industry,
municipalities, and pollution control agencies. In this
way, for example, when used as fertilizer, NZVI or Ca-
alginate-entrapped NZVI supply not only the adsorbed
nutrient (e.g., phosphate or selenium), but also iron.
In addition, the release of nutrients (e.g., phosphate,
selenium, and iron) takes place over time, thus
providing a time-release action. Therefore, if everything
goes according to the inventors’ plans, the nutrients are
supplied in a bioavailable form and can be efficiently
taken up by plants and microorganisms during the
vegetative or reproductive growth.

Several patents have been reported arguing for the
environmentally friendly synthesis of new nanomaterials
with specific and worthy properties in order to dissipate
pollutants and/or remediate contaminated = sites.
However, additional research regarding the ecological
effect of using these modern nanomaterials for several
years has to be done. Otherwise, these patents might
jeopardize the sustainability which is widely sought by
scientists, technologists, politicians, and common people
worldwide.

Conclusions

Nanotechnologies and nanosciences have been
very useful for delivering some materials, products, or
services with better characteristics compared to their
respective bulk material. Also, these areas have also
provided some nanosized materials to the environment,
and the human and environmental concerns have been
raised. However, nanotechnologies have also been
used to dissipate soil pollution, but benefits and risks
have been discussed recently. It is well known that
some strategies to remediate polluted soils through
nanotechnology might be accomplished, but some
questions have to be answered prior the spread of
nanoremediation, i.e., nanoparticle toxicity has to be
assessed while the standardization of techniques should
be set by scientists and decision-makers worldwide.
The cutting-edge knowledge regarding the use of
nanoparticles to decontaminate soils has to move
forward, but environmental quality, human health,
and social welfare should also be ensured. Otherwise,
these patents regarding modern nanomaterials might
jeopardize sustainability.
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