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ABSTRACT: The effects of environmental pollution on planetary health have led to a growing interest in implementing
sustainable remediation processes, which should ideally be characterized by a high efficiency for the elimination of
recalcitrant substances and a null production of cross-pollution. In this ambit, nanomaterials synthesized from green
chemistry principles emerge as an alternative for the development of eco-friendly technological strategies. However, this
framework of thought is qualitative in nature and not gives minimum criteria for using the term “green” in the field of
nanoscience and nanotechnology. This adjective is usually employed to refer to those processes developed through bio-
based nanotechnological methods without take in consideration its net ecological impact under out-lab conditions.
Nonetheless, biobased synthesis represents a promissory technology to obtain eco-friendly nanomaterials with greater
suitability to be applied in strategies of environmental remediation. Particularly, in the previous context, iron-based
nanomaterials are able of reducing the concentration of a wide variety of pollutants individually or by synergy processes
with other bioremediation agents. By the above, it is expected that the release into the environment of iron biobased
nanomaterials will increase over time, and therefore, it is of interest to establish the potential interactions that they can
undergo with the soil components (e.g., soil atmosphere, soil solution, humified organic matter, and minerals, among
others). This review is focused on “green” nanomaterials and includes not only fundamental and synthetic aspects, but also,
a review of the quantitative assessment from a green chemistry and sustainability criteria. In addition, the potential
application of biobased nanotechnology into soil remediation, using as model iron-based nanomaterials, is reviewed, and
discussed. Finally, it is relevant to clear that this document is based on two review articles and a book chapter in which the

different aspects previously indicated are shown and analyzed in greater detail.

INTRODUCTION

Since the nineteenth century, humanity has presented a
constant demographic, industrial, and urban growth,
which has led to an intensification in the extraction of
natural resources, as well as in the use of anthropogenic
substances for the generation of efficient production
mechanisms. These processes have contributed to
economic growth, to the improvement of the quality of
life, essential products for human communities, and
greater accessibility to food in terms of quantity and
quality.3 However, the lack of a specific strategy,
policies, and regulations, regarding the final disposition
and environmental considerations of the products, by-
products, and wastes, led to the release into the
environment more than three million metric tons of
toxic substances and pollutants per year.! In this way, a
remarkable proportion of contemporary soils and
aquifers have a wide variety of polluting substances,
both natural and anthropogenic in origin, including
heavy metals, hydrocarbons, agrochemicals,
pharmaceuticals, and personal care products, among
others.* Due to this situation, a wide range of pollutants
are currently present in water bodies and soils; however,
since soils are not a fluid phase, conventional
remediation techniques commonly used for aqueous
systems are not applicable or easily adaptable to them.>®

As a result of the above, for remediation purposes, soils
represent a challenge yet to be resolved. Thus, it is well-
known that soils are naturally reservoirs for inactivating
polluting species due to their chemical speciation. In
soils, for example, organic components can interact,
depending on their chemical structure, with pollutants
by electrostatic interactions with ionic groups, by
dispersive interactions with hydrophobic structural
segments and surfaces, by ion-dipole interactions with
polar groups, and by the formation of new chemical
species via covalent or coordinating links.® While
inorganic components, primarily clays, dissolved ions,
and oxygen, can present electrostatic interactions, redox
reactions, and adsorption processes on their surface and
interlaminar region, altering chemical nature,
properties, and the microstructure of clays.® Chemical
and structural changes in components of soils affect
pollutant's bioavailability, lead to variations in cation
exchange properties, the polarity of components,
retention of solutes, affect the microbial population, and
transport of water and nutrients, among others.®7 In
addition, pollutants can also be mobilized through the
soil horizons hydrologically by the percolation of the soil
solution, runoff, and erosion, generating water bodies
contamination.3

Alteration of environmental systems, resulting from
multiple human activities, has produced the growing



need to advance in the development of efficient
remediation strategies able to face the heterogeneity and
complexity of the soil by sustainable processes.? Thus,
for the development of soil remediation techniques, it is
important that their implementation does not produce
secondary contamination or implies an excessive use of
energy."7 In this context, the use of so-called green
nanomaterials for remediation processes has emerged as
a promising sustainable alternative because they present
the ability to diffuse inside of structures that are not
easily accessible to macroscopic materials (e.g., soil
porous structures), but also, these materials have the
potential to interact intimately with pollutants through
various mechanisms including adsorption, oxidative
transformations, and catalytic processes.®? An
advantage of them is the possibility to be manufactured
taking into consideration sustainability and green
chemistry criteria. However, these approaches
correspond to a qualitative approximation grouped into
the concept “green”; in consequence, there is currently a
subjective and ambiguous designation associated with
the use of this term.?* Therefore, build a solid conceptual
framework that objectively supports the rational,
sustainable, and eco-friendly synthesis of biobased
nanomaterials, which are designed for applications
involving their release in natural environments, an
analysis of their scope, advantages, and limitations
becomes a great relevant goal. In recent years, researches
related to the development and assessment of these
nanotechnological ~ systems in  environmental
remediation have significantly increased, mainly those
related to iron-based nanomaterials (FeNMs), including
both individual and hybrid materials or processes, e.g.,
through processes including bioremediation and
nanoremediation, sequential configurations and/or in
metabolic biostimulation, polymer-based
nanocomposites as adsorbents or active surface,
ferromagnetic fluids based on magnetic particles,
among others. 72324
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Figure 1. The twelve principles of green chemistry.>

This review is focused on “green” nanomaterials and
includes not only fundamental and synthetic aspects,
but also, a review of the quantitative assessment from a
green chemistry and sustainability criteria. In addition,
the potential application of biobased nanotechnology
into soil remediation, using as model iron-based
nanomaterials, is reviewed, and discussed. Finally, it is
relevant to clear that this document is based on two
review articles and a book chapter in which the different
aspects previously indicated are shown and analyzed in
greater detail (see section: Associated Products).

GREEN NANOMATERIALS:
ASSESSMENT METRICS

SYNTHESIS AND

Green nanotechnology

Green Chemistry is a fundamental concept and a
framework of thought based on environmental
sustainability and into the development of eco-friendly
technologies and processes. Its main ideas are described
on the so-called green chemistry principles (see Figure
1).26%7 In this way, green chemistry allows advancing in
the environmental optimization of parameters
associated with chemical transformations by eco-
innovation and creativity in order to redesign or replace
traditional processes.>?28

In this way, the concept “green nano” emerged by
extrapolating green chemistry principles to this specific
area of science and technology.? For this reason, the
term green nano refers to nanoscience (NanoSci) and
nanotechnology (NanoTech) with an environmental
focus in its design, application, and final disposal;
therefore, it is an area of knowledge based on the
generation of sustainable and safe nanomaterials.?9:3°
This sustainability framework implies that the process's
analysis includes aspects related to reagent selection,
design of synthetic procedures in terms of mass and
energy, analysis of potential application, disposition in
the end-life, analysis of risks and environmental
consequences taking into consideration the entire
process.>"3* Besides, green nano seeks to advance in the
development of regulatory frameworks and procedures
allowing standardize the use, practices, and functional
and structural analysis of green nanomaterials for
environmental applications.?33 The twelve principles of
green chemistry applied to NanoTech and NanoSci fields
are summarized below:

* Principle one: Avoiding the production of waste.?734
In relation to this point, in NanoTech, significant
progresses have been performed in the implementation
of efficient synthesis, able to obtain monodisperse and
stable nanomaterials. In particular, the use of natural
extracts and nanobiofactories using a reduced quantity
of reagents and avoiding the generation of by-products
are highlighted >



* Principle two: The atom economy is a concept
recognizing the fact that the synthetic efficiency is
closely related to the inclusion of the highest number of
atoms of all the reagents in the products.3® In this way,
NanoTech presents multiple limitations in term of
massive production of nanomaterials; by instance,
conventional physical syntheses are characterized by
low material conversion with a high polydispersity of
size and shape compared with chemical methods, which
are characterized by the high production of wastes and
elevated use of reaction auxiliaries like solvents,
stabilizing agents, surfactants, etc.3”3® In contrast, the
implementation of post-synthesis methods, and
bioreactor-based synthesis have been described as
methods able to produce monodisperse nanoparticles
with a homogeneous morphology and a lower
environmental impact.333537

+ Principle three: Safer synthetic processes. This
principle is based on premise that experimental design
must consider all possible parameters of the process,
including aspects related to the generation of adverse
effects on planetary health.3® In Nanotech, many
advances have been directed towards the trans-
materialization of dangerous reagents such as the
replacement of strong reducing agents by safer
alternatives such as aqueous extracts from biological
systems like plants, algae, and bacteria.3

* Principle four: Safer products. The use of molecular or
smart design, in order to prevent adverse interactions of
products with living beings and the environment, is an
excellent strategy to decrease the risk and
dangerousness of products with great potential to be
massively produced for their introduction in the
market3* To achieve this goal, the availability of
information is an essential aspect that should be
remedied for all actors in the field of NanoSci and
NanoTech. Some examples are the generation of
libraries of data and properties related to structure-
activity relationships about risks of nanomaterials,
cooperative work for the creation of access-free data
repository by web platforms, and promotion of open-
access scientific journals with a low cost, non-profit,
financed directly by government entities or by special
projects. However, due to the wide variety of
nanomaterials, and the fact that their properties are not
only a function of its composition, but also depending
on its shape, size, and coating agent, in the vast majority
of cases the available information does not allow
generalizations about the environmental fate.'®334041

* Principle five: Avoiding the use of auxiliaries. This
principle refers to reducing of solvents used during
synthesis and purification, or if not possible, to promote
the use of those solvents that do not present an
environmental risk, being the use of aqueous media
always the most appropriate option.?”3' The use of water-
soluble precursors and alternative purification processes
such as centrifugation and the use of green solvents are

some examples of the implementation of this point in
NanoTech.3>4>4

* Principle six: Energy efficiency. By this principle is
sought reducing the use of conventional sources of
energy based on fossil fuels, dirty energy (e.g.,
combustion-based energy), and any energy form
directly associated with the generation of greenhouse
gases.3 In concordance with the above, nano-synthesis
processes can be carried out at room temperature and
atmospheric pressure; in this area, the implementation
of alternative energy sources such as microwaves and
ultrasound has been proposed.®® But also, the use of
biogenic and bio-based synthesis represents a promising
alternative since it allows to carry out most of the
synthesis processes near to ambient pressure and
temperature conditions.?>3435

* Principle seven: Use of reagents from renewable
sources. This principle is directly represented in bio-
based synthesis because the use of biomolecules and
renewable biological systems allow to obtain a wide
diversity of nanomaterials, with different biological,
catalytic, and optical properties.3++>43

* Principle eight: Avoiding derivatization and
minimizing reaction steps. The multi-step processes and
derivatization produce a greater use of chemical
reagents and decrease the overall atomic efficiency of
the process.3* In this area, NanoTech has advanced in
processes of synthesis and surface functionalization of
nanomaterials by one-pot strategies, preferably directed
towards the synthesis of pure substances or easy
purification.3+3

* Principle nine: Catalysis. This principle is based on the
use of catalysts to favor the efficiency and selectivity of
chemical reactions.3+44 In this context, nanomaterials
emerge as the ideal catalysts due to their high surface
area and chemical reactivity. However, in processes
based on catalytic strategies should be avoided the
residuality in the final product and the use of highly
toxic catalysts.3334

* Principle ten: Design for final disposal. This principle
implies the final disposal of the product in such way that
it can be recycled, reused, recovered, or biodegraded .33+
In NanoTech, predictive tools for design, recycling, and
recovery of products have been designed, these are
based on the implementation of computer programs to
stablish the Life Cycle Analysis (LCA) of
nanomaterials.3"3445

* Principle eleven: Real-time monitoring. Analytical
tools allowing the in-situ monitoring of reactions and
processes are highly desired, these should permit the
identification of potential pollutants and associated
risks with them 3444 In this context, nanomaterials have
been used to develop more sensitive monitoring tools
through the interaction and response of the surface
plasmon resonance of the nanoparticles. However, their
small size, low concentration, and high reactivity, that
supposes a rapid change at the moment of being



released into the environment, represent a limitation for
its monitoring in uncontrolled environments.3>4°

* Principle twelve: Prevention from implementing safer
processes. This principle is related with the accident
prevention by using of inherently safer substances.?34
At present, significant advances have been made in the
transmaterialization of reagents for obtaining of
nanomaterials with properties analogous to those
synthesized by traditional methods; however, in some
cases, this is not possible because metallic precursors
with non-sustainable extraction methods and inherent
toxicity are required.>3> However, decreasing of the risk
of exposure by the production of nanocomposites, thus,
it is possible to prevent the direct release of the
nanomaterial into the environment as a result of
washing, or diffusion processes.?3547

Green synthesis of nanomaterials

Green synthesis can be defined as any process developed
using taking into consideration the green chemistry
principles. Nevertheless, the incorporation of all the
principles is a chimerical objective, and therefore,
usually only some of them are satisfactorily included in
the design. In consequence, it is concluded that the
development of fully sustainable synthesis or processes
is an iterative methodology using the precepts of green
chemistry as a purpose for innovation.® Though many
synthetic procedures are not entirely designed under the
principles of green chemistry, it is possible that they are
eco-friendlier than their predecessor processes, and
therefore, “greener” processes. In this case, the
adjectivization of “green” emerges as a result of an
improvement that contributes to the desired goal. The
above is a resource used many times for the promotion
of investigations, working lines, and results by many
researchers. Therefore, chemical reactions can present
minor or major qualitative approximations to the green
chemistry, however, the above does not imply that these
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processes do not represent an environmental and health
risk.

In the same way, the obtaining nanomaterials through
plant biomass, microorganisms, and biomolecules (i.e.,
biobased synthesis), has emerged as the approach most
in line with green chemistry parameters. These synthetic
pathways are characterized to be a bottom-up process,
usually carried out in one-pot systems (principle 8),
using renewable and safe raw materials (principle 3, 7,
and 12), under conditions of ambient pressure and room
temperature or under 200 °C, which avoids or diminishes
the excessive use of non-renewable energy sources
(principle 6), and by using of water or alcoholic
solutions as the reaction medium (principle 3, 5, and
12).48,49

On the other hand, nanostructures with different
morphologies, sizes, surface charge, and functional
properties through in-situ and/or ex-situ synthetic
procedures can be obtained from living biomolecules
and organisms, using metabolic pathways or
biomolecules present in different living entities,
including bacteria, yeast, and viruses, and higher
organisms such as multicellular algae, fungi, and plants
(see Figure 2). 582224 Due to the simple propagation of
plants, and their wide phytochemical and phylogenetic
diversity, the simple extraction capacity of its molecular
components through innocuous solvents, and the
possibility of using different tissues such as pulps and
peels of fruits, leaves, roots, seeds, and flowers, among
others, in this sense ex-situ plant-based methods are the
most widely biosynthetic strategy (see Table 1).18:33355053
In addition, plant-based synthesis compared with those
using microorganisms tends to be more efficient in
terms of quantity and time, demanding simpler
conditions than those required to maintain the proper
nutrition, purity, and optimal growth conditions of the
microbiological  cultures (e.g., lighting, pH,
temperature, aeration, energetic source, among
others).18552

PLANTS BACTERIA

BIOBASED SYNTHESIS OF NANOMATERIALS

Synthesis
In = situ and ex-situ
Examples
Kappaphycus alvarezii,
Phormidium vaiderianum,
Bioactive substances
Carotenoids, vitamins,

saccharides,
hormones

Synthesis
Ex—situ
Examples
Glutathione, vitamins,
amino acids,
monosaccharides,

polysaccharides, proteins,
DNA

Synthesis
in—situ and ex — situ
Examples
Shewanella oneidensis,
Deinococeus radiodurans

Synthesis
In —situ and ex — situ
Examples
Hibiscus Sabdariffa,
Drosera indica
Bioactive e:
Flavonoids, terpenes,
sugars, proteins,
metabolites

Enzymes, S-layer, lipids,
electron carrier
molecules

Figure 2. Some of the biological systems and biomolecules used for the synthesis of nanomaterials.5*



Table 1. Examples of bio-based synthesis of nanomaterials employing diverse plant tissues.

Nanoparticles Plant tissue

Remarks

FeO Avicennia
(30-100 nm) marina flower

The extract was obtained using an aqueous system boiled for 5 minutes. A FeCl,
solution was added to the extract to obtain honeycomb morphology
nanoparticles.5s

Ag Nigella Sativa
seed

Ferula persica

Seeds were macerated and dissolved in an aqueous medium, boiled for 20 minutes,
cooled, and filtered. AgNO;1 mM was added, and the system was heated at 8o °C
for 2 hours. Silver nanoparticles with catalytic activity in the degradation of the
Congo Red dye were obtained.5¢

Roots were collected, dried and macerated, double-distilled water was added, and

root system was heated at 100 °C for 15 min. Later, AgNO; was added to obtain Ag
nanoparticles. Nanoparticles showed lower phytotoxicity on the germination of
Matricaria chamomilla and Ocimum basilicum, compared to Ag nanoparticles
obtained by traditional methods.57
Allium cepa Peels were sanitized, segmented, placed in an aqueous medium, boiled for 10-15
peels minutes, and filtered. AgNO; was added to the extract for the obtaining of
nanoparticles that showed antibacterial activity against Salmonella typhimurium
and S. aureus.s®
7ZnO Eriobutria Seeds were dried at 50 °C for 24 hours, macerated, placed in an aqueous medium,
(< 50 nm) japonica seed and heated at 40 °C for one hour. Supernatant was mixed with a solution of zinc
acetate and heated at 60 °C for two hours, at this time the system was centrifuged
and ZnO nanoparticles obtained were washed with ethanol. These nanomaterials
showed antibacterial activity against S. aureus. 59
Co;0, Trigonella Leaves were collected, sanitized, dried at room temperature, and macerated.
(13.2 nm average) foenumgraceum  Extract was obtained using an ethanolic medium at 30 °C for 12 hours. The extract
leaves was filtered, and CoCL,-6H,O (0.1 M) was added, in an alkaline medium, the system

was heated at 8o °C, centrifuged, subjected to heating at 500 °C for 2 hours, and

dried at 100 °C, for finally to obtain the nanomaterial.®°

The general ex-situ synthesis procedure consists, in the
first instance, in determining the plant and the
respective tissue to be used. This biomass is collected
and sanitized, subsequently dried and macerated, then
the particles obtained are placed in aqueous or alcoholic
solutions and, usually, it is subjected to heating to carry
out the extraction of the biomolecules, even in some
cases, the raw extract can be used. After, dissolution is
filtered and the filtrate is used to carry out the synthesis,
which is commonly performed under room pressure and
temperature conditions.®"% In this stage is performed
the evaluation of structural characteristics and the
optimization of synthesis parameters.

The capacity of plants to carry out the synthesis of
nanomaterials is associated with its varied biochemical
composition, since this vegetal material has a wide
variety of chemical compounds, including lipids,
polysaccharides, proteins, vitamins, nucleic acids,
aglycones, polyols, pigments, steroids, flavonoids,
terpenoids, alkaloids, saponins, polyphenols, peptides,
resins, proteins, phytohormones, among
others.822355164-68 These compounds contain in their
structure functional groups like aldehyde, ketone,
alcohol, and/or thiols, allowing to carry out chemical
reactions of reduction-oxidation and/or stabilization
processes of nanoparticles during the synthesis
reactions.?»3548516465 This is the reason why one same

plant species allows the synthesis of nanomaterials of
different nature. Such is the case of the plant
Azadirachta indica (Neem), which has been used to
synthesize a wide variety of metal-based nanoparticles.
For example, Sharma et al. (2017) synthesized CeO.
nanoparticles by extract of Neem leaves, obtaining
nanomaterials with spheric morphology, an average size
of 10 - 15 nm, and the ability to effect photocatalytic
degradation of the Rhodamine B dye in aqueous
solution, with a yield of 96 % in two hours.®* On the
other hand, Abbas et al. (2020) performed the synthesis
of silver nanoparticles (AgNPs) and copper
nanoparticles (CuNPs) employing an extract of Neem
leaves, both nanomaterials presented adsorption
capacity of the aromatic hydrocarbon naphthalene until
to 98.81 %.%

On the other hand, small variations in the plant extract
concentration, the amount of the nanomaterial
precursor, the temperature, or the pH conditions
provide the ability to generate nanomaterials with
different morphology, size, and biological properties,
being this an aspect of relevance for the scientific
community.® For example, during the synthesis of gold
nanoparticles (AuNPs) using an ethanolic extract from
leaves of Artemisia dracunculus, it was evidenced that,
by increasing the extract concentration, nano-triangles
with a smaller dimension were obtained (80 - 130 nm for



3 %, 40 - 75 nm for 4 %, and 35 - 50 nm for 5 %). Respect
to the concentration of the metallic precursor, it was
determined that at concentrations between 0.05 - 0.28
mM, spherical nanoparticles were obtained; while at
0.50 mM the nanoparticles showed triangular,
hexagonal, and spherical morphologies, and at 1.00 mM,
the morphologies observed were triangular, hexagonal,
and spherical, but with a greater dimension than those
obtained with 0.50 mM. Respect to pH, in the values of
pH between 2.8 - 4.0, nano-triangles were obtained,
which were losing their morphological definition as pH
was increased until pH 5.0, where it was evidenced that
the particles obtained were spherical.®

Having discussed the significant advantages of the
biobased synthesis of nanoparticles, in terms of
versatility, and operational simplicity, it is necessary to
indicate that the reproducibility of the results of these
synthetic processes is an open and in development issue.
The point of debate arises from the sensitivity of the
plant-biobased synthesis to the chemical composition of
the reaction medium, which is difficult to guarantee if
one takes into account that concentration of
phytochemicals in plant material presents a significant
natural variability because it is conditioned by
nutrition, lighting, phylogenetics, the plant growth
stage (e.g., seedling, blooming, senescence, etc.),
climatic and geochemical conditions, potential
impurities, as well as interactions with the environment
(e.g., physical or biological stressors, allelochemicals,
plant-rhizosphere interaction, among others).2+357°
Although plant-based synthesis is a well-known
alternative to achieve the objectives of green nano, the
fact that most of the scientific publications do not use
quantitative parameters to establish its net ecological
effect, the scarce information on net energy
consumption and on yield in the conversion of raw
materials lead to that these processes present little rigor
about their real benefit in terms of their ecological
impact.295>7°7 In the scientific literature, reactions
denominated to be green can be easily found, however,
biosynthetic approaches are based only in some
principle of green chemistry (usually, the principle
seven); however, these do not consider the LCA of the
nanomaterial, and even, in some cases, toxic reagents
are used into stages of purification, a high energy
intensity is used during process of purification, or a
significant number of wastes is produced.3*%7 By the
above, it is pertinent to establish that not all processes
using nanobiotechnology or bio-based synthesis are
consistent with the methodological framework of green
chemistry. It is clear that the use of renewable raw
materials does not guarantee that the ecological impact
of the process is less than that produced by classical
procedures. From this analysis, it is inferred that, since
there are no minimum criteria to classify a synthesis
procedure as a green process, the denomination of a
synthesis using this label can be imprecise and even

arbitrary; in consequence, it is clear that exist an
inherent difficult to objectively compare, in terms of
sustainability, the nanomaterials-biobased synthesis
respect to conventional synthesis. Therefore, this
situation evidences the necessity to apply sustainability
metrics in the nanomaterial synthesis in order to have
objective comparison tools.3+537°

Sustainability metrics applied to green nanomaterials

The implementation of the green chemistry approach in
the area of nanomaterials and other technologies, both
emerging and well established, can be an intricate
process with a considerable degree of complexity since
green chemistry is mainly a qualitative strategy, this
means that there is a lack of a universal metrics and
minimum designation criteria to apply the concept
“green” to a chemical process.?7® At present, there is no
consensus on how to transform the principles of green
chemistry into quantifiable metrics able to compare
processes and quantitatively identify the aspects to
optimize in a synthesis.7®77

The above has led to the need to adopt and develop
quantifiable parameters that allow quantitatively
establishing the degree of green, or sustainability, in a
chemical process, which can be used as tool to obtain an
objective and quantitative description about potential
environmental impact of synthesis methodologies. The
environmental impact is an intuitive concept and the
more common criterion taken into consideration in
many researches, however, its application have been
scarcely implemented for nanomaterial synthesis in out-
lab studies and under non-controlled conditions;
therefore, factors associated with the degree of material
conversion through concepts like the atomic efficiency,
the ratio of residues to the product, the energy
efficiency, as well as holistic approaches focused on LCA
have been proposed as a first approximation for the
quantification of impact and risks of the processes on
environment and human health3%77779 In contrast,
when these parameters are evaluated in the synthesis of
nanomaterials, they are not applicable in an ideal way
due to the inherent polydispersity of nanomaterials and
the difficulty for the establishing stoichiometric
relationships among their components.”8° Pitifully, the
absence of the necessary information in most scientific
articles is frequent, and therefore, to define vital aspects
concerning to the application of twelve principles of
green chemistry using prospective studies or meta-
analysis is not always feasible, or rather, it is limited by
lack of data. Therefore, the use of metrics is not a
common practice within many research teams. The
analysis of the results usually focuses on the
characteristics and properties of the product, the
methodology in terms of its effectiveness to achieve a
synthetic purpose, and the use of “green” in a wide



number of publications is interpreted, in the practice, as
a synonym of biobased or nanobiotechnological
synthesis. Therefore, it is clear that there is still a
significant way forward to bring the concepts of
sustainability and green chemistry beyond simple
academic irreflective discourse. Other aspects hindering
the application of metrics in nanomaterials are the lack
of standardization of  synthesis procedures,
characterizations, evaluation of toxicity, and
environmental impacts in the field of NanoTech.7®
Undoubtedly this panorama has led to the scientific
community to seek optimizing and adopting well-
known metrics from green chemistry in order to apply
them to the making of nanomaterials. In this way, the
metrics most widely used are the E-factor and LCA.778!
These are described below.

E-factor is a parameter associated with the first and
second principle. It is based on the relationship between
the mass of waste generated in the synthetic process
respect to the product mass.’ This quotient is described
by Equation 1 and allows to establish both a partial and
global perspective about the production of waste in one-
step and multi-step synthetic processes.®

Mass of waste (kg)

E-Factor = Mass of product (kg)

)

E-factor has been used in the field of nanomaterials to
establish a correlation between the amount of waste
generated respect to different classes of materials. 3% By
instance, some authors have been determined the E-
factor of various synthesis of purified nanomaterials (see
Table 2). It is possible to observe from values in Table 2
that the nanotechnological method based on starch-
glucose synthesis presents one of the highest E-factor
values (29600), what would make this synthesis a

process that is not in concordance with principles 1 and
2 of green chemistry, therefore, under this perspective,
to denominate this process a “green” nanosynthesis
because it is based on the use of biomolecules is clearly
inappropriate. In contrast, according to Table 2, the
synthesis of gold nanoparticles carried out using the
bioreactor presents the lowest value of E-factor for
AuNPs; from this perspective, biogenic synthesis
method is more sustainable than the other
methodologies to obtain gold analog nanomaterials in
term of residues production, however, results should be
carefully analyzed, and generalization should be
avoided.> Note that E-Factor must be calculated for each
methodology and interpreted according its context with
an objectively delimited scope. The above reinforces the
fact that biobased nanotechnology is not per se a “green
process”. 3° In contrast, it is interesting to highlight that
the one of the lowest value of E-factor has been obtained
for chemical vapor deposition methods for synthesis of
carbon nanotubes, a method that has been considered
by some authors to be not very eco-friendly due to its
energy intensity, which usually implies the generation of
secondary pollutants (i.e., greenhouse gases and unsafe
wastes), therefore, a limitation of E-factor is clearly
evidenced, i.e., E-Factor does not consider the
dangerous of wastes. It is well-known that a small
quantity of wastes should not be understood as in terms
of a low dangerous since some wastes are highly toxic
and eco-toxic at very low concentrations.>*343° On the
other hand, a low value of E-factor can be associated
with the material recovery of a large part of the reagents
used in the process, such as the case of nanosilica fibers
(E-factor = 15) obtained by Maity and Polshettiwar, a
process with a recovery of 70 % of the xylene used as the
solvent, 88 % of the CTAB surfactant, and 92 % of the
ethanol used in washing and extraction protocol .5+

Table 2. E-factor for several syntheses of nanomaterials. 38384

Nanomaterial Synthesis strategy E-Factor
Gold nanoparticles Chemical reduction and stabilizing with thiolated ionic liquids 99400
Reduction and stabilization with starch and glucose biomolecules 29600
Chemical reduction and stabilization with phosphines 19200
Chemical reduction and stabilization with thiols 3320
Use of Medicago sativa as a biological reactor 163
Carbon nanotubes Synthesis by chemical vapor deposition 170
Nanosilica fibers Hydrolysis-polycondensation method 15
Fullerenes By benzene-oxygen flame 950
TiO, nanoparticles Synthesis by hydrolysis-calcination 17800
Titanium isopropoxide and water 7.2
Mesoporous silica Making using triblock copolymers 3400
Making using ionic and neutral-surfactant template 250
Making using liquid-crystal templates 90

On the other hand, LCA seeks to identify the parameters
to optimize in the generation of processes with a
minimum amount of waste, material efficiency, and low
impact on public and environmental health.®5%7 This

metric emerges as a quantitative parameter of ecological
impacts that holistically covers the processes, from a
systematic and iterative approach. Though the LCA has
been accepted as the complete tool for evaluating the



sustainability of a process, it is considered an improper
approach to evaluate emerging technologies that do not
have robust data for the construction of the life cycle
impact assessment, being this the case of
nanotechnology products, nevertheless, at present the
LCA has been identified as the most suitable metric for
the analysis of the integral ecological impact of
nanomaterials.367:77:88-90

In the field of green nanomaterials, LCA has been used
to compare the net sustainability of synthetic processes
of nanostructures with similar chemical composition
through different methodologies, including
conventional physical and chemical synthesis and those
based in plants and biomolecules. In this context,
Pourzahedi and Eckelman performed a cradle-to-gate
LCA for the synthesis of silver nanoparticles from a
functional unit of 1 kg of nanomaterial.®* The synthesis
methods by chemical reduction included the use of
sodium citrate, sodium borohydride, ethylene glycol,
and starch (hydroxypropyl starch), whereas physical
methods were flame spray pyrolysis, arc plasma, and
reactive magnetron sputtering in Ar-N.. Results
showed that the flame spray pyrolysis method is a
synthesis with the most significant environmental
impact in all categories, except fossil fuel depletion,
where the ethylene glycol-based method is the most
harmful. In addition, results allow determining that the
synthesis based on starch presents a lower ecological
impact compared to the flame spray pyrolysis method in
all aspects, in addition, its contribution is lower than 50
% in terms of acidification, eutrophication, and human
health impact (See Figure 3).9" However, it is relevant to
note that the biomass-based method presents higher
values for all categories regarding the arc plasma
method, which is expected to have a more significant
environmental impact due to its energy intensity. In this
way, it was possible to establish that the parameters that
allow defining a synthesis as eco-friendlier are relative
and depend on the strategies used to carried out their
comparison.
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Figure 3. Ecological impact of seven different Ag
nanoparticles synthesis (Adapted from Pourzahedi and
Eckelman (2015)). OD refers to ozone depletion, GW to

global warming potential, AC to acidification, EU to
eutrophication, HHC to human carcinogenic health,
HHNC to human non carcinogenic health, EC to eco-
toxicity, FD to fossil fuel depletion.*

Compared with the previous example, the research
carried out by Marimoén-Bolivar and Gonzdlez on
synthesis based on biomolecules showed a more
sustainable approach in all the ecological impacts
evaluated.” This analysis was carried out through a
cradle-to-gate LCA. Methodologies compared were: (i)
the synthesis of magnetite using glutathione as a
reducing and stabilization agent and, (ii) a conventional
co-precipitation approach. Results allowed to establish
that the biological method presented one or more orders
of magnitude lower than the conventional methodology
in terms of its impact on climate change, global
warming, fossil and water depletion (see Figure 4).9
Thus, the biobased alternative emerged as the most
sustainable method in this reference framework, which
justifies by quantitative aspects that the authors
denominate this method as a green synthesis.
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Figure 4. Relative environmental impacts of the Fe;O,
nanoparticles synthesis obtained by glutathione and co-
precipitation method's (Adapted from Marimon-Bolivar
and Gonzélez (2018)). CC refers to climate change, GW
to global warming potential, TA to terrestrial
acidification, OD to ozone depletion, FD to fossil
depletion, HH to human toxicityy, ME to marine
eutrophication, PO to photochemical oxidant
formation, PM to particular matter formation, WD to
water depletion, TE to terrestrial eutrophication, and AC
to acidification.®

On the other hand, it is widely accepted that LCA allows
contrasting the ecological impacts of a process,
evaluating the aspects to be optimized, and comparing
different methodologies to obtain analogous
compounds. However, it should be taken in
consideration that the LCA is a quantitative tool subject
to qualitative aspects regarding the definition of the goal
and scope, therefore, LCA is not a universal descriptor of
environmental impact or sustainability; besides, LCA



presents a notable disadvantage in the evaluation of
emerging technologies in terms of limited access to data
and differences between them depending on the source
of information consulted, and therefore, assumptions or
using averages of a general material for a particular
process are usually required. 397493 Thus, the fact that the
fate-exposure-effect models are established from the
quantities released into the environment, the need to
introduce assumptions, the strong limitation of the
information available for making comparisons, together
with the unavailability of standardized systems for the
recording of initial information, and the tendency in the
field of nanotechnology to focus on potential
applications in a race to develop new technologies, slow
down the advance of metrics for the description of the
environmental impact of different methods of
nanomaterial production, in particular, the adaptation
of the LCA and its harmonization with the principles of
green chemistry.632:337488,90,94,95

However, LCA has been directed to continue advancing
and has been implemented within the scientific and
productive culture, in such a way that simulation tools
focused on the LCA of nanomaterials have been
developed. By instance, the simulation tools RedNano
and LearNano.?® The first one uses the MendNano
modelling platform of nanomaterial's environmental
concentration based on climatic conditions and size
distribution, whereas the second one is focused on the
estimating of the release of nanomaterials across the life
cycle.%® In addition, results evidence that problems to
face are much, even in the cases of greater eco-friendly
projection, for example, in nanobiotechnology and
biobased synthesis, the performing of LCA of raw
materials obtained from plants is intricate because the
agricultural industry is dependent on geography and

time, decentralized, and related to production
techniques; but also, since the ecological impact must be
considered not only in terms of the land usage but rather
in the application of pesticides, usage of water, and
greenhouse gas emissions of NO., it is evident that
quantitatively establishing the net impact on the
ecosystem is complex for processes using plant material
for nanomaterial synthesis.”#97 Thus, available data in
most of the investigations do not allow to carry out LCA
of the processes to evaluate holistically their
sustainability.

GREEN NANOMATERIALS IN SOIL REMEDIATION

Green nanomaterials constitute a promising alternative
for the development of efficient, eco-friendly, and
sustainable alternatives to eliminate emerging
pollutants and mixed contaminants through novel
remediation methods. However, green-synthesized
nanomaterials are, from a broad view, promissory
products from a still-emerging area; they have been
mostly evaluated for reducing the pollutant
concentration at laboratory scale or in simplified
models of natural systems, in consequence, its analysis
in field, or in real conditions of use, is still incipient. A
wide variety of research have been performed in order
to develop and evaluate green nanomaterials as a
potential technological solution, and this way, to carry
out “green” remediation processes. Thus, one of the
most promising alternatives for the development of
sustainable, safe, and efficient remediation against a
wide range of pollutants in the soil matrix is the use of
nanometric iron systems obtained through biobased
synthesis, or FeNMs (see Table 3).41446:98:99

Table 3. Green iron-based nanomaterials and their evaluation in environmental remediation.

Nanomaterial Synthesis

Remarks

Amorphous FeNPs
(15 - 100 nm)

Aqueous extract of Ilex paraguariensis leaves, composed
primarily of catechins that reduced Fe(III) to nZVI (nano
zero-valent iron). 1°°

Cr(VI)
Oxidation-reduction reactions
(up to 100 % in 20 minutes)

Spherical FeNPs
(22.6 nm average)

The aqueous extract of the leaves of Emblica officinalis
was used for the reduction of Fe(Ill), at ambient
conditions during 10 minutes of stirring. !

Pb(II)
Redox reaction and adsorption
(up to 100 ppm in 24 hours)

Spherical FeNPs
(70 nm average)

The NPs were synthesized using the aqueous extract of
Eucalyptus leaves and FeSO, as a source of Fe, which was
carried out at room temperature with an N, atmosphere
for 30 minutes.'>

Cr(VI)
Reduction and adsorption
(98.6 % in 8 hours)

Amorphous FeNPs
(2 - 120 nm)

The extract of Eucalyptus urophylla, Eucalyptus grandis
Leaves, and FeNO;9H,O were used to synthesize
FeNPs, under ambient temperature, and N, atmosphere,
in 8 minutes.'%3

As(V)
Adsorption
(55.9 % in 96 hours)

a-Fe,O; NPs
(20 - 40 nm)

The culture supernatant of the Bacillus cereus SVKi
bacteria was used for the synthesis of hematite NPs, in
alkaline medium with Fe(III), at 37 °C for 48 hours.?*4

Carbamazepine
Adsorption
(~ 100 % in 150 minutes)

FeOOH NPs
(9 -15nm)

The exopolysaccharides of the strain Klebsiella oxytoca
DSM 29614 were used to synthesize FeOOH NPs

As(1l)
As(V)




through the citric fermentation process and the Adsorption

formation of a ferric exopolymeric hydrogel.»>s

(87 - 95 % of As(V) in 5 minutes, and 45 -
61 % of As(III) in 5 minutes)

Fe,O; and Fe;O, NPs
(10 - 80 nm)

°C for 2 hours.*¢

The NPs were obtained by reducing the FeCl; and FeSO, Bromophenol
salts with the Parkia speciosa Hassk pod extract under blue
ambient conditions, and subsequent calcination at 400

Photocatalytic degradation (98 % under
visible light)

Mesoporous Fe;O,

Peltophorum pterocarpum pod extract and a ferrous

Methylene Blue

NPs sulfate heptahydrate solution were used to obtain NPs Adsorption

(average pore
diameter 7.66 nm)

in alkaline pH, at 9o °C for 10 minutes. '°7

(89 % in 45 minutes)

NPs: Nanoparticles

Previous statement is based on the fact that FeNMs, due
to their nanometric scale, are characterized by a
remarkable mobility in soils, being able to interact
intimately with the pollutants present in their phases.
In addition, in some cases, FeNMs can catalyst
photocatalytic reactions and remove pollutants by
adsorption and subsequent can be recovered using a
magnetic field. Catalytic reactions degrade pollutants
through oxidation-reduction in conjunction with
Fenton type reactions promoted by nano zero-valent
iron (nZVI); whereas, on the other hand, pollutant can
be adsorbed on the surface of metallic oxides such as
magnetite (Fe;O,) and hematite (Fe.O;), which are
characterized to show magnetic properties.?'8 Some
examples of this strategies are: the investigation carried
out by Stan et al. (2017), in which it is analyzed the
simultaneous removal by adsorption of emerging
pollutant. They observed an efficiency greater than go
% for removal of pharmaceutical contaminants,
specifically, B-lactam-type antibiotics (e.g., piperacillin,
tazobactam, ampicillin), polycyclic naphthacene-
carboxamide derivatives (tetracycline), and macrolides
(erythromycin) in an aqueous solution. They employed
magnetite nanoparticles synthesized with
agroindustrial wastes (i.e., peel of Citrus limon, Vitis
vinifera, and Cucumis sativus)." In the research carried
out by Ramar et al. (2019) was performed the
photoreduction of Cr(VI) to Cr(III) and the degradation
of the Malachite green dye through the use of hematite
nanorods. Nanomaterials were obtained with the stem
resin of the Musa Paradisiaca Linn, which allowed to
carry out the transformation of these pollutants into
less dangerous species after 25 minutes of exposure to
sunlight.">  In addition, the concentration of heavy
metals such as Pb(II) was reduced to non-detectable
levels through an adsorption mechanism and oxidation-
reduction processes in a 100 ppm solution of the metal
after 24 hours, by adding 20 mL/L of nZVI, which were
synthesized from aqueous extracts of the Emblica
officinalis leaf.

Compared with other metals, precursors of FeNMs
present a greater abundance, lower costs, lower handling
risks, greater ease in their operation, and a lower
potential risk of ecotoxicity. According with the latter
feature, in the case of soils, iron is a micronutrient and

promoter for the growth of phytoremediation plants
(e.g., Lolium perenne), but also, it is a stimulating of
metabolic activity of soil microorganisms; the potential
biostimulation capacity of iron is dependent on the
concentration, since toxicity processes are generated at
concentrations higher than those necessary for the
organisms.»?"°1415 Therefore, it is expected that the
addition of FeNMs to soil, particularly biobased species,
does not alter the biogeochemical cycle of iron, since
iron hydroxide/oxide nanomaterials can be naturally
found at the nanoscale, such as ferrihydrite."62

It is concluded that, nanoremediation activities based
on FeNMs is a potential strategy to favor the removal of
pollutants through bioremediation agents, which can
be optimized by incorporating biodegradable covering
agents and used as a source of nutrients, therefore,
FeNMs can be understood as multifunctional hybrid
nano-bioremediation agents.’?3'4

An example of the cost-benefit advantage and
compatibility of FeNMs, compared with analogous
nanomaterials obtained from noble metals such as silver,
can be found in research directed toward the study of
degradation efficiency of pollutants by the use of
nanobioremediation in aqueous and soil systems, where
plants and nanomaterials supported on activated carbon
are simultaneously used. In this way, iron nanoparticles
synthesized using the aqueous extract of Ficus
sycomorus leaves and FeCl;, and silver nanoparticles
synthesized using the aqueous extract of Brassica alba
seeds and AgNO; were compared in a same remediation
process.”> For nanobioremediation, the nanomaterials
were separately used, but also, they were used in
conjunction with Plantago major (which is a land plant
species from family Plantaginaceae).”> Results in
aqueous system showed that after 24 hours, the iron
nanoparticles allowed the reduction of about 94 % of
chlorfenapyr, corresponding to an effectivity higher than
23 % compared with those obtained by individual
bioremediation processes, and about 2 % higher
compared with the use of silver nanoparticles by the
combined system. In the case of the soil system, the
silver-based strategy exhibits a 73.0 % remotion
capacity, while the iron-based system 71.2 %. Note that,
though efficiency obtained between combined systems
is not significant, other aspects it should be taken in



consideration like the cost of AgNO; respect to the cost
of FeCls, the habitual presence of metal in soils, and
larger concentrations of iron respect to the presence and
concentrations of silver in the environment.

Despite the excellent results evidenced in laboratory-
controlled conditions, in the case of in-situ remediation,
biogeochemical features can significantly influence the
remediation capacity of FeNMs because they interact
not only with pollutants but also with biotic and abiotic
components from soils and groundwater. In addition,
depending on the nature of the contamination, its
remediation using Fenton-type reactions assisted by
nanomaterials may lead to the generation of toxic
degradation products and, in consequence, the
generation of secondary contamination is a risk that
must always be considered and evaluated."723%20:27 [n
this sense, biobased FeNMs can present a surface with
the ability to modulate the interaction between the core
and the natural environment. Thus, it has been
evidenced that the presence of stabilizing biomaterials
with the ability to act as radical scavengers (such as
cellulose derivatives, polyphenols, or soil organic
matter) delays the oxidation process and decreases the
release into the environment of reactive oxygen species
(H.O.,, O, ‘OH), but also, they promote the reducing
of the proportion of these substances able to interact
with the soil biotic components and organic matter,
leading to oxidative stress and degradation,
respectively 12122128133

On the other hand, it is important to recognize that bio-
based FeNMs not only represent an approach to
sustainability, since they also constitute a promising
alternative for modulating and optimizing the
properties of iron nanomaterials. The above is due to
conventional FeNMs exhibit a rapid oxidation process
and low stability associated with their high surface
energy and magnetic attraction, which promotes
agglomeration processes and the generation of
macrostructures with low mobility in the natural
environments."434 In this context, it has been found
that the use of coating and stabilizing agents allows to
modulate the agglomeration processes and contribute
with a greater assimilation of the FeNM in the
environment.3 This statement is based on the fact that
bio-based FeNM properties are dependent on both the
metallic core and the molecules found on its surface.3+
136 By instance, if the covering agent has a negative
charge, which alters the point of zero charge of the
FeNM, then it is expected that the generation of
heteroaggregation processes with microorganisms will
be lower due to electrostatic repulsion processes, which
avoids unwanted situations such as structural
deformation of cells when nanomaterials are embedded
in the lipid bilayer.” 739 Additionally, it has been
shown as that the nanomaterial can present relevant
characteristics, such as antibacterial activity against
plant pathogens, which has been reported in the case of

Fe.O; NPs obtained with Skimmia laureola leaf against
Ralstonia solanacearum and Fe;O, NPs synthesized by
Calotropis procera against to Alternaria alternata.4**+
These advantages over conventionally-synthesized
FeNMs origin a considerable academic and commercial
interest for the use of biobased FeNMs in environmental
applications. Therefore, in order to identify and
construct a conceptual framework, it is important to
analyze the possible interactions of the nanomaterials
with natural components of the soil, mainly, those with
abiotic nature (i.e., soil atmosphere, soil solution,
humified organic matter, and clay minerals).#>"5

INTERACTION OF ABIOTIC SOIL COMPONENTS
WITH BIOBASED NANOMATERIALS

First, it is expected that the growing technological
advances in the area of nanoremediation with biobased
FeNMs will lead to an increase in the release of this
nanomaterials to the environment. In this sense, the
knowledge of the behavior of these materials in natural
environments, from the point of view of their
interaction with soil components, emerges as a starting
point of great relevance. It is clear that these
interactions are directly related to the effectiveness of
environmental remediation and potential effects of
these on the environment.3743

In the same order of ideas previously exposed, the
oxidation behavior of biobased FeNMs has been
evaluated in the presence of atmospheric air, which can
be interpreted as a first approximation to know the
potential effects of the soil gas phase in the chemical
behavior of nZVI and iron oxide nanomaterials. Thus, it
has been evidenced that the presence of an antioxidant
capping agent provides the ability to delay the oxidation
process of the FeNM, reducing the effects of molecular
oxygen in the shell and core of the structure and acting
as a temporary barrier to the oxidative process.”>"4 In
this way, Wang et al. (2014) showed how quasi-spherical
shaped nanomaterials were obtained by green tea, and
eucalyptus leaves extracts, individually, the use of these
tissues allowed the formation of NPs with the presence
of a core of Fe°, a shell of iron oxides, and a surface
composed of polyphenols. It was observed that these
antioxidant agents confer a protective layer that allows,
after two months of exposing the nanomaterial to air, to
show practically the same reactivity against the process
of transformation of NOj into NH,* mediated by the
oxidation of Fe°5 The stability of nanomaterials
synthesized by means of plant extracts is characterized
to show a notorious effect against the oxidative process
of nZVI. In the context of stability in the atmosphere,
natural coverage with antioxidant agents represents an
effective alternative to delay the oxidation process of
FeNMs. In general, experiments based on tests of in-air
oxidation are a simple approximation to describe



potential interactions among FeNMs and soil
atmosphere. This situation also has been evidenced in
aqueous solution, for example Yi et al. (2019) carried out
an aging analysis of amorphous spherical-shaped
nanomaterials constituted by a mixture of Fe®°, FeO,
Fe.O;, and Fe;O,. They synthesized FeNMs using
Eichhornia crassipes extracts, with the presence of
flavonoids, organic acids, and polyphenols. The
nanomaterials synthesized with the fresh extract
showed the ability to remove 89.3 % of Cr(VI), which
decreased to 70.3 % after an aging process of the
nanomaterial in an aqueous medium for 28 days.“% In
contrast, when the extract was aged for 28 days, a lower
antioxidant capacity (15.4 %) was evidenced. In addition,
this extract was employed to obtain the nanomaterial,
and their Cr(VI) removal capacity was 67.2 %, a lower
value than the aged nanomaterials of the fresh extract
products. Therefore, the relevance of the antioxidant
capacity in the conservation of reactivity was observed
and directly related to the structure's passivation in an
aqueous medium and with surface coating
biomolecules.4¢ Thus, FeNMs emerge as remedial agents
with improved useful life and resistance to oxidation
reactions in comparison with conventional FeNMs.

On the other hand, the presence of natural origin
molecules is recognized as the most eco-friendly
alternatives to avoid the aggregation process, which have
been associated with interactions among covering
agents and several soil components. In particular, the
stabilization of nanoparticles in aqueous systems is
mediated by steric and/or electrostatic
phenomena.7'4647 Under this approach, more stable
FeNMs have been synthesized using starch coatings that
provide steric stabilization to the nZVI particles.
Particularly, this biomolecule is obtained by a purified
way or by extracts of vegetal biomass, such as Persea
americana, Solanum tuberosum, and Citrullus
lanatus.">'4849 In the case of biobased nanomaterials, it
has been shown that functional groups onto coating act
as chelating agents for metal cations and favor another
type of agglomeration respect to electrostatic
interaction.™”" Such is the case of nanomaterials
composed of a core of nZVI and a covering of the starch
biomolecule, which in the presence of calcium cations
carry out complexation processes through hydroxyl
groups. In this system, calcium ions act as a bridge
between the coatings of the nanomaterials from
different particles. Thus, effective size of the particle is
increased, and aggregation-sedimentation processes are
produced.’>'5°*5> For this reason, biobased FeNMs
coated with biomolecules able to complex cations is
usually one not very viable alternative to carry out
nanoremediation processes in dissolutions with a
considerable calcium content (e.g., in limestone-rich
soils).’s3

Regarding the interaction between biobased FeNMs and
soil organic matter, it is established that in the presence

of humic acid, nanomaterials obtained with this
covering agent will not undergo homoaggregation
processes at low ionic force.’>>>+'55 On the contrary, if
the coating agent of biobased FeNMs can present
attractive or stabilizing interactions with humic
substances, the humified organic matter can act as a
binding agent. Such is the case of the agglomeration
processes of nZVI with a surface composed of starch
biomolecules, that in the presence of humic acids, act as
an aggregation and sedimentation agent by interacting
attractively with the capping of two different particles,
increasing the effective size of the particle.’*%5 On the
other hand, due to the reactivity of FeNMs in the aging
process, they generate Fe(Il) cations, oxides, and
hydroxides, which in the natural environment can act as
catalysts for Fenton-type reactions.*®'57'58 These
reactions are non-selective oxidative processes able of
generating organic compound's degradation.37'
Therefore, the presence of an organic component, such
as humic substances, is expected to exhibit alterations in
their structure by the increase in the proportion of
reactive oxygen molecules in the natural environment,
which are able to generate the degradation of
endogenous organic components, but also, they are able
to undergo complexation processes for the generation of
Fe-fulvate and Fe-humate.37159:160

On the other hand, clay's electrostatic characteristics
allow them to interact non-selectively with charged
substances present in the medium. Such is the case of
iron oxides, which present a point of zero charge
between 7.2 and 9.5 (7.9 in the case of ferrihydrite, 8.5
for hematite, 9.0 - 9.4 for goethite), this implies that at a
pH lower than these values present a positive
charge.371¢16 Consequently, in most soils, positive
charge iron-based nanoparticles can interact attractively
with the clays, generating heteroaggregation processes
mediated by adsorption with the consequent alteration
of the surface charge of the clay and could altering the
microstructure of the natural component by
interlaminar intercalation processes.®'®> However, these
attractive interactions between FeNMs and clays can be
modified by altering the nanomaterial's point of zero
charge through surface modification processes.’>* This
approach has been evidenced in biobased syntheses of
iron nanomaterials since the components that allow
stabilization of them in homoaggregation processes can
be anionic polyelectrolytes, which can favor repulsion
interactions between clays and FeNMs, 05537146148
Evidence of this is the research carried out by Casentini
et al. (2019), who used a microbiological approach
employing the strain Klebsiella oxytoca DSM 29614 to
obtain nanomaterials of FeOOH with coverage of
exopolysaccharides. They obtained FeNMs with a
dimension between 9 and 15 nm and a point of zero
charge of 3.2."5 Therefore, at a higher pH, the material
has a negative charge; that is, at conditions of normal pH
for the soils, it is expected that this material will present



repulsive interactions with the clay's surface, avoiding
hetereoaggregation situations.”®> In turn, it has been
shown that other biobased approaches using plant
biomolecules can also be employed to reduce the point
of zero charge of nZVI through the presence of the
starch capping agent, with which the point of zero
charge for the nZVI corresponds to 3.8, that is, under
natural conditions, it is expected that they will not
present attractive interactions with clays.’

The transformations and interactions of nanomaterials
with soil components considered in this section in an
individually manner co-occur in the natural system, so it
is necessary to advance in understand the behavior of
biobased FeNMs with the natural system from a holistic
and systemic point of view. It is highlighted that the
structural and chemical properties of nanomaterials in a
natural environment are expected to differ in some
proportion from those exposed in laboratory conditions,
so progress must be made in the development and
implementation of methodologies that allow analyzing
and understand the behavior and temporary
transformation of FeNMs and biomolecules from most-
complex model systems and with different types of soils.

LIMITATIONS AND PROSPECTS OF GREEN
NANOMATERIALS IN NANOREMEDIATION

Based on the information presented in the previous
sections, it is clear that the use of biobased FeNMs in
processes for nanoremediation is a promising
technology for sustainable environmental remediation,
therefore, this technology represents a field of interest
not only for the scientific community but also for
government entities that hope, through the
implementation of this technology, to tackle the
technological problem that involves the remediation of
natural systems. In this way, projects such as NanoRem
(Nanotechnology for the Remediation of Contaminated
Soils) (2013 - 2017) have been developed, which
investigated the use of FeNMs for environmental
remediation activities in the European Union, and at the
same time, it is proposed to advance in the
commercialization of nanoproducts, like
bionanomagnetite, for the in-situ remediation of soils
and groundwater, and oriented towards an ecological
design.®+1%5 These pilots allowed progress in the
development of the structure-activity and risk-benefit
relationships of nanoremediations, their market, and
LCA."%+1%5 From the perspective of sustainability, the
NANOBOND project of POR CReO FESR (2014 - 2020)
was focused on establishing a sustainable remediation
of sludge and sediment through hybrid technologies,
using dewatering tubes and nanostructured materials
with adsorption capacity of organic and inorganic
pollutants under an environmentally safe guidance and
generated from renewable resources.'® Similarly, the

TANIA  project (Pollution Treatment through
Nanoremediation) (2017 — 2021) seeks to advance in the
development of standardized methodologies, pilot
applications, and regulations of nanomaterials in soil
and water nanoremediation processes through a
sustainable and safe approach.®* In conclusion, these
projects demonstrate the relevance and market potential
of synthesized nanomaterials through holistic
sustainability =~ considerations in  environmental
remediation.

However, green nanomaterials for environmental
remediation present notable limitations, primarily those
associated with intrinsic nature of nanostructures, the
inherent molecular variability of biosynthetic agents,
and the complexity in the nanomaterial-natural system
interactions that hinder their LCA.* In a slightly more
specific way, nanomaterials synthesized through
biological molecules or organisms present difficulties in
their reproducibility because their molecular
composition is not static and dependent on nutritional
conditions, stressors, and interactions with the
environment.%%'52 On the other hand, scientific
community and governments must advance in the
development of international parameters allowing to
define standards, protocols, and universal regulations
for the evaluation and implementation of
nanotechnological = materials for environmental
applications. Also, it is necessary to advance in the
development of nanomaterial libraries to achieve a
generalized and available information about surface
properties,  interactions, and risk of the
nanomaterials,»23 45131166

CONCLUSIONS

The continuous release of manufactured residues,
products, and by-products represent a constant danger
for sustainability of living in the planet. Consequently,
mitigation and remediation strategies able to improve or
restore the ecosystems without producing a direct or
indirect negative impact are strongly desired. Between
efficient, fast, and eco-friendly alternatives for
environmental remediation processes is the use of
nanomaterials, which should be ideally synthesized
under the design precepts of green chemistry and
environmental sustainability. However, it is evidenced
that according as these concepts are qualitative, they are
subject to temporal, geographical, commercial, and
perceptual conceptions, and therefore, the label “green”
is not usually an adequate synonym for sustainability,
and even, “green” is frequently used as an analog of
nanobiotechnological or bio-based synthesis. The above
makes it necessary to apply metrics or minimum criteria
to designate a process as green, for that it is not
appropriate to define if a synthetic methodology is green
without prior analysis of its ecological impacts, due to



the lack of this practice is common employ green as a
synonym of biobased. On the other hand, bio-based
nanomaterials, primarily those composed by iron, can
be applied as active components in remediation systems;
where depending on nature, synthesis, composition,
morphological features, and usage environment,
nanomaterials can interact, reduce, immobilize, and
removal a wide variety of pollutants, and the biological
surface  allows delaying the oxidation and
homoagglomeration process characteristic of bare iron-
based nanomaterials obtaining by conventional
approaches. However, due to that the environmental
biobased nanotechnology is an area still emerging,
several aspects must be evaluated and carefully analyzed
before their application at a commercial level and under
real conditions.
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