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Nomenclature
A Hamaker constant
BSA Bovine serum albumin
CCA Constant charge approximation
CCC Critical coagulation concentration
CNT Carbon nanotubes
CPA Constant potential approximation
EDL Electrical double layer
EPS Extracellular polymeric substances
IEP Isoelectric point
LSA Linear superposition approximation
NOM Natural organic matter
PZC Point of zero charge
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ROS Reactive oxygen species
UV Ultraviolet
VOC Volatile organic compound

1. NANOTECHNOLOGY IN THE NATURAL
ENVIRONMENT

1.1 Introduction
Natural environments are chemically complex systems that include a
myriad of inorganic and organic compounds that could potentially interact
with nanomaterials on their surfaces leading to a change in their properties.
Given that much of the characteristics of nanoparticles are dictated by their
surface features and colloidal stability, interactions between nanomaterials
and natural systems may result in modifications with effects on environ-
mental risks and human health. Besides, prediction of these risks is hindered
by the dynamic and stochastic nature of the environment. Multiple transfor-
mations can occur at the same time or successively, and the exposure is
likely to happen in the long term and at very low concentrations [1].

The small size of natural and engineered nanoparticles and their high
surface area to volume ratio determine different properties from those of
the bulk material, as they offer a large number of atoms on the surface avail-
able to react with species present in the environment [2]. Therefore, proper-
ties and reactivity of nanomaterials make them dynamic in natural
environments, affecting their transport, fate, and toxicity [1,3,4].

1.2 Transformations
When nanoparticles reach the aqueous environment, interactions with nat-
ural organic, inorganic, and biological colloids take place, as well as with
dissolved compounds such as inorganic ions, humic, and nonhumic
substances. These interactions may result in the formation of an adsorbed
layer covering the nanoparticle surface [5,6], which in turn gives rise to
new chemical and physical properties [7e14]. Stability of these particles
will be therefore modified, inducing or preventing homo- and heteroaggre-
gation and deposition processes [7,13,15], which are heavily dependent on
the medium conditions, i.e., pH, ionic strength, dissolved ionic species
[16e19]. Homoaggregation depends on ionic strength because ions
compress the electrical double layer (EDL) enhancing attachment; at pH
values close to the point of zero charge (pHPZC), the energy barrier that
prevents aggregation gets diminished, giving rise to net attractive forces.



Owing to this stability modification, the transport, fate, and influence on
living species will be altered [14,20e22]. The analysis is further compli-
cated by the fact that nanoparticles are often fabricated with coatings to
provide special surface properties, and even if not intentionally, different
synthesis routes impart their mark on the physicochemical characteristics
of the product. As characteristics derived from nanoparticle surface compo-
sition are usually dominant over bulk-related ones, fabrication routes and
coatings introduced in fabrication are critical to adsorption and aggregation
processes.

Adsorption of different species such as proteins, dissolved natural organic
matter (NOM), and metallic cations can take place on the nanomaterial
surface and substantially modify its chemistry and charge. Not only nano-
particles will aggregate, but also these medium constituents will become
concentrated in the solids. In this way, homoaggregation is expected to
take place when high concentrations of nanoparticles are available;
conversely, if the ratio between nanoparticles and colloids in the medium
is low, heteroaggregation will be predominant [23]. Aggregation reduces
the surface area, consequently decreasing the reactivity of the nanomaterials.
Their toxicity will also be reduced, as it depends on the surface sites where
the reactions can take place, and the larger particle dimension may be a
barrier for uptake by organisms. Similarly, dissolution and degradation
will also be hindered with augmented sizes, increasing the persistence in
the environment.

Aggregation is regarded as an unfavourable outcome in nanoparticle-
enabled products, and a large amount of effort has been devoted to the
development of synthesis approaches that result in disperse and stable
materials. During nanoparticle synthesis, different stabilizing agentsdsuch
as citrate, EDTA, thiolates, phosphine, carboxylates, and aminesdare often
used to prevent aggregation. When suspended in water, the interactions
between colloids and nanoparticles are affected by the presence of these
compounds; for example, citrate and EDTA bindings are relatively weak
and easily replaced by proteins [6].

The adsorption of biomacromolecules, such as proteins and polysaccha-
rides, affects aggregation, intake, distribution, and dissolution of the nano-
materials. NOM may replace ligands on the nanomaterial surface, giving
rise to extended electrostatic repulsion and steric hindrance, therefore
enhancing particle stability or, on the contrary, causing flocculation because
of bridging among NOM-coated nanoparticles. Metal cations can adsorb on
the surface itself or in the macromolecular coating, causing changes in
charge and dissolution.



Proteins adsorb to nanoparticles forming a surrounding corona, and biolog-
ical properties of the nanoparticles are therefore affected [24,25]. Coronas
are heterogenous and formed by an inner layer (hard corona) composed of
proteins of opposite charge to that of the particle and an outer layer (soft
corona), which confers stability and contains proteins of the same charge
as the nanoparticle. The inner layer exchanges proteins slowly with the
surrounding medium, whereas the outer layer proteins, which are weakly
bound, exchange faster [26,27]. The composition of the hard corona is deter-
mined by the size and surface charge of the nanoparticles and not by the
properties of the bulk material [27]. As a result of the formation of the
corona, the nanoparticles diminish their surface free energy, gaining thermo-
dynamic stability [28]. The outer proteins undergo fast exchange with the
medium, making the limit between the coated nanoparticle and the surround-
ings impossible to be defined in a precise way.

The types and amount of proteins that adsorb to the nanoparticles depend on
hydrophobicity, surface area of the nanoparticles, concentration, and affin-
ity for the nanoparticledthe first proteins to adsorb are those with high
concentration and high association rate constant, but they are later replaced
by those with higher affinity [25]. In this way, the interactions with the
medium are not determined by the nanoparticle but by the particle and the
corona formed by native-like or unfolded proteins, which will be in contact
with living cells [25]. As the protein corona composition is kinetically
controlled first, followed by conversion to equilibrium adsorption of high-
affinity molecules, the nature of the transformation may also become time-
dependent, as nanoparticle transformations in the environment “age.”

Adsorbed proteins alter their structure because of the adsorption process and
may enhance stability because of their globular shape and the resulting
steric and electrostatic repulsion [29]. In recent studies [6,30,31], proteine
nanoparticle adsorption was found to depend on the size and shape of the
nanoparticles, as well as on the nature and charge of the protein, and that
the stability of the nanoparticles increases when the ratio between protein
and nanoparticle concentrations increases as well. Furthermore, it was
concluded that the size of the nanoparticle not only determines the adsorp-
tion of a specific protein but also whether the changes in the protein’s confor-
mation are reversible or not.

The adsorption of proteins and polymers depends on the pH and electrolyte
concentration of the medium. For TiO2 nanoparticles, extracellular poly-
meric substance (EPS) adsorption is higher at lower pH values and at lower
concentrations of NaCl, which influences the stability of the nanoparticlesd
in deionized water, aggregation only occurs at pH < pHPZC, while at higher



values the amount of EPS has a minimal influence on the size of the
aggregates. When ionic strength increases because of the addition of
NaCl, aggregation increases as expected because of charge screening of
the TiO2 nanoparticles [32]. Furthermore, EPS is negatively charged at
low pH values because of the extended deprotonation of functional groups
with low pKa, such as carboxyl (pH 2e6), phospholipid (pH 2.4e7.2),
and phosphodiester (pH 3.2e3.5), giving rise to electrostatic attraction
with the positive TiO2. At pH higher than the pHPZC of the TiO2, repulsion
originates between the positive nanoparticles and the further deprotonated
EPS from hydroxyl (pH 9.0e10.0) and amino (pH 9.0e11.0) groups [33].

Hemoglobin adsorbed to gold nanoparticles capped with citrate provoked
aggregation at pH 6; when pH was lowered, the size of the suspended
aggregates decreased as the larger ones precipitated. A similar pattern is
observed when the gold nanoparticles are stabilized using other capping
agents, such as 6-mercaptopurine or u-mercaptoundecanoic acid; aggrega-
tion takes place at the isoelectric point of the hemoglobin, which is a clear
confirmation of the existence of the corona that changes the properties of
the nanoparticles. Interestingly, the protein structure does not change while
the nanoparticleeprotein complex is stable, while at low pH changes on the
secondary structure arise [34].

Hydrophobic nanoparticles, for example, carbon nanotubes (CNTs) and
graphene, tend to adsorb not only biological and protein molecules but
also NOM, polysaccharides, and tannic acid. These adsorbed compounds
generate steric repulsion, which diminishes the rate of aggregation
[35,36]. As stated before, the process depends on the size of the nanopar-
ticles and conditions of the medium including, pH, and presence and concen-
tration of dissolved electrolytes. When increasing the ionic strength, a
change in the aggregation pattern of nanoparticles is observed when the
critical coagulation concentration (CCC) is reached; the first step under
unfavorable conditions is slow, later giving way to a rapid step under favor-
able conditions.

In the case of adsorbed NOM or alginate onto nanoparticles and when the
concentration of an indifferent electrolyte such as NaCl is increased (up to
300 mM), a shift in the aggregation regime is not observed. This behavior
indicates increased stability of the now coated nanoparticles; however,
when CaCl2 is present, the alginate nanoparticles may see their stability
affected because of Ca2þ bridging of alginate molecules [29]. The study
showed that the effect of NOM and alginate was not as useful as that of
protein bovine serum albumin (BSA) because of the globular shape of the
latter, which enhances the long-range steric repulsion.



Numerous studies reported the influence of the medium on the stability of
bare and NOM-coated nanoparticles. Graphene oxide nanoparticles are less
stable when divalent cations, such as Ca2þ and Mg2þ, are present in the
medium. Cations are attracted to the negative surface, and electrostatic repul-
sion diminishes because of charge screening. Furthermore, as pH increases,
aggregation is promoted because the carboxylic groups are deprotonated and
then adsorb more divalent cations with the resulting surface charge increase
and charge screening. The addition of NOM was found to enhance stability
because of an increase in electrostatic and steric repulsion. This enhanced
stability may be harmful to the environment and living species because
the nanoparticles can be transported further distances in natural waters.
The variation of pH showed that between levels of 5 and 7, the aggregation
was refrained because of the presence of NOM when Mg2þ was in the
medium, but not when Ca2þ was the cation. The steric hindrance originated
from the presence of NOM overcame the reduction in electrostatic repulsion
due to the Mg2þ. However, Ca2þ could promote effective bridges between
the adsorbed NOM due to specific interactions with the carboxylic and
hydroxyl groups as well as its larger ionic radius. When pH increased
from 7 to 9, no changes were observed in the behavior of the system in
Ca2þ, but when Mg2þ was present, aggregation did occur because of the
desorption of NOM [37].

In another study [38], the presence of humic acid neither modified the size
nor the zeta potential of silver nanoparticles because of the steric configura-
tion of the adsorbed humic acid layer, which prevented aggregation.

The adsorption of tannic acid, with simpler chemical structure than humic acid,
was investigatedwith the objectiveof stabilizingCNT inaqueousmatrices [39].
Increasing particle size was shown to reduce deposition rates of nanoparticles
in the presence of tannic acid because of the higher affinity between the acid
and CNT at smaller sizes, clearly indicating a dependence based on surface
properties. The nonpolar aromatic rings present in the tannic acid are prone
to the formation of bonds with the CNT, and the polar hydroxyl and glucose
ester will face the solvent. Thus, the nanoparticle surface is modified to
become more polar and hydrophilic. When a high enough amount of tannic
acid covers the nanoparticles, the thickness of the layer produces steric repul-
sion, and neither aggregation nor flocculation occurs.

Similar to the alkaline earth cations, heavy metals adsorb to nanoparticle
surfaces as well. In a recent study [40], the effect of Cr3þ, Pb2þ, Cu2þ,
Cd2þ, Agþ was studied, concluding that the adsorption modifies aggrega-
tion, stability and induces changes in morphology of graphene oxide



particles. These metallic cations bind to the surface, increase the surface
charge, and diminish the EDL repulsion, giving rise to enhanced aggrega-
tion, which depends on the metal affinity for the nanomaterial. In the case
of graphene oxide nanoparticles, it was concluded that this affinity increases
when the element electronegativity is low. Moreover, water molecules in the
solution form dipoles with the adsorbed ions, leading to a hydration shell that
decreases the affinity of additional metal ions for the nanomaterial.

Dissolution of nanomaterials in natural waters enhances the uptake by
living organisms, increasing nanotoxicity, which complements other mech-
anisms, e.g., oxidative stress [1,19]. The rate of dissolution is governed by
nanomaterial characteristics, such as primary particle size, the degree of
aggregation, shape, surface coating, and free surface area available for disso-
lution. Dissolution is also influenced by the medium pH, redox potential
(e.g., silver nanoparticles that can be dissolved, thanks to the oxidation to
Agþ), ionic strength, and the presence of inorganic complexing ligands
that lower the dissolution or organic ligands that, on the contrary, enhance
dissolution [41,42]. Metal nanoparticles composed of zinc, copper, or silver
are prone to combine dissolution with aggregation and sedimentation,
depending on the time scales considered [41].

The speciation of the amphoteric ZnO, as it dissolves, is modified under
different water chemistries: Zn2þ predominates at low pH and ZnO2

2� at
high pH and is enhanced by humic acid [43]. Anions Cl� and SO4

2� bind
Zn2þ, thus dissolving greater amounts of ZnO [44]. The amount of dissolved
zinc, when equilibrium is reached, increased with NOM content, as
enhanced surface Zn binding was favored, and it depended on various
NOM properties. Dissolution was enhanced by NOM with larger amounts
of aromatic and carbonyl carbon content and with higher molecular weight
but decreased with aliphatic carbon content and H/C ratio [41].

Copper-based nanoparticles, such as CuO and Cu(OH)2, dissolved in
aqueous media even when complex-forming ligands were present. However,
this dissolution was diminished in the presence of NOM. Dissolution of
zero-valent copper nanoparticles was accompanied in oxidizing media
with the production of Cu2þ, which in turn formed precipitates of
Cu2Cl(OH)3, CuO, and Cu3(PO4)3, as well as with organic ligands [45].

For silver nanoparticles, it was found that dissolution occurred to a larger
extent at high ionic strength [46]. Besides, when Cl� was found in the
medium, it reacted with released Agþ precipitating AgCl, lowering the
amount of Agþ in solution and favoring the dissolution of new silver nano-
particles. The influence of ultraviolet (UV) light was studied [47] and
found that UV exposure produced changes in size, surface charge, and



chemistry, as well as dissolution rates of silver nanoparticles. Hydroxyl
free radicals (�OH) created by UV light oxidized the surface of the nano-
particles. Furthermore, UV-exposed particles were retained to a larger de-
gree in quartz sand columns and that more Agþ was released when
nanoparticles did not undergo the aging process. Therefore, attached nano-
materials can be later released because of oxidation. Also, UVB irradiation
caused greater aging, retention, and dissolution of the silver nanoparticles,
compared with UVA.

Contrary to the results for ZnO nanoparticles in work by Jiang [48], other
researchers found that the increase in humic acid content decreases the disso-
lution rate of silver nanoparticles because the adsorbed humic acid blocks the
sites where Ag oxidizes to Agþ, and the released Agþ may reduce back to
Ag on the reducing sites offered by the humic acid [38]. Smaller silver nano-
particles have higher surface/volume ratio, which makes them energetically
unfavorable, and therefore dissolved more readily than larger particles,
which was enhanced at low pH [42]. Furthermore, the remaining silver nano-
particles were still spherical, did not aggregate, and did not undergo miner-
alogical changes, confirmed by X-ray diffraction, as metallic silver was
present before and after the dissolution process.

The proposed oxidation mechanism [42] for the dissolution of silver nano-
particles included a first step where silver was oxidized by O2 to Ag2O and
the following step where the Ag2O reacted with Hþ to give Agþ. The first
step happens on the surface of the nanoparticles reached by dissolved
oxygen. The layer of formed Ag2O dissolves as it is further oxidized by
the protons of the medium, and therefore the process is pH-dependent.

1.3 Biological interactions
Nanomaterials have effects on existing microorganisms in soils and aqueous
media. Adsorption of macromolecules, viruses, bacteria, and protozoa onto
nanomaterials leads to surface changes that modify their reactivity and
mobility. Interactions in the environment are inevitable, and reduction/
oxidation reactions are essential in these types of transformations.

Silver nanoparticles can penetrate cell membranes, being harmful to
microbes, fungi, algae, plants, and animals [42], and if cations are released,
they can react with sulfur proteins, leading to cellular death [49]. Another
pathway to cell damage via oxidative stress is the production of reactive
oxygen species (ROS) (superoxide ion (�O2

�), hydroxyl radicals (�OH),
ozone (O3), and hydrogen peroxide (H2O2)) by light irradiation [50].



When TiO2 is UV irradiated, an electron in the valence band can be excited to
a vacant conduction band, creating a hole. This electron/hole pair promotes the
production of ROS, with the potential ability to harm bacteria, viruses, and
fungi in water, air, or on surfaces because of photocatalytic reactions [51].

According to the review presented by Ref. [51], it has been proposed that
antibacterial effects of TiO2 are based on �OH, which is nonselective and
has a short lifespan because it is an excellent oxidizing agent. Particles
larger than 20 nm can adsorb onto bacterial cells and originate ROS that
will oxidize the phospholipids of the cell membrane, while smaller parti-
cles can penetrate the bacterium and oxidize the coenzyme A as well as
directly damaging the genome. Both the phospholipid membrane and the
coenzyme A take an active part in the cellular respiration. Furthermore,
UV irradiation causes the conversion of pyrimidine and purine to CO2,
NH3, and NO3

�. Bacterial death starts with the oxidative destruction of
the cellular wall, followed by damage to the cytoplasmic membrane and
internal components.

The mechanism of virus inactivation by UV-irradiated TiO2 includes free
surface-bound �OH, and other ROS, to a lesser scale. First, the capsid is
damaged and then the genetic material is fragmented [52,53].

Only UV-irradiated TiO2 presents fungicide activity, and it has been proved
that not all fungi have the same response to photocatalytic activity because of
complex differences between fungal groupsdstructure, chemical composi-
tion, and thickness of cellular wall [51].

1.4 Fate and transport
The first step to evaluate the risks that nanomaterials pose to the environ-
ment and living species is being aware of their sources and fate [54]. Nano-
particles originate from emissions from stationary (coal/oil/gas) boilers,
incinerators, smelters, cooking, cigarettes, residential combustors, diesel/
gasoline/LPG/CNG vehicles, metals in catalytic converters, and fuel cells
[55]. Some of these particles may contaminate soils and waters as well as
interact with living organisms [56,57].

Transport and fate of nanomaterials depend, to a larger extent, on aggrega-
tion and deposition. Large aggregates can migrate from soils and water to
the plant kingdom, entering the food chain [58] and, as depicted in the
previous section, many interactions occur among nanoparticles with macro-
molecules present in the medium, as well as transformations because of
physical and chemical reactions.



To better understand the phenomena of aggregation and deposition, Boris
Derjaguin and Lev Landau in 1941 and Evert Verwey and Theodoor Over-
beek in 1948 developed a theory that analyzes the stability of colloid par-
ticles as well as the attachment between colloids and surfaces. The
DLVO theory is based on the sum of two opposite forces, the van der Waals
attraction and the EDL repulsion [59,60]. Attractive van der Waals forces
are electromagnetic; transition dipoles originate for a very short period
between two particles, regardless of the net charge. Therefore, this attraction
depends on the geometry and properties of the particles and on properties of
the medium in which they interact, given by the Hamaker constant (A). For
aqueous media, Hamaker constants range between 3 � 10�21 and
1 � 10�19 J [61]. An EDL is developed when a charged particle is
surrounded by counterions that are part of the electrolyte medium. These
counterions face two opposite forces, attraction to be close to the particles
and at the same time solvation tending to diffuse to the bulk. Therefore,
an EDL is formed by the surface charge and the counterions. In this manner,
when two similar-charged particles approach each other, both EDLs overlap
creating a repulsion.

Owing to the electromagnetic nature of van der Waals dispersion forces,
they are subject to retardation. Thus, a reduced correlation between oscilla-
tions in the interacting bodies and a smaller interaction is caused by the
finite time of propagation. A characteristic wavelength of the interaction
can be included, and it is usually 100 nm [62]. Retardation is important
when the separation between the particles is of the same order of magnitude
as the characteristic wavelength [61].

It is vital to know the value of the surface potential or surface charge to
understand the EDL repulsion, but zeta potential, as a readily measurable
variable, is used instead. Furthermore, it is not possible to have actual infor-
mation of the dynamics of the double layer interaction; thus, calculations
should be made using constant charge approximation (CCA) or constant
potential approximation (CPA). For particles with fixed surface charge
density, CCA is expected; the total diffuse layer charge does not vary,
and when the two surfaces approach, this charge is compressed into a
smaller volume making the charge density between the particles increase
and thus the repulsion [63]. On the other hand, when the surface chemical
equilibrium happens during the approach, CPA is expected; however, this
is not feasible as the time for the encounter is too short. Nevertheless,
Hogg, Healy, and Fuerstenau developed expressions using CPA [64] that
are in agreement with exact results for low surface potentials [65]. When
the separation distance is longer than the size of the particles, an intermediate
option is the linear superposition approximation, which focuses on the



existence of a region between the two surfaces where the potential is small
enough and follows the PoissoneBoltzmann equation, making it possible to
sum the contributions from each surface [61].

Both van der Waals attraction and EDL repulsion energies may be calcu-
lated upon different expressions available in the literature, which are
more straightforward to use than solving the PoissoneBoltzmann equation
for the system. These expressions offer a wide range of possibilities accord-
ing to the geometries of the particles and surfaces, such as a spherical or
infinite plate.

The sum of the van der Waals attraction and the EDL repulsion potential
energies gives the total or net potential energy. This total energy depends
on the strengths of the attraction and the repulsion and is a function of
the separation between the surfaces.

In the analysis of the total interaction potential energy (Fig. 2.1), three key
points may be found. A primary minimum or deep energy well happens at
very small distances, and where the particles are very unstable and therefore
aggregate. An energy barrier or maximum arises at larger separations, where
the repulsion between the two particles is greater than the attraction due to
the values of zeta potentials and the ionic strength of the solution. Thus,
aggregation is hindered. A special case arises if this maximum does not exist
or disappearsdthe contact between both particles will be favored and a
secondary minimum or shallow well may exist, where particles fast
aggregate at longer distances. This type of profile is the result of the van
der Waals attraction that is a function of the particle size and Hamaker
constant and of the EDL repulsion which is determined by the particle
size, zeta potential, ionic strength, and valence of the ions in the solution.
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n FIGURE 2.1 Total interaction potential energy versus separation distance between the two surfaces,
taking into consideration van der Waals attraction and electrical double layer repulsion.



Under no circumstances can the interaction energy at the primary minimum
be considered to be infinite because a separation between the surfaces always
exists as the particles are surrounded by water and hydrated ions.

The more ions present in the solution, the smaller the energy barrier and
therefore the more enhanced collisions that lead to aggregation and then
deposition. When the ion concentration of the solution reaches the CCC,
the energy barrier no longer exists. DLVO theory predicts two different
regimes; for concentrations below the CCC, the thickness of the EDL
slowly decreases with increasing electrolyte concentration; but above the
CCC, the EDL is completely suppressed and fast aggregation takes place
no matter the salt concentration [66].

DLVO theory does not include Born short-range repulsion, hydration repul-
sion, hydrophobic attraction, steric interaction, or Lewis acid-base free
interaction. Born repulsion between two atoms arises when their electron
shells interpenetrate each other. However, in electrolyte solutions, these
forces can be neglected because the hydrated ions prevent particles from
being less than 3 nm apart. The origin of hydration repulsion is due to water
molecules adsorbed onto the surfaces. Therefore, the particles first need to
dehydrate to aggregate. Hydrophobic attraction needs to be taken into
account in the case of surfaces without polar or ionic groups because water
molecules will be prevented to adsorb and therefore will form fewer
hydrogen bonds, having a less structured form than that of bulk molecules
and tending to migrate to the bulk solution, favoring the contact between
both particles. Steric interaction arises when particles have adsorbed poly-
mers, which can act as bridges between particles promoting aggregation,
or on the contrary, they can enhance stability when the adsorbed polymers
repel themselves. Lewis acid-base interaction arises from the migration of
electrons between the surfaces, adsorbed species, and the solvent.

DLVO theory does not account for surface roughness and heterogeneity. On
the contrary, surfaces are thought of as possessing a homogenously defined
geometry only comparable to a sphere or a plate. Hamaker constants are
considered to depend only on the colloid material and the medium, but,
in cases where counterions react with the particles, the measured or calcu-
lated constants are changed [66].

DLVO theory is not suitable for biological materials such as viruses and
bacteria. These are soft, permeable particles that allow the exchange of
water and electrolytes from the inside to the medium and vice versa [67];
consequently, the EDL is not limited to the outside of the particle but
develops within the surface charge layer; in this context, the zeta potential
importance and meaning may be questioned [68,69].



Despite these disadvantages, the results obtained by direct application of
DLVO theory to nanosized objects are very useful in the estimation of
the height of the energy barrier, which is indicative of the repulsion that
arises between the two bodies in a specific medium. The depth of the sec-
ondary minimum determines the level of attraction at longer distances [70].

When a stream of nanoparticles is transported along a porous bed, interac-
tions among them and with the granular medium take place. If repulsion is
the net interaction between particles, as deposited particles increase in
number, the deposition rate will be lowered because fewer attachment sites
are available (blocking effect) [16], whereas when net attraction forces are
present, the adsorbed particles on solid surfaces enhance the deposition
rate (ripening effect) [71].

Nonelectrostatic interactions also exist. For instance, straining occurs when
high electrolyte concentrations cause aggregation during the transport
through porous beds rendering it more difficult for the particles to pass
through the pores. Straining is a significant removal mechanism when the
ratio between the particle and the collector diameters is below 0.05 or
0.005 according to different authors [72e74]. However, straining is still
considered a removal mechanism even when the ratio between the diameter
of the nanoparticle and the collector is less than 0.002 [75].

Many laboratory transport experiments were carried out for a wide variety
of nanoparticles under different environmentally relevant conditions. The
results of some studies are briefly reviewed below.

The influence of temperature was studied [76] via deposition of carboxyl-
modified latex nanoparticles of 50 and 100 nm in diameter under moderate
ionic strength of 10 and 30 mM. Deposition increased when the temperature
was varied from 4 to 20�C because of the electrostatic nature of the deposi-
tion process that was enhanced by a decrease in the energy barrier.

Ionic strength in the aqueous matrix is a well-documented topic of research.
Transport and retention of TiO2 nanoparticles in saturated quartz sand was
highly dependent on the concentration of the electrolyte (NaCl) solution.
Retention increased when more salt was dissolved because of various mech-
anisms that coexist in this type of system. These mechanisms include
electrostatic attraction between the nanoparticles and the clean granular
bed surfaces, which were of opposite charge, an elevated salt concentration
that promoted aggregation and thus straining, and attachment of incoming
nanoparticles to those already deposited because of the attraction forces
among them [20]. Breakthrough decrease with increasing ionic strength
reveals the compression of the EDL, diminishing the repulsion between a



particle and a collector [77]. The same trend was observed in Ref. [16],
where an increase in salt concentration (KCl) produced higher retention of
the same nanoparticles. In Ref. [78], increased NaCl concentration, from 1
to 50 mM, proved to be useful to reduce TiO2 mobility in both saturated
and unsaturated river sand for the same reasons as stated before. The elution
of TiO2 and ZnO nanoparticles through quartz sand was highly diminished
by the increase in ionic strength provided by NaCl or CaCl2 [79], and nano-
particles of TiO2, Fe3O4, CuO, and ZnO showed enhanced deposition onto
glass beads when increasing ionic strength from 0 to 0.1 in NaCl [80], clearly
indicating the electrostatic nature of the process. In Ref. [81], a different
panorama was depicted; no net difference was observed in the high mobility
of polyacrylic acidecoated CeO2 nanoparticles through quartz sand when
ionic strength, provided by NaNO3, was increased from 100 to 500 mM,
i.e., almost 100% elution, but a slightly higher deposition followed an
increase up to 1000 mM.

In contrast, when the same particles were transported through loamy sand,
the retention was considerably lower, and it increased with ionic strength
because of the charge masking of the Naþ, leading to a high number of
favorable deposition sites; however, blocking was present, and elution
increased over time. In the same study, when divalent salts, such as CaCl2
and MgCl2, provided ionic strength, it was observed that the retention was
much higher, and the loamy sand was more effective in capturing the parti-
cles than the quartz. The presence of divalent cations, especially Ca2þ,
screens the surface charge and reduces the Debye length, reducing electro-
static repulsion and increasing aggregation and deposition onto the collector
surface [21].

The influence of pH is of great importance because it determines whether
the surface charge is positive or negative. At the pH values where nanoma-
terials and collectors have opposite charges, deposition is expected, which
many researchers corroborated [77,78]. At neutral pH, TiO2 transport was
enhanced as a consequence of unfavorable conditions for deposition because
both nanoparticles and quartz sand were negatively charged, while at lower
pH, the retention was increased with increasing ionic strength [16].
Conversely, the significance of pH was low in the breakthrough of TiO2,
Fe3O4, CuO, and ZnO nanoparticles through glass beads [80].

The effect of nanoparticle concentration was also investigated by increasing
the inlet concentration, which resulted in augmented elution in deionized
water. Deposition due to attractive forces between the clean quartz and
TiO2 was expected and confirmed, but when no free collector area remained,
which happened earlier at higher inlet concentrations, elution of



nanoparticles increased because of interparticle electrostatic repulsion.
However, at 1 mM or higher NaCl concentration, no difference was found
when increasing nanoparticle concentration [20]. On the other hand,
increased elution for increased concentration was observed in 1 mM KCl
at pH 5 in Ref. [16]. Another study [82] also showed that diminishing the
input concentration of graphene oxide nanoparticles produced a decrease
in the breakthrough curves through quartz sand due to a blocking effect.

Transport proved to be sensitive to flow characteristics. Increased flowrate
reduced the retention of TiO2 as a result of hydrodynamic forces leading to a
blocking effect [16], and the retention of TiO2, Fe3O4, CuO, and ZnO nano-
particles by glass beads was also diminished, due to complex factors because
humic acid was present in the medium [80].

The deviations due to differences in granular media properties were exam-
ined [83]. SiO2, Al2O3, and TiO2 nanoparticles were highly retained in
quartz sand, whereas poor retention was found in limestone for the three
particles and in dolomite for Al2O3 and TiO2. Transport through the porous
bed was dependent on surface charge, nanoparticle stability, and grain
roughness, showing the importance of electrostatic interactions, as well as
straining process. The effectiveness of different beds (quartz sand, activated
carbon, and diatomaceous earth) was analyzed [84] for nano-TiO2 removal.
Diatomaceous earth was the most effective, followed by activated carbon.
The higher affinity exhibited by diatomaceous earth was the primary factor
because the loading capacity was one order of magnitude higher compared to
activated carbon and three orders when compared to sand. The inclusion of
dispersive agents and organic compounds was also taken into account [84].
The addition of commercial dispersants decreased the retention of TiO2 in
granular media because of steric hindrance originated by the large size of
the polymers. Lysozyme achieved higher retention because of the formation
of aggregates that enhanced straining for filtration in quartz sand and
activated carbon; conversely, lysozyme enhanced TiO2 transport in diatoma-
ceous earth, probably because of steric hindrance between the aggregates
coated with the organic molecule. Glycine did not modify the transport
and retention patterns in quartz sand, nor in activated carbon, whereas the
retention was decreased in diatomaceous earth.

The size of the collector was also determinant of the degree of retention
[82]. The elution of graphene oxide nanoparticles through a quartz sand
column increased with increasing grain size as it can be explained by
DLVO and classical colloid filtration theories. Straining offered a good
explanation for the higher recovery rate of latex microspheres when the
size of the quartz collectors decreased or the colloid radius increased [74].



The addition of organic matter was also investigated [85]. At acidic pH, nega-
tively charged humic acid molecules adsorbed to TiO2 as well as to the gran-
ular medium constituted by Fe oxyhydroxide coated quartz sand, and it
contributed to aggregation and attachment because the repulsion from the
positive charges on the TiO2 and on the coating surface were in part decreased.
At higher concentrations of humic acid, both charges were completely
reverted, and attachment unfavored. Conversely, at alkaline pH, as the grain
coating and the nanoparticles were negative, the adsorption of humic acid
was not relevant. Thus, stability and attachment were not influenced.

In contrast with these results, another study showed that humic acid
increased TiO2, Fe3O4, CuO, and ZnO nanoparticles mobility, with little
influence of pH [80]. The impact of cation valence on humic acid stabilized
particles was investigated, and deposition rates decreased both in the
presence of monovalent (Kþ) and of divalent (Ca2þ) cations [21]. The reten-
tion of aqueous C60, fullerol, and silver nanoparticles stabilized by citrate
increased when the glass bead bed was coated with BSA and alginate, while
polyvinylpyrrolidone-coated silver nanoparticles mobilization was
augmented [86]. Hydrophobic forces explained the behavior of moderately
hydrophobic aqueous C60, which was further retained in highly hydrophobic
BSA than in the less hydrophobic alginate. Increased attachment of fullerol
and silver nanoparticles stabilized by citrate was explained as the result of
hydrogen bonding. Steric repulsion between alginate and polyvinylpyrroli-
done led to an enhanced breakthrough, whereas hydrophobic interaction
could explain the behavior in BSA-coated beads.

The transport of nanoparticles through grains coated with a biofilm, consti-
tuted by EPSs, is a relevant mechanism as bacterial interfaces are often
found in natural soils. Poly(vinylpyrrolidone)-stabilized silver nanoparticles
were transported through saturated uncoated and coated with Pseudomonas
aeruginosa PAO1 biofilm quartz sand, showing reduced retention in the
latter, predominantly at low ionic strength, due to repulsive electrostatic
forces and steric impediment [87]. The transport of aqueous C60, fullerol,
silver nanoparticles stabilized by citrate, and polyvinylpyrrolidone-coated
silver nanoparticles in Pseudomonas aeruginosa and Bacillus cereus
biofilm-coated glass beads was investigated [86], and researchers concluded
that attachment increased in the presence of the biofilms for all particles,
except for the polyvinylpyrrolidone-coated silver nanoparticles. Hydropho-
bic forces between aqueous C60 and the hydrophobic region of the biofilm
were responsible for the interaction. For fullerol and silver nanoparticles
stabilized by citrate, increased attachment was due to hydrogen bonding
or other associations with macromolecules of the biofilm. Steric repulsion
between the polyvinylpyrrolidone and the polymers of the biofilm could
originate steric repulsion, leading to the different behavior observed.



Cotransport with biological colloids such as bacteria and viruses, as well as
inorganic nanoparticles, have been topics under study. For example, the
presence of Gram-negative bacteria (Pseudomonas aeruginosa [20],
Escherichia coli [21]) enhanced the retention of TiO2 nanoparticles by
quartz sand, due to straining, as large heteroaggregates were formed.
Furthermore, a multilayer formed by TiO2, which was attached to the grains,
and incoming bacteria, attracted to the opposite-charged nanoparticles.
Moreover, this retention increased with NaCl concentration, showing that
EDL repulsion was a critical factor in the retention [20].

TiO2 nanoparticles retention by a packed column was augmented by the
presence of human adenoviruses because heteroaggregates were probably
formed, and changes in flow velocity did not affect the mass recovery [88].

Cotransport of two types of inorganic nanoparticles showed that the trans-
port of TiO2 at pH 5 was not affected to a high degree by the presence of
ZnO nanoparticles. However, at pH 7 a decrease and at pH 9 an increase
in transport were noted; and that the transport of ZnO was decreased by
the presence of TiO2 at pH 5 and 7 and was increased pH 9 [79]. The authors
hypothesized a probable competition between the nanoparticles for the depo-
sition sites at pH 9.

2. NANOTECHNOLOGY IN ENVIRONMENTAL
ENGINEERING SYSTEMS

2.1 Introduction
Applications of nanotechnology for air, water, and soil treatments tend to
reduce concentration of a wide variety of species such as toxic gases,
suspended organic compounds, heavy metals, and microbial pathogens,
with the ultimate interest of avoiding human intake by absorption, inhala-
tion, or ingestion [89]. Remediation processes need to be effective as well
as green and economical. Opportunities including nanomaterials vary from
adsorbents and membranes to sensors and disinfectants.

2.2 Adsorption processes
Due to the large specific surface area and reactivity, nanoparticles are ideal
adsorbent materials and have been explored extensively for application in
water treatment. However, their small size poses practical problems for their
large-scale application, for example in a water treatment plant, and several
strategies have been proposed to ease their transition from laboratory to
industry, including aggregation, attachment on support materials, separation
based on magnetism, and composite materials. Another potentially limiting



factor is the economics of the process, as the cost of some nanomaterials
with excellent adsorption properties, such as graphene and graphene oxide,
is still too high to be competitive for drinking water treatment processes.
Also, concerns have been raised about the environmental impact of nano-
particles, when the full life cycle of the material is evaluated and potential
toxicity, in the case that the small particles end up in treated wastewater as
it is discharged to the natural environment or in drinking water.

Alternative synthesis methods for nanoparticles derived from waste mate-
rials, from agricultural, industrial or water treatment processes, have been
explored to address these issues [90,91]. The waste-to-adsorbent approach
adds value to an otherwise disposal problem but may lack in consistency
of quality and quantity available; as well as in performance indicators
such as adsorption capacity, reusability, etc. Herein, nanomaterials used
as adsorbents for the removal of contaminants in water are discussed, based
on their physicochemical properties as they relate to the adsorption process;
their synthesis route, however, is out of the scope of this chapter.

Metal oxide nanoparticles play a crucial role as nanoadsorbents in water
treatment. Examples include alumina, iron oxide and hydroxide, copper
oxide, silica, zirconia, manganese oxide, titanium oxide, and some mixed
metal oxides [92]. Surface areas vary depending on their fabrication method,
from 30 to over 200 m2/g. Metal oxides are known for their affinity toward
cations in solution; heavy metal removal is one of the most extensively
investigated application of metal oxide nanoparticles. It is noteworthy the
role of nanoparticles in arsenic removal, in particular, iron oxide, titanium
oxide, and alumina. The natural presence of arsenic in groundwater is a
global public health issue, as millions of people are at risk due to elevated
levels in their drinking water sources, both in urban and rural areas [93].
It is mainly in the latter situation where nanoparticles have mostly exhibited
advantages over traditional treatment processes for arsenic removal, such as
reverse osmosis. Several point-of-use-devices have been reported based on
nanoadsorbents, including iron coated sand and activated carbon [94,95],
amorphous and crystalline titania [96] and manganese-iron oxide [97].
Nano iron oxides are, by far, the most investigated materials for heavy
metals’ removal from water, with reports on goethite (a-FeOOH), hematite
(a-Fe2O3), amorphous hydrous iron oxides, maghemite (g-Fe2O3), and
magnetite (Fe3O4) [98e101]. Significant attention has been devoted to
magnetic nanoparticles such as iron oxide, manganese-iron oxide, and
hydroxyapatite, that combine excellent adsorption capacity with ease of
separation [92]. Superparamagnetic material properties of the nanomaterials
allow the separation by low magnetic fields, obtaining concentrated
exhausted adsorbent suspensions [102]. Other metals for which adsorption
on oxide nanoparticles have been reported include lead, copper, cadmium,
mercury, uranium, chromium, and selenium [103,104].



Overall, adsorption was found to be pH-dependent, with higher affinity of
the As(V) anion below the PZC of the metal oxide surface, which has
been exploited as a means to desorb the contaminant and regenerate the
surface. In comparison, the ionic strength of the solution had little to no
effect on the capacity, suggesting surface complexation and ligand
exchange as the dominant mechanisms. With a few exceptions, the kinetics
followed pseudo-second-order: a fast first step of heavy metal adsorption to
the outer surface of the particle and a slower second step representing inner
pore and intraparticle diffusion. This behavior is in good agreement with the
well-studied process of cation adsorption on metal oxides: fast adsorption of
divalent cations on iron oxides followed by a slower adsorption process for
up to a few days has been reported before. In Refs. [105,106], the slow
adsorption phase was modeled as a change in the extent of the outer sphere
to inner sphere complexation over time, and conversion seemed to be the
rate-limiting step in the adsorption of divalent cations. However, pore diffu-
sion was also recognized in limiting access to internal adsorption sites for
porous iron oxides [107].

Adsorption isotherms showed good agreement with Langmuir models, and
in some instances also to Freundlich models. Mechanistically, the adsorp-
tion of heavy metals on metal oxide nanoparticles was found to be similar
to that on the bulk material.

Nano metal oxides showed increased adsorption capacity for cations as the
pH approached and passed the PZC of the material, but the opposite was
observed for those elements present in the anionic form, such as As(V)
and Cr(VI). These results may be mistakenly interpreted as a nonspecific
(electrostatic) adsorption phenomenon. However, the presence of significant
removal below and near the PZC of the solid, most noticeable for Pb(II) and
Cu(II), is indicative of specific adsorption, where a net positive surface
charge is not needed, but the presence of surface functional groups
(eOH2

þ and eOH) with the appropriate ligands for exchange suffices
[107]. Specific adsorption on iron oxide surface involves interaction with
deprotonated hydroxyl groups for cations and replacement of hydroxyl
groups for anions, as described by Eqs. (2.1) and (2.2), respectively

hXOHþMez$hXOMðz�1Þ þ Hþ (2.1)

hðXOHÞ2 þMez$hðXOÞ2Mðz�2Þ þ 2Hþ

hXOHþ L�$hXLþ OH� (2.2)

hðXOHÞ2 þ L�$hX2L
þ þ 2OH�



for monodentate and bidentate mode of coordination, where hXOH repre-
sents the hydroxylated nanoparticle surface, L� the metal ion in its anionic
form and Mezþ the adsorbing cations.

The carbon-based family of nanomaterials has also been explored for
adsorption in water treatment, and numerous studies are available in the
literature regarding CNT, graphene, and graphene oxide nanoparticles.
Compared to traditional adsorbent materials, carbon-based nanoparticles
presented many advantages, such as higher adsorption capacity, ease of
physical or chemical modification that allows for tunable adsorbents,
antimicrobial properties, and reactivity, but their cost and scalability are still
significant shortcomings. The pristine graphene and CNT surfaces are
extremely hydrophobic, and therefore not suitable for water applications;
however, surface oxidation that incorporates polar functional groups facili-
tates dispersion in water, while retaining the capacity to interact with
organic pollutants via hydrophobic interactions. Tunable surface chemis-
tries, hydrophobicity, and functionality allow diverse adsorption mecha-
nisms: pep interaction, covalent bonding, hydrophobic effects, and
electrostatic interactions, and thus, target a wide array of adsorbates
[108]. Surface functionalization plays a crucial role in the design of
carbon-based adsorbents. In addition to chemical oxidation providing
eOH and eCOOH groups [109,110], it is possible to incorporate metals
and metal oxides leading to composite materials that boost the properties
of the inorganic nanoparticles such as iron oxides, alumina, titania, and silver
[111e114]. The second effect of functionalization is the increase in hydro-
philicity of the carbon nanoparticle that promotes dispersion in water and
colloidal stability through electrostatic repulsion between nanoparticles
and makes the surface more available for adsorption.

Additionally, the negatively charged groups are responsible for the adsorp-
tion of positively charged species, for example, heavy metals by electro-
static interactions. As the nanoparticle charge is derived from the
protonation/deprotonation of surface groups, it is pH-dependent. Therefore,
the colloidal stability and adsorption properties are also strongly dependent
on pH and can be tuned by the appropriate choice of surface modifications.
Carboxylic groups on the surface of CNTs and graphene oxide have pKa
values in the range of 4e5; at lower pH, the material is expected to aggre-
gate rapidly, resulting in larger highly porous particles [115]. However,
most waters exhibit pH values above 5, where the developed negative
surface charge promotes the adsorption of cations [116]. Ionic strength
affects the process due to the decrease in the range of influence of electro-
static forces that improves attachment. The consequence of a high level of
ionic strength is twofold: on one side, it increases the attachment efficiency



of electrostatically adsorbed contaminants, and therefore removal [117], but
may also decrease the specific surface area if closed packed aggregates are
formed, as in the case of graphene oxide particle stacking.

Carbon nanomaterials showed significant adsorption of organic compounds,
with promising applications for the removal of NOM and synthetic organic
pollutants such as pharmaceuticals and pesticides [118]. In addition to the
electrostatic interactions mentioned, the hydrophobic fraction of the nano-
material surface contributes to the removal of aromatic compounds through
pep interactions [119], although functional groups were still recognized as
essential [120] with water chemistry playing a substantial role in the organic
chemical removal process.

The complexities of the effect of water chemistry on the adsorption of
contaminants on carbon-based nanomaterials are not fully understood,
and more research is needed to examine the process in realistic conditions
[121] and assess its full potential. However, their high cost, compared to
traditional adsorbents, and difficulties in recovery after adsorption, are the
main drawbacks that need to be overcome before the materials can be
deployed for large-scale applications.

2.3 Water filtration
Membrane processes in water treatment exhibit high separation along with no
chemical or thermal consumption or secondary pollution [89]. Porous
membranes are used in microfiltration and ultrafiltration, where the separation
mechanism is screening. Mechanisms for contaminant removal by porous
membranes in nanofiltration include screening, solution/diffusion, and exclu-
sion. Dense membranes are employed in nanofiltration and reverse osmosis,
where diffusion happens in the free volume among macromolecule chains
that constitute the membrane because they do not have discernible pores.
Examples of retained species by membranes are presented in Table 2.1 [122].

The addition of nanomaterials is an excellent solution to improve membrane
characteristics, leading to high permeability, flux, selectivity, hydrophilici-
ty, stability, as well as contaminant degradation, catalytic activity, and anti-
fouling. Organic and biological fouling is responsible for flux decline,
increasing operating costs, and diminishing the lifespan of both polymeric
and ceramic membranes. Membranes are optimized to remove heavy metals
by covalently attaching ceramic nanomaterials (hydrated alumina, alumina
hydroxide, iron oxide) to the surface and compounds such as cyclodextrin
to enhance the removal of organic molecules; while the incorporation of
alumina, zirconium dioxide, silica, or zeolite nanoparticles improve their
fouling resistance because they render the membrane more hydrophilic.



Moreover, titanium dioxide and zero-valent iron nanoparticles serve as
photocatalysts, while silver nanoparticles inhibit biofilm growth [89]. The
incorporation of bimetallic zero-valent Fe and Pt nanoparticles to polymeric
membranes is suitable to reduce and degrade chlorinated organic
compounds, while dendritic polymers can form ligands for metal cations,
inorganic anions, and radionuclides, and size exclusion combined with
oxidation by means of TiO2 inclusion in the membrane material improves
the removal and decomposition of organic compounds [123].

In summary, the addition of nanoparticles to the membrane matrix increases
the interactions with the polymer or ceramic, resulting in enhanced desired
properties, such as high permeability, selectivity, hydrophilicity, and robust-
ness, as well as antifouling, antimicrobial, and photocatalytic activity [124].

2.4 Catalysis
Active sites are the principle of action in catalysis; therefore, working at the
nanoscale is an excellent opportunity to increase surface area, which leads
to faster reactions because more active sites are available.

Catalytic methods for removing organic pollutants and pathogens in water
are based on UV radiation with or without oxidants. Homogenous photoca-
talysis uses H2O2 and dissolved Fe salts without irradiation (Fenton
reaction) or with 600-nm light (photo-Fenton), while heterogenous

Table 2.1 Examples of retained species in microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and
reverse osmosis (RO).

Species Molar weight (Da) Size (nm)

Membrane process

MF UF NF RO

Yeast and fungi 103e104 X

Bacteria 300e104 X X

Colloids 100e103 X X

Viruses 30e300 X X
Proteins 104e106 2e10 X

Polysaccharides 103e106 2e10 X X

Enzymes 103e106 2e5 X X

Simple sugars 200e500 0.8e1 X X

Organic compounds 100e500 0.4e0.8 X X

Inorganic ions 10e100 0.2e0.4 X



photocatalysis employs wide-bandgap semiconductors that are excited by
light when O2 is present [89].

TiO2 nanoparticles degrade dyes under UV radiation, which is beneficial for
those dyes resistant to biological treatments, though little effective under
sunlight [125].

Photocatalysis with TiO2 is used for disinfection at ambient temperature and
pressure, exhibiting benefits such as low cost of the catalyst, completed
mineralization without secondary products that affect the environmental
quality, and potentially the use of solar radiation [51]. However, nanocrystal-
line powders agglomerate in water and are difficult to recover [89]. TiO2 has
antimicrobial properties because of its photocatalytic activity, producing
ROS. For disinfection purposes, a more substantial activity can be obtained
when this oxide is suspended because the contact with the microorganisms is
enhanced, though immobilized nanoparticles onto quartz (SiO2) exhibit
higher photoactivity as the result of Si atoms diffusion [126]. Microorgan-
isms such as fungi, bacteria, and viruses were targeted.

Photocatalysis is an option for killing and decomposing bacteria that are
resistant to antibiotics and to UV light, which can be present in soils, water,
sewage, food, and hospital environments. The presence of TiO2 can reduce
the viability and pathogenicity of bacteria. However, the antibacterial activ-
ity of TiO2 needs UV light to be efficient, and therefore there is an ongoing
search of dopants to enhance the activity under the visible spectrum. The
process efficiency depends on various factors, such as bacterial strain,
concentration, whether the cells are aggregated or disperse, resistance to
temperature and pH, light source, irradiation time, type of TiO2 employed,
and TiO2 loading [51]. Bacterial resistance is determined by those genes
involved in the resistance against ROS [127]. A disadvantage is that some
Gram-positive bacteria produce a superoxide dismutase enzyme that
catalyzes the conversion of �O2

� to H2O2 and O2 and a catalase enzyme
that converts the H2O2 to H2O and O2. Furthermore, some bacteria can
recover damaged DNA and repair defective segments, though this ability
can be suppressed by the conjunction of photocatalysis with the inclusion
of H2O2 [51].

Viruses are more resistant than bacteria to conventional disinfection
processes [128,129]. Enveloped viruses have an envelope formed by a lipid
membrane and glycoproteins that are susceptible to denaturation by physical
or chemical processes, turning them less resistant than naked (with no enve-
lope) viruses. However, naked viruses have a greater tendency to be oxidized



by �OH [126]. The mechanism for viral inactivation by TiO2 under UV light
includes a first step when free radicals (�OH and �O2

�) damage the protein
capsid and a second one where the nucleic acid is fragmented [51e53].
Inactivation efficiency by photocatalysis depends on viral concentration,
solution chemistry, light source, and on how long the viruses are subject
to the process [51]. Inactivation rates obtained are very low, giving origin
to metal doping to increase the photoactivity [130]. In natural soils, the
presence of sand grains and BSA offers a protective layer for viruses,
hampering virus inactivation produced by TiO2 [51,126].

Fungi are composed of cells similar to those of higher organisms, rendering
it more challenging to target only the fungi with no damage to other species;
thus, photocatalysis is thought of as a method to address this problem,
though the sensitivity of fungi is less than that of bacteria because of
different chemical and structural composition [51]. The use of TiO2 must
be accompanied with UV light because TiO2 in the dark has no antifungal
effects [131].

Iron forms are also used in nanocatalysis. Hematite (a-Fe2O3) absorbs light
up to 600 nm and is stable in aqueous solutions at pH over 3; thus, it can be
employed in photocatalysis and water treatment for elimination of organic
compounds. The photocatalytic activity depends on composition, particle
size, porosity, and local structures, but its efficiency is hampered by elevated
recombination of electrons and holes, the low diffusion length of holes, and
low conductivity [132]. Nano zero-valent iron (nZVI) is not toxic and used
to degrade or eliminate heavy metals, anions, hydrocarbons, and haloge-
nated organic compounds, having innocuous final products [133]. Nanopar-
ticles made of iron and another metal (Pt, Ru, Rh, Ni, Co, Au, Cu, Ag) are
also used to treat or remove pollutants, in particular, heavy metals, haloge-
nated hydrocarbons, azo and nitro compounds, and oxyanions [133].

There is a wide range of other nanocatalysts employed in processes with
environmental objectives. To cite a few, mesoporous silica nanomaterials
are used in magnetic acid catalysis, hydrogenation catalysis, and photocatal-
ysis; magnetic nanoparticles (Co, Fe, Ni, Cr, and their oxides) remove
pesticides from groundwaters; two-metal layered hydroxides are often
used in acid-base, redox, and photoelectrochemical catalysis [134].
Graphene is increasingly used in photocatalysis because of its high chemical
stability, large surface area, and high adsorption capacity [135]. Catalytic
and photocatalytic properties of gold nanoparticles serve to reduce or hydro-
genate organic nitrogen molecules, generate hydrogen, oxidize CO, oxidize
or degrade organics and dyes, and electrolytically oxidize alcohols, among
other reactions [136].



Volatile organic compounds (VOCs) cause cancer, mutations, and terato-
genesis [137]. Primary indoor air contaminants belong to aromatic, alde-
hyde, alkane, ketone, alcohol, and chlorocarbon families [138]. It is
recommended indoor ventilation to control VOCs and different methods
such as incineration, condensation, and adsorption are often used [139].
Adsorption and degradation of VOCs can be enhanced by the incorporation
of nanoparticles as well as photoactivity [140].

When semiconductors are photoirradiated, an electron in the valence band
can absorb a photon of appropriate energy and be excited to a vacant con-
duction band, creating a hole (hþ) in the former. The photocatalytic activity
is determined by the defect disorder of the material, which is related to light
absorption, charge transfer, and surface adsorption [141]. Both the excited
electron and the hole promote the formation of �OH, which in the presence
of humidity can oxidize VOCs, resulting in CO2 (g) and H2O (g) [142]. This
reaction has many intermediates, for example, acetone and benzoic acid,
which are detrimental to the photoactivity of the semiconductor and more
toxic than the parent compounds. Therefore, these can be harmful when
the catalyst is regenerated if not done correctly and in an isolated area [139].

TiO2 is the most used semiconductor for photocatalytic degradation of VOCs
from indoor air [143], despite having the inconvenience of its poor adsorption
capacity for VOCs and low surface area [144]. To increase photocatalytic
activity, it is necessary to obtain a considerable amount of TieOH groups
on the surface, thus the surface area should be maximized, preparing the
catalyst in a thin layer together with its immobilization on a porous support,
often made of silica, clays, zeolites, mesoporous materials, or carbon [143].
Mesoporous silica characteristics, such as physical stability, high surface
area, hydrophobicity, and chemically inert and transparent to UV radiation,
make it an attractive support material for this application [145e147].

Activated carbon has large surface area and adsorption capacity, making it
fit for eliminating VOCs [148e150]. A drawback of this adsorbent is that
airborne bacteria that deposit on its surface, efficiently multiply, and some
VOCs are originated from bacterial metabolism, turning the activated carbon
into a new source of biological and chemical contamination [151,152].
Considering that silver has antimicrobial properties [38,42,153], the addition
of silver nanoparticles was proposed to address this problem, with due atten-
tion to the need to avoid aggregation because it prevents adequate contact
with microbes as well as occludes the pores of the substrate and reduces
adsorption capacity [152]. Their study concluded that a moderate loading
of silver permitted to effectively mitigate bacteria attachment while adsorb-
ing a VOC model like toluene to an acceptable degree.



Adsorption and oxidation by ozone on the surface of ferric hydroxide nano-
particles resulted in the efficient removal of VOCs obtained from cooking oil
fumes [154]. The use of Fe(OH)3 produced higher average

∙OH: O3 ratio than
for other iron oxide forms -b-FeOOH and a-Fe2O3- and in less ozone demand,
thereby increasing the efficiency. Besides, the retention times for VOCs were
short, and the residual ozone concentration was below 0.01 ppm.

2.5 Concluding remarks
Nanoparticles in the environment interact with colloids and dissolved
compounds, favoring adsorption processes that modify surface chemistry,
charge, and stability. Proteins that are adsorbed alter their structure and their
globular shapes enhance stability. Both adsorbed proteins and NOM generate
steric repulsion, diminishing aggregation and giving rise to different electro-
static interactions. Cations are attracted to negative nanoparticles lowering
electrostatic repulsion because of charge screening. Aggregation depends
on ionic strength, pH, and other suspended or dissolved species that may
attach to the surface of the nanoparticles. Fate and transport are therefore
modified by the chemical environment and influenced by the solubility of
some nanomaterials in aquatic environments. The attachment of nanomateri-
als to microorganisms changes the reactivity and mobility of both species,
and reduction and oxidation are important reactions taking place.

Nanomaterials have been extensively applied in water treatment as adsorbents
due to properties such as large specific surface area and reactivity. Heavy
metal removal is a significant goal that can be accomplished by employing
metal oxide nanoparticles. In particular applications, water filtration using
membrane-based technologies can be improved by the addition of nanomate-
rials, for example, to control fouling or to enhance metal removal. Catalysis is
enhanced by the incorporation of nanoparticles providing an important
number of active sites. The use of TiO2 for photocatalytic disinfection has
the benefit of operating at ambient temperature and pressure and does not
generate secondary products. A wide range of nanocatalysts are also employed
in environmental processes, such as adsorption and degradation of VOCs or
the inclusion of iron-containing compounds in water treatments.
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