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Abstract: The aim of this paper is to present characteristics, toxicity and environmental behavior of nanoparticles
(NPs) (silver, copper, gold, zinc oxide, titanium dioxide, iron oxide) that most frequently occur in consumer
products. In addition, NPs are addressed as the new aquatic environmental pollutant of the 21 century. NPs
are adsorbed onto particles in the aquatic systems (clay minerals, fulvic and humic acids), or they can adsorb
environmental pollutants (heavy metal ions, organic compounds). Nanosilver (nAg) is released from consumer
products into the aquatic environment. It can threaten aquatic organisms with high toxicity. Interestingly,
copper nanoparticles (Cu-NPs) demonstrate higher toxicity to bacteria and aquatic microorganisms than those
of nanosilver nAg. Their small size and reactivity can cause penetration into the tissues and interfere with the
metabolic systems of living organisms and bacterial biogeochemical cycles. The behavior of NPs is not fully
recognized. Nevertheless, it is known that NPs can agglomerate, bind with ions (chlorides, sulphates, phosphates)
or organic compounds. They can also be bound or immobilized by slurry. The NPs behavior depends on process
conditions, i.e. pH, ionic strength, temperature and presence of other chemical compounds. It is unknown how NPs
behave in the aquatic environment. Therefore, the research on this problem should be carried out under different
process conditions. As for the toxicity, it is important to understand where the differences in the research results
come from. As NPs have an impact on not only aquatic organisms but also human health and life, it is necessary
to recognize their toxic doses and know standards/regulations that determine the permissible concentrations of

NPs in the environment.

Introduction

In recent years, dynamic developments in technology have
fostered new ways of creating nanoscale materials (particles
that have dimensions <100nm). The branch of science that
deals with nanomaterials (NMs) is termed nanotechnology
(Cademartini and Ozin 2011). By 2020, the annual production
of NMs will have reached 58,000 Mg(Jo et al. 2012). In recent
years, the development of NMs has generated anew industry and
has provided new commercial products. However, the increased
use of NMs has raised anxiety because of their prospective
environmental and health impacts on living organisms (Zhu et
al. 2009, Fouqueray et al. 2012). The fear is caused by a lack
of adequate knowledge about the environmental behavior and
safety of nanoparticles (NPs) and an absence of insight on their
mechanisms of action in organisms. The production and use
of NMs results in releases that may produce various effects
on exposed aquatic organisms. Although not extensive, some

studies have been performed that address the toxic effects,
mechanism of action in living organisms, bioaccumulation,
and bioavailability of NMs (Fouqueray et al. 2012, Zhu et al.
2010, Fan et al. 2012).

Different forms of inorganic NMs include nanometals (silver,
copper, platinum, and gold), nano-oxides of metals (copper oxide,
zinc oxide, iron oxides, and aluminium oxide, titanium dioxide),
and quantum dots (CdS, CdSe, and InAs) (Table 1). Moreover
materials supported nanometals and nano-oxides of metals are
designed (Ayanda et al, 2015, Moreno et al 2014).

Because of their properties, NMs are used in nearly every
industry, such as electronics, computers, cosmetics (including
sunscreens), medicine and pharmaceuticals, dentistry, textiles,
catalysts, anticorrosive and antibacterial coatings, metallic tools
and parts, polymer composites and sorbents (Hoyt and Mason
2008, Bina et al. 2012). In addition, there are geogenic sources of
NMs. These include volcanic eruptions, forest fires, and weathering
of rocks. Most NMs present in the environment are the result of



88

. Krzyzewska, J. Kyziol-Komosinska, Cz. Rosik-Dulewska, J. Czupiot, P. Antoszczyszyn-Szpicka

human activities, such as industrial production (Farre et al. 2011).
In contrast to macroscale particles of the same substance, NMs are
defined by their having the following characteristics (Cademartini
and Ozin 2011, Kelsall et al. 2009, Kurzydtowski et al. 2011):

1. a higher specific surface area and a larger surface to
volume ratio;

2. alower melting point;

3. adecreasing ionization potential with a decreasing NPs
size;

4. a higher chemical reactivity from unusual molecular
arrangements;

5. acracking resistance and a higher mechanical strength,
while retaining elasticity, flexibility, and ability to
reversed formation;

6. a magnetic property; and

7. a photocatalytic, photoconductive, and photoemissive
capability.

NMs are synthesized by two methods (Cademartini and

Ozin 2011):

— Bottom-up-involving construction from the ground up,
atom by atom. The building blocks are molecules, atoms,
or NMs components. The properties of the synthesized
NMs are controlled by preselecting the size of the particles.

— Top-down-involving the fragmentation of larger
molecules to reduce size and to redistribute macroscopic

materials or particles into smaller pieces. This is the
simplest method and is known as microstructural
engineering.

There are also biological methods for synthesizing NPs
from metals such as gold and iron oxides. The mechanism
by which NPs are biosynthesized is not well understood,
although metabolic processes and the presence of enzymes and
proteins in the intracellular environment of microorganisms
are involved (Gericke and Pinches 2006, Revati and Pandey
2011).

The objectives of this paper are to characterize the present
status of selected inorganic NMs (viz., silver, gold, copper,
titanium dioxide, zinc, and iron oxide NPs) and to address their
environmental release from commercial and market applications,
as well as their fate in the aquatic environment. In addition, we
describe the interaction of these NMs with elements of the natural
environment. We also try to show how toxic concentrations of
them affect aquatic microorganisms.

Presence of nanomaterials
in the environment
Various NMs products are on the market. These include NMs

made from silver, copper, gold, zinc and iron oxides, and
titanium dioxide (Table 2).

Table 1. Classes of inorganic engineered nanomaterials (Peralta-Videa et al. 2011)

METALS METAL OXIDES QUANTUM DOTS
Silver Titanium dioxide Cadmium sulfide
(nAg) (nTiO,) (CdS)
Gold Iron oxides Cadmium selenide
(nAu) (nFe O,) (CdSe)
Copper Zinc oxide Indium arsenide
(nCu) (nZnO) (InAs)
Table 2. Applications of nanomaterials
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Nanosilver (nAg) is applied as a component in cosmetics
(creams, shampoos, deodorants, and body lotions), textiles
(socks, shirts, trousers, and term active underwear), bags and
boxes that contain food, household products (cleaning fluids,
detergents, and aerosols), and household appliances (washing
machines and dishwashers). Dental practices and beauty
salons offer treatments that employ the antibacterial and
antifungal properties of nAg. Moreover, a growing number
of commercially available textiles are fabricated with metal
NPs in the structures; such NPs offer biocidal properties and
prevent excessive sweating. The content of nAg in socks,
pants, and shirts depends on the type of NPs used, their method
of production, their shape and size and their physical and
chemical properties (Makles 2005, Bystrzejewska-Piotrowska
et al. 2009, Menget et al. 2007, Blaser et al. 2008). Textiles
available on the market contain an average of 31 to 2,600 ppm
of nAg in T-shirts (Walser et al. 2011), 0.9 to 1,358 ppm nAg
in socks (Benn and Wasterhoff 2008), and 88 to 170 ppm nAg
in socks made from cotton (Zhang et al. 2009a).

Nanogold (nAu) particles are used in biosensors and
medical articles. nAu particles exhibit very good thermal and
optical properties, whereas their large surface area in storage
media allows the retention of large amounts of data in a small
space (Tedesco et al. 2010, Balasubramanian et al. 2010, Zhang
et al. 2003, Carlos et al. 2012, Kunzmann et al. 2011).

Because of its low price, nanocopper (nCu) particles are
used in household products, duvets and pillows, personal
protective equipment, and sanitary equipment.

Zinc oxide nanoparticles (ZnO-NPs) are used in electronic
and optical applications as sensors, semiconductors, and lasers
(Aruoja et al. 2009, Petosa et al. 2012, Jiang et al. 2010, 2012,
Ramani et al. 2012). ZnO nanostructures are widely applied
in cosmetics, and serve as pigments, UV filters in sunscreens,
and dermatological products (Aruoja et al. 2009, Zhou and
Keller 2010, Jiang et al. 2012a). ZnO-NPs are also applied
as components of pigments, certain plastic material, and food
additives (Zhou and Keller 2010, Petosa et al. 2012, Wilson et
al. 2007).

Titanium dioxide nanoparticles (TiO,-NPs) are applied
in paints, sunscreens, and solar cells and are used in
photocatalytic water treatment processes (Lin et al. 2012).
The TiO,-NPs are present in the structure of packaging
and plastic containers that are used to package food. These
materials are economical and safe for the environment and
do not interact negatively with food particles. NMs present
in packaging migrate to the environment throughout their
life cycle. It is not easy to predict how they respond after
the release and what the consequences of their interactions
are (lavicoli et al. 2012). The purpose of adding them to the
structure of bags is to preserve food quality and improve
storage safety, food taste, food structure and texture. They
are also added for protection against pathogenic bacteria
(Cockburn et al. 2012). TiO,-NPs are applied as components
in self-cleaning and antifogging surfaces, in detergents, in
sterilizing agents, and to photocatalytically purify air and
water (Babaizadeh and Hassan 2013). The TiO,-NPs are also
applied in electrochromic windows that have antireflection
properties (they absorb UV radiation) (Ding et al. 2000,
Kamisli and Turan 2005, Fujishima et al. 2000, Tazawa et
al. 2004). On by which TiO,-NPs achieves “self-cleaning” is
by degrading and mineralizing organic pollutants under the

influence of solar energy (weak UV radiation) and oxygen.
This self-cleaning of TiO,-NPs is also associated with the
photo-inductive hydrophilic properties that the moiety
possesses (Mills et al. 2003, Fujishima and Zhang 2006).

The magnetic properties of iron oxide nanoparticles are
utilized in electrotechnics as ferrofluid and magnetic storage
media. In nanoremediation processes that mediate wastewater
treatment, zerovalent iron particles (nFe’) are used for
removing dyes, chloro-organic solvents, polychlorinated
biphenyls, organochlorine pesticides, and toxic heavy metals.
Nanoparticles of iron oxides are utilized in the cosmetic
industry as sunscreens. Iron oxide nanoparticles are also
used in pharmaceutical science (for magnetic separation
of chemical compounds), DNA detection, magnetic drug
targeting, magnetic resonance imaging (contrast agents),
and as a component in dietary supplements and nutrients
(Schwegmann et al. 2010, Brullot et al. 2012, Nor et al.
2012, Kadar et al. 2010, Carlos et al. 2012, Adeleye et al.
2013, Chen et al. 2011, Pawlett et al. 2013, Mohmood et
al. 2013). Manufacturers of products containing NMs are
convinced that they have positive effects on human health
and improve the appearance of skin, reduce sweating, and
prevent inflammation caused by microorganisms.

Release of nanoparticles
into the environment

Currently, no standards have been established for permissible
levels of NPs in the environment. Moreover, their presence
in different environmental matrices is not systematically
monitored, although their release may negatively affect living
organisms. Metal nanoparticles present in fabrics are released
to surface waters and perhaps to groundwater as a consequence
of discharge to wastewater after textiles are laundered.
Thereafter, they may also reach soils and the organisms that
reside therein. Sewage treatment systems do not fully remove
nanoparticles from wastewater streams, mainly because of
their small particle size (Gottschalk et al. 2011). Water quality
regulations only limit elemental metal concentrations, such as
copper, silver, zinc, or titanium in surface, ground, and drinking
waters (the values are given in Table 3) and do not yet address
the nanoforms of these elements. Zinc, copper, and silver are
the most important water pollutants because of their potential
toxicity to living organisms. Metal nanoparticle analogues
of these macroscale toxic metals could possess similar toxic
properties.

The wide and growing use of NMs has increased the
release of NPs to aquatic systems (Fig. 1). The main sources of
metal NPs that pollute aquatic systems derive from residential
households. NPs are released from various products and
materials, such as textiles, cosmetics, food packaging and
medicines. NPs released from textiles reach sewage systems,
and eventually, wastewater treatment plants. A portion of
wastewater is retained in septic tanks, which may pollute
groundwater. Other sources of pollution from NMs are releases
of industrial wastes from production sites, hospitals, and
medical centres or clinics. The sources of NMs released to the
terrestrial environment that may reach surface or groundwater
include packaging materials for consumer cosmetics, food
or medical waste, and pharmaceuticals that contain NMs
(Maynard 2006, Fairbairn et al. 2011, Brar et al. 2010).
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Because of their small size and strong reactivity, NPs may
adsorb onto sludge and form agglomerates with organic matter.
NPs may also penetrate cell membranes of organisms and bind
cellular organelles, which can produce functional disruptions
or form bioconjugates with DNA (Gottschalk et al. 2011, Hoyt
and Mason 2008).

Currently, there are insufficient data that have been
published on the uses and presence of certain other NPs
(Cu-NPs, ZnO-NPs) in textiles, cosmetics, or food
(Chattopadhyay et al. 2010). Life cycle assessment (LCA) is
an established tool for identifying environmental “hot spots”
and for comparing products that provide the same services
(Walser et al. 2011). Using LCA to assess NMs would assist
in defining their impact on the environment, on human health
and on other life forms; when performed LCA should address
all production stages, products used and their environmental
impact (Walser et al.2011, Meyer et al. 2011).

Statistical data have shown that socks can be washed
50-250 times during their lifespan (1-5 years), when washed
once a week. Manufacturer of nAg-containing socks seek to
ensure that the added nAg will last as long as possible and
leach as slowly as possible. Meyer et al. performed 50 washing

cycles on nAg socks, using nAg-free socks as the control.
Walser et al. studied the life cycle of nAg T-shirts, and found
the amount of nAg released was 67% (average content:
31-2,600 ppm) from the sum of all washing cycles. As much
as 71 wt% of the examined nAg was insoluble silver. After
release, it was discovered that the nAg had lost its toxic effect
by binding with ligands present in the aqueous environment.
The remaining silver (29%) was soluble. Both the release rate
of the NPs and their effect on aquatic organisms depended on
the particular washing process and the presence of detergents
and foaming agents.

Benn and Wasterhoff (2008) performed a study in which
the total nAg content in textiles was evaluated. They also
estimated the nAg content released by NMs in the washing
process. They started by mineralizing seven types of socks
that contained nAg (content between 0.9—1,358 ppm). The
cumulative nAg content from four 24 h washing cycles was
determined by using ICP-OES (Inductively Coupled Plasma
Optical Emission Spectroscopy), and results ranged from
0.02 to 1.8 ppm, depending on the sock type. Zhang et al.
(2009a) examined cotton socks that had an nAg content between
88—170 ppm. These socks had been subjected to 5, 10, and

Table 3. Metal concentrations in waters vs. Polish and US EPA regulatory standards

Polish regulations 34 .
(Dz.U. 2008"; Dz.U. 2011?) US EPA®“(2002; 2009)
Metal concentration —
Drinking water
[ppm] Surface Ground Surface -
water water water Primary Secondary
standard standard

Ag <0.005 - 0.003 - 0.100
Cu <0.050 0.001-0.002 1.300 1.300 1.000
Zn <1.000 0.005-0.020 0.120 - 0.100
Ti <0.050 - - - -

Fig. 1. The sources of occurrence of nanomaterials in the aquatic environment

" Dziennik Ustaw (Dz.U.) (2008) No. 143, Pos. 896; 2 Dziennik Ustaw (Dz.U.) (2011) No. 257, Pos. 1545; 3 US EPA (2002); * US EPA (2009).
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20 washing cycles. After each washing cycle, the nAg amounts
released were 85, 83, and 82 ppm, respectively. The released
nAg amount depended on such factors as process conditions
(temperature, pH level, ionic strength), textile manufacture
factors (fibre composition, nAg content, synthesis method) or
the bleaching agent added. Nowack et al. (2009) investigated
the nAg content released during the washing of 8 sock types.
After the first cycle, the released nAg concentrations (from
the textile structure) ranged from 1.3 to 377 ppm (process
conditions: pH=10; surfactant presence: Sodium dodecyl
sulfate (SDS) 0.1 g/L). After the second washing cycle, the
amounts of released nAg decreased to 0.35 to 129 ppm. After
washing a bleaching agent was added and the nAg content
increased again to a range of 2.7 and 180 ppm. Farkas et al.
(2011) studied the total nAg concentration in T-shirts and
discovered that they contained from 0.7 to 4.7 ppm of nAg.
In this same study, the sample filtrate from one washing cycle
contained between 0.003 to 0.025 ppm of released nAg.

Nanomaterials interaction in aquatic
environment

Interaction of nanoparticles with environmental elements
is still unknown. Due to their unique physicochemical
properties, NPs are capable of accumulating in solid elements
of the aquatic environment or in living organism tissues. The
insoluble nanocolloids are resistant to degradation and, can
be deposited in the silt slurry of rivers or may accumulate
into larger agglomerates. The mobility of NPs in aqueous
environment depends on the pH level, ionic strength, presence
of clay minerals, and organic matter. NPs are also subject to
aggregation, precipitation, and deposition on biofilms and
sediments, and the degree to which this may occur depends on
the amounts and persistence of NMs in the aquatic environment
(Brinkmann et al. 2003).

Nanometals

Nanosilver

The positive charge present on the nAg surface is strong. It
causes the adsorption of nucleophiles or organic compounds.
Consequently, nAg can sorb impurities (Sondi and Salopek-
-Sondi 2004, Liu et al. 2003). Recent studies show that the
activity of NMs varies with their life cycle stage (Fouqueray
et al. 2012). The nanosilver particles (Ag-NPs) may cause
the suspension and immobilization of river particles (i.e. clay
minerals, hydrated iron oxides, and organic matter). They can
also produce the soil solution, which can greatly hinder the
transport of NPs. The Ag-NPs are precipitated in seawater
of high salinity and with high levels of chloride ions (AgCl).
What is more, they form larger agglomerates due to the
modification of surface charges. Humic and fulvic acids, which
have negative surface charges, increase the nAg stability in an
aqueous solution and amplify the mobility of nAg. They also
immobilize silver chloride anions and contribute to the change
in their physicochemical properties (Peralta-Videa et al. 2011,
Sagee etal. 2012). Similar effects of the Ag-NPs agglomeration
are observed when the Ca*" or Na' solutions are added into
the nAg solution. The ionic strength rises together with the
increasing Ca*" or Na* concentrations. Divalent cations, such as
Ca?" (occurring in lower concentrations than Na* ions), provoke
electrostatic destabilization and agglomeration, with organic

molecules present in the solution (Delay et al. 2011, Liu et al.
2013). In the aqueous environment, nAg form aggregates and
networks or clusters that are influenced by the increasing ionic
strength and the presence of surfactants or humic acids (Bae
et al. 2011, Ratte 1999). The studies of the nAg adsorption on
a cotton fabric surface treated with three different hydroxide
solutions (i.e. LIOH, NaOH and KOH) show that the adsorbed
nAg contents in textiles were 6,000, 17,000, and 20,000 ppm,
respectively. The adsorbed nAg content rose when the solution
basicity increased. The cotton treated with metal hydroxides
instigated the activity of hydroxyl groups present in the
cellulose structure (Yazdanshenas and Shateri-Khalilabad
2012).

Nanogold

The nanogold particles (Au-NPs) can be stabilized with citrate
according to the Turkevich method (Rostek et al. 2011),
which can significantly influence their fate and mobility in
the aquatic environment. The humic acid addition prevents
the agglomeration of NPs into larger units and stabilizes the
suspension. A humic acid mixture introduces a modification to
the Ag-NPs surface or behaves as an organic stabilizer substitute
(Lee and Ranville 2012). After entering into the aquatic
environment, Au-NPs are adsorbed onto the organic components
(fulvic and humic acids). Their behaviour and ecotoxicity will
differ as they depend on the prevailing conditions, such as
the pH level, which affects the nanoparticle stability (Diegoli
et al. 2008). In an acidic environment (pH<4), the dominant
nAu compound present in aqueous solutions is AuCl,. When
pH>6, the most numerous ions are AuCl(OH),’, whereas at
pH>9 Au(OH), ions dominate. The most toxic Au ions in
aquatic organisms are AuCI(OH), (Lapresta-Fernandez et al.
2012). The interaction with organic matter stabilizes both Au-
-NPs and the temperature. When the temperature goes up, the
Au-NPs aggregation also increases. At 55°C, Au-NPs achieve
the highest stability. A strong negative charge on the surface
of Au-NPs results from their binding with organic matter. The
strong charge leads to an increase in the reactivity of Au-NPs
and electrophoretic mobility. The behaviour of Au-NPs in
the sea and ocean waters and inside microorganisms can be
explained with their mobility (Lapresta-Fernandez et al. 2012).

Nanocopper

The isoelectric point of copper nanoparticles (Cu-NPs) is in
the pH range of 7.5 to 8.5. The rising pH level also increases
the Cu-NPs agglomeration. At high temperatures, nCu
agglomerates form to a lesser extent due to the chaotic motion
of the molecules (Rispoli et al. 2010). The organic matter
presence results in the inhibition of mobility and prevents the
formation of a bond between Cu-NPs and metal compounds due
to the repulsion forces. A humic acid mixture in reaction with
Cu-NPs brings about the electrostatic and steric stabilization
of the Cu-NPs. Consequently, their mobility is limited (Jones
and Su 2012).

Metal oxide nanoparticles

Zinc oxide nanoparticles

In the aquatic environment, the nZnO forms are highly
dependent on the pH levels, which are related to the surface
charge and interparticle electrostatic repulsion. The point
of zero-charge of nZnO is between pH 8 and 9. At higher
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pH levels, Zn compounds (ZnOH" and Zn(OH),) dominate
(Sheela et al. 2012, Zhou and Keller 2010, Petosa et al. 2012).
The activity of hard base on the ZnO-NPs surface results
in the formation of Zn?* ions through the covalent bond
(Rhodes et al. 2010). The zeta potential makes an important
factor in the change in nanoparticle surface charges. With
the decrease in the zeta potential and electrostatic or steric
repulsions between the ZnO-NPs, the ionic strength rises.
The aggregation of ZnO-NPs increases with the rising ionic
strength because the electrostatic forces act between NPs. To
prevent the aggregation of ZnO-NPs, CaCl, or NaCl is added.
Jiang et al. (2012, 2012a) conclude that the stabilization of the
ZnO-NPs solution can be controlled with divalent cations, such
as Ca*". However, Zhang et al. (2007) observe that the presence
of natural organic matter (NOM) or Ca** ions can stabilize
the ZnO-NPs dispersion. Consequently, the surface potential
increases, whereas negative charges are neutralized and the
ionic strength rises. Humic acids, which naturally occur in the
aquatic environment, produce the increase in the nanoparticle
transport, mobility and dispersion. The synthesis methods and
environmental conditions have an impact on the nanoparticle
behaviour (Ben-Moshe et al. 2010).

Titanium dioxide nanoparticles

Titanium dioxide nanoparticles (TiO,-NPs) are used as
a factor in the degradation processes, which allows for an
easier distribution and mineralization of organic compounds
(Rincon et al. 2004). As all NMs, nanotitanium (I'V) oxide has
alarge surface area. As aresult, it is characterized by increased
reactivity, mobility, and ability to absorb impurities. Titanium
nanodioxide stability depends on the zeta potential value
and organic additives or ionic strength. The stability of the
TiO,-NPs suspension can be controlled with various ions
present in the solution. Na* or SO,* ions are better flocculant
agents than Ca** and CI ions when the pH levels of the
suspension are lower than the point of the zero-charge of
NPs. The isoelectric point of TiO,-NPs is in the pH range of
3.5 to 8.0. At this pH range, TiO,-NPs exhibit the greatest
bioavailability for microbial cells (Skocaj et al. 2011,
Fernandez-Nieves et al. 1999). The sorption capacity of
TiO,-NPs depends mainly on the surface structure, shape and
crystal form, particle size, and surface energy. Titanium nano-
-oxides can bind arsenic, selenium, and thallium compounds
( Zhang et al. 2009, Tan et al. 2007, Jegadeesan et al. 2010,
Zhang et al. 2009b). The binding of the thorium, Th(IV),
compounds on the titanium nanodioxide surface largely
depends on the pH level (>6) and, to a lower extent, on the
solution ionic strength. The bond formation mechanism is
mainly based on the complexes (Tan et al. 2007). The binding
with selenium, Se(IV), compounds is formed at similar pH
levels (2—6), but the sorption process of thallium, TI(III), is
formed at the pH level of 4.5. TiO,-NPs are able to bind 96%
of the selenium compounds and nearly 100% of the thallium,
TI(III), compounds from aqueous solutions (Zhang et al. 2009,
Zhang et al. 2009b). Metal ions and organic compounds form
complexes in the presence of humic and fulvic acids. In an
acidic medium (pH 3), NPs form a positive charge on the TiO,
surface, which increases the adsorption of negatively charged
humic acids (Tan et al. 2007). Importantly, such pH levels of
surface waters seldom occur in the natural environment (in
water infiltration through mining landfills).

Iron oxide nanoparticles

The reactivity of iron oxide nanoparticles (Fe O -NPs) results
in their toxicity to microorganisms. Their strong reactivity and
ability to aggregate are neutralized with the organic matter
stabilization (humic acids have a strong affinity for the iron
oxide nanoparticles) or polymer addition (Pawlett et al. 2013).
The presence of solids and organic matter in the aquatic
environment increases the durability of iron nanoparticles
through the inactivation of the surface charge and creation
of larger agglomerates. After longer presence in the soil, iron
nanoparticles are oxidized to Fe_ O,-NPs, which are deposited
in the pore (Adeleye et al. 2013) Fe O -NPs are amphoteric
and often occur in the hydrate form in the environment. They
can react both with H" and OH" ions (depending on the pH
level), and they can form positive FeOH and negative FeO
ions. According to the London—van der Waals theory, the
binding formation present in the environmental compounds is
the presence of the electrostatic interaction between different
charges and the formation of complex compounds between
iron nano-oxides and organic ligands (Illes and Tombacz
2006). Iron nano-oxides (magnetite) are used as sorbents
of toxic compounds, such as arsenic (Shipley et al. 2011),
selenium (Gonzalez et al. 2012), palladium, rhodium, platinum
(Uheida et al. 2006), and uranium (Das et al. 2010). Fe O -NPs
exhibit the greatest ability to bind ions at low pH levels
(2-4). Selenium compounds are bonded with the greatest
ability by Fe O -NPs at the pH level of 2—4. The isoelectric
point of Fe O -NPs occurs when the pH level is about 7. The
increase in the pH level causes the formation of a negative
charge on the surface of NPs as well as an increased affinity
for the binding of cations (Gonzalez et al. 2012).

Toxicity of nanoparticles to aquatic
microorganisms

The presence of NMs in the environment is hazardous for
microorganisms as NPs distort their functions. The negative
impact of NPs on human health is not fully understood.
NPs are small and they can cross the blood-brain barrier
and penetrate the organism through skin or deposit in the
respiratory organs (Lebkowska et al. 2011). The released
NPs (TiO, and Ag) are accumulated in the tissues of aquatic
animals in the structures of plants, within the phytoplankton,
and in the roots of aquatic plants (Bradley et al. 2011,
Cockburn et al. 2012). Currently, the researchers are looking
for effective ways to disinfect cosmetic and pharmaceutical
or medical devices, in which the microbiological purity
is crucial. The applied disinfectants contain additional
foaming agents, surfactants, or aggressive biocides (Wzorek
and Konopka 2007). The antibacterial properties of
nanostructures reveal their reactivity and presence of a strong
surface charge. The mechanism is not fully understood, but it
probably involves the adsorption of positively charged NPs
(nAg) to the negatively charged microorganism cell wall. As
a result, the cellular enzymes are inhibited and the cellular
respiration process is impaired, which leads to death (Choi
et al. 2008). In the aquatic environment, the NPs of metal
or metal oxides can form reactive oxygen species present in
the OH, O,, and H* solutions. Positively charged NPs can
interact with negatively charged bacteria cell wall due to the
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electrostatic forces. Antibacterial metal ions can form under
the influence of radicals. The ions are released into aquatic
solutions (Fig. 2) (Guerard et al. 2009, Espitia et al. 2012).
Furthermore, NPs have a catalytic effect, which generates the
production of free radicals invading the thiol groups of amino
acids. The great challenge is the resistance of bacteria present
in water and wastewater to antibiotics (no treatment system
in Poland is developed to remove these contaminants). The
occurrence of antibacterial NPs in sewage can generate
changes in the quality of the final products of the treatment
process. Biogeochemical processes can be disrupted through
the interaction of NPs with the bacterial enzymes, which
leads to irreversible changes in the environment (Das et al.
2012). Liang et al. (2010) draw similar conclusions in the
study of the nAg interactions with activated sludge bacteria.
NPs inhibit the ATP synthesis process in bacterial cells. The
1 ppm nAg concentration causes about 40% inhibition of the

Electrostatic interaction
with bacteria wall

Farmation of reactive
oxygen species (ROS)

nitrification process. The presence of ligands and their types
(SO, 8%, PO,*, CI', and EDTA") have an impact on the nAg
toxicity. The problem is investigated in the study (Choi et al.
2008). The presence of S* ions in the solution reduces the
nAg toxicity by 80%. This fact is also related to the bond
between ions as well as formation of new compounds or the
AgS, precipitation, which reduces the nAg mobility.

Table 4 presents toxic concentrations of the most popular
NPs in relation to the microorganisms most frequently
occurring in the aquatic environment. The divergence of results
in the determination of the toxic NMs doses is associated
with a variety of NM synthesis methods, physicochemical
properties (particle size, compound type, nanoparticle shapes,
and specific surface area), and process conditions (pH level,
temperature, ionic strength, presence of organic compounds)
(Marambio-Jones and Hoek 2010, Becker et al. 2011, Farre et
al. 2011).

Release of
antibacterial ions

M

w @

i
0. o
=

Fig. 2. Mechanism of released antibacterial metal ions from nanoparticles solution (Espitia et al. 2012)

Table 4. Concentrations of nanomaterials that are toxic to aquatic microorganisms

Toxic concentrations of nanomaterials [ppm]
Organisms Metal nanoparticles Metal oxides nanoparticles
nAg nAu nCu nCuO nZnO nTiO, nFe O,
E. coli 0.45" >302 3,349° 504 1,000° 518825 247
S. aureus 20° 2508 100* 10°
Bacteria » 1 5
B. subtilis >30? 2,8203 28885
V. fischeri 9’ 1-210 >20,000" 2401
200° ’
9414
Daphnia magna D. magna 0.0041 3° 3° >20,000" 27
and 547
Lemna minor L minor 1415
0.005'

" Cho et al. 2005, ? Balasubramanian et al. 2010, 2 Yoon et al. 2007, 4 Jadhav et al. 2012, 5 Adams et al. 2006, ¢ Manese et al. 1999, 7 Garcia et al.
2011, 8 Ren et al. 2009, ° Heinlaan et al. 2008, '© Hernandez-Sierra et al. 2008, ' Strigula et al. 2009, > Chen et al. 2011, ® Jo et al. 2012, " Blinova

et al. 2010, " Kim et al. 2011, '® Gubbins et al. 2011.
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Metal nanoparticles

Nanosilver

nAg with strong biocidal activity is the most popular
nanometal. Small Ag-NPs form bonds with proteins and cause
the denaturation and disruption of cells. The electrostatic
interaction between positively charged Ag-NPs and negatively
charged microbial cells can lead to the impairment of the
bacteria life processes (Sondi and Salopek-Sondi 2004).

The nAg agglomerates on a silica (present in textile fibres)
have strong antibacterial properties. Even after 10 washing
cycles, the biocidal properties are still strong against the most
common microorganisms found in wastewater (Jasiorski et
al. 2009). However, the toxicity of Ag-NPs depends on their
size. Smaller Ag-NPs (particle size: 9.2 nm) have stronger
toxicity when compared with larger ones (particle size: 62
nm). It results from the Ag-NPs ability to chemisorb on
smaller particles contained in the cell wall structures of
microorganisms. The smaller the Ag-NPs are, the larger the
ratio of surface area to mass becomes (Lok et al. 2007). The
easiness of the nanoparticle binding with the aquatic organism
proteins also depends on the NPs nature. The increase in the
NM hydrophobicity leads to the increase in the capacity of the
protein absorption (Zhang et al. 2012, Landsiedel et al. 2012).
Atpresent, chlorine, iodine, bromine, and ozone compounds are
used for water disinfection (Pedahzur et al. 1997, Gangadharan
et al. 2010, Mohmood et al. 2013). Ag-NPs can also be used as
water disinfectant due to their strong biocidal effect observed
in organisms such as Escherichia coli (Choi et al. 2008, Cho
et al. 2005, Lee et al. 2009, Sondi and Salopek-Sondi 2004,
Wang et al. 2012, Radziga et al. 2013), Staphylococcus
aureus (Choi et al. 2008), Caenorhabditis elegans (Kim et
al. 2012), Marinobacter sp. (Sinha et al. 2011), Lemna minor
(Gubbins et al. 2011, Kim et al. 2011), Bacillus subtilis (Lee
et al. 2009, Wang et al. 2012), Saccharomyces cerevisiae,
Trichosporon beigellii, Candida albicans (Kim et al. 2009),
Ceriodaphnia dubia (Glover and Wood 2004), Daphnia magna
(Glover and Wood 2004, Jo et al. 2012, Bianchini et al. 2005,
Blinova et al. 2013), Thamnocephalus platyurus(Blinova
et al. 2013), Agrobacterium tumefaciens (Wang et al. 2012),
and Pseudomonas aeruginosa, and Serratia proteamaculans
(Radziga et al. 2013).

In the study (Hebeish 2011), the 50 ppm nAg concentration
used to impregnate textiles showed 96% inhibition of
the bacterial growth for E. coli and S. aureus. The nAg
solutions coming from samples of impregnated textiles used
in 5 washing cycles inhibited the microorganism growth by
71-74%. After 10 washing cycles, the nAg solutions caused
61% inhibition of E. coli and 68% of S. aureus. After the 20"
washing cycle, the inhibition of E. coli and S. aureus caused
by the nAg solution was 57% and 61%, respectively. The nAg
on an organic medium was used to impregnate the fabric for
comparison. It turned out that at the 50 ppm nAg concentration,
the bacterial growth inhibition was more than 90%, even
after 20 washing cycles. In relation to nitrifying bacteria, the
lowest substance concentration that caused negative effects on
the microorganism functions, was determined at the level of
0.01-0.07 ppm, depending on the type and chemical
composition of the water used in the experiment. However, the
toxic nAg concentration required for E. coli was 0.45 ppm.
S. aureus is another bacteria hazardous to human health. The
effects of the nAg concentrations of 5, 10, and 20 ppm were

examined. The inhibition of the entire S. aureus colony growth
took place in the 10 ppm concentration and after only 3.3 hours.
On the other hand, the 20 ppm concentration resulted in the
99.9% inhibition of S. aureus growth observed after 4 hours
(Cho et al. 2005). Different results were obtained for Klebsiella
pneumoniae. In the solutions of fabrics containing Ag-NPs,
the bacteria inhibition was 96% after 5 washing cycles. After
20 washing cycles, it was only 30% (Lee et al. 2003).

Moreover, the toxic Ag-NPs properties were observed for
aquatic organisms. The 0.0005 ppm Ag-NPs concentration
induced a toxic effect in half of the C. dubia organisms. The
experimental conditions and the physicochemical properties of
the water used for toxicity tests (i.e. zeta potential, pH level,
and organic matter) affected the value of the Ag-NPs toxicity.
The highest toxicity is associated with a low zeta potential
and low electrophoretic mobility (McLaughlin et al. 2012). In
the 24 h test, the inhibition of half of the D. magna organisms
required the 0.004 ppm Ag-NPs concentration (Jo et al. 2012).
Macrophytes, such as duckweed (L. minor), are characterized
by rapid growth, easy adaptation to environmental conditions,
and wide tolerance (pH 4.5-8.3). These organisms are used to
remove mineral and organic contaminants. For duckweed, the
Ag-NPs toxicity was observed at the 14 ppm concentration,
whereas the lowest concentration in which toxicity changes
were observed (chlorosis and necrosis) was 1 ppm of Ag-NPs.
The Ag-NPs bioaccumulation in the eyelashes and body after
5 days exposure with 10, 20, and 40 ppm concentrations is 55%,
65%, and 19%, respectively (Kim et al. 2011). Other literature
reports show that the 0.005 ppm Ag-NPs concentration can
lead to the 80% inhibition of the duckweed growth (Gubbins
etal. 2011).

The silver sulphide nanoparticles (particle size: 5-20 nm)
were identified in the sewage sludge. The NPs contents ranged
between 1.9 and 856 ppm (Kim et al. 2010). The identified
Ag-NPs could provoke the inhibition of the bacterial enzymes
responsible for the cell cycle and metabolism Ag-NPs may also
affect the structure of the activated sludge flocs and the biofilm
formation (Sheng and Liu 2011).

Nanogold

Au-NPs are regarded as model molecules for carrying out
research on the transport and bioaccumulation in living
organisms. Insoluble nAu is relatively nontoxic when compared
to other nanometals (Lee et al. 2012). The Au-NPs surfaces
are modified with carboxylic acids to improve the stability
of Au-NPs. Such treatment also prevents agglomeration
and precipitation and improves the applicability of Au-NPs
in medicine and electronics. Importantly, the process
involves an additional load for the environment (Tedesco et
al. 2010, Rostek et al. 2011). The toxicity and cytotoxicity
tests of nAu mainly concern aquatic organisms. For mussel
(Mytilus edulis), the 0.75 ppm nAu concentration (particle
size: 13—15 nm) disturbed the enzymatic activity (Lapresta-
-Fernandez et al. 2012, Tedesco et al. 2010). The 17 ppm nAu
concentration (particle size: 5-10 nm) increased the production
of reactive oxygen species for rainbow trout (Oncorhynchus
mykiss) (Farkas et al. 2010). In relation to E. coli and B.
subtilis, nAu showed no toxic changes, even at 30 ppm
concentrations (Balasubramanian et al. 2010). In the literature,
there are very few reports on the toxicity of Au-NPs to the
aquatic microorganisms and bacteria present in the aquatic
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environment. It can probably be explained with the low nAu
toxicity. However, nAg can have different physicochemical
properties and biological activity due to different methods of
its synthesis. Therefore, it seems appropriate to determine the
toxicity of Au-NPs.

Nanocopper

nCu is an antibacterial and antifungal agent that is as strong as
nAg. Due to its small size it can complete the cell lysis shortly
after entering a living organism (Yoon et al. 2007). With the
inhibition of the proper enzyme functions, oxidative stress
and cellular respiration process, microorganisms die (Raffi
et al. 2010). The Cu-NPs are becoming increasingly used in
everyday products. Their toxicity should not be disregarded.
It is still an issue due to the different nCu properties and
behaviour when compared to the ionic form. The toxicity of
Cu-NPs to living organisms is higher than the toxicity of Cu
ions (Pradhan et al. 2012). In addition, the Cu-NPs cause toxic
effects on organisms in the aquatic environment. Different
factors (synthesis method and dispersion of nanoparticles,
size, initial solution concentration, sample preparation) affect
the interaction and have a negative impact on living organisms.
During the 24 hour exposure of D. magna to Cu-NPs, half
of the tested organisms were immobilized by the toxicity of
the Cu-NPs solution (particle size: 50 nm). The toxic effect
was observed for the concentration range between 55 ppb
(100 ppm concentration of Cu-NPs, filtered at 0.1 um, sonicated
for 120 minutes) and 3 ppm (1000 ppm concentration of
Cu-NPs, unfiltered, sonicated for 120 minutes).The unfiltered
sample with a higher concentration of Cu-NPs had the ability to
form aggregates and larger clusters that did not exhibit toxicity.
The smaller Cu-NPs that easily penetrate living organisms
could bind with enzymes and cellular organelles, leading to
toxic and irreversible changes (Jo et al. 2012).

The biocidal activity of Cu-NPs can be observed for the
majority of common bacteria in the aqueous environment.
These include E. coli (Esteban-Cubillo et al. 2006, Jadhav et
al. 2011, Ramyadevi et al. 2012, Yoon et al. 2007), S. aureus
(Esteban-Cubillo et al. 2006, Jadhav et al. 2011, Ren et al.
2009), B. subtilis (Yoon et al. 2007), Vibrio fischeri (Heinlaan
et al. 2008), and P. aeruginosa and Proteus (Ren et al. 2009).
For E. coli and B. subtilis, toxic concentrations of Cu-NPs
(particle size:100 nm) were 3,349 and 2,820 ppm, respectively,
with the 90% antibacterial effect (Yoon et al. 2007). The
Cu-NPs (particle size: 22.4-94.8 nm) ata 250 ppm concentration
inhibited the growth of S. aureus, whereas a 2,500 ppm
concentration inhibited the growth of P aeruginosa and
Proteus. The differences in the nCu concentrations, which
demonstrate the toxic effects, depend on the nanoparticle size,
bioavailability of Cu** ions, synthesis method and type of test
microorganisms (Ren et al. 2009).

Metal oxide nanoparticles

Zinc oxide nanoparticles

The ZnO-NPs solution in aquatic media can form Zn?* ions,
which are very toxic to living organisms. The Zn ions can
bind with sulfhydryl (-SH) groups of enzymes and cause cell
damage and blood circulation disturbance. Zn** ions pose
a threat to aquatic microorganisms. After entering through
a cell membrane, the released Zn** ions can generate reactive
oxygen species (ROS) that disturb the work of microorganism

organelles (Wilson et al. 2007, Liu et al. 2013). The
antibacterial activity of ZnO-NPs depends on the aggregation,
size and concentration. Smaller ZnO-NPs and agglomerates
have a larger antibacterial effect than larger ones (Zhang et al.
2007). The study (Ramani et al. 2012) shows that ZnO-NPs,
which causes 99% growth inhibition, can be an antibacterial
agentagainstS. aureus, B. subtilis, Streptococcus pneumoniae,
Streptococcus  agalactiae, K. pneumoniae, Salmonella
typhi, E. coli, and P. aeruginosa. ZnO-NPs demonstrates
bacteriostatic properties in the presence of both the
gram-negative and gram-positive bacteria (Narayanan et al.
2012). The toxic concentration values differ. For example, the
10 ppm ZnO-NPs concentration inhibited 90% of B. subtilis.
On the other hand, the 1,000 ppm concentration inhibited
only 48% of E. coli. The differences in toxic effects arise
from various properties of ZnO-NPs (size, concentration,
synthesis method, shape) and life functions of the bacteria
(metabolism, cell physiology, cell wall structure) (Adams
et al. 2006). In the study (Heinlaan et al. 2006), lower
ZnO-NPs contents were observed for V. fischeri, where 1.1
to 1.9 ppm concentrations resulted in the 69-93% inhibition.
The minimal inhibitory concentration (MIC) and minimum
bactericidal concentration of ZnO-NPs for Streptococcus
mutans were 500 ppm (Hernandez-Sierra et al. 2008).
For aquatic microorganism, the ZnO-NPs were toxic to
Spirodela polyrhiza at the 50 ppm concentration (Hu et
al. 2013), T. platyurus at 0.2 ppm (Lethal Concentrations
of 50% tested organisms in 24 hours — LC50, 24 hours),
D. magna at 3 ppm (LC50, 24 hours) (Heinlaan et al. 2006),
and Pseudokirchneriella subcapitata algae at 0.2 ppm (total
growth inhibition) (Aruoja et al. 2009).

Titanium dioxide nanoparticles
TiO,-NPs interact with OH ions to form free radicals and
with O atoms to form highly oxidizing ions, O* (Maness et
al. 1999). Used as a disinfectant, nanotitanium dioxide causes
toxic effects in bacterial microorganisms, viruses and fungi
leading to the cell apoptosis. Nonetheless, the mechanism of
the toxic activity of TiO,-NPs is not fully understood (Rincon
et al. 2004, Larue et al. 2011). The TiO,-NPs released from
sunscreens, pigments and inks are present in the aquatic and
soil environments. Their sizes can decide on the toxicity effects
of the NMs (Lewicka et al. 2011, Larue et al. 2011, Braydich-
-Stolle et al. 2009).

The toxic effects of TiO,-NPs (particle size: 25 nm) on
E. coli were observed at the 100 ppm concentration level.
The bacteria reduction was about 98%. This confirms the
antibacterial activity of TiO,-NPs (Manesse et al. 1999).
330 nm TiO,-NPs caused a 72% growth inhibition of E. coli
at the 5,000 ppm concentration. The gram-positive B. subtilis
exhibited greater sensitivity to the antibacterial activity of
TiO,-NPs because the 1,000 ppm concentration caused the
75% growth inhibition, while a 2,000 ppm concentration
inhibited 99% of microorganisms (Adams et al. 2006). The
V. fischeri and D. magna exhibited no toxic changes when
treated with TiO,-NPs (particle size: 25-70 nm; 20,000 ppm
concentration) (Heinlaan et al. 2008). Similar results were
obtained in the studies on the TiO -NPs toxicity. There was no
toxic effect on the growth of V. fischeri and D. magna (Strigula
et al. 2009). The toxicity of TiO,-NPs is relatively low when
compared with antibacterial Ag and Cu-NPs. It can be assumed
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that the toxicity of TiO,-NPs is the lowest. Therefore, titanium
nanodioxide is extensively used in medicine and pharmacy,
where it has a major impact on human health.

Iron oxide nanoparticles

Dueto their small size and active surface, iron oxide nanoparticles
can interact with microorganisms. The gram-positive B. subtilis
have a wider tolerance to the presence of iron nanoparticles
than the gram-negative E. coli. This is the effect of either the
repulsion forces acting between the positive charge on the iron
nanoparticle surfaces and the positive charge on B. subtilis or
the differences in the cell wall structure (presence of proteins
and increased thickness of the cell wall) (Chenet al. 2011). The
isoelectric point of Fe,0,-NPs is 7. Consequently, the attraction
forces between microorganism cells and Fe O,-NPs are dominant
in an acidic medium (pH 4) due to the positive surface charge
of Fe,O,-NPs. On the other hand, the repulsion forces between
Fe,0,-NPs and microorganisms are dominant in a basic medium
(pH 10). The 24 ppm concentration of Fe O,-NPs (particle size:
10 nm) caused toxic changes in E. coli in an acidic medium (pH
4). Aquatic organisms (D. magna) demonstrated a very strong
sensitivity to Fe,O,-NPs (particle size: 6 nm) and 50% mortality
in their presence at the concentration 2 ppm (Garcia et al. 2011).
In the bioluminescence test, V. fischeri displayed the growth
inhibition in the 240 ppm concentration (half maximal effective
concentration — EC50) of Fe,O,-NPs (Chen et al. 2011).

Copper oxide nanopatrticles

The antibacterial effect of CuO-NPs on E. coli and S. aureus
was determined in experiments carried out on agar plates.
The research was conducted for 5 nm particles and for 50
and 100 ppm concentrations. A characteristic “halo” around
the bacterial colonies was observed, which indicated the
growth inhibition (Jadhav et al. 2011, Ramyadevi et al. 2012).
CuO-NPs (particle size: 22.4-94.8 nm) caused growth
inhibition of S. aureus at the 100 ppm concentration, whereas the
5,000 ppm concentration inhibited the growth of P. aeruginosa
and Proteus (Ren et al. 2009). The 79 ppm CuO-NPs (particle
size: 30 nm) concentration produced the inhibition of the
V. fischeri population after a 30 minute exposure. In addition,
the inhibition of the entire V. fischeri population occurred in the
200 ppm concentration of CuO-NPs (Heinlaan et al. 2008).
CuO-NPs (particle size: 30 nm) are toxic to D. magna. The
2 to 24 ppm concentrations of CuO-NPs inhibited half the
organisms of tested organisms within the 48 hour exposure
(EC50, 48 hours). Toxic concentrations were dependent on the
experiment conditions (pH level, temperature, ionic strength,
mineral composition of water) (Blinova et al. 2010). The
concentration at 3 ppm of CuO-NPs (particle size: 30 nm) killed
half of the D. magna organisms (LC50) within 48 hours. The
mortality of half of the 7. platyurus population in the 24 hour
exposure (LC50) to CuO-NPs required at 2 ppm concentration.
The highest concentration of the CuO-NPs with no observed
toxic changes for both types of these aquatic organisms was
0.5 ppm (Heinlaan et al. 2008).

Conclusions

Understanding issues such as the behaviour of NPs in the
environment, their impact on aquatic organisms and their
toxicity, helps to define the environmental risks and identify

the new directions for their use. To protect the environment and
living organisms, it is necessary to know the toxic doses of NPs
and the mechanisms of their toxicity. Due to their large surface
area and small size, NPs have strong chemical reactivities.
Because of these properties, NPs are widely used in industry
and technology. Due to their production and use, NPs are
released into the environment. This generates the so-called
nanocontaminants, which can be regarded as the pollutants of
the 21st century.

Many studies have already been conducted, but it is still
necessary to improve the knowledge of the NPs behaviour
and their interactions with various environmental elements.
The higher surface energy of NPs, in comparison with
metals in macroscale, results in the higher reactivity. On the
one hand, NPs can bind with clay minerals, iron oxides and
humic substances contained in the environment due to their
strong surface charge. On the other hand, they can behave as
sorbents of contaminants present in the environment. Their
small size improves their mobility in the environment and their
penetration into the tissues and organs of aquatic organisms. It
is considered appropriate to know and follow the life cycle of
NDMs because the reactivity of NPs depends on it. The presence
of NPs in the environment is not a common problem yet
because nanotechnology is a relatively new field of science and
technology. Nevertheless, it is certain that the interest in NMs
and NPs will gradually grow in time and due to the technology
development.
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Nanomaterialy nieorganiczne w srodowisku wodnym:
zachowanie, toksycznos¢ i interakcje z innymi elementami sSrodowiska

Streszczenie: Celem pracy jest charakterystyka, toksyczno$¢ oraz zachowanie w $rodowisku nanomateriatéw (takich
jak srebro, miedz, ztoto, tlenek cynku, dwutlenek tytanu, tlenki zelaza), ktére wystepuja najcze$ciej w produktach
konsumenckich. Dodatkowo, nanomaterialy okreslane sa jako nowe zanieczyszczenia srodowiska wodnego XXI wieku.
Z jednej strony moga by¢ adsorbowane przez elementy $rodowiska wodnego (tj. mineraly ilaste, kwasy fulwowe
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1 huminowe), z drugiej za$ to one staja si¢ centrami adsorpcyjnymi zanieczyszczen srodowiskowych (tj. jony metali
cigzkich, zwiazki organiczne). Najbardziej rozpowszechnione nanosrebro jest uwalniane z produktéw dostepnych na
rynku do $rodowiska wodnego, co powoduje zagrozenie dla organizméw wodnych z powodu wysokiej toksycznosci
srebra. Nanomiedz natomiast jest uwazana za jeden z najsilniejszych srodkow antybakteryjnych i przeciwgrzybicznych,
nawet w porownaniu do nanosrebra. Nanoczastki charakteryzuja si¢ niewielkimi rozmiarami co pozwala im na wnikanie
do zywych komorek, a takze wysoka reaktywnosciag dzigki czemu moga zakloca¢ metabolizm komoérek oraz cykle
geochemiczne bakterii. Nanomateriaty ulegaja aglomeracji, wiaza si¢ zarowno z jonami jak i zwigzkami organicznymi,
moga rowniez zostac zatrzymane na powierzchni osadow a ich interakcje uzaleznione sa od warunkow srodowiska (pH,
sifa jonowa, temperatura, oraz obecnos$¢ innych zwigzkéw chemicznych). Niestety ich zachowanie w $rodowisku nie
jest do konca poznane. Dlatego konieczne sa badania nad zachowaniem si¢ nanomaterialow w §rodowisku wodnym,
ich toksycznosci i interakeji z elementami §rodowiska wodnego. Zagrazajac organizmom wodnym mogg one rowniez
negatywnie wptywac na zdrowie i zycie ludzkie. Zasadne wydaje si¢ zatem poznanie regulacji i praw ktore pozwola na
okreslenie dopuszczalnych stgzen nanoczastek w srodowisku.



