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Application of nanotechnology in wastewater treatment

Conventional wastewater treatment methods include various physical, chemical and
biological processes. The results of such treatment can be limited because of high
investment cost or, in some cases, due to poor treatment efficiency. For that reason,

Emir Zelic, MCE new approaches are continuously being developed as a means of supplementing or
Hidrokon d.o.0., Croatia replacing traditional water treatment methods. The paper provides an overview of
emir.zekic@hidrokon.hr development of nanotechnology over time in the sphere of wastewater treatment,

and examines the influence of nanomaterials on human health and environment,
while also providing a review of future development trends in nanotechnology.
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Die klassischen Verfahren der Behandlung (Reinigung) von Abwassern umfasst
verschiedene physikalische, chemische und biologische VVerfahren, deren Anwendung
aufgrund der hohen Investitionskosten eingeschrankt sein kann oderin einigen Fallen
von schwacher Effizienz bei der Reinigung. Deswegen werden kontinuierlich neue
Verfahren der Abwasserbehandlung untersucht, die als Erganzung oder Alternativen
zu den klassischen Verfahren dienen wiirden. Die Abhandlung gibt einen Uberblick
Uber die Entwicklung der Nanotechnologie in der Abwasserbehandlung, den Einfluss
des Nanomaterials auf die Gesundheit des Menschen und die Umwelt sowie eine
Darstellung zukinftiger Entwicklungstrends in der Nanotechnologie.
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1. Introduction

According to some expert estimates, the world population
will rise to 9 billion by 2050 [1]. This will cause problems with
water pollution, and with an increasing amount of waste that
will accumulate in water bodies. Due to higher consumption
of water, and drinking water shortage, a high emphasis will be
placed on wastewater recycling. In particular, it will be necessary
to treat water to make it fit for particular purposes.
Conventional wastewater treatment methods include various
physical, chemical and biological processes the results of which
can be limited because of high investment cost or, in some
cases, due to poor treatment efficiency (stricter legislation,
new compounds in wastewater, higher concentration of heavy
metals, etc.). That is why new approaches are continuously
being examined to supplement and improve traditional
water treatment methods. In this context; nanotechnological
approaches are also being considered [1].

Current research in nanotechnology offers the possibility of
developing technically and economically viable alternatives to
conventional wastewater treatment. This technology is based
on the application of materials on the nanometre scale, so
that new structures, components and materials can be built
at this (atomic) level. The whole theory is actually based on
the fact that the properties of materials at the nanolevel are
completely different from those at the macro level. Because of
its properties, the development of nanotechnology has been
quite significant over the past ten years [2, 31.

The United States is at the forefront of nanotechnology research.
In this country, research activities in this area are conducted in the
scope of the US Environmental Protection Agency (US EPA) and
the National Nanotechnology Initiative (NNI). Within its borders,
the United States has defined a total of 294,000 contaminated
natural locations that need some form of sanitation and
environmental protection. These are large and complex areas and
most of them will require coordinated work by a large number of
participants, as well as the development and implementation of
new treatment processes. Among them, a dominant role might
be assumed by nanotechnological processes. Currently, various
forms of nanotechnology for wastewater treatment are being
examined at the level of pilot projects. One of them, involving
nano-sized zerovalent iron (nZVI) particles, has already reached
commercial level and practical application in the treatment of
pollution-affected areas [4].

Several other countries have also invested a lot in
nanotechnology research. Among them is Japan which invests
in similar projects through its research program (Japan Science
and Technology Agency"s Core Research for Evolutional Science
and Technology — JST"s CREST). South Africa has developed
its National Strategy for Nanotechnology in 2006, and has
innovation centres focusing on water treatment. Other countries
belonging to this group are Brazil, Saudi Arabia, India, China,
and some other developing countries [2]. The goal is to develop
economically viable water/wastewater treatment methods to
ensure proper sanitary conditions for a long period of time.

However, despite growing research efforts, most
nanotechnological procedures have not yet reached the stage
of practical application. The main reasons are possible negative
impacts on living organisms and the environment. While,
for now, only one technology (zerovalent iron nanoparticles)
has reached commercial use, other technologies are still
being explored. The research is mainly of a scientific nature
and it takes time to explore how certain technologies can be
implemented, what types of pollution can they be used for
and, generally, whether they are actually suitable for practical
application. When discussing the properties of nanoparticles
and the area of their application, it can be seen that most papers
on this issue focus on the structure of nanoparticles, i.e. on
the synthesis of atoms and molecules within nanostructures,
Figure 1. However, in recent years, a growing number of papers
have been published on their toxicity and environmental impact.
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Figure 1. Number of publication in different
nanoparticles, until December 2008 [5]

disciplines of

The following main topics could be selected from the relevant
literature survey [2]:

- New materials for membrane filtration,

- Nanomaterials for catalysis and photocatalysis,

- Nanomaterials for water disinfection,

- Nanomaterials for adsorption of pollutants,

- Nanoscale zerovalent iron.

The term "nanotechnology” was first mentioned in the late 19*
century (1867) when James Clerk Maxwell published his first
observations about this technology and presented possibilities
of manipulating individual molecules [6]. At the beginning of
the 20th century, with the development of ultramiscroscopes,
nanostructures of a size of 10 nm could for the first time be
observed andinvestigated (Zsigmondy 1914).In 1959, Professor
Richard Feynman presented to the world a revolutionary
theory. In his work "There"s Plenty of Room at the Bottom"
he predicted various practical applications of nanotechnology
[6]. However, his vision became feasible only in the 1980s or,
more precisely, in 1981, when IBM experts developed the first
"scanning tunnelling microscope (STM)", which enabled not
only observation of certain atoms and molecules, but also their
manipulation and construction of various nanostructures [6].
The first such (artificial) configuration of the atoms was made by
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IBM scientists. Using xenon atoms (35 in total), they managed
to form the letters "IBM", Figure 2.

Figure 2. "IBM" formed by means of 35 xenon atoms, [7]

Interestingly, despite the great interest in this technology, its
accurate definition is still lacking. It is generally accepted that
nanotechnology implies management of those materials and
particles of at least one dimension in the range of 1-100 nm
[4, 8]. Such materials and particles are called nanomaterials
or nanoparticles. However, the above definition is incomplete.
The American National Nanotechnology Initiative defined two
additional conditions, which implied that:

- nanomaterials are characterized by their unique physical,
chemical and / or biological characteristics, different from
their equivalent on the macro level

- itmust be possible to configure and control nanomaterials at
the atomic (nano) level [4].
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Figure 3. Top-down and bottom-up approaches for synthesis of
nanomaterials, [9]

When it comes to synthesising or structuring nanomaterials,
two main approaches can be applied [2]:
"bottom-up" approach - in this approach, nanomaterials and
nanostructures are made of individual atoms and molecules
linked by chemical bonds, thus forming a somewhat larger
and more complex nanostructure
"top-down" approach - nanostructures are made of larger
entities without configuration control at the atomic (nano)

level. Synthetic techniques according to this approach
include various physical breaking methods, laser radiation,
nano-lithography, etc.

It should be noted that the approach used for structuring
nanomaterials plays a key role in determining their main
properties, stability, morphological characteristics, adsorption
ability, degree of catalysis, etc. As mentioned before, nano-sized
materials have unique properties, completely different from the
equivalent structures on the macro-level. The most important
feature is the large surface to volume ratio, which is why they
are suitable for different forms of water treatment (adsorption,
photocatalysis, membrane processes, etc.). Other important
properties are related to different behaviour and motion
of electrons (quantum effects). Thus nanostructures have
completely different optical, electrical and magnetic properties,
greater reactivity with neighbouring (polluting) atoms, faster
chemical processes, etc.[2, 10].

All these characteristics of nanomaterials make this technology
attractive in terms of eliminating contaminants and enabling
wastewater treatment. Several different nanostructures have
been defined with regard to treatment method. In this respect,
nanotechnological wastewater treatment processes can be
divided into three main groups:

- treatment and remediation

- sensing and detection

- pollution prevention [4].

The greatest emphasis has currently been placed on
the treatment and remediation of wastewater. Various
nanomaterials are at different stages of research, and each one
has its own unique functionality. Some nanoparticles destroy
contaminants (oxidation in the presence of nanocatalysts), while
other separate and isolate these contaminants (nanomembrane
filtration). Carbon nanotubes (Figure 4) have been recognized for
their ability to adsorb dioxins. In this regard, they are much more
efficient than the conventional activated carbon process [11].

Figure 4. Single-walled and multi-walled carbon nanotubes, [12, 13]

As already mentioned, most nanomaterials  and
nanotechnological processes are still in the phase of scientific
research. Only some of them are commercially available.
Additional laboratory tests and pilot tests are required to
gain a clearer understanding of these processes, and to fully
define possibilities for their broader application. With each new
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technology there is concern about its potential impacts, which Table 1. Efficiency of nanofiltration in the removal of contaminants,
have not as yet been fully explored. In terms of maintenance, [14]
a possible problem for now is the elimination of accumulated

) ) o ) Contaminant Unit Removal efficiency
contaminants from nanomaterials, and the possibility of their . .
reuse. Further work is needed to minimize the shortcomings of . b 40 -60
this technology, and to take full advantage of its potential in the Total organic carbon % 90 -98
field of environmental protection. Colour % 90 - 96
) . Hardness % 80 -85
2. Main nanotechnological processes for NaCl . 1050
wastewater treatment )
Sodium-sulphate % 80 -95
2.1. Nanofiltration Calcium-chloride % 10 - 50
Magnesium-sulphate % 80 -95
Membrane filtration pl.ays. an important rgle in removing Nitrates % 80 -85
varl.o.us t.\/pes of contamlngtloQ and enables high level of watgr Fluorides " 1050
purification. Until recently, its biggest problem was a substantial :
investment cost (about 70 % of the total investment cost Arsenic b <40
refers to membranes). As the price is lowering, the membrane Atrazine % 85-90
wastewater treatment process becomes more and more Proteins log 3-5
popular in the market, mainly due to its high efficiency in the Bacteria log 3_6
removal of solid waste materials, monovalent and divalent ions,
. Protozoa log >6
various pathogens, etc. :
Nanofiltration (with reverse osmosis, RO) is a high-pressure Viruses log 35

membrane treatment process. But unlike the RO, it requires a
much lower drive pressure (7 to 14 bar), and so allows lower Nanotechnology offers a wide range of solutions for membrane
energy consumption. Centrifugal pumps are most often materials, including [2]:

used for the pressure and circulation of wastewater within - Ceramic membranes for nanofiltration

the nanomembrane. The plant consists of a large number of - New polymeric membranes with anti-fouling coating (Organic
modules, with different membrane configurations within each brush-like coating, Membrane impregnated with nanoparticles)
module. In nanofiltration, the usual length of the module varies - New composite membranes:

from 0.9 to 5.5 m, and the diameter ranges from 100 to 300 - Thin film composite membranes

mm [14]. The modules are installed on the stand and can be - Metal/metal oxides + polymer

arranged either horizontally or vertically (Figure 5). For vertical - (Carbon nanotube + polymer

installation, a smaller number of connecting pipes and fittings - Zeolites + polymer

are required, and the footprint is smaller. - Aquaporin + polymer

Nanofiltration produces water that meets highly stringent
requirements in terms of water reuse. Since this process is highly According to Pendergast and Hoek (2011) [17], all membrane

efficient in the removal of organic and inorganic substances, types used in nanofiltration can be grouped in three categories:
bacteria and viruses, the need for subsequent disinfection of - nanostructured ceramic

water is minimal. Typical removal rates of some compounds and - organic-inorganic membranes

contaminants are shown in Table 1. - biologically inspired membranes.

23 e =y

Figure 5. Horizontal and vertical arrangement of modules, [15, 16]
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They also developed methods for evaluating certain
nanomaterial properties, such as permeability, strength,
practical application, etc. They concluded that biologically
inspired membranes possess the greatest potential for
improvement but are far from commercial use. On the other
hand, zeolite membranes have limited possibilities for further
development but are closest to commercial use. Figure 6
shows that no type of membrane exists in the optimal (upper
right) quadrant, but this could change over time when the
biologically inspired membranes technology reaches maturity

[2].
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Figure 6. Comparison of potential performance and commercial
viability of nanomembranes, [2]

2.2. Nanomaterials for catalysis and photocatalysis

Metal nanoparticles and metal oxides have proven to be very
good catalysts in oxidation reactions. They exhibit a strong
catalytic activity through which pollution molecules are oxidized
forming less toxic substances, or converted into ecologically
acceptable final products [2]. The main reasons for these
properties of nanoparticles are:

- very small particle size, i.e. a large surface to volume ratio

- high reactivity directly related to nanoparticle size.

Nanocatalysts can effectively be used for chemical oxidation of
organic and inorganic pollutants in water in advanced oxidation
processes (AOP) [2]. These processes are based on formation
of highly reactive radicals that react easily with pollutant
molecules. The application of this process is often limited
because of the extremely high costs of providing required
energy (UV lamps, ozonators, ultrasonicators, etc.) [2].

Photocatalysis is the most significant oxidation process. This
is a chemical reaction change that is induced by adsorption of

a photon whose energy is greater than the energy needed to
overcome the interstitial of two electron shells (valentine and
conductive) of a semiconductor. When the photon illuminates
the catalytic surface, the electron (negatively charged particle)
is transferred from the valentine shell to the empty conduction
shell and leaves a "hole" behind it with a positive charge. This
"e-h" pair ("electron-hole") creates highly reactive radicals
that bind the molecules of pollution and thus break them
down [18].

Metal oxide
semiconductor

cB e %
S ran
0, H,0,

Wide Catalyst co
bandgap surface o0z *mtermeéiates
H

(2 - 4eV) ) .
OH*,R*

.............. s Oxidation

e 4] H,0/0H-, R

Legend

R/R": Radicals

OP: Organic pollutant
CB: Conduction band
VB: Valence band

Reduction

-

UV light

Figure 7. Photocatalysis on the surface of semiconductor as a
nanocatalyst, [18]

However, there are several technical challenges that have to

be met to enable broader practical application of this process,

including

- optimization of catalysts in the exploitation of available light
energy

- more efficient separation of nanocatalysts after treatment
and re-application

- improvement of selective properties during chemical
reactions.

However, the biggest drawback of this technology is the high
operating cost of providing the required light energy (UV
radiation), which is why this technology is still not considered
to be economically viable. The research has therefore
concentrated on the exploitation of (natural) solar energy
for photocatalytic processes. Apart from being free, the
advantage of solar energy is that it can also be used in open-
air processes. The exploitation of renewable energy in these
processes opens up new opportunities for the development of
technologically efficient and economically viable wastewater
treatment technologies [18].

GRADEVINAR 70 (2018) 4, 315-323
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2.3. Nanomaterials for water disinfection

In addition to having excellent adsorption and catalytic

properties, some nanomaterials have proven to have

great antimicrobial activity as well. Such materials include

chitosan, silver nanoparticles, titanium dioxide, fullerene

nanoparticles, carbon nanotubes, etc. All these nanomaterials

are mild oxidants and are relatively inert in water, and are

therefore note expected to create harmful by-products.

There are several ways of applying the nanomaterials in water

disinfection processes:

- direct action on (bacterial) cells in the sense of preventing
electron passage through the membrane

- break through the cell membrane

- oxidation of some cellular components

- Hydroxyl radicals (within the action of nanoparticles as
photocatalysts)

- the formation of dissolved metal ions that can cause damage
to cellular components [1S].

The most significant antimicrobiological mechanisms are shown
in Figure 8.

Protein oxidation Disruption of
membrane /
cell wall

—

Release of ions —» @

DNA

damage Generation

of reactive
oxygen
species

Interruption of electron transport ©

Figure 8. Various mechanisms of antimicrobial activities exerted by
nanomaterials, [19]

However, there are some limitations regarding the use of
nanotechnology in wastewater disinfection processes. For
some nanomaterials to be effective in removing different
types of microorganisms, they must be in direct contact
with the cell membrane of bacteria, viruses, etc. Therefore,
some nanomaterials (carbon nanotubes) need to be strongly
connected to the reactive surface. Also, the deficiency of
nanotechnology in disinfection processes is that there
is no residual, i.e.,, subsequent antimicrobial activity in
wastewater (such as in the case of chlorine use) [2]. The
great advantage of conventional disinfection procedures
is currently low cost. Nanotechnological processes will
become more competitive after standardisation of the
production of nanomaterials and following reduction of
total labour costs.

2.4. Nanomaterials for adsorption of pollutants

Nanoparticles possess two important characteristics that
make them very good adsorbents. These are the large specific
surface of nanomaterials and surface multifunctionality or the
ability to easily chemically react and bind te different adjacent
atoms and molecules (Figure 9). These characteristics make
nanoparticles not only effective adsorbents for various
contaminants in wastewater but also allow for long-term
stability, as this also results in adsorbent degradation (with the
addition of catalytic properties of nanoparticles) and improves
the adsorption efficiency.

With the discovery of carbon nanotubes (lijima, 1991), a new
carbon-based adsorption material was introduced to the world.
Compared to the best known such material - activated carbon
- carbon nanotubes possess approximately the same large
specific surface, but their great advantage lies in the structure
of nanomaterials and a much better arrangement of carbon
atoms. In addition, nanomaterials possess unique mechanical,
electrical, chemical, optical and many other characteristics
that allow them to have much better adsorption properties
for some contaminants (heavy metals and organic pollutants).
This is why they are called the "material of the 21t century"
[11].

Phosphonic acid

Carboxylic
acid
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S
Trimethoxy I'MO
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Amine /,
N
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Figure 9. Multifunctionalities of metal oxide nanoparticle surface, [9]
Besides carbon nanotubes, metal based nanoparticles also have
adsorption characteristics. The most common metal oxides used
as adsorbents are iron oxides (Fe,0)), silicon (Si), titanium (Ti)
and tungsten (W). They are mainly used for adsorption of heavy
metals and radionuclides (unstable nuclides). The adsorption
process is based on the electrostatic interaction of dissolved
metals in wastewater and the nanoadsorbent surface. Changing
the pH of the solution can significantly affect the strength of
this interaction. Thus, the surface of the nanoadsorbent may be:
- acidic, with positive charge attracting anions

- basic, with a negative charge attracting cations from waste

water [20].
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2.5. Nanoscale zerovalent iron (nZVI)

Remediation of wastewater using nanotechnology is also
gaining a greater interest. Compared to conventional materials
and technologies, nanoparticles can provide great material
and energy savings due to their prominent properties.
Their nanostructure allows them to act as colloids, and
so they can easily be injected into the soil and associated
with contamination, regardless of location and depth. Key
characteristics that nanoparticles must have in terms of
remediation of contaminated groundwater are:

- high reactivity with contaminants

high mobility within porous medium

- appropriate life span

- negligible harmful effects.

According to available research results, the zerovalent iron
(nZV1) is considered to be the most interesting nanomaterial
due toits low production costs, positive environmental effects,
and high reactivity with contaminants. This nanotechnology
has found extensive application in contaminated groundwater
treatment, and has already reached the commercial level of
application in the world. In addition, it has already proven to
be a highly efficient technology for the removal of various

Depending on the mobility of the contaminant, the nzVi
injection method can be tailored for the treatment of:

- mobile contamination

- immobile contamination (Figure 10).

Thus, for the treatment of mobile contaminant plumes,
low mobility nZVI is typically used for the formation of a
"reactive treatment zone" The nanoparticles are sequentially
injected and adsorbed to native aquifer material, forming a
physicochemical filter. Mobile nzVI is typically selected for
the treatment of a static contaminant body and is injected
upstream for direct treatment [21].

A legal framework has to be put in place for the application
of the described nanotechnology. This framework has
already been defined in North America and in some European
countries. A broader application of this technology relies on
clear understanding of all processes and behaviour of the nzZVI
in the underground water system. Great emphasis is placed on
itsimpact on the environment. The same experts who proposed
this technology as an efficient method of water treatment
also point to possible negative environmental effects. So far,
little research has been done on the subject of its potentially
harmful influence. Additional research and knowledge in this
field is needed to accurately predict behaviour of nanoparticles

Gradevinar 4/2018

organic and inorganic pollutants, including chlorinated in natural environment.
solvents, pesticides, nitroamines and nitroaromatics, This detailed knowledge combined with the expected reduction
organophosphates, inorganic anions, arsenic, uranium, in total costs will enable this nanotechnology to become more
numerous metals, etc. [21]. competitive, as compared to other conventional methods [21].
a) Nanoparticle injection wall b) Injection of immobile nanoparticles
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Figure 10. In-situ remediation technology with nZVI, [15]
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3. Environmental and human health effects of
nanomaterials used in wastewater treatment

Contemporary nanotechnology research in the sphere of
wastewater treatment should not solely be based on the
potential for improving properties of nanomaterials used in
wastewater treatment, their efficiency, or standardization.
A very important factor that is highly significant for broader
commercial use of these products in the future is their
impact on human health and the ecosystem. In almost all
forms of application of this technology, the most critical part
is the presence of nanomaterials in wastewater, because
of their potential environmental impact. Additionally, once
nanoparticles come to nature, their interaction with chemical
substances in the environment can often have negative
consequences.

Although no exact data are currently available, it is well
known that largest quantities of nanomaterials that appear in
the environment will eventually end up in soil, while smaller
amounts of nanoparticles are present in water and air. One
of the largest "sources" of nanomaterials in the soil is the
sludge generated in wastewater treatment plants. After
wastewater treatment, total pollution (including nanoparticles)
accumulates in sludge, which is then transported and
handled in various ways. A major problem in the treatment
phase is that various types of polyelectrolytes are added
to the wastewater for the purposes of flocculation and
sedimentation of particles, and they directly affect the above-
mentioned properties of nanoparticles: reactivity, dispersion,
mobility, etc. The sludge is then used for various purposes and
it ends up in the environment where it is either deposited at
landfills, used as soil improver in agriculture, etc. This domain
of wastewater treatment has so far been completely ignored
and, in the future, proper sludge disposal methods will have to
be considered, in line with environmental protection principles
[2].

Basically, some studies on the impact of nanomaterials on
the ecosystem have so far been made, and some satisfactory
results have been achieved. However, numerous nano-
toxicological studies are still in the initial phase and a lot of
work is needed to make accurate conclusions about the effects
of certain nanomaterials on human lives and the environment.
More than that, this issue might be a limiting factor for
commercial use of some promising nanotechnologies.

4, Conclusion
Although some nanotechnologies have proven to be very

effective and promising in laboratory conditions in terms of their
wastewater treatment potential, the commercial applicability

varies considerably depending on the type of nanotechnology.
In some cases, practical application has already been reached,
while in other cases additional research is needed to minimize or
eliminate all negative impacts. There are three main challenges
to the mass production of nanomaterials:

- technicalchallengesontheuseof particularnanotechnologies
- economic cost-effectiveness in terms of production and

operating costs
- impacts on human life and the environment.

This paper focuses exclusively on the possibilities of
nanotechnology with regard to wastewater treatment.
However, nanoparticles possess another important feature
that could make them a generally acceptable method: it is their
ability to detect and prevent contamination. Because of their
size and other characteristics, they have the ability to act as
sensors for some targeted contaminants in wastewater. This
property will be extremely important in terms of detecting
pathogens or some newly discovered substances in water/
wastewater.

Finally, future research should address the issue of compatibility
of nanotechnology with the existing wastewater treatment
methods. In developed countries, where a complete sewerage
network with wastewater treatment plants is already in place, it
can not reasonably be expected that the existing facilities will be
abandonedinthe oncoming period. Therefore, it willbe important
to define how to incorporate specific nanomaterials into the
system, with minimum changes to the existing infrastructure.
Meanwhile, independent nanotechnology processes could be
applied in undeveloped or developing countries that have not as
yet defined infrastructure and wastewater treatment methods
[14].

Given the degree of development and future prospects for
improving efficiency and economic viability, the following three
types of nanomaterials can be regarded as the most promising
ones:

- nanoadsorbents

- nanomembranes

- nanocatalysts.

The above-mentioned challenges regarding commercialization
of nanomaterials are important, but many of them, including
technical characteristics, cost of production, environmental
impacts, etc. may be considered as temporary impediments
only. To overcome these challenges, close co-operation
between all interested parties is necessary. It can be expected
that this advanced technology, with careful management
aimed at avoiding undesirable consequences, can make a
huge contribution to this field, and establish itself as a good
wastewater treatment solution.

322

GRADEVINAR 70 (2018) 4, 315-323



Application of nanotechnology in wastewater treatment

Gradevinar 4/2018

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

Sharma, V., Sharma, A. Nanotechnology: An emerging future
trend in wastewater treatment with its innovative products and
processes, International journal of enhanced research in science
technology and engineering, Vol. 2 Issue 1, 2013.

Lens, PN.L., Virkutye, J., Jegatheesan, V., Kim, S.h., Al-Abed, S.:
Nanotechnology for water and wastewater treatment, WA
Publishing, 2013.

Ayanda, O.S., Petrik, L.F.: Nanotechnology: The breakthrough
in water and wastewater treatment, Internatioanl Journal of
Chemical, Materijal and Enviromnmental Research,1 (2014) 1, pp.
1-2.

Watlington, K.: Emerging nanotechnologies for site remediation
and wastewater treatment, National network for environmental
management studies fellow, North Carolina State University,
2005.

Brar, SK. Verma, M. Tyagi, R.D., Surampalli, RY.: Engineered
nanoparticles in wastewater and wastewater sludge — Evidence
and impacts.,, Waste Management, 30 (2010), pp. 504-520,
https:/doi.org/10.1016/j.wasman.2009.10.012

El Saliby, 1), Shon, H.K., Kandasamy, J., Vigneswaran, S.:
Nanotechnology for wastewater treatment: In brief, Water and
wastewater treatment technologies.

IEEE Spectrum (2005.). Volume 42, Issue 3. (http:/ieeexplore.ieee.
org/document/1402716/)

Vukovi¢, 2., Halkijevi¢, |.: Usmjerenost prema odrzivoj vodoopskrbi,
GRADEVINAR, 64 (2012) 5, pp. 361-371.

Nassar, N.N.: The application of nanoparticles for wastewater
remediation, Applications of nanomaterial for water qualityt,
Publieshed by Future Science Ltd., 2013.

Chatuverdi, S., Dave, P.N., Shah, N.K.: Applications of nano-
catalyst in new era, Journal os Saudi Chemical Society, (2012) 16,
pp. 307-325.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Ren, X,, Chen, C, Nagatsu, M., Wang, X.: Carbon nanotubes as
adsorbents in envioromental pollution mamagement: A review,
Chemical Engineering Journal, 170 (2011), pp. 395-410, https:/
doi.org/10.1016/j.cej.2010.08.045

Technology.nasa.gov,http:/portfolio.abingdon-witney.ac.uk/
view/view.php?id=5786, 08.06.2017.

Nanoshel LLC. Wilmington, Delaware. https:/www.nanoshel.
com/multi-walled-carbon-nanotubes/, 08.06.2017.

Tchobanoglous, G. Stensel, H.D., Tsuchihashi, R., Burton, F.:
Wastewater engineering: Treatment and resource recovery, Fifth
Edition, New York, McGraw-Hill, 2014.

Pentair X-flow, Membrane filtration pure and simple. http:/
advancedfiltration.pentair.com/en/products/horizontal-dead-
end, 08.06.2017.

Pentair X-flow, Membrane filtration pure and simple http:/xflow.
pentair.com/en/products/aquaflex, 08.06.2017.

Pendergast, M.T.M., Hoek, E.M.V.: A review of water treatment
membrane nanotechnologies, Journal: Energy and environmental
science, 4 (2011) 6, pp. 1946-1971.

Bora, T., Dutta, J.: Applications of nanotechnology in wastewater
treatment — A review, Journal of nanoscience and nanotechnology,
14, (2014), pp. 613-626, https:/doi.org/10.1166/jnn.2014.8898

Li, Q. Mahendra, S., Lyon, D.., Brunet, L, Liga, M.V, Li, D., Alvarez,
P.J.J: Antimicrobial nanomaterials for water disinfection and
microbial control: Potential applications and implications, Water
research, 42 (2008), pp. 4591-4602, https:/doi.org/10.1016/j.
watres.2008.08.015

Qu, X., Alvarez, P.J.J,, Li, Q.: Applicatios of nanotechnology in water
and wastewater tretment, Water reserach, 47 (2013), pp. 3931-
3946.

Crane, R.A., Scott, T.B.. Nanoscale zero-valent iron: Future
prospects for an emerging water treatment technology, Journal of
Hazardous Materials, 211-212 (2012), pp. 112-125, https:/doi.
org/10.1016/jjhazmat.2011.11.073

GRADEVINAR 70 (2018) 4, 315-323

323




