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ABSTRACT

Important challenges in the global water situation,
mainly resulting from worldwide population growth
and climate change, require novel innovative water
technologies in order to ensure a supply of drinking
water and reduce global water pollution. Against this
background, the adaptation of highly advanced
nanotechnology to traditional process engineering
offers new  opportunities in  technological
developments for advanced water and wastewater
technology processes. Here, an overview of recent
advances in nanotechnologies for water and
wastewater treatment processes is provided, including
nanobased materials, such as nanoadsorbents,
nanometals, nanomembranes, and photocatalysts. The
beneficial properties of these materials as well as
technical barriers when compared with conventional
processes are reported. The state of commercialization
is presented and an outlook on further research
opportunities is given for each type of nanobased
material and process. In addition to the promising
technological enhancements, the limitations of
nanotechnology for water applications, such as laws
and regulations as well as potential health risks, are
summarized. The legal framework according to
nanoengineered materials and processes that are used
for water and wastewater treatment is considered for
European countries and for the USA.

Keywords:  nanotechnology, water  technology,
nanoadsorbents, nanometals, nanomembranes,
photocatalysis

INTRODUCTION

The long-term development of the global water
situation is closely connected to the growth of the
world population and global climate change. Constant
growth of the world’s population, which is forecasted
to be nearly doubled from 3.4 billion in 2009 to 6.3
billion people in 2050, is attended by a predicted
needed growth of agriculture production of 70%, by
2050.Thus, the demand for fresh water is growing
dramatically, in particular for food production, since
70% of the world’s freshwater withdrawals are
already accounted for by agricultural irrigation.
Currently, 64 billion cubic meters of fresh water are
progressively consumed each year.

The arid regions of North Africa and nearly half of the
European countries (approximately 70% of the
population) are confronted with a lack of water
supply. Even industrialized countries like the USA,
providing highly innovative technologies for saving
and purifying water, show the difficulty of exhausted
water reservoirs due to the fact that more water is
extracted than refilled. In the People’s Republic of
China, 550 of the 600 largest cities suffer from a
water shortage, since the biggest rivers are immensely
polluted and even their use for irrigation has to be
omitted, not to mention treatment for potable water.

A group of leading climate impact researchers have
shown that climate change possibly exacerbates the
regional and global water scarcity. They predict that
global warming of 2°C above present temperatures
will confront an additional approximately 15% of the
global population with a severe decrease in water
resources and will increase the number of people
living under absolute water scarcity (<500 m3 per
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capita per year) by at least another 40% compared
with the effect of population growth alone.
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The USA has faced the most terrible drought for the
last 50 years. In contrast, in rainy countries, heavy
rainfall can lead to erosion and soil run-off, which is
why pathogens enter water bodies along with soil
components and nutrients. Increased temperatures in
air and raw water can affect the drinking water
hygiene in respective storage systems as well as in
drinking water pipelines, resulting in harmful
infectious 1illnesses. For example, Legionnaire’s
disease might occur, caused by legionella bacteria
that reach a population maximum in warm water of
around 40°C.

In both developing and industrialized countries, a
growing number of contaminants like micropollutants
are entering the water bodies. Conventional
decontamination processes such as chlorination and
ozonation consume a high amount of chemical agents
and, furthermore, can produce toxic byproducts.

The adaptation of highly advanced nanotechnology to
traditional ~ process  engineering offers new
opportunities for development of advanced water and
wastewater technology processes. Here, an overview
of recent advances in nanotechnologies for water and
wastewater  processes is provided, including
nanobased materials, processes, and their applications.
Besides the promising technological enhancements,
the limitations of nanotechnology for water
applications, such as laws and regulations as well as
potential health risks, are reported.

Processes and applications nanomaterials

Dependent properties related to their high specific
surface area (fast dissolution, high reactivity, strong
sorption) and discontinuous properties (such as
superparamagnetism, localized surface plasmon
resonance, and quantum confinement effect). These
specific  nanobased characteristics allow  the
development of novel high-tech materials for more
efficient water and wastewater treatment processes,
namely membranes, adsorption materials,
nanocatalysts, functionalized surfaces, coatings, and
reagents. The most promising materials and
applications are highlighted in Table 1.

Table 1

Overview of types of nanomaterials applied for water and wastewater technologies

Nanomaterial Properties Applications

Nanoadsorbents + high specific swace, higher adsorption

rates, small footprint bacteria
— high production costs

Nanometals and + short intraparticle diffusion distance

nanometal oxides compressible, abrasion-resistant, magnetic

+ photocatalytic (WO 3, Ti09)
— less reusable

Membranes and + reliable, largely automated process

membrane — relative high energy demand

processes

Pomt-of-use, removal of «

Removal of heavy metals
media filters, shury reactor

All fields of water and was

POTENTIAL ECOTOXICITY OF NANOBASED
MATERIALS AND PROCESSES RELATED TO
WATER APPLICATIONS

Nanomaterials in water do not directly affect humans,
but there is the possibility of uptake of nanomaterials
via consumption of fish, so the impact of
nanomaterials on aquatic organisms needs to be taken
into consideration. The harmful effects of
nanomaterials on aquatic organisms are related mainly
to nanoparticles, so the following section is concerned
with the potential toxicity of TiO2 nanoparticles,67
silver nanoparticles,68 and CNTs,69,70 which are the
most common nanoparticle species.
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Current research activities mainly focus on the
following types of nanoadsorbents:

» carbon-based nanoadsorbents ie, carbon

nanotubes (CNTs)

> metal-based nanoadsorbents

» polymeric nanoadsorbents

> zeolites.

Carbon nanotubes CNTs are allotropes of carbon with
a cylindrical nanostructure. Depending on their
manufacturing process, CNTs are categorized as
single-walled nanotubes and multiwalled nanotubes,
respectively. Besides having a high specific surface
area, CNTs possess highly assessable adsorption sites
and an adjustable surface chemistry. Due to their
hydrophobic surface, CNTs have to be stabilized in
aqueous suspension in order to avoid aggregation that
reduces the active surface. They can be used for
adsorption of persistent contaminants as well as to
preconcentrate and detect contaminants. Metal ions
are adsorbable by CNTs through electrostatic
attraction and chemical bonding.

> Carbon nanotubes

CNTs are allotropes of carbon with a cylindrical
nanostructure. Depending on their manufacturing
process, CNTs are categorized as single-walled
nanotubes and multiwalled nanotubes, respectively.
Besides having a high specific surface area, CNTs
possess highly assessable adsorption sites and an
adjustable surface chemistry. Due to their
hydrophobic surface, CNTs have to be stabilized in
aqueous suspension in order to avoid aggregation that
reduces the active surface. They can be used for
adsorption of persistent contaminants as well as to
preconcentrate and detect contaminants. Metal ions
are adsorbable by CNTs through electrostatic
attraction and chemical bonding.

Furthermore, CNTs exhibit antimicrobial properties
by causing oxidative stress in bacteria and destroying
the cell membranes. Although chemical oxidation
occurs, no toxic byproducts are produced, which is an

important advantage over conventional disinfection
processes like chlorination and ozonation. They can
be simply regenerated through appropriate
adjustments of operating conditions, like pH shift.

Conventional desalination methods are energy-
consuming and technically demanding, whereas
adsorption-based techniques are simple and easy to
use for point-of-use water purification devices, yet
their capacity to remove salts is limited. Yan et al
developed plasma-modified ultralong CNTs that
feature an ultrahigh specific adsorption capacity for
salt (exceeding 400% by weight) that is two orders of
magnitude higher when compared with conventional
carbon-based water treatment systems. These
ultralong CNTs can be implemented in
multifunctional membranes that are able to remove
not only salt but also organic and metal contaminants.
Next-generation potable water purification devices
equipped with these novel CNTs are expected to have
superior desalination, disinfection, and filtration
properties.

> Polymeric nanoadsorbents

Polymeric nanoadsorbents such as dendrimers
(repetitively branched molecules) are utilizable for
removing organics and heavy metals. Organic
compounds can be adsorbed by the interior
hydrophobic shells, whereas heavy metals can be
adsorbed by the tailored exterior branches. Diallo et al
integrated dendrimers in an ultrafiltration device in
order to remove copper from water. Nearly all copper
ions were recovered by use of this combined
dendrimer-ultrafiltration system. The adsorbent is
regenerated simply through a pH shift. However, due
to the complex multistage synthesis of dendrimers, up
until now there are no commercial suppliers, except
for some recently founded companies in the People’s
Republic of China.

Sadeghi-Kiakhani et al produced a highly efficient
bioadsorbent for the removal of anionic compounds
such as dye from textile wastewater by preparing a
combined chitosan-dendrimer nanostructure. The
bioadsorbent is biodegradable, biocompatible, and
nontoxic. They achieve removal rates of certain dyes
up to 99%.

> Zeolites

Zeolites in combination with silver atoms have been
known since the early 1980s. Zeolite has a very
porous structure in which nanoparticles such as silver
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ions can be embedded. There they are released from
the zeolite matrix by exchange with other cations in
solution. Egger et al compared various materials
containing nanosilver, including zeolites. When used
for sanitary purposes, the silver attacks microbes and
inhibits their growth, as shown by Agion® (Sciessent
LLC, Wakefield, MA, USA).

A small amount of silver ions is released from the
metallic surface when placed in contact with liquids.
The success of this composition in water disinfection
was shown once again by Petrik et al. The Water
Research Commission Report No KV 297/12 shows

the innovative use of zeolites as an adsorbing platform
for silver nanoparticles as a source of silver ions for a
disinfectant. Another possibility is applying zeolites
themselves as nanoparticles, as shown by Tiwari et al,
who prepared nanozeolites by laser-induced
fragmentation of zeolite Linde type A microparticles
and Jung et al, who used nanozeolites in sequencing
batch reactors for waste water treatment.

For example, the Agion product line includes a
compound made from zeolites and naturally occurring
silver ions that exhibits antibacterial properties.

Table 2 summarizes the most important properties, applications, and innovative approaches of

nanoadsorbents.

Table 2

Properties, applications, and innovative approaches of nanoadsorbents

Nanoadsorbents Properties

Applications

Negative

Positive
Carbon
nanotubes
Polymeric Bifunctional (inner shell
nanoadsorbents  adsorbs organics, outer
(dendrimers) branches adsorb heavy
metals), reusable
Zeolites Controlled release of

Highly assessable sorption  High production

sides, bactericidal, reusable costs, possibly health degradable

Point-of-use, heavily
risk contaminants
(pharmaceuticals,
antibiotics)
Complex multistage Removal of organics

production process  and heavy metals

Reduced active Disinfection processes

CONCLUSION AND FUTURE PROSPECTS

There is a significant need for novel advanced water
technologies, in particular to ensure a high quality of
drinking water, eliminate micropollutants, and
intensify industrial production processes by the use of
flexibly adjustable water treatment systems.
Nanoengineered materials, such as nanoadsorbents,
nanometals, nanomembranes, and photocatalysts,
offer the potential for novel water technologies that
can be easily adapted to customer-specific

applications. Most of them are compatible with
existing treatment technologies and can be integrated
simply in conventional modules. One of the most
important advantages of nanomaterials when
compared with conventional water technologies is
their ability to integrate various properties, resulting
in multifunctional systems such as nanocomposite
membranes that enable both particle retention and
elimination of contaminants. Further, nanomaterials
enable higher process efficiency due to their unique
characteristics, such as a high reaction rate.
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However, there are still several drawbacks that have
to be negotiated. Materials functionalized with
nanoparticles incorporated or deposited on their
surface have risk potential, since nanoparticles might
release and emit to the environment where they can
accumulate for long periods of time. Up until now, no
online monitoring systems exist that provide reliable
real-time measurement data on the quality and
quantity of nanoparticles present only in trace
amounts in water, thus offering a high innovation
potential. In order to minimize the health risk, several
national and international regulations and laws are in
preparation. Another more technical limitation of
nanoengineered water technologies is that they are
rarely adaptable to mass processes, and at present, in
many cases are not competitive with conventional
treatment technologies. Nevertheless, nanoengineered
materials offer great potential for water innovations in
the coming decades, in particular for decentralized
treatment systems, point-of-use devices, and heavily
degradable contaminants.
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