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NANOSTRUCTURED MEMBRANES FOR WATER TREATMENT

Potable water is a precious resource as without it human life is not possible. The increasing world popu-
lation is a critical issue since it leads to higher water demand, increased wastewater production, and in-
creased stress on surface water. This challenge requires innovative solutions for the production of pota-
ble water, wastewater treatment, and water recycling.

Membranes with nanosized pores have been in use by the water industry for decades and are an estab-
lished method for the treatment of contaminated water and drinking water production. This BRIEFING
outlines the most important application areas of nanostructured membranes (NSM), their economic and
social impact, and challenges that remain to be addressed. It further points out open issues regarding
the definition of nanostructured materials, which have direct implications for policy making, and high-
lights the difference between nanostructured membranes and membranes incorporating nanoparticles.

Filtration for clean water

Nanostructured membranes (NSM) can be used to
reject suspended particles, bacteria, macromole-
cules, viruses, colloids, organic compounds, and
multivalent ions. They are therefore mainly utilised
for drinking water production (for water softening
or disinfection), and the treatment of landfill
leachate and industrial wastewater (decolouring).
Other application areas include the dairy industry.

Filtration with NSM can be considered as a well
established technology. Nanofiltration — the latest
filtration method — was introduced in the 1980s.
Competing technologies include:

e Activated carbon, ozonation/chlorination, UV-
light (for the removal of micropollutants in drink-
ing water production);

e lon exchange, lime softening (for the reduction
of hardness); and

e (Membrane) distillation, pervaporation, electro-
dialysis, adsorption, crystallisation etc. (for the
recycling of industrial wastewater).

The advantages of NSM compared with other
treatment methods depend upon the substances
present in the feed water and the water that is

Size of the particles rejected
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Figure 1: Filtration spectra of the different mem-
branes. In the range of 1-100nm mainly nanofiltra-

tion and ultrafiltration membranes are applied.

Box 1: The term “nano” in nanofiltration

Figure 1 highlights clearly that the term “nano” in
nanofiltration does not correspond to the definition
of “nano” in nanotechnology. Instead it refers to the
size of the particles (about 1 nm) that are rejected
by the membrane. Since the term “nano” in mem-
brane technology is already assigned to this specific
type of membrane, we propose using the term
“nanostructured membrane” (NSM) for any mem-
brane with engineered nano-sized structures (e.g.
pores) according to the current ISO definition of
nanomaterials but explicitly excluding membranes
with integrated nanoparticles (nano-enhanced
membranes, NEM). The umbrella term for all mem-
branes involving nanotechnology (NSM and NEM) -
developed by the Network of Excellence NanoMem-
Pro (EU FP6 project): is "nanoscale based membrane
technologies".

subject to cleaning. One advantage is that different
pollutants can be removed in the same filtration
step. Depending on the membrane this removal
can be selective towards certain substances, or
compounds can be only partially removed; for ex-
ample calcium carbonate in the case of water sof-
tening. It is therefore crucial that the membrane is
exactly tailored to the needs of the treatment
plant in order to achieve the maximum removal of
the target compound(s). Additional advantages
are’: no resistant/deadened organisms are left;
the use of chemicals is minimal; and the cleaning
capacity is not detracted by turbidity, or economic
factors such as costs or energy use. In addition, in
wastewater treatment, filtration methods are ideal
for plants with space restrictions since the filtra-
tion elements are relatively small thanks to their
modular structure and no large basins are needed.

Background

Nanostructured membranes (NSM) can be made
from ceramic materials or, most commonly, from
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polymers. Ceramic membranes have the advan-
tage of being more resistant to mechanical forces,
chemicals and temperature (they can be steril-
ised), but are significantly more expensive to
manufacture. The membranes generally have a life
time of 5-15 years depending on the application
area. Mechanical, thermal and chemical properties
are crucial to ensuring the stability of the mem-
brane under pressure and to allow for cleaning and
regeneration 2, Working parameters (such as hy-
drodynamics) have to be adapted to the mem-
brane accordingly. In NF and UF a pressure of
about 1-10 bar is generally applied 3,

NSM have proven their efficiency in removing par-
ticles, bacteria/viruses, (natural) organic matter,
hardness, metals (such as arsenic, uranium, lead,
chromate), sulphate, and a number of organic and
inorganic substances (such as pesticides and some
pharmaceuticals) sometimes even in one single
treatment step. Uncharged compounds and mono-
valent ions like nitrates are rejected to a lower ex-
tent while the rejection of multivalent ions is
higher (up to 99%). For groundwater, seawater and
brackish water treatment usually reverse osmosis
(RO) is needed while for softening tight nanofiltra-
tion (NF) is generally sufficient *. The different fil-
tration methods overlap in their application range
(Figure 1) and in practice each company has their
own criteria to distinguish between for example a
loose RO-membrane and a tight NF-membrane. A
general way of differentiation is based on the abil-
ity of the membrane to reject dissolved species:
RO- and NF-membranes may be called dense
membranes that are able to reject dissolved spe-
cies such as ions while ultrafiltration (UF)- and mi-
crofiltration (MF)-membranes can usually only re-
ject suspended particles %. It becomes evident that
the choice of the membrane type requires a trade
off between the pore size and the contaminant
rejection. Generally, for smaller pores rejection
will be increased but also the pressure needed and
thus the energy demand is greater. The electric
charge of the membrane material is another very
important parameter with regards to ion rejection.

Several studies have shown the effectiveness of
NSM for cleaning industrial wastewater (such as
fish meal wastewater, solutes from etching proc-
esses, wastewater from textile industry)>. The fil-
tration process is able to reduce the contaminant
level significantly and makes the reuse of the wa-
ter possible. In 2003 an extensive pilot study was
conducted with 30 types of coloured wastewater
over a period of 6 weeks . Depending on the com-
position of the dyes, decolouring efficiency of 70-
100% was obtained with running costs around
€0.25-1.4 per m>.

NSM may be combined with other treatment steps

Box 2: Definitions of nanostructured membranes

The International Union of Pure and Applied Chem-
istry (IUPAC) defines the following
(nanostructured) membranes °:

Reverse osmosis (RO): Liquid-phase pressure-
driven separation process in which applied trans-
membrane pressure causes selective movement of
solvent against its osmotic pressure difference.
Nanofiltration (NF): Pressure-driven membrane-
based separation process in which particles and
dissolved macromolecules smaller than 2 nm are
rejected.

Ultrafiltration (UF): A separation process whereby
a solution containing a solute of molecular size sig-
nificantly greater than that of the solvent molecule
is removed from the solvent by the application of a
hydraulic pressure forcing only the solvent to flow
through a suitable membrane, usually having a
pore size in the range 1-100 nm.

Microfiltration (MF): Pressure-driven membrane-
based separation process; particles and dissolved
macromolecules larger than 100 nm are rejected.

using either different membranes (such as NF fol-
lowed by RO) or conventional methods such as
active carbon. A combination of methods might be
effectual to reduce the costs, energy use or foul-
ing, and also to ensure the complete removal of
undesired compounds.

Impacts

Societal impact on European Citizen

The positive impact of membranes in society is
evident since the improvement of water quality
and the treatment of wastewater concern issues
that will become even more critical in the future.
NSM can be used for water desalination and there-
fore offers the possibility of providing drinking wa-
ter in arid regions with access to sea water. Filtra-
tion with NSM also allows for the recycling of
wastewater and can remove even trace contami-
nants. The land area required for filtration plants
is significantly lower than for conventional waste-
water treatment plants, and additionally the use of
chemicals in filtration is usually restricted to the
membrane cleaning agents and is thus low. New
jobs for trained professionals may also be created
as the membrane maintenance requires special-
ised expertise.

Economic/Industry Impact

The water treatment industry is faced with increas-
ingly stringent regulations and challenges through
emerging contaminants in the wastewaters and in
sources (ground and surface water) for potable
water production. This trend is evident in the very
positive growth estimates for the NSM markets.
According to publicly available data on various
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studies published by BCC Research the estimated
Compound Annual Growth Rate (CAGR) for the
related markets and components is in the range of
7.3% for RO system components7, 13.8% for RO
desalination applications®, and 5.7% for UF applica-
tions’. The global market for RO components is
currently greater than $2.6 billion. The segment of
the membrane module is estimated to be smaller
than 25%. The RO system component market is
expected to reach $3.7 billion by 2014’

In 2007 BCC Research estimated that the market
for NF-membranes was $89.1 million in 2006,
reaching $310 million by 2012 with a CAGR of
26.1%'. From this water treatment applications
would generate $238.2 million in 2012 with a
CAGR of 27.4%. Experts from the Technologiezen-
trum Wasser (TWZ) Karlsruhe also expect a rising
demand for NF-membranes in drinking water pro-
duction *. If we expect the CAGR to remain con-
stant, the size of the markets would reach around
$390 million by 2014, which in turn would repre-
sent a third of the US UF markets, 10% of the
global RO system component markets, and about
7% of the global RO-based desalination applica-
tions markets. In Europe, UF-plants are widespread
and have usually been in use for a number of
years. NF and RO-plants are also installed in nu-
merous locations. The TWZ? reports five RO-plants
and six NF-plants in Germany, some of them oper-
ating since 1998, mainly for reduction of hardness.
In Norway NF-plants are widespread (more than
SUMMARY FIGURE

GLOEAL VALUE OF RO SYSTEM COMPONENTS FOR WATER
TREATMENT, 1990-2014
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Figure 2a: BCC Research expects the RO system
component markets to grow to S3.7billion by 2014’
SUMMARY FIGURE

GLOBEAL MARKET FOR NANOFILTRATION MEMEBRANES, 2005-2012
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Figure 2b: By 2012 BCC Research estimate that the
NF-membranes markets would grow to $310 million™.

100 plants since 1989) for the removal of natural
organic matter in drinking water *.

Technology Readiness Level (TRL)

The TRL indicates technology development status;
NSM are a well established technology and are
thus classified as mature market technology.

Challenges

Although filtration with NSM is a mature market,

there are a number of technical challenges that

require further research and development. Some

of the challenges mentioned can be addressed by

nano-enhanced membranes (subject of a BRIEFING

on nano-enhanced membranes, to be published in

May 2011). Relevant issues are'’;

¢ reduction of membrane fouling and scaling

e increased flux/reduced pressure (and thus re-
duced energy demand)

e accurate modelling and simulation of membrane
performance

e even pore size distribution in the membrane (all
pores having similar size)

e increased membrane resistance and lifetime

e increased membrane selectivity

e solutions for the treatment of the concentrate

Membrane fouling is the major technical chal-
lenge; this is the accumulation of the rejected ma-
terial on the membrane. Fouling leads to clogging
of the pores and thus reduced flux. It is thus inevi-
table to have to flush or clean membranes regu-
larly. A further problem for NF-membranes is the
modelling of the membrane performance which is
usually not accurate enough to predict perform-
ance in large-scale plants. Lab-scale experiments
and pilot tests are recommended since the per-
formance of the membrane depends on the differ-
ent contaminants or other substances present in
the specific water source used.

It is evident that the membrane selectivity towards
certain substances is crucial. Unfortunately, the
rejection rate in NF and UF is limited depending on
the pore size and charge of the membrane. How-
ever, in most cases, such as for water recycling and
the removal of trace contaminants, a total rejec-
tion of the substances is desirable. Another chal-
lenge in industrial wastewater treatment is the
resistance of the membrane towards specific com-
pounds (for example organic solvents). Recent re-
search is also focused on the development of sol-
vent resistant nanostructured membranes and
great advances are being achieved here.

Economic reasons may also prohibit the wide-
spread installation of NSM-plants. It must be em-
phasised that UF is a standard treatment in drink-
ing water production (for removal of bacteria or
viruses) while NF is much less common. Generally,
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the water industry is conservative and reluctant to
try new methods as long as the current methods
comply with regulations. In many cases, conven-
tional methods are cheaper and the installation of
NSM-plants would require a totally different infra-
structure and maintenance expertise. Therefore
the market for NSM at the moment is mainly in
new plants and in areas where specific substances
need to be removed or recovered.

There are no concerns regarding the societal and
environmental impacts of NSM; they are not ex-
pected to have any adverse effect on human
health and ecosystems as they do not contain
nanoparticles. Indeed, NSM could be used to filter
out unwanted nanoparticles in wastewater treat-
ment plants. In addition, all materials in contact
with drinking water are subject to stringent regula-
tions and approvals to ensure water quality stan-
dards. However, a remaining societal challenge is
the installation of NSM-plants in developing coun-
tries. As the maintenance of the membrane re-
quires specialised expertise, filtration plants are so
far only installed in industrialised countries where
trained professionals are available. Furthermore
lack of economical power and political will, in addi-
tion to corruption and bureaucracy, can hinder the
adoption of new technologies in developing coun-
tries. The installation of NSM in such countries is
not only a societal challenge; they potentially rep-
resent a large market for the membrane industry.

EU Competitive Position

The majority of the existing NSM manufacturing
capacity is in Japan and the US. Europe has only a
few active companies in the field, but they have
been able to secure specific niches where they
have quite substantial market shares. For instance
Norit B.V. from the Netherlands commands 50%
market share of the beer filtration markets and
17% share of the global “ultrafiltration” markets.
Europe also carries out high quality research in the
field of nanofiltration.

Summary

e Nanostructured membranes (NSM) include
membranes for ultrafiltration (UF) and nanofil-
tration (NF) (and in some cases also for microfil-
tration or reverse osmosis).

e NSM can be used for the removal of a wide range
of pollutants from groundwater and surface wa-
ter for the purpose of drinking water production
% however, currently the major application is in
disinfection (UF) and water softening (NF).

e NSM are less widespread in municipal wastewa-
ter treatment but are used for industrial waste-
water treatment (water recycling) such as in the
textile sector.

e Full scale installations have proven the reliability

of NSM in different areas. NSM are considered a
mature market technology.

e The main challenge is membrane fouling.

¢ NSM do not contain any nanoparticles and must
be clearly distinguished from membranes with
integrated nanoparticles (nano-enhanced mem-
branes).

e There are no adverse effects expected either for
human health or the environment.

Box 3: NSM versus NEM

There is a clear distinction between NSM where the
term “nano” refers only to the pores (or the parti-
cles that are rejected) and NEM where membranes
are functionalised with discrete nanoparticles. A
separate briefing will be published on NEM be-
cause the technology readiness level and the risk
associated to the membranes differ significantly.
The membrane industry does not classify NSM as
nanotechnology; large membrane production com-
panies are usually not active in the field of NEM.

Further information

Technical: Nicole Miller, EMPA,
nicole.mueller@empa.ch
Economic: Tom Crawley, Spinverse,
tom.crawley@spinverse.com
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