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a  b  s  t  r  a  c  t

Nanofiltration  is frequently  associated  with  nanotechnology  –  obviously  because  of its name.  However,
the  term  “nano”  in  nanofiltration  refers  –  according  to the  definition  of  the  International  Union  of Pure
and  Applied  Chemistry  (IUPAC)  – to the  size  of  the particles  rejected  and  not  to  a  nanostructure  as  defined
by  the  International  Organisation  of Standardisation  (ISO)  in  the  membrane.  Evidently,  the  approach  to
standardisation  of  materials  differs  significantly  between  membrane  technology  and  nanotechnology
which  leads  to  considerable  confusion  and inconsistent  use of  the  terminology.  There  are  membranes
that  can  be unambiguously  attributed  to  both  membrane  technology  and  nanotechnology  such  as those
that are  functionalized  with  nanoparticles,  while  the  classification  of  hitherto  considered  to be conven-
embrane
anotechnology
efinition
egulation

tional  membranes  as  nanostructured  material  is questionable.  A driving  force  behind  the efforts  to  define
nanomaterials  is not  least  the  urgent  need  for the  regulation  of  the  use of  nanomaterials.  Since risk  esti-
mation is  the  basis  for nanotechnology  legislation,  the risk  associated  with  nanomaterials  should  also
be  reflected  in  the  underlying  standards  and  definitions.  This  paper  discusses  the impacts  of  the  recent
attempts  to define  nanomaterials  on  membrane  terminology  in the  light  of  risk  estimations  and  the need

for  regulation.

. Introduction

Nanofiltration (NF) is a technology that – based on its name –
eems to be part of the nanotechnology boom. However, the use
f the term “nano” in nanofiltration is misleading. Membranes are

efined on the basis of the size of the particles that they reject [1].
ence, the term “nano” does not refer to structural elements of

he membrane such as pores. Most NF membranes do not show
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physically distinguishable pores, instead the separation depends
on solution/diffusion processes in the membrane. In contrast to
the well-established definitions and standards for membranes, and
despite the flourishing research on nanotechnology, there is still no
commonly agreed definition of nanotechnology, nanomaterials or
nanoparticles. Hence the development of regulations and legisla-
tion on the use of nanomaterials is still ongoing. It is evident that
it is not possible to enact laws without clear definition of the sub-
ject. For this reason several countries have produced their own set
of definitions [2].  Only recently, the International Organization for
Standardization (ISO) has released a proposal for definitions and
standards of nanomaterials in the ISO/ICE 80004 series [3–5].

In a first attempt to bring together the established membrane

terminology and the nanotechnology perspective, the Network
of Excellence NanoMemPro (an EU FP6 project) introduced the
umbrella term “nanoscale based membrane technologies” [6]. This
term covers all membranes associated with nanotechnology. On the
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Table 1
Overview over standards and terms in ISO/TS 80004-1 [3] relevant in membrane
technology.

Nanoscale Size range from approximately 1–100 nm
Nanotechnology Application of scientific knowledge to

manipulate and control matter in the
nanoscale in order to make use of size- and
structure-dependent properties and
phenomena, as distinct from those associated
with individual atoms or molecules or with
bulk materials

Nanomaterial Material with any external dimension in the
nanoscale or having internal structure or
surface structure in the nanoscale

Engineered nanomaterial Nanomaterial designed for a specific purpose
or function

Nanostructure Nanostructure: composition of inter-related
constituent parts, in which one or more of
those parts is a nanoscale region [Note: a
region is defined by a boundary representing a
discontinuity in properties.]

Nanostructured material Material having internal nanostructure or
Fig. 1. Categorization of nanomaterials according to ISO (ISO/TS 80004-1 [3]).

ther hand, several different terms are currently used for mem-
ranes that are functionalized with nanoparticles, while there is
o new terminology for conventional membranes with an internal
anostructure. However, a clear and sound terminology is needed

or any material that falls under the ISO definition of a nanomaterial
o allow legislative authorities for risk estimation and the conse-
uent introduction of coherent and enforceable regulations on the
roduction and use of nanomaterials. The attempt to define nano-
aterials will concern also certain materials that were considered

o be conventional until now such as NF-membranes and, if regu-
ated accordingly, this totally new perspective on membranes may
ave an unforeseen and extensive impact on existing industries,
ecause the use of membranes is widespread in drinking water
reatment and the food industry.

This article analyses the impact of the new developments in
efining nanotechnology on established membrane technologies in
iew of impending regulation and for risk estimation. It addresses
he question: what do the new definitions mean for established

embranes technologies, especially nanofiltration?

. Definitions in nanotechnology

At the end of last century, the term nanotechnology was  intro-
uced to describe the production and manipulation of nanoscale
aterials. But only recently have definitions in nanotechnology

een started to ensure a common language in science and industry
nd to allow regulation and legislation. While many countries have
stablished their own definitions [2],  the International Organiza-
ion for Standardization is elaborating a universal set of standards
n nanotechnology [3,4]. The first published ISO standard in 2008
ocused on nano-objects only [7].  In 2010 the ISO/TS 80004 series
n standards in nanotechnology started with ISO/TS 80004-1 which
ncompasses core terms such as “nanotechnology”, “nanoscale”
nd “nanomaterial” [3].

The whole set of standards is based on the definition of nanoscale
s “size range from approximately 1–100 nm”. The lack of a practi-
al alternative has overridden the concerns that merely a physical
imension would not justify a new technology term. Consequently,
anomaterial is defined as “material with any external dimension

n the nanoscale or having internal structure or surface structure
n the nanoscale”. This very broad term would include also natu-
al or unintentionally produced nanomaterials and thus requires
urther clarification, while engineered nanomaterials are intention-
lly “designed for a specific purpose or function”. As shown in
ig. 1, nanomaterials are divided into nano-objects (“object with any
imension in the nanoscale”) and nanostructured materials (“mate-
ial having internal nanostructure or surface nanostructure” where
anostructure is the “composition of inter-related constituent parts,
n which one or more of those parts is a nanoscale region”). Table 1
ives an overview of the different terms as defined in ISO/TS 80004-

 [3].  The ISO standard on nanostructured material is still under
reparation (ISO/TS 80004-4).
surface nanostructure
Nano-objects Objects with any dimension in the nanoscale

3. Nanoporous membranes

Pressure driven membrane based separating processes have
been state of the technology for 50–80 years [8].  During this
time, technology developments made smaller and smaller pores
possible, leading to a classification into four types of pressure
driven filtration processes: microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO). According to the def-
inition of the International Union of Pure and Applied Chemistry
[1] the four filtration methods are characterized as follows:

Reverse osmosis (RO): Liquid-phase pressure-driven separation
process in which applied transmembrane pressure causes selec-
tive 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 con-
taining a solute of molecular size significantly greater than that of
the solvent molecule is removed from the solvent by the applica-
tion of a hydraulic pressure which forces only the solvent to flow
through a suitable membrane, usually having a pore size in the
range of 1–100 nm.
Microfiltration (MF): Pressure-driven membrane-based separation
process in which particles and dissolved macromolecules larger
than 100 nm are rejected.

However, membranes categorized as NF membranes are not
uniform. Polymeric NF membranes are usually dense with no
detectable pores and resemble RO membranes, while ceramic NF
membranes are microporous and similar to UF membranes. Fig. 2
shows a scanning electron microscopy image of a UF membrane
(cut-off around 2000–3000 Da) in comparison with a tight (dense)
NF membrane (cut-off around 200 Da).

Membranes can be made from inorganic materials (e.g. ceramics
or metals) or – most commonly – from polymers. Ceramic mem-
branes have the advantage of being more resistant to mechanical
forces, chemicals and temperature, but they are significantly more
expensive to manufacture. The production method also determines

the form of the pores. Ideally a uniform pore size distribution can be
achieved. However, small pores are difficult to characterize. There-
fore the effective pore diameter in RO, NF and UF is defined by the
molar mass of the smallest globular molecules or particles that are
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Fig. 2. Scanning electron micrographs of a UF (left) [9] and a tight NF (right) m
ource  (left): Reprinted with permission, copyright 2003, John Wiley and Sons.

nable to pass the membrane (rejected by 90%). The value is given
s nominal molecular weight cut-off (NMWCO [Dalton]).

The different filtration methods overlap in their application
ange (Fig. 3). A general classification scheme is based on the ability
f the membrane to reject dissolved species (Table 2): RO and most
F membranes may  be considered dense membranes (transport
iffusion based only) that are able to reject dissolved species such
s ions, while UF and MF  membranes can usually only reject sus-
ended particles. It is evident that the choice of the membrane type
equires a trade-off between the pore size or membrane density
nd the contaminant rejection. Generally, for smaller pores (denser
aterial) rejection will be increased but so will the pressure needed

nd thus the energy demand. Hence, the pressure requirements
or NF are lower than for RO, resulting in a significant energy sav-
ng. Aside from size exclusion, electrostatic interactions are also

 very important parameter with regard to species rejection in
O, NF and tight UF. This is described by the Gibbs–Donnan effect
10] due to which, for example, the rejection of divalent anions

ith negatively charged membrane materials is higher than the

ejection of monovalent anions. If different ions are present in the
eed water, the Gibbs–Donnan effect can result in a separation of

ig. 3. Comparison of the filtration range of the four filtration methods: reverse osmosis
o  the “nanoscale” as defined by the ISO. Some relevant examples illustrate possible appl
rane illustrating the difference between porous and non-porous membranes.

ionic species which would be difficult to achieve purely by size
effects [11].

The use of membranes for the separation of specific substances
or a mix  of substances from a fluid is often more energy efficient
than thermal methods [8].  Since it requires no heating, membrane
filtration is the method of choice, especially with thermally instable
solutions or suspensions. Main application areas are thus in the food
industry, biotechnology, medicine and pharmaceutics but also in
the metal industry. Additional increasingly important sectors are
the drinking water industry and wastewater treatment.

The four types of filtration have different application areas based
on the size of the particles rejected. In practice, the NMWC  should
be at least 20% smaller than the molecular weight of the sub-
stance to be rejected. Microfiltration is used for example in the
production of fruit juice, wine, milk and beer for the rejection of
bacteria, to separate oil–water emulsions, in water treatment and
in biotechnology for the harvesting of cells. Also ultrafiltration is
used for a wide range of applications such as cold sterilisation, metal

recovery, water disinfection or the separation of proteins (e.g. from
milk). Nanofiltration is mainly used for the removal of hardness and
natural organic matter in drinking water production and reverse

 (RO), nanofiltration (NF), ultrafiltration (UF) and microfiltration (MF) with respect
ication areas.
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Table 2
Comparison of RO, NF, UF and MF  (NMWC, nominal molecular weight cut-off).

RO NF UF MF

Substancespermeatingthemembrane Solvent only Specific dissolved species Dissolved species Suspended particles
smaller than 100 nm

Membrane structure Non-porous Non-porous/porous Porous Porous
Substances rejected Dissolved species Suspended particles, some

dissolved species
Suspended particles
around 1–100 nm

Larger particles

Pressure [bar] [12] 30–70 10–40 0.5–10 0.5–2
000 
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NMWC [Da] [12] <500 500–2

smosis for the production of ultra-pure water and the production
f drinking water from sea- and brackish water [9].

. Membranes functionalized with nanoparticles

The idea of functionalizing membranes with nanoparticles is
ather new. Nevertheless quite a few (mainly lab-scale) exper-
ments have been performed so far with different membrane

aterials and nanoparticles [13]. As an example nano-TiO2 parti-
les can be integrated into the polyamide top layer of the membrane
o decrease membrane fouling and to increase the flux due to the
uperhydrophilic properties of nano-TiO2. However, some of the
esearch results are contradictory [13] and the actual application
f such membranes is still in its infancy. It is thus not surprising that
he terminology for these membranes also is not consistent. Several
ifferent terms are currently being used such as nano-activated,
ano-enhanced, nanoparticles-enhanced, nanoparticles-based and
ano-functionalized membranes. To avoid any ambiguity, the ter-
inology should be standardized. In this paper we will use the

erm “nano-enhanced membrane” (NEM) since “enhancement”
est describes the function of the nanomaterials in the membrane
nd because “nano” instead of “nanoparticle” also includes carbon
anotubes and other nano-objects.

NEMs aim at combining nanotechnology with membrane tech-
ology to improve membrane properties and thus increase their
erformance. There are different directions of research: some
cientists are trying to integrate carbon nanotubes as pores in
embranes [14,15]. These membranes could be used instead of

O membranes for the production of ultrapure water with the
dvantage of an increased flux [16]. Other approaches involve
he design of membranes from a CNT-mesh [14,17] or the sur-
ace functionalization of membranes with different nanoparticle
ypes such as TiO2, Ag, aluminum oxides, silica, CNT, zirconia or
ron oxides nanoparticles [13] to achieve increased flux and/or to
educe fouling, which is still the number one challenge in mem-
rane technology [13,18]. However, a major challenge in applying
iO2 to polymeric membrane materials is that nano-TiO2 in the sur-
ace layer not only degrades organic substances in the water phase
ut also the organic membrane material. To avoid this problem
euter et al. [19] applied nano-TiO2 and nano-TiO2/Ag nanocom-
osites to metallic microsieves. These microsieves have – due
o their production process – an almost uniform pore and pore
ize distribution. Coating by sol–gel or chemical vapour deposi-
ion (CVD) processes offers the opportunity to achieve antifouling
roperties by nano-TiO2 induced photocatalytic degradation pro-
esses. Further efforts are underway to apply these functionalized
embranes for direct degradation of organic compounds (e.g. phar-
aceutical residues) in combination with UV-LEDs. TiO2, ZrO2
nd other crystalline nanoparticles may  also be used as active
ayers of ceramic membranes. Such membranes would also – inde-
endently of their pore size – be categorized as nano-enhanced
embranes.
2000–500,000 >500,000

5. How do membranes fit into the definitions of
nanomaterials?

Based on the ISO definition, membranes with pores in the
range of 1–100 nm would evidently fall under the term nanos-
tructured materials. In Fig. 1, it is shown that NF and UF reject
particles with about 0.2–200 kDa corresponding to a nanoscale
diameter of around 1–100 nm.  Following the ISO definition, NF and
UF membranes should consequently be classified as nanomaterials.
However, most NF membranes are considered to be dense with no
detectable pores in the separating layer as described in the previous
chapter. It is therefore questionable whether tight NF-membranes
can be regarded as nanomaterials. If we treat dense NF-membranes
as nanostructured materials, any dense material that allows the
diffusion of nanosized compounds (e.g. RO membranes, paper, plas-
tics, human skin) would become a nanomaterial. This stance would
obviously not make sense and would be in direct contrast to the
aim of the ISO-standards to clarify and support legislative pro-
cesses. It thus becomes evident that the use of the term “nano” in
nanofiltration is rather misleading with regard to the terminology
for nanotechnology. The introduction of a new term for NF would
be an answer but difficult in view of the widespread acceptance
of the term nanofiltration since it was introduced in the 1980s.
In addition, the term “nano” may  also have a promotional effect.
Scientists and representatives from industry confirm that in some
cases it is favourable to label products and processes with the term
“nano” since it may  lead to additional funding (e.g. in EU-projects)
or attract new customers (“nano” often suggests innovative, new
solutions).

In contrast to tight NF membranes, UF membranes and loose
NF membranes in fact have nanosized pores and thus clearly can
be considered nanomaterials according to the current definition by
ISO. It is, however, debatable whether it makes sense to classify UF
membranes as nanomaterials from a regulatory perspective based
on the risk assessment of nanoporous membranes.

There is a general agreement [2] that there is a need for addi-
tional regulation of nanomaterials and that existing regulations
such as REACH (European Community Regulation on chemicals
and their safe use (EC 1907/2006)) may  not sufficiently cover the
potential additional risk aspects of nanoscale materials. This debate
introduces the risk perspective which is in most cases implicit in
any discussion on the definition and regulation of nanomateri-
als. The regulatory issues surrounding nanotechnology and novel
nanomaterials and the increasing production and use of “nano-
products” inevitably involve the question about the risk associated
to the use of nanomaterials. However, the concerns regarding risks
do not focus primarily on nanotechnology itself but rather on engi-
neered nano-objects (ENO) only. It has been shown that ENO are
able to cross cell barriers [20] and might in some cases cause
adverse effects on humans and the environment [21–24].  Prelim-

inary studies have shown that ENO can be released from different
products such as textiles containing nano-Ag [25] or facades treated
with paints containing nano-TiO2 or nano-Ag [26,27] which raises
the question of the potential human and environmental exposure
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Fig. 4. Decision tree for the risk estimation of nanoparticle releas

28]. Recent studies have thus modelled the expected concentra-
ion of ENO in the environment to identify the potential exposure
29,30]. However, bulk materials with internal nanostructures
hould not pose any novel risks because of their nanostructure.
isk assessment always includes two aspects: hazard and expo-
ure. Hazard is indicated by the toxicity of a given nanomaterial,
hile exposure is determined by the likelihood to come in contact
ith this nanomaterial. For non-functionalized nanoporous mem-

ranes there is neither a hazard due to the nanosized pores nor an
xposure to nano-objects to be expected.

Risk research on nanotechnology has become a hot topic not
nly for scientific reasons but also to support policy makers in
heir efforts to regulate nanotechnology [31]. However, the pro-
osed standards and definitions of nanomaterials by the ISO [4] do
ot take these risk based, regulatory requirements into account.
anostructured materials according to ISO/TR 12802 [4] would

nclude nanodispersions and nanostructured powders that are
omposed of nano-objects as well as nanoporous materials where
o nano-objects are involved. But nanoporous membranes differ
ignificantly from most other nanomaterials, for which a potential
elease of nanoparticles or other nano-objects cannot be excluded.
oncretely, regular UF membranes have nothing in common with
anotechnology, not even during the production phase.

. Implications for the risk assessment of membranes from
 “nano-perspective”
For a sound legislation, a clear differentiation between (a)
ano-objects and materials with integrated nano-objects and (b)
ther nanostructured materials needs to be made based on the
embranes. ENO, engineered nano-objects; NT, nanotechnology.

significantly different risk associated with these materials. It might
even be considered to specifically exclude nanoporous materials
from the definition of nanomaterials since their properties and
risk aspects are consonant with bulk material rather than nano-
materials. Lövestam et al. [2] state that “other materials such as
nanoporous materials, are in some definitions considered as nanoma-
terials, as they incorporate nanostructures in order to modify their
properties. Nevertheless (. . .)  such bulk nanomaterials should gener-
ally not be considered in a regulatory context as it is very unlikely that
the nanostructured components would ever be released as ‘free’ par-
ticulate nanomaterials as a result of normal use.” Nanoparticles are
formed from almost any material (e.g. polymers or textiles) during
abrasion, grinding or cutting operation even if the material itself is
free from nanoparticles [32–35].

A totally different case is represented by NEMs as described in
a previous section. NEMs correspond to the definition of nanoma-
terials since they actually contain (embedded) nano-objects which
may  be released during production, use and/or disposal. Hence, the
risk assessment of NEMs cannot be considered in similar way to
that for conventional, nanoporous membranes.

The question of a potential release of nano-objects is the single
most relevant question for regulatory purposes and should possibly
be reflected in the standards and definitions. Fig. 4 shows a decision
tree for the risk estimation of membranes regarding the potential
release of nanoparticles. The diagram includes the relevant aspects
of (a) whether there are any nano-objects integrated in the material

and (b) if yes, how tightly they are bound and thus how easily they
might be released [28].

In addition to the regulatory point of view, the membrane
industry itself does not consider nanoporous membranes as
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[34] H. Lutz, R. Bruckmann, M.  Koch, Nanotechnologie auf Textilien – Chancen
nutzen und Risiken minimieren, Melliand Textilberichte (2009) 39–41.
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anotechnology. UF membranes have been established for more
han half a century and it is not obvious, why this – up to now
onventional – method should suddenly be attributed to nano-
echnology. For several decades, membranes have been applied for
ater and wastewater treatment in order to provide high water

uality and to remove a broad range of contaminants from source
aters. Up to the present, membranes in the food and water

ndustry are subject to stringent regulations to ensure compli-
nce with water quality and food safety legislation. It might be
ecessary to reassess the risks during production and handling
f membranes, especially for membranes featuring nanostruc-
ures. However, new (nanotechnological) regulations concerning
he application of nanoporous membranes should be based on a
otential risk and not merely on a new definition and the conse-
uent reclassification of UF and NF to nanotechnology.

. Conclusions

The use of the term “nanofiltration” as well as the recent
efinitions of nanomaterials cause confusion rather than pro-
ide clarification with regard to hitherto considered conventional
embranes. While the term nanofiltration implies that it is a nan-

technological filtration method without necessarily being one,
F is not normally associated with nanotechnology even though
F membranes contain intentionally engineered structures at the
ano-scale and thus could in this respect be considered nanoma-
erials according to the ISO definition. However, UF membranes
hould also not be regarded as nanotechnology – at least not from

 regulatory perspective. Risk aspects are the driving force behind
ew legislation for nanotechnology and they must thus also be the
asis for any definition used for regulatory purposes. The relevant
uestion in this respect is whether there is a potential release of
ano-objects which are the subject of investigation in nanosafety
esearch. Since non-functionalized, nanoporous materials do not
ontain any nano-objects, any risks associated with these can be
xcluded. Materials where the nanoscale structure does not result
rom discrete particles and where there is no risk for the release of
ano-objects should thus not be considered as nanomaterials from

 regulatory point of view. Definitions of nanomaterials must reflect
his basic difference to be pertinent for any new nanotechnology
egislation.

The same distinction that is made in the definitions and stan-
ards accordingly applies to new legislation. It is clearly not logical
o generally regulate all nanomaterials as defined in ISO/TR 12802
4] by the ISO. Regulation of nanomaterials should focus on nano-
bjects as concluded in the Report “Considerations on a Definition
f Nanomaterial for Regulatory Purposes” by the European Com-
ission Joint Research Center [2].  However, it is imperative that this
ust also include any material that may  release nanoparticulate
aterials.

eferences

[1] IUPAC, Compendium of Chemical Terminology, 2nd ed. (the “Gold Book”), com-
piled by A.D. McNaught, A. Wilkinson. Blackwell Scientific Publications, Oxford,
XML  on-line corrected version: http://goldbook.iupac.org (2006) created by M.
Nic, J. Jirat, B. Kosata; updates compiled by A. Jenkins. ISBN 0-9678550-9-8.
doi:10.1351/goldbook.

[2]  G. Lövestam, H. Rauscher, G. Roebben, B.S. Klüttgen, N. Gibson, J.-P. Putaud,
H.  Stamm,  Considerations on a Definition of Nanomaterial for Regulatory Pur-
poses, JRC Joint Research Center, 2010, ISBN 978-92-79-16014-1.
[3] ISO Nanotechnologies, Vocabulary, Core terms, International Organisation for
Standardisation (ISO), Geneva, 2010.

[4] ISO, Nanotechnologies, Model Taxonomic Framework for Use in Developing
Vocabularies – Core Concepts, International Organisation for Standardisation
(ISO), Geneva, 2010.

[

Materials 211– 212 (2012) 275– 280

[5] ISO, Nanotechnologies, Vocabulary, Carbon Nano-objects, International Organ-
isation of Standardisation (ISO), Geneva, 2010.

[6] G.M. Rios, NanoMemPro – The European Network of Excellence on nanoscale-
based membrane technologies, Parliament Mag. (2007) 15.

[7] ISO, Nanotechnologies, Terminology and Definitions for Nano-objects –
Nanoparticle, Nanofibre and Nanoplate, International Organisation of Stan-
dardisation (ISO), Geneva, 2008 (corr. 2009).

[8] T. Melin, R. Rautenbach, Membranverfahren, Springer, Berlin/Heidelberg, 2007,
ISBN 3-540-00071-2.

[9] B. Van der Bruggen, C. Vandecasteele, T. Van Gestel, W. Doyen, R. Leysen, Pres-
sure driven membrane processes in process and waste water treatment and in
drinking water production, Environ. Prog. 22 (2003) 46–56.

10] M.  Mulder, Basic Principles of Membrane Technology, Kluwer Academic Pub-
lishers, 1991, 193 p.

11] G.M. Rios, R. Joulie, S.J. Sarrade, M.  Carles, Investigation of ion separation by
microporous nanofiltration membranes, AIChE J. 42 (1996) 2521–2528.

12] T. Thorsen, Fundamental studies on membrane filtration of coloured surface
water, PhD thesis, NTNU, Trondheim, 1999.

13] J. Kim, B. Van der Bruggen, The use of nanoparticles in polymeric and
ceramic membrane structures: review of manufacturing procedures and per-
formance improvement for water treatment, Environ. Pollut. 158 (2010)
2335–2349.

14] A. Srivastava, O.N. Srivastava, S. Talapatra, R. Vajtai, P.M. Ajayan, Carbon
nanotube filters, Nat. Mat. 3 (2004) 610–614.

15] J. Holt, H. Park, Y. Wang, M.  Stadermann, A. Artyukhin, C. Grigoropoulos, A. Noy,
O.  Bakajin, Fast mass transport through sub-2-nanometer carbon nanotubes,
Science 312 (2006) 1034–1037.

16] F. Zhu, K. Schulten, Water and proton conduction through carbon nanotubes as
models for biological channels, Biophys. J. 85 (2003) 236–244.

17] C.D. Vecitis, M.H. Schnoor, M.S. Rahaman, J.D. Schiffman, M.  Elimelech, Elec-
trochemical multiwalled carbon nanotube filter for viral and bacterial removal
and  inactivation, Environ. Sci. Technol. 45 (2011) 3672–3679.

18] B. Van der Bruggen, M.  Mänttäri, M.  Nyströmb, Drawbacks of applying nanofil-
tration and how to avoid them: a review, Sep. Purif. Technol. 63 (2008)
251–263.

19] V. Keuter, I. Gehrke, J. Glaab, M.  Kneissl, T. Strunskus, V. Zaparojtchenko,
T. Hrkac, Barrierensystem aus nanobeschichteten Mikrosieben und UV-
Strahlungsquelle für die Wassertechnik, Gewässerschutz Wasser Abwasser 44
(2011) 10.

20] G. Oberdörster, V. Stone, K. Donaldson, Toxicology of nanoparticles: a historical
perspective, Nanotoxicology 1 (2007) 2–25.

21] M.  Wiesner, G. Lowry, K. Jones, M.  Hochella, R. Di Giulio, E. Casman, et al.,
Decreasing uncertainties in assessing environmental exposure, risk, and
ecological implications of nanomaterials, Environ. Sci. Technol. 43 (2009)
6458–6462.

22] S. Klaine, P. Alvarez, G. Batley, T. Fernandes, R. Handy, D. Lyon, et al., Nanoma-
terials in the environment: behavior, fate, bioavailability, and effects, Environ.
Toxicol. Chem. 27 (2008) 1825–1851.

23] H. Krug, P. Wick, Nanotoxicology: an interdisciplinary challenge, Angew. Chem.
Int.  Ed. 50 (2011) 1260–1278.

24] A. Nel, T. Xia, L. Madler, N. Li, Toxic potential of materials at the nanolevel,
Science 311 (2006) 622–627.

25] L. Geranio, M.  Heuberger, B. Nowack, The behavior of silver nanotextiles during
washing, Environ. Sci. Technol. 43 (2009) 8113–8118.

26] R. Kaegi, B. Sinnet, S. Zuleeg, H. Hagendorfer, E. Mueller, R. Vonbank, M. Boller,
M.  Burkhardt, Release of silver nanoparticles from outdoor facades, Environ.
Pollut. 158 (2010) 2900–2905.

27] R. Kaegi, A. Ulrich, B. Sinnet, R. Vonbank, A. Wichser, S. Zuleeg, et al., Synthetic
TiO2 nanoparticle emission from exterior facades into the aquatic environment,
Environ. Pollut. 156 (2008) 233–239.

28] F. Gottschalk, B. Nowack, The release of engineered nanomaterials to the envi-
ronment, J. Environ. Monitor. 13 (2011) 1145–1155.

29] F. Gottschalk, T. Sonderer, R. Scholz, B. Nowack, Modeled environmental con-
centrations of engineered nanomaterials (TiO2, ZnO, Ag, CNT, Fullerenes) for
different regions, Environ. Sci. Technol. 43 (2009) 9216–9222.

30] N.C. Mueller, B. Nowack, Exposure modeling of engineered nanoparticles in the
environment, Environ. Sci. Technol. 42 (2008) 4447–4453.

31] M.  Riediker, G. Katalagarianakis, Compendium of Projects in the
European NanoSafety Cluster, http://www.nanoimpactnet.eu/uploads/
file/NanoSafetyCluster/Compendium 2011 web.pdf, 2011.

32] D. Gohler, M.  Stintz, L. Hillemann, M. Vorbau, Characterization of nanoparti-
cle release from surface coatings by the simulation of a sanding process, Ann.
Occup. Hyg. 54 (2010) 615–624.

33] A. Guiot, L. Golanski, F. Tardif, Measurement of nanoparticle removal by abra-
sion, J. Phys.: Conf. Ser. 170 (2009) 012014.
35] M.  Vorbau, L. Hillemann, M.  Stintz, Method for the characterization of the abra-
sion induced nanoparticle release into air from surface coatings, J. Aerosol Sci.
40  (2009) 209–217.

http://goldbook.iupac.org/
http://dx.doi.org/10.1351/goldbook
http://www.nanoimpactnet.eu/uploads/file/NanoSafetyCluster/Compendium_2011_web.pdf,%202011
http://www.nanoimpactnet.eu/uploads/file/NanoSafetyCluster/Compendium_2011_web.pdf,%202011

	Nanofiltration and nanostructured membranes—Should they be considered nanotechnology or not?
	1 Introduction
	2 Definitions in nanotechnology
	3 Nanoporous membranes
	4 Membranes functionalized with nanoparticles
	5 How do membranes fit into the definitions of nanomaterials?
	6 Implications for the risk assessment of membranes from a “nano-perspective”
	7 Conclusions
	References


