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Abstract

The unique geometry and internal structure of carbon nanotubes (CNTs)
give rise to a newly discovered phenomena of the ultraefficient transport of
water through these ultra-narrow molecular pipes. Water transport in
nanometer-size nanotube pores is orders of magnitude faster than transport
in other pores of comparable size. We discuss the basic physical principles of
the ultraefficient transport in CNTs, the fabrication of CNT membranes, and
their nanofiltration and ion exclusion properties. A rare combination of
transport efficiency and selectivity makes CNT membranes a highly promising
technological platform for the next-generation desalination and water
purification technologies. We discuss the potential of these applications for
improving water quality.

6.1 Introduction—Carbon Nanotube Membrane
Technology for Water Purification

The availability of safe, clean, and inexpensive water has emerged as an
issue that defines global problems in the twenty-first century. Water shortages
are some of the root causes of societal disruptions such as epidemics,
environmental disasters, tribal and ethnic conflicts, growth shortfalls, and
even countrywide political destabilization. Membrane-based filtration is the
current leading energy-efficient technology for cleanup and desalination of
brackish water, recycled water, and seawater. Membrane-based filtration
offers other advantages as filtration through the tight membrane pores can
also remove dangerous impurities, such as As, as well as toxic large organic
compounds. Factors that limit the efficiency of the membrane purification
technologies include the membrane resistance to the flow, membrane fouling,
and membrane imperfections that lead to incomplete rejection or to a drop
in the membrane rejection properties over time. The latest technological
developments and high-efficiency energy recovery systems in particular have
pushed the current efficiency of reverse osmosis (RO) membranes to a very
impressive 4 kWh/m? [1]; however, this number is still well above the theoretical
minimum energy cost of 0.97 kWh/m? for 50 percent recovery [2,3]. To move
further, we need to develop transformative membrane technologies that utilize
fundamentally new transport and filtration mechanisms for drastic gains in
transport efficiency.

Carbon nanotube (CNT) membranes are promising candidates for one
such solution primarily because of their transport characteristics. The inner
cavity of a CNT forms a natural pore with very small diameter that can in
some instances be smaller than 1 nm. Moreover, smooth hydrophobic
surfaces of the nanotubes lead to nearly frictionless flow of water through
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them, enabling transport rates that are orders of magnitude higher than
transport in conventional pores. Finally, the structure of CNTs permit
targeted specific modifications of the pore entrance without destroying the
unique properties of the inner nanotube surface. The combination of these
three factors could enable a new generation of membranes whose transport
efficiency, rejection properties, and lifetimes drastically excced those of the
current membranes.

This chapter presents a brief overview of the basic physical processes that
govern the structure and transport of water inside CNT pores, basic properties.
that make nanotube pore technologies attractive for water purification and
desalination, the fabrication approaches for producing CNT membranes, and
the experimental observations of water transport and ion exclusion properties
in CNT membranes.

6.2 Basic Structure and Properties of
Carbon Nanotubes

By now the CNT has firmly established itself as the iconic molecule of
nanoscience [4]. A CNT is simply a nanometer-sized rolled-up atomically smooth
graphene sheet that forms a perfect seamless cylinder (Fig. 6.1) capped at the
ends by fullerene caps. It is common to characterize the structure of the
nanotube by its rolled-up vector (n,m), called chirality or helicity, which defines
the position of the matched carbon rings during the roll-up of the graphene
sheet [5]. A CNT can have one (as in case of a single-walled CNT), or several
concentric graphitic shells (as in case of multi-walled nanotubes) and it can
reach up to several millimeters in length, yet retain a diameter of only a few
nanometers.

Several methods of CNT production currently exist. In the laboratory
environment, catalytic chemical vapor deposition (CVD) is preferred over
other methods such as arc discharge and laser ablation because it produces
higher quality CNTs. CVD reactors can produce individual isolated nanotubes,
as well as densely packed vertically aligned arrays (Fig. 6.1(c)). Unfortunately,
the ultimate goal of the CNT synthesis—producing a uniform population of
nanotubes with a given chirality—still remains elusive. Several studies indicated
that the size of the catalyst particle during the growth stage determines the
size of the CNT to less than 10 percent [6]; yet efforts to control the size of the
CNTs with greater precision have been largely unsuccessful. Thus, synthesizing
a vertically aligned CN'T array with a narrow distribution of sizes still remains
a difficult endeavor requiring considerable process development and optimization
efforts [6-8]. The task of describing the details of CNT synthesis goes well
beyond the scope of this chapter; therefore we refer the readers to a number of
reviews on this subject [9-11].
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Figure 6.1 Structure and morphology of carbon nanotubes (CNTs). (a) Schematic
representation of a graphen sheet and a CNT roll-up vector. The roll-up vector is
perpendicular to the axis of the CNT. (b) A 3-D model of a single-wall CNT. (c¢) A
scanning electron microscope (SEM) image of a vertically aligned array of multi-wall CNT
grown on a silicon substrate. (SEM images: M. Stadermann, O. Bakajin, A. Noy, LLNL.)
(d,e) Transmission electron microscope (TEM) images of single-wall (e) and multi-wall

(d) CNTs. (TEM images: J. Plitzko, A. Noy, LLNL.)

6.3 Water Transport in Carbon Nanotube
Pores—An MD Simulation View

6.3.1 Water Inside Carbon Nanotubes

The task of observing and understanding fluid and gas flows in CNT pores
raises a set of unique fundamental questions [12]. First, it is surprising that
hydrophilic liquids, especially water, enter and fill very narrow and hydrophobic
CNTs. If the water does enter the CNTs, what influence does extreme
confinement have on the water structure and properties? It is important to
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evaluate how these changes in structure influence the rate, efficiency, and
selectivity of the transport of liquids and gases through the CNTs. As it is
often the case, molecular dynamics (MD) simulations have provided some of the
first answers to these questions. G. Hummer and colleagues used MD simulations
to observe (Fig. 6.2(a) and (b)) filling of the (6,6) nanotube (0.81 nm in diamcter
and 1.34 nm in length) with water molecules [13]. Surprisingly, they found that
water filled the empty cavity of the CNT within a few tens of picoseconds and
the filled state continued over the entire simulation time (66 ns). More
importantly, the water molecules confined in such a small space formed a
single-file configuration that is unseen in the bulk water. Several experimental
studies also provide some evidence of water filling of CNTs [14-17]. Further
analysis of the simulation results of Hummer and colleague showed that water
molecules inside and outside the nanotube were in thermodynamic equilibrium.
This observation illustrates one of the more important and counterintuitive
phenomena associated with nanofluidic systems: nanoscale confinement leads
to the narrowing of the interaction energy distribution, which then causes the
lowering of the chemical potential [13]. In other words, confining the liquid
inside a nanotube channel actually lowers its free energy! Further simulations
by the same group showed that the filling equilibrium was very sensitive to the
water-nanotube interactions parameters: a 40 percent reduction in the depth
of the carbon-water interaction potential resulted in the emptying of the CNT
cavity, or a 25 percent reduction resulted in the fluctuation between filled and
empty states (bi-stable states) [13,18]. This sharp transition between the two

6
= 4
< 2
o €co = 0.114 keal mol”! Ooo=3.28A
0 10 20 30 40 50 60
(b) £co = 0.065 keal mol!
6 » i _
1 Oep=3.41A
IS4 THRTT IS
g |
2 | |
o JLa el i D o b
0 5 10 15 20 25
t(ns)

Figure 6.2 MD simulations of water transport in carbon nanotubes (CNTs). (a,b).
Number N of water molecules inside an 8.1A diameter nanotube as a function

of time for sp” carbon parameters (a) and reduced carbon-water attractions (b).

(c) Structure of the hydrogen-bonded water chain inside the CNT. Reproduced from
[13] with permission © 2001 Nature Publishing Group.
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states has been observed for other hydrophobic nanopores as well [19-22]. MD
simulations have also studied the dependence of the CNT hydration on other
properties of CNTs such as the nanotube wall flexibility [23], charge [24,25],
chirality [25,26], length [18], and diameter [24,27,28].

6.3.2 Carbon Nanotubes as Biological Channel Analogs

MD simulations show that a defining feature of the water structure in CNT's
is the formation of the hydrogen-bonded “water wires” (Fig. 6.2(c)) oriented
along the nanotube axis [12,13,29]. Such one-dimensional hydrogen bonded
structures are highly reminiscent of the water wires observed in the biological
channels specializing in water transport, such as aquaporins [30]. In fact, the
similarity between aquaporin channels and CNT channels goes further. Similar
to the hydrophobic interior of CNTs, the inner cavity of the aquaporins is lined
with hydrophobic residues that facilitate the formation of the one-dimensional
hydrogen-bonded water chains [30,31]. Weak interactions of water molecules
with the hydrophobic walls combine with the smooth nature of the nanotube
walls to enable nearly frictionless transport of water in nanotubes channels.
Kalra and Hummer et al. showed that water moves very rapidly through a
nanotube channel under osmotic pressure [29]. They observed that friction at
the channel walls in that system was so low that water transport was no longer
governed by the Hagen—Poisselle flow, but instead depended mainly on the
events at the nanotube entrance and exit [29]. As a result, calculated rates of
water transport approached 5.8 water molecules/ns/nanotube. Interestingly,
these rates are comparable to the water transport rates achieved in
aquaporins [32]. Other MD simulations also observed fast water transport
through CNTs [33-35]. \

6.4 Fabrication of Carbon Nanotube Membranes

Verification of these seemingly exotic predictions of fast transport through
CNTs that emerged from the MD simulations required fabrication of a robust
test platform: a CNT membrane. Such membranes typically consist of an
aligned array of CNTs encapsulated by a filler (matrix) material, with the
nanotube ends opened at the top and bottom. Although there are likely
many ways to produce a structure of this type (a notable early result by
Martin and coworkers was based on fabrication of amorphous CNTs within
porous alumina membrane template [36]), the approach that has proven most
fruitful to date involves growing an aligned array of CNTs, followed by
infiltration of a matrix material in the gaps between the CNTs (Fig. 6.3(a)).
Extremely high aspect ratio of the gaps between the nanotubes in the array
(of order 1,000 length/diameter or larger) presents a great fabrication
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Figure 6.3 Fabrication of carbon nanotube (CNT) membranes. (a,b) Process flow
diagrams for fabrication of CNT membranes using nanotube array encapsulation with
Si,N, or polymers (a), and filtration-assisted alignment (b). (¢c—e) Scanning electron
microscope images of (c¢) Si,N-encapsulated membrane, from [39]; (d) polystyrene
encapsulated membrane, from [37]; and (e) filtration-assisted assembly membrane,

from [40]. © 2006, 2004 American Association for the Advancement of Science and 2001
American Chemical Society, respectively.

challenge for this approach. Fortunately, researchers have developed successful
strategies to overcome this challenge.

6.4.1 Polymeric/CNT Membranes

Hinds' group at the University of Kentucky has pioneered a membrane
fabrication strategy based on polymer encapsulation of CNT arrays [37]. They
infiltrated multi-wall CN'T arrays with polystyrene solution that after evaporation
produced a high-density multi-wall CNT membrane of ca. 7 nm pore size (Fig.
6.3(d)). As the process occurs in the liquid phase, care was necessary to ensure
that the CNT's do not bundle together upon solvent evaporation.
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6.4.2 Silicon Nitride CNT Membranes

Our group at the Lawrence Livermore National Laboratory (LLNL)
developed a process for encapsulation of a vertically aligned array of CNTs
with low-stress silicon nitride by a low-pressure chemical vapor deposition
process [38,39]. This is a method widely used for a host of microfabrication
processes and it produces an extremely conformal coating around CNTs
(Fig. 6.3(c)). The membrane produced is robust and is capable of withstanding
pressure gradients in excess of 1 atmosphere. Subsequent to encapsulation, the
membrane undergoes a series of etching steps to selectively remove excess
silicon nitride from the tips of the CNTs, followed by oxygen plasma to uncap
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Figure 6.4 Sub-2-nm carbon nanotube (CNT) membranes. (a) A photograph of a CNT
membrane chip in the sample holder. (b) Optical micrographs of the regions of the

chip that contain CNT membrane windows. (c-e) High-resolution transmission electron
microscope (TEM) images of the thinned cross-sections of the membrane showing
sub-2-nm pores. (f,g) HR-TEM characterization of the CNT size: (f) A TEM image of
the dispersed carbon nanotubes from the vertically aligned array used for membrane
fabrication. (g) A histogram of measured inner diameters of carbon nanotubes.

From [39], © 2006 American Association for the Advancement of Science.
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the CNTs. Transmission electron micrographs of thinned-down sections of our
double-wall CNT (DWCNT) membranes (Fig. 6.4) suggest that they consist
of pores less than 2 nm diameter, consistent with diameters of as-grown
nanotubes, and no nano- or microvoids apparent in the structure. We have
demonstrated fabrication of membranes with two different CNT pore diameters:
double-wall at 1.1 nm < D < 2 nm and multi-wall at approximately 6.5 nm.

6.4.3 CNT Polymer Network Fabrication

A considerably different approach to producing an aligned CNT-polymer
composite membrane was recently described by E. Marand and coworkers (Fig.
6.4(b)) [40]. Amine-functionalized CNTs were dispersed in tetrahydrofuran and
subsequently filtered through a hydrophobic (0.2 um) PTFE poly(tetrafluoro-
ethylene) filter, leading to alignment within the membrane pores (Fig. 6.3(e)).
Spin coating with a dilute polymer solution (polysulfone) produced a mechanically
stable thin film structure with the CNT tips protruding from the top of the
membrane. Membranes produced with this method exhibited enhancements in
gas transport rates and non-Knudsen selectivities for binary gas mixtures. This
approach has the advantage of being potentially more scalable and economical
than direct growth CVD of CNTs on a substrate, although at the current stage
of development the nanotube densities (and thus the available pore density) are
much smaller than for the membranes produced by CNT array encapsulation.

6.5 Experimental Observations of Water Transport
in Double-Wall and Multi-Wall Carbon
Nanotube Membranes

We also observed high rates of water transport through the double-wall sub-
2-nm CNT membranes using pressure-driven flow [39] . Similarly high rates
were also observed by Majumder et al. for multi-walled nanotube membranes
with larger pore diameters [41]. As previously discussed, the single largest
uncertainty in quantifying the flux through individual pores lies in the
determination of the active pore density (i.e., those nanotubes that are open
and span the membrane). Majumder et al. estimated the active pore densities
by quantifying diffusion of small molecules through the CNTs. They measured
enhancements of four to five orders of magnitude compared to Hagen—Poiseulle
formalism. As described in the previous section, we estimated the upper bounds
to the pore densities so that our measurements represent lower boundary
estimates. The transport rates that we measured reveal a flow enhancement that
is at least two to three orders of magnitude faster than no-slip, hydrodynamic
flow calculated using Hagen—Poiseuille equation (Fig. 6.5). The calculated slip
length for sub-2-nm CNTs is as large as hundreds of nanometers, which is
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Figure 6.5 Water transport in sub-2-nm carbon nanotube (CNT) membranes.
Comparison of the water flux predicted for a polycarbonate membrane (left), and a
double-wall CNT membrane (center) with the flux measured for the double-wall CNT
membrane (right).

almost three orders of magnitude larger than the pore size and is almost on
the order of the overall nanotube length. In contrast, the polycarbonate
membrane with a pore size of 15 nm reveals a much smaller slip length of just
5 nm! This comparison suggests that slip flow formalism may not be applicable
to water flow through CNTs, possibly due to length scale confinement [41,42]
or to partial wetting between water and the CNT surface [43]. Interestingly,
the measured water flux compares well with that predicted by the MD
simulations [29]. The simulations predict a flux of 12 water molecules/nm* (of
nanotube cross-sectional area)/ns; our measured flux, extrapolated to the
simulation pressure drop, corresponds to 10-40 water molecules/nm*/ns [39].
Moreover, the measured absolute flow rates of at least 0.9 water molecule/
nanotube is similar to the rate of 3.9 molecule/pore measured for aquaporins.
The comparison to the aquaporins in not straightforward since the diameters
of our CNTs are twice that of aquaporins and the CNTs are considerably
longer, to name just a few differences. Therefore, we cannot yet imply that the
same mechanism is responsible for transport in our CNTs and aquaporins.
Nevertheless, our experiments demonstrate that the water transport through
CNTs starts to approach the efficiency of biological channels.

6.6 Nanofiltration Properties of Carbon
Nanotube Membranes

6.6.1 Size Exclusion Experiments in the 1-10 nm Size Range

Nearly frictionless graphitic walls of CNT composite membranes offer the
unique combination of extremely fast flow and very small pore size, which
potentially give them a tremendous advantages over traditional membrane
materials for energy-efficient, low-cost ultrafiltration and nanofiltration
applications. Several experimental studies have used concentration gradient or
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pressure driven flow to determine the size exclusion properties of CNT
composite membranes. Diffusion studies by Hinds’ group showed that 10 nm
gold nanoparticles were completely excluded by a multi-wall CNT (MWCNT)-
membrane with pore inner diameter of ca. 7 nm, whereas small dyes (0.5-2 nm)
diffuse with low hindrance [37,41]. Our aligned DWCNT array membranes
completely excluded 2 nm and 5 nm gold nanoparticles in pressure-driven
filtration experiments as expected from the transmission electron microscope
(TEM) measurements of the pore diameter (Fig. 6.4(f) and (g)). Note that
these membrane still exhibited extremely fast water permeation [39).

6.6.2 Ion Exclusion in Carbon Nanotube Membranes

With the diameters in the nanometer regime and high water permeabilities,
CNTs are a promising platform for ion removal from water, as required for
desalination and demineralization. MD simulations [44,45] predict that if the
nanotube is uncharged, size-based exclusion of small ionic species such as Na*,
K*, or CI” requires CNT diameters of about 0.4 nm. These diameters are
comparable to the hydrated ion size. At this scale, the ion is forced to lose part
of its hydration shell to enter the CNT, implying a very high energy barrier to
cross the membrane (approximately 120 kJ/mole). For slightly larger pore
sizes (>1 nm), this free energy penalty decays almost to zero (approximately
5 kJ/mole), allowing small ion free access. Molecular simulations [45] have also
predicted that CNTs with a diameter of 0.34 nm, decorated with negative
charges along the walls, will conduct K" ions while excluding Cl~, whereas
positively charged CNTs with a diameter of 0.47 nm diameter will exclude K*
ions while conducting Cl”. Experimental verification of MD simulation
prediction has not been achieved yet as CNT membranes with such small pore
openings have not been successfully fabricated to date. Joseph et al. showed
by simulations that the presence of charged groups on the open CNT tips [46]
induces preferential ion transport for CNT with a diameter of 2.2 nm. These
results in particular suggest that dedicated functionalization of small-diameter
CNT membranes (such as the membranes demonstrated by Holt et al. [39])
may enable the control of ionic flow or even the exclusion of very small ions, a
particularly exciting prospect for water purification and desalination.

Recently our team has performed the first evaluation of ion exclusion in
CNT membranes [47]. That study found that CNT membranes excluded a
significant fraction of the ions in the feed solution (in some cases more than
90 percent). The exclusion characteristics of the membrane were also a strong
function of the solution ionic strength with lower ionic strength exhibiting
higher exclusion ratios. The last property provides a strong clue that electrostatic
interactions on the CNT mouth play an important role. Further investigation
showed that the rejection properties of the membrane obey the predictions of
the Donnan equilibrium model. The exclusion properties observed for the CNT
membrane are similar to the exclusion properties of the nanofiltration
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membranes with pores in the same size range. Notably CNT membranes are
much thicker than the active layers of current nanofiltration membranes, yet
they exhibit much higher water flux!

6.7 Altering Transport Selectivity by
Membrane Functionalization

An important avenue for controlling transport through nanotube channels
involves using chemical modifications of the nanotube to alter the channel
permeability or exclusion characteristics. To maintain cfficient flow through the
nanotube these treatments need to preserve the fundamental smoothness and
hydrophobicity of the nanotube walls; therefore, we will concentrate on the
modification strategies that target only the entrance and the exit of the nanotube.
In fact, most membrane fabrication strategics facilitate this approach by using
an oxidation step to remove the fullerene cap from the nanotube. These
procedures typically produce carboxylic groups at the mouth of the nanotube [48],
which not only render the pore mouth negatively charged, but also serve as the
target for a variety of chemical modification approaches [49,50].

Most of the recent progress in this area has been associated with the work
of Hinds and coworkers who used carbodiimide chemistry to attach a variety
of organic and biological molecules to the mouth of CNTs. Interestingly, they
observed that, for the polymer matrix based aligned nanotube membranes, the
idealized picture of the oxidation step producing only a ring of carboxylic acid
groups on the nanotube end and leaving the rest of the nanotube intact
misrepresents the reality. Experiments on decorating the nanotube surface
with gold nanoparticles showed that the oxidation step produced reactive
groups in the nanotube regions that were up to 700 nm away from the tip of
the nanotube [50,51], although after only 50 nm of separation from the tip the
functional group density was already significantly reduced. Researchers
argue [50] that these apparent large penetration depths are consistent with the
observation that the manufacturing process produces exposed CNT tips above
the polystyrene matrix.

Majumder et al. used carbodiimide chemistry to attach aliphatic chains,
charged dye molecules, and polypeptides to the polystyrene-based CNTs
membranes [50]. These modifications have a measurable effect on the flux of
the two large organic cations [methyl viologen (Mv*"), and Ru(bpy),*"] used
for these experiments; for example, attaching a C,, alkane chain reduced the
flux of Mv*" by six times. Interestingly, the researchers did not observe a clear
trend for the effect of the modification on the flux of the test species: for
example, attaching a bulky charged organic dye to the mouth of the CNT
membrane actually increased the ion flux, presumably due to the interactions
of the dye molecules with the oppositely charged ions [50]. Also the relationship
between the size of the modifier group and the effect on the charged species
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flux was complex; the authors of the report speculated that longer hydrophobic
aliphatic chains prefer to orient along CNT walls and thus have a reduced
effect on the overall flux.

6.8 Is Energy-Efficient Desalination and
Water Purification with Carbon Nanotube
Membranes Possible and Practical?

The definitive answer to this question will emerge only from continued
research and development on the CNT membrane prototype. Yet, several
conclusions can be reached even today. The most promising property of CNT
membranes for water purification applications is their extremely high
permeability. This property should translate into more water per unit of applied
pressure, more efficient, smaller purification units and ultimately into lower
purification or desalinations costs. Rich possibilities for chemical functional-
ization, coupled with the rather unique ability to manipulate only the chemistry
at the nanotube mouth open up the possibility of producing membranes tailored
for specific applications (e.g., RO desalination or impurity purification) while
maintaining the basic membrane structure and high permeability.

However, a true assessment of the potential impact of CNT membranes on
water purification (and specifically on water desalination) applications requires
a more comprehensive comparison of the membrane characteristics with the
general requirements of the membrane purification process. At least in the case
of RO desalination, the process efficiency comes from three main sources:
capital costs, energy costs, and operation costs (which include costs for pre-
treatment, posttreatment, and membrane cleaning and regeneration). It is
instructive to evaluate the potential of the CNT membrane technology against
these three areas. We must first note that the CNT technology is still in its
infancy; therefore, most attempts at quantitative evaluation will face large
uncertainties associated with predicting the future technological milestones,
or the fact that some of the major membrane characteristics (e.g., fouling
properties) have not been sufficiently evaluated. Another large source of
uncertainty is the lack of availability and cost estimates for a manufacturing
process that allows scale-up of membrane fabrication. However, we still can
reach some qualitative conclusions based even on the limited set of data that
is available now. The high flux of CNT membranes provides a clear advantage
for both the energy costs and the capital costs, as the same amount of product
water could be obtained with smaller driving pressures and less membrane
area. However some of the other important advantages of CNT membrane
technology could come from the factors contributing to the third cost factor:
the operation costs. The uniform pore size of CNT membranes could simplify
or even eliminate the requirements for complicated multistage pretreatment
efforts. The membrane pore surface is also rather chemically inert, which could
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increase the membrane lifetime against the harsh agents used for pretreating
water before RO or other purification steps. Unlike most polymeric membrane
surfaces, the CN'T membrane surface is hydrophilic; therefore, it could offer an
increased resistance to fouling, as well as easier cleanup by rinsing or
backwashing. These factors could all contribute to an increased membrane
tifespan and ultimately to operation cost savings.

If we consider these factors, it becomes clear that the real impact of CNT
membrane technology may lie in its potential to improve all of the major areas
that contribute to the costs of water purification processes. Clearly, much work
needs to be done before these promises translate into ficld applications.
Researchers need to develop approaches for fabricating CNTs with an even
narrower distribution of the pore sizes, ideally with pores that are less than
1 nm. Targeted chemical modification of the pore entrances should improve
dramatically the rejection characteristics of the membrane. Further studies are
necessary to quantify the membrane fouling resistance and useful lifespan.
Finally, development of large-scale, low-cost manufacturing processes is
imperative to ensure that CNT membrane technology can achieve significant
penetration into the water purification market. These are all challenging tasks,
yet the potential of CNT membrane technology is high enough for us to have
no doubts that it will find its place in the arsenal of the water purification
techniques available for mankind.
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