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Abstract: Carbon nanotubes (CNTs) are nanoscale cylinders of graphene with exceptional
properties such as high mechanical strength, high aspect ratio and large specific surface
area. To exploit these properties for membranes, macroscopic structures need to be
designed with controlled porosity and pore size. This manuscript reviews recent progress
on two such structures: (i) CNT Bucky-papers, a non-woven, paper like structure of
randomly entangled CNTs, and (ii) isoporous CNT membranes, where the hollow CNT
interior acts as a membrane pore. The construction of these two types of membranes will
be discussed, characterization and permeance results compared, and some promising
applications presented.
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1. Introduction

Many water and gas purification techniques, such as membrane distillation, reverse osmosis and
CO, removal from natural gas, are reliant on membranes. Consequently, the development of advanced
membrane technologies with controlled and novel pore architectures is important for the achievement
of more efficient and cost effective purification. Present polymeric membranes are well known to
suffer from a trade off between selectivity and permeability, and in some cases are also susceptible to
fouling or exhibit low chemical resistance.

Membranes based on carbon nanotubes (CNTs) offer a possible route to overcome these
shortcomings with a number of interesting structures emerging [1-12]. CNTs are nanoscale cylinders
of rolled-up graphene (Figure 1) and can be capped at one or both ends with a half fullerene [13].
Single walled CNTs (SWNTs) have outer diameters in the range of 1-3 nm with inner diameters of
0.4-2.4 nm (Figure 1). Multi-walled CNTs (MWNTs) can have outer diameters ranging from ~2 nm
(double walled nanotubes) up to ~100 nm with tens of walls. CNTs exhibit remarkable electrical and
thermal conductivity, and are one of the strongest fibers known [14,15]. These properties, combined
with their nanoscale dimensions, have led to their intense study for a wide range of applications [16].
However fabricating macroscopic structures which have controlled geometries, porosity and pore
shape, is still challenging.

Figure 1. (a) Schematic of a CNT, (b) TEM image of a CNT showing a number of
concentric graphitic walls, and (c) a list of selected CNT properties.

LU

)i Selected CNT Properties: (c)

e Outside diameter: ~1-100 nm

e Inside diameter: ~1/3 outside diameter

e Tube wall spacing: ~0.3 nm

o Stiffness: ~5x steel

e Strength: ~30x steel

e Electrical & Thermal conductivity: ~10x
graphite

This paper reviews two types of CNT macroscopic structures under consideration for membrane
applications: (i) Bucky-paper membranes and (ii) isoporous CNT membranes. These two types of
CNT membranes are distinctively different in their structure and arrangement of the CNTs. In the case
of a Bucky-paper, the CNTs are randomly arranged into a non-woven, paper-like, structure. This
creates a highly porous 3D network with large specific surface area. In contrast, isoporous CNT
membranes use aligned CNTs as cylindrical pores across an otherwise impermeable matrix material.
These membranes therefore consist of nanoscale CNT pores with a narrowly defined diameter
distribution. This paper reviews the various techniques used to fabricate these two types of CNT
membranes and the associated challenges. It also discusses how the processing steps affect the final
membrane structure, and presents some promising applications for water and/or gas separation.
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2. Bucky-Paper Membranes

Due to the simplicity of their preparation, Bucky-papers were one of the first macroscopic
structures fabricated from CNTs and their mechanical, electrical and thermal properties have been
extensively studied [12,17-22]. The term “Bucky-paper” is used to describe a mat of randomly
entangled CNTs prepared by filtration (Figure 2) [21,23] or alternative papermaking processes. CNTs
are known to have a strong tendency to aggregate due to van der Waals interactions, and it is these van
der Waals interactions which also hold the CNTs together into a cohesive Bucky-paper. Consequently
Bucky-papers can be highly flexible and mechanically robust as demonstrated by the origami plane in
Figure 2¢. Longer, narrower (fewer walled) and more pure nanotubes typically lead to stronger Bucky-
papers with higher tensile strengths [18,21,24]. With increasing MWNT diameter, the attractive van
der Waals forces between CNTs become less effective, leading to Bucky-papers with lower tensile
strength and poor cohesiveness. This can be improved to some extent through functionalization of
MWNTs or the addition of polymers [18].

Figure 2. (a) Process for manufacturing Bucky-papers, (b) SEM image showing the
Bucky-paper surface and (c) Bucky-paper origami aeroplane demonstrating their flexibility
mechanical robustness.
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2.1. Bucky-Paper Processing

Bucky-papers are typically formed by first purifying the CNTs and then dispersing them in a
suitable solvent. Once a well dispersed solution is achieved, it is filtered through a porous support
which captures the CNTs to form an optically opaque CNT Bucky-paper (Figure 2). If the Bucky-
paper is thick enough it can be peeled off the support filter intact.

As prepared CNTs are highly entangled and typically contaminated with impurities. These
impurities include the metal catalyst particles, such as Fe, Co and Ni needed for CNT growth, as well
as other carbonaceous by-products including amorphous carbon, fullerenes, and graphitic nano-
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particles. The purification and dispersion of CNTs is therefore a critical step in Bucky-paper
processing that can affect both the Bucky-paper structure and properties [25-27]. This point is
illustrated by Figure 3 which clearly shows the change in Bucky-paper morphology due to differences
in the initial CNT dispersion quality.

Figure 3. SEM image showing the surface of a Bucky-paper formed from (a) poorly
dispersed single walled carbon nanotubes and (b) well dispersed CNTs (2 keV, 9 mm
working distance).

Purification inevitable employs some form of oxidative treatment in combination with physical
processes such as filtration and centrifugation [28]. Nitric acid (HNO;) or heating in an oxidative
environment (e.g., air) is commonly used to remove carbonaceous impurities, which are oxidised at a
faster rate than CNTs due to their less perfect graphitic structure. This treatment is often preceded
and/or followed by another acid treatment, such as hydrochloric acid (HCI), to remove any metal
impurities [24,29-31]. However these purification treatments can also damage and shorten the CNTs,
as well as functionalize them with carboxyl and hydroxyl groups rendering them hydrophilic [32,33].
This can advantageous for CNT dispersion into polar solvents such as water. Improved Bucky-paper
strength has also been reported following acid treatment and CNT functionalization under controlled
conditions [18]. However these purification steps also alter the natural CNT properties, which may not
be desirable for the final application.

CNT dispersion typically involves one or a combination of the following the following
approaches [34,35]:

(1) covalent functionalization of the CNT surface to improve their chemical compatibility with the
dispersing medium [36,37].

(i1) the use of a third component such as a surfactant [34,35,38—40], polymer [41] or biomolecules
(such as DNA [42]).

(ii1) mechanical treatments such as ultrasonication and shear mixing.

Again, the dispersion steps need to be carefully chosen to suit the type of CNTs and the final
application so that the desired CNT properties are not adversely affected [24]. Further details
on purification and dispersion techniques can be found in a number of articles and
reviews [18,24,34,37,43,44].
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2.2. Bucky-Paper Structure and Properties

As illustrated in Figure 2b, Bucky-papers tend to form a highly porous network of randomly
orientated CNTs, although the CNTs predominately lie in a plane parallel to the Bucky-paper surface.
The high porosity and random CNT arrangement are particularly evident in movie S1 (supplementary
information) which shows a series of TEM images taken with increasing sample tilt from 30 to 150°.
Although Bucky-paper membranes do not consist of well defined pores of a single characteristic shape
and size, SEM imaging of the surface followed by image analysis, is useful for calculating an
“apparent surface” pore size as shown by the histogram and inset of Figure 4 [12,45,46]. The analysis
in Figure 4 is for a Bucky-paper fabricated from MWNTs grown by Chemical Vapor Deposition
(CVD) that have an average outer diameter and length of 9 nm and ~300 pm, respectively (see Table
I-fine CNTs). The CNTs were dispersed in analytical grade isopropanol by repeated sonication and
stirring, and then immediately filtered though a poly(ether-sulfone) (PES) support of 0.22 um pore size
to form the Bucky-paper. No acid treatment or purification steps were used in order to preserve the
CNT’s inherent hydrophobicity (see section 2.3.1). The resulting structure was nevertheless of high
purity (>95% CNT) due to careful choice of the CVD growth technique and parameters. While the
average pore size is small, ~25 nm, the pore size distribution is quite broad with a standard deviation
of ~14 nm. This is consistent with pore size distributions reported by other groups for similar MWNT
Bucky-papers [47], where the average pore size was 29-39 nm with standard deviations of 1020 nm
[48,49]. Figure 4 (stars/right axis) also shows results from particle (polystyrene) rejection tests for the
same Bucky-paper. These are in reasonable agreement with the pore size distribution determined from
SEM with a rejection of 80% for 100 nm diameter spheres and 98% for 500 nm diameter spheres (not
shown).

Figure 4. (Histogram - left axis): Average pore size distribution determined by SEM
imaging of a Bucky-paper. (Red stars — right axis): Particle rejection tests with polystyrene
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The Bucky-paper pore size is also highly dependent on the type of CNTs used. Figure 5 illustrates
how this can be used to tune the average pore size by mixing two types of CNTs in different ratios.
The two types of CNTs are referred to as fine (~9 nm outer diameter) and coarse (~37 nm outer
diameter) with reference to their outer diameter and other structural properties (Table 1 and
Figure 5b-c). Bucky-papers formed solely from fine or coarse CNTs had an average surface apparent
pore size of ~25 and 49 nm, respectively, while intermediate pore sizes were obtained by using
mixtures of the two (Figure 5). Several groups have shown other ways to control porosity and pore
size. Kukovecz et al. changed the Bucky-paper pore size through the CNT length, which was varied
from 2 pum down to 230 nm through a ball milling treatment [48]. Das et al. controlled the porosity by
dispersing polymer beads together with the CNTs to form a Poly(Styrene) (PS)/CNT Bucky-paper
composite [50]. The polymer beads were subsequently dissolved creating voids in the Bucky-paper.
Figure 6 shows surface and cross-sectional SEM images of a similar composite structure formed by
our group using polystyrene beads from Sigma Aldrich (L1528).

Bucky-papers offer incredible porosity and specific surface area. Helium pycnometer measurements
made on Bucky-papers fabricated from the fine and coarse CNTs discussed earlier, indicated porosities
of 91% and 87%, respectively. Furthermore Cinke et al. reported a specific surface area as high as
1587 m?/g for Bucky-papers formed from SWNTs [29]. They attributed this high surface area to their
two step purification process which ensures that the CNTs are de-bundled and highly pure. Figure 7
compares values of specific surface area reported in the literature by plotting them as a function of the
CNT outer diameter. As expected a monotonic decrease in the specific surface area is observed with
increasing diameter. Since nitrogen cannot penetrate into the space between concentric graphene walls
of MWNTs, the specific surface area to CNT mass decreases with increasing CNT outer diameter. The
data points represented by open circles in Figure 7 are from CNT samples for which a high impurity
content was reported. Judging from the significantly lower surface areas that have been measured for
these samples, it seems plausible that the specific surface area is higher once the impurities have been
removed.

Table 1. Properties of the coarse and fine carbon nanotubes (CNTs) grown by CVD.

CNT Type Coarse Fine
Inner diameter (nm) 10+£5.5 45+1
Outer diameter (nm) 37+ 16 9+1.5
# walls 3721 6+2
Length (um) 200400 200400

Impurity content <10 wt % <Swt%
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Figure 5. (a) Dependence of the Bucky-paper pore size on the ratio of “fine to coarse”
carbon nanotubes. The SEM images show the Bucky-paper surface for three different
ratios as indicated. (b) and (c) are TEM images (200 kV) of the coarse and fine nanotubes,
respectively. The orange arrows indicate catalyst particles within the CNTs. The CNT
properties are also summarized in Table 1.
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Figure 6. SEM images showing (a) the surface and (b) a cross section (52° sample tilt) of a
Bucky-paper formed from a mixed dispersion of PS beads and multi-walled carbon
nanotubes (5 kV, 5 mm working distance). The PS beads in (a) and (b) had 1 pum and
100 nm diameters, respectively. The cross-section was formed by milling with a Gallium
Focused lon Beam.

Figure 7. Dependence of carbon nanotube specific surface area on nanotube outer
diameter. The data was taken from the literature and supplemented with our own
measurements (see Table S1, supplementary materials, for further details and references
for the data). The open circles represent results for nanotubes reported to have high

impurity content.
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Several authors have investigated methods to introduce CNT alignment in Bucky-papers (Figure 8)

[51,52]. Their results indicated enhanced conductivity along the alignment direction and that the
porosity and pore structure are also likely to be affected [53,54].
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Figure 8. SEM image showing the surface of an aligned carbon nanotube Bucky-paper
(5 kV, 5 mm working distance).

2.3. Bucky-Papers for Water Purification and Filtration
2.3.1. Membrane Distillation

In terms of the application of Bucky-papers, the authors” work concentrates on their use for water
purification by a process called direct contact membrane distillation. This technique is an alternative to
reverse osmosis and other desalination techniques, particularly when the concentration of solutes is
high [55]. As illustrated in Figure 9, the Bucky-paper is used as a highly hydrophobic membrane to
separate a feed of hot sea or brackish water from a permeate of cold fresh water. While liquid cannot
cross the air gap formed by the membrane, water vapor is able to pass through the pores from the hot
feed to the cold permeate driven by the difference in partial vapor pressure. This vapor then condenses
on the permeate side creating fresh water. The inherent hydrophobicity of the nanotubes (D.I. water
contact angle ~113°) and high Bucky-paper porosity (~90%) lend them to this application and we have
demonstrated water vapor permeabilities of up to 3.3 x 107 kg/m sPa on a small scale rig [12,45].
However, cracking of the Bucky-papers with time is a problem as salt water can penetrate into the
relatively large cracks and breach the Bucky-paper membrane. This leads to a gradual reduction in
permeate quality over time [12]. Figure 10 demonstrates how the vapor flux increases with the
difference in partial vapor pressure across the membrane. The two curves in Figure 10 represent results
from a pure Bucky-paper (solid circles) and from a composite Bucky-paper (open circles). The
composite Bucky-paper was created by vacuum filtering a solution of PVDF through the Bucky-paper
structure. The PVDF forms a thin coating on the CNTs which decreases the tendency for the Bucky-
paper to crack and hence improves its operational lifespan. This however comes at the expense of a
lower porosity and hence reduced flux and permeability [45].

Figure 9. Principle behind direct contact membrane distillation.
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Figure 10. Dependence of water vapor flux on the partial pressure difference across a
Bucky-paper membrane in a direct contact membrane distillation setup [stream flux
300 mL/min; salt concentration ~35 g/L; Teoig~5 °C, Thot varied from 25 to 95 °C].
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2.3.2. Other Applications

Bucky-papers have also been considered for a number of other applications related to filtration and
water purification. Several groups have demonstrated desalination of low salinity (<~5000 mg/L)
water using Bucky-paper like structures in a capacitive de-ionization setup [56—60]. This application
takes advantage of the electrical conductivity and high porosity offered by Bucky-papers. The setup
comprises two electrodes arranged to form a parallel plate capacitor across which a voltage is applied
to absorb salt ions of opposite polarity from a stream of salty water. The salt is then released as a
concentrated brine when the applied potential is reversed. Wang et al. demonstrated an electrosorption
capacity of ~57 umol/g, which was similar to a carbon aerogel electrode despite its lower surface area
and is attributed to the more optimal pore size distribution of the Bucky-paper [58].

Bucky-papers have also been used as fine filters. Viswanathan et al. reported that a 2 pm thick CNT
Bucky-Paper film supported on a cellulose acetate disc was capable of filtering fine particles of
100-500 nm diameter to a level that exceeded the standards set out for HEPA filters [61]. They also
suggest that these Bucky-Papers could be used to filter powdered organic dyes and condensed lead
fumes.

Antimicrobial properties (in the absence of UV/vis irradiation) and the efficient removal of
bacterial from contaminated waters have also been demonstrated [4,62,63]. Brady-Esétvez et al.
demonstrated that a SWNT Bucky-paper was effective in completely retaining E. coli cells (2 um size)
due to size exclusion and also exhibited exceptionally high removal of the model virus MS2
bacteriophage (27 nm diameter) due to depth filtration. Furthermore the SWNT Bucky-paper promoted
the inactivation of E. coli cells which was attributed to cell membrane damage on direct contact with
SWNT aggregates [62]. Although it is also worth mentioning that other groups have reported fibroblast
cell attachment and proliferation on CNT based scaffolds and Bucky-papers [64—67].
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3. Isoporous Carbon Nanotube Membranes

This structure is different from a Bucky-paper in that it uses the CNTs as cylindrical pores across an
otherwise impermeable thin film (Figure 11c). This results in a membrane with well controlled
nanoporosity with the only route for flow through the hollow CNT interior. These structures are
promising for high permeability, high selectivity membranes due to the small CNT diameter (as small
as 0.7 nm) and predictions of rapid flux through their hollow interior [68—72]. Molecular dynamic
simulations have also shown that CNT membranes, in theory, can be used for desalination via reverse
osmosis [73].

The predicted rapid flux through CNTs is attributed to two factors. First and foremost is the CNT’s
smooth, frictionless interior. This is predicted to result in specular, instead of diffusive, collisions
between molecules and the CNT wall, leading to enhanced flow for (i) gases in the Knudsen regime
[4,69,70] and (ii) pressure driven liquid flow through a pipe (classically described by the Hagen-
Poiseuille law) [74]. Secondly, for CNTs with diameters less than ~2 nm, molecular ordering and
single file diffusion have been predicted to lead to the concerted movement of molecules
[68,71,73,75-78]. In particular, Hummer et al. predicted ballistic motion of water chains through the
CNT interior due to strong hydrogen bonding between water molecules and minimal interaction with
the CNT wall [68].

Figure 11. Schematic showing the general approach used to construct isoporous CNT
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While it is intuitively unfavorable for a polar molecule, such as water, to enter the non-polar
interior of a CNT, experimental evidence seems to indicate otherwise [1-3,11,79-84]. One of the first
demonstrations of liquid flow through a CNT was by Sun et a/. who embedded an individual MWNT
(inner diameter 150 nm) into an epofix epoxy resin followed by microtoming to form thin membrane
slices [80]. However it was the work of two separate groups, Hinds (Majumder) ef al. and Holt ef al.,
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that caught the interest of the scientific community [1-3]. Both groups independently fabricated
membranes with a high density of aligned CNT pores and demonstrated fluid flow 2-3 orders of
magnitude greater than that predicted by conventional fluid flow theory, although their results have
been questioned by some [74]. Both of these groups have also reported functionalization of the CNT
tips to gate fluid flow through the CNT pores or enhance their selectivity [85-89]. Since these
findings, a number of groups have reported on the construction and permeance of isoporous CNT
membranes (Table S2). In the following section the different approaches to membrane construction
will be reviewed. While Holt et al. and Hinds et al. are still the only two groups to have reported water
flow through the interior of CNT pores, a number of groups have reported permeance for gases.
Consequently gas permeance is a useful parameter by which to compare the various approaches to
membrane construction and is discussed in section 3.2.

3.1. Membrane Construction

For membrane construction, most groups use variations on the general approach outlined in
Figure 11 [1,2]. Construction typically begins with a forest of aligned CNTs grown by Chemical
Vapor Deposition (CVD) on either a silicon or quartz substrate (Figure 12). The growth parameters
need to be carefully chosen so that the CNTs are free from structural blockages such as catalyst
particles or bamboo type structures, which could prevent flow through the CNT interior [90]. Once a
CNT forest is grown, the spaces between CNTs are infiltrated with an impermeable material to form a
continuous matrix. Finally, the excess matrix material and substrate are removed, opening up the
CNT ends.

Figure 12. SEM images of a CNT forest grown by chemical vapor deposition on a silicon
substrate: (a) low magnification (~35° sample tilt) and (b) higher magnification (2 kV,
9 mm working distance).

In our method we form a matrix by infiltrating the CNT forest with a two part, low viscosity epoxy
followed by curing at 80—120 °C [91]. Most importantly, the matrix needs to be void free, while at the
same time preserving the CNT alignment. Figure 13 shows SEM and TEM images of one of our CNT
forests after embedding with epoxy. Clearly, the epoxy conforms well to the CNTs without any
obvious cracks or voids. Due to surface tension effects during infiltration, the CNTs are densified into
columns (bright contrast) creating CNT free regions in between (Figure 13a). However the forest
height before and after infiltration remains the same indicating that the CNT alignment is largely
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maintained. To further investigate the degree of CNT alignment, Raman spectra were measured for an
as grown forest and one which had been epoxy infiltrated (Figure 14). The Raman intensity is sensitive
to the CNT alignment and is strongest for incident light polarized parallel to the CNT axis [92-94]. A
qualitative measure of the CNT alignment is therefore possible by measuring the intensity ratio, I;/I, ,
for parallel and perpendicularly polarized light. Values of 3 and 2 were determined for the as grown
and epoxy infiltrated forests respectively, indicating some loss of alignment. Vapor phase infiltration,
such as that used by Holt ef al., may better preserve the CNT alignment [1].

Figure 13. Images of a CNT forest after infiltrating with epoxy (a) SEM image of a liquid
nitrogen fractured cross-section. The CNTs are compacted slightly into columns (bright
regions) due to surface tension effects, leaving CNT free regions (dark) in between. (b)
TEM image (sample prepared by focus ion beam milling). The contrast between the CNTs
and epoxy is low due to their similar carbon based composition.

To remove the excess matrix material and open up the CNTs a number of treatments have been
employed, such as polishing, acid treatment and oxygen (H,O or O;) based high frequency plasma
treatments (at 13.56 MHz) [1,2,10]. Figure 15 shows SEM images of our epoxy infiltrated forest after
first polishing with diamond paste and then plasma etching with a 30% O,/Ar mixture. Few CNTs
(bright contrast) are visible after polishing, while many more are exposed by the plasma treatment
(Figure 15b). This is reflected in the air permeance which increased by an order of magnitude from
~1 x 10" to ~1 x 10” moles/m*/s/Pa after plasma treatment. However this is still an order of
magnitude lower than that predicted by Knudsen diffusion for a CNT density of 5 x 10'° cm™, based
on the as grown CNT forest, indicating that the majority of CNTs are not yet contributing to
permeance and further treatments are necessary.

A number of groups have taken slightly different approaches to that outlined in Figure 11. Mi ef al.
grew the initial CNT forest directly onto a macroporous alumina substrate [10]. The alumina substrate
acts as a support for the final CNT membrane and avoids the etching or polishing step required for
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non-porous silicon or quartz substrates. However it comes at the expense of a reduced CNT density
which is reflected in the gas permeance discussed in Section 3.2.

Figure 14. Raman spectra taken from (a) an as grown CNT forest and (b) a forest after
infiltrating with epoxy. Both the D (1,310 cm™) and G (1,590 cm™) bands are present. The
Raman signal intensity is sensitive to the CNT alignment and is strongest when the
incident polarization is parallel to the CNT axis. It can therefore give an indication of the
CNT alignment. A 783 nm laser with incident power of 2 x 10* W/cm® was used to avoid
luminescence from the epoxy resin (see supplementary material).
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Figure 15. SEM images showing the CNT membrane surface after (a) polishing and (b) a
4 hour plasma treatment with a mixture of 30% O, in Argon. The high frequency plasma
treatments were performed at a pressure of 0.6 mbar and power of 80W in a Pico PC
system from Diener Electronics.
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Even at a typical forest density of 10'' cm™ and a CNT inner diameter of 5 nm, the total CNT areal
coverage and hence porosity is less than 2%. To improve the available area for permeation, Yu ef al.
fabricated a dense block of aligned CNTs by shrinking an as grown CNT forest [95]. To shrink the
forest they first detached it from the substrate by a water etching step and then collapsed it into a
single block using the capillary forces generated by solvent evaporation [96,97]. Yu et al. did not
apply a matrix material to the condensed forest so that fluid flow is possible through both the CNT
interior and gaps between CNTs, which they estimated were less than 3 nm [95].

Kim et al. have reported on a scalable method of fabricating membranes which involves first
dispersing amine-functionalized CNTs in tetrahydrofuran (THF) and filtering this solution through a
porous PTFE substrate [6]. The CNTs appear to spontaneously align themselves perpendicular to the
porous PTFE substrate in the draft of the fluid. These CNTs are then embedded in a polysulfone layer.
Surprisingly, the polysulfone layer does not seem to block all of the CNTs as they report gas
permeance without applying further surface treatments.

Finally, an approach used by several other groups is to grow CNTs within the pores of an anodized
alumina template. This leads to forests of vertically aligned, straight CNTs within an alumina matrix.
However it appears that these CNTs are only semi-graphitic [11,79,98,99]. As such they do not
possess the inherent smoothness and hydrophobicity of a purely graphitic CNT and may not exhibit
the same fluid flow properties.

3.2. Gas Permeance

Gas permeance is a useful method for evaluating membrane performance and is compared in Table
S2 and Figure 16a for the different isoporous CNT membranes discussed above. Here we define
permeance as the flux through the membrane divided by the membrane area and the differential
pressure. The comparison in Figure 16a suggests that membrane permeance is most affected by the
CNT pore density. For example, the highest permeance in Figure 16a is for the membrane reported by
Yu et al. which was formed by densifying an as grown forest [95]. In contrast the membrane structure
reported by Mi et al., which was based on a low density CNT forest, has a permeance three orders of
magnitude lower [10].

Figure 16 also shows permeance results for three track etched polycarbonate (PC) membranes with
10, 15 and 30 nm diameter pores. The 10 and 30 nm membranes were measured by the authors while
the value for the 15 nm PC membrane was taken from Holt ez al. [1]. The PC membranes consist of
well defined cylindrical pores and therefore offer an ideal benchmark for the CNT membranes. Despite
the smaller CNT diameter, the CNT membranes are able to achieve a similar if not better permeance
than the PC membranes. For example, the gas permeance for CNT membranes reported by Yu, Holt
and Kim are ~200, ~20 and ~2 times that of a commercial 10 nm PC membrane, respectively. This is
possible, in part, due to a higher CNT pore density compared to PC. As discussed below in relation to
the enhancement factor, the atomically smooth and hydrophobic surface of CNTs may also contribute
to their high gas permeance, especially for small diameter CNTs (<~2 nm).
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Figure 16. Summary of gas permeance values reported in the literature for isoporous CNT
membranes: (a) Permeance and (b) Enhancement Factor which is defined as the measured
permeance divided by the permeance predicted assuming Knudsen flow. An enhancement
value is not given for Yu et al. as gas flow is through both the CNT hollow interior and
gaps between CNTs. The last three cross-hatched bars are for polycarbonate track etched
membranes. PC10 and PC30 were measured by the authors, while PC15 is taken from [1].
The pore diameter (in nm) is given after the name of each group.

(a)

10000+ :
D(? ] CNT Membranes E Reference
w -
° = Polycarbonate
g 1000 + :
O = Membranes
g
o 1004
o 3
C 4
8 ]
€ 104
P E
0] b
o ]
1
1 (b)
—
9
(@]
]
L
T 104
Q@ ]
£
Q
O
c
©
<
c
L
1

Yu 3.6
Holt 1.6
Hinds 7.5 }
PC 10
PC 15
PC 30

Figure 16b compares the enhancement factor for the same CNT membranes and enables a more
direct comparison between them as it takes into account differences in membrane thickness, CNT
diameter and CNT density. The enhancement factor is defined here as the experimental permeance
(plotted in Figure 16a) divided by the permeance predicted from Knudsen theory. Knudsen diffusion
applies when the mean free path divided by pore radius is greater than one, which is the case for all of
the membranes reviewed here (see Table S2). In the Knudsen regime, there are more collisions with
the CNT wall than with other molecules and the permeance, f; [moles/m?/s/Pa] is given by:

o | 8 1
= — e X A 1
fK 3 ERTM r L ppores pore ( )

where @ [m] is the CNT diameter, R [J moles” K'] is the universal gas constant, T [K] is the
temperature, M [kg/mole] is the gas molecular weight, 7 is the pore tortuosity, L [m] is the membrane
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thickness, ppores [m'z] is the density of pores, and A, e [mz] is the inner area of each CNT pore and is
equal to 7 g02/4. The biggest uncertainty in determining the enhancement factor lies in an accurate
knowledge of the density of CNTs contributing the membrane’s permeance. Typically SEM or TEM
imaging has been used to estimate an upper value [1,6,10].

The enhancement factor lies between 1-2 for most of the CNT membranes (Figure 16b), which is in
reasonable agreement with Knudsen diffusion considering the uncertainty linked to many of the input
values, in particular the CNT density. The exception to this is Holt et al. who report a phenomenal
enhancement factor of ~60 [1]. This enhancement over Knudsen diffusion in likely due their
sophisticated fabrication route, which may ensure a greater percentage of open CNTs, in combination
with the small CNT diameter used, 1.6 nm. For small CNT diameters, enhanced flow rates are
predicted due to nano-scale confinement and the smooth, hydrophobic CNT interior [68,72].
Interestingly, the PC membranes show enhancement factors between 2—10. This may be due to a non-
uniform pore diameter throughout the membrane thickness. Alternatively, other non-Knudsen
transport mechanisms such as viscous flow may also be contributing to their permeance.

In terms of gas separation, most reported studies found that the single-component selectivity
exhibited an inverse-square-root scaling with molecular mass, characteristic of Knudsen diffusion
[1,6,10,95]. Holt et al. found that hydrocarbons were an exception to this and exhibited higher
selectivities [1]. This was attributed to the preferential interaction of hydrocarbons with the CNT
internal walls and possibly surface diffusion. Hence it may be possible to separate mixtures such as
CO,/CH4 through this mechanism.

4. Conclusions

In summary, this paper has reviewed the fabrication and application of two types of CNT based
membranes (i) Bucky-papers and (ii) isoporous CNT membranes. Both of these membranes have
distinctively different structures and porosity. Bucky-paper membranes are comprised of randomly
entangled CNTs that are fabricated by a relatively simple process involving vacuum filtration. The
Bucky-paper properties depend on the type of CNTs used and their pre-treatment (purification and
dispersion). They typically offer a highly porous structure with large specific surface area. As such
they are of interest for applications such as direct contact membrane distillation, capacitive de-
ionization, and filtration of particles including bacteria and viruses. In contrast, isoporous CNT
membranes use the CNTs as pores across an otherwise impermeable matrix material. A handful of
groups have published different approaches to isoporous CNT membrane construction with promising
permeance results. Despite the smaller CNT diameter, gas permeances equal to or higher than that of
commercial polycarbonate membranes with cylindrical, 10 nm diameter pores, have been reported.
This is made possible, in part, by a higher CNT pore density compared to polycarbonate membranes.
However, as demonstrated by Holt et al., flow enhancement due to the atomically smooth and
hydrophobic CNT surface may also play a large role for CNT pore diameters less than ~2 nm. Several
groups have also demonstrated fast liquid flow through the CNT interior, 2—3 orders of magnitude
greater than that predicted by conventional theory, and seem to confirm theoretical predictions. These
isoporous membranes are therefore of great interest for nanofiltration membranes with both high flux
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and selectivity. One of the major challenges lies in fabricating large scale isoporous CNT membranes,
while still maintaining their structural integrity.
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