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Abstract:

Since their discovery, carbon nanotubes have been considered as<a potential material for
filtration applications due to low tortuosity, smooth structure and the possibility of fine tuning their
diameter. Measurements of fluid flow in nanotubes, with diameters ranging from 0.6 to 100 nm
dramatically raised interest in them, with very high water flow rates promising to deliver orders-of-
magnitude higher performance compared to other membranes: This promise was based on reports
of flow enhancement, defined as a ratio of the measured flow compared to a no-slip Poiseuille
flow, ranging from 10 to 100,000 with the underlying assumption that commercial membranes
would exhibit the no-slip behavior. The concept of flow enhancement, though, is of little help for
actual filtration applications where one is interested in a membrane’s performance in terms of
selectivity and permeability. In this work, the flow enhancement and permeability of UF carbon
nanotube — anodic alumina membranes (CNT-AAM) with a large range of diameters is reported.
Using a recently developed model, it is shown that the permeability is directly related to the solid-
liquid molecular interactions between the liquid and the nanotubes. Finally, the performance of
these CNT membranes and others in the literature has been analyzed in terms of permeability,
comparing them to commercial_ membranes in the RO, NF and UF ranges. Results show that in
fact, carbon nanotube membranes have a higher pure water permeability than commercial polymer
membranes.

keywords: carbon nanotube membrane; flow ~enhancement; permeability; anodic alumina
membrane; ultrafiltration;



1. Introduction
Since their discovery in 1991, carbon nanotubes have been considered as a potential material

for filtration applications due to low tortuosity, smooth structure and the possibility of fine tuning
their diameter [1]. In the early 2000s measurements of fluid flow in nanotubes, with diameters
ranging from 0.6 to 100 nm dramatically raised interest in them, with very high flow values reported
for both liquids and gases [2]. High water flow rates, in particular, promised to deliver orders-of-
magnitude higher performance compared to commercial membranes. This promise was based on
reports of flow enhancement, defined as the ratio of the measured flow compared to a no-slip
Poiseuille flow, ranging from 10 to 100,000 [2] and the underlying assumption that commercial
membranes would exhibit no-slip behavior. A vast literature now exists on flow enhancement in
nanotubes either as individual or in membrane configuration, with both experimental and modeling
studies. Furthermore, numerous theoretical models have been developed to try to explain this
apparent unusual behavior.

The concept of flow enhancement, though, is of little help for actual filtration applications where
one is interested in a membrane’s performance in terms of selectivity and permeability. Numerous
studies on flow enhancement in carbon nanotubes, particularly modeling, do. not report the
necessary information to calculate permeability and very few have looked at selectivity.

Additionally, there are still significant problems with the manufacturing methods for carbon
nanotube membranes, all concerning alignment of<the nanotubes. Methods based on aligned
forests of nanotubes produced via chemical vapor deposition can produce high quality small
membranes (~1 cmz) with a polymer [3-6] or ceramic [7] matrix embedding the tubes to prevent
leaks or as a dense membrane [8]. Unfortunately these technologies are not scalable as they
require expensive substrates (ex. silicon wafers)-and vacuum-based processes [9]. In these
membranes, often referred to as VA-CNT membranes, the tubes are directly exposed to the liquid
to filter and filtration occurs mainly via steric hindrance and follows the pore flow model. Numerous
attempts at incorporating nanotubes in the active layer of thin film composite membranes have
yielded mixed results, mainly‘due to the challenge of uniformly aligning the tubes perpendicularly
to the membrane surface: Nonetheless, single-digit improvements in permeability, compared to
virgin membranes without tubes, have been obtained for membranes containing randomly aligned
tubes, where it can be assumed a‘certain fraction.of tubes will be oriented in a direction favorable
to enhance flow [10-13]. In all these membranes, identified as (CNT-TFC), selectivity is still
determined by.the polymer active layer, whereas the embedded CNTs act as internal ‘fast lanes’
for water flow once it has entered the membrane.

A recent analysis has put to rest the claim that a high flow enhancement could simply be
translated into higher performance membranes. In particular for seawater desalination, where RO
plants already perform very close to the thermodynamic limit [14], no significant performance
increase, in terms of energy per metre cube of water (kWh m™) treated can be achieved [15]. This
is due to the simple fact.that the minimum energy needed to pump water through the membrane is
determined by the osmotic pressure and is positively related to the recovery rate. Nonetheless, a
reduction in the membrane surface needed to treat the same volume of water could be achieved
due to higher permeability, reducing the overall plant footprint and costs associated with
membrane cleaning. In addition, in NF and UF, where processes are not necessarily as optimized
as in RO, additional performance improvements can still be achieved. Finally, the surface
chemistry [16] and structure [17] of nanotubes can be controlled to an extent not easily matched by
many polymeric membranes, and there are now numerous reports in the literature showing how
they can be modified to exhibit anti-bacterial or anti-fouling behavior [18] or high selectivity to
specific ions [19].

In this paper, the flow enhancement of UF carbon nanotube membranes with a large range of
diameters is reported. The preparation method for these membranes bypasses all tube alignment
issues by using a ceramic template to obtain uniform and high quality CNT membranes with all
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tubes aligned perpendicularly to the membrane surface. Furthermore, the results are explained
using a model recently introduced by the authors, which predicts the permeability of the nanotube
membrane based on solid-liquid molecular interactions between the liquid and nanotubes. Finally,
the performance of these CNT membranes and others in the literature has been analyzed in terms
of permeability, comparing them to commercial membranes in the RO, NF and UF ranges.

2. Materials and Methods
2.1 Synthesis of CNT-AMM membranes

Anodic alumina membranes (AAM) were used as templates for the production of carbon nanotube
membranes by non-catalytic chemical vapor (CVD) deposition. The® AAMs were produced
according to a known technique, described in detail in [20]. Briefly, a high purity aluminum foil (Alfa
Aesar) was pre-conditioned (annealed, degreased and electropolished) to obtain a smooth,
uniform surface (Figure 1a). Subsequently, the Al film was used as anode in.an electrochemical
bath and subject to a so-called two-step anodization process. As a voltage is applied to the
electrodes, a complex set of reactions occurs at the anode with the Al metal being converted in a
porous alumina structure [21]. Control over the applied voltage, electrolyte type and concentration,
bath temperature and process time, yields AAMs of different thickness and pore diameter. Under
the appropriate conditions, the resulting AAMs have“cylindrical pores with constant circular-cross
section along the membrane thickness and narrow pore size distribution (Figure 1b) [20]. AAMs
can be produced in flat sheet or tubular geometries, with the latter having good potential for scale-
up [22].Removal of the remaining aluminum_.and pore opening then yields and open-through AAM
(Figure 1c). Once formed, the AAMs were slowly (1 °C/min) annealed to 900 °C. This is a critical
step as alumina undergoes several phase transitions in this temperature range with significant
changes in the thermal expansion coefficient. Absence of annealing will induce warping and
eventually disintegration of the AAM during the CVD process to fabricate the CNT membranes
[17].

The annealed AAMs were then inserted in a quartz tube reactor using quartz rings to hold them in
place and perpendicular to‘the tube axis. The reactor was then placed in a tubular furnace, sealed
and heated up to 670 °C at 10 °C/min under 50 sccm of argon. Once the set temperature was
reached, the flow was‘switched to a mixture of ethylene and argon (30:70 volume ratio) for a total
flow ranging from 20 to 120 sccm and kept for 2-10 hours. At the chosen reaction temperature,
ethylene decomposes and a conformal coating of solid carbon is deposited on the outer surface
and inner pores of the template, resulting in the formation of a carbon nanotube membrane (Figure
1d). The thickness of the carbon coating (which is equal to the CNT wall thickness) is linearly
dependent on the length of the CVD process [17]. However, at flow rates below 60 sccm, a dense
layer of amorphous carbon was formed, blocking the pores. Flow rates and reaction time were
varied to change the thickness of the carbon coating, thereby varying the ultimate diameter of the
inner bore of the CNT membrane (details in Table S1). At the end of the reaction period, the CNT
membranes were allowed.to cool under argon flow until room temperature was reached.

——>
Al-removal and Non-catalytic

Anodization T
pore opening cvD

Figure 1. Schematic of the formation of AAM-CNT membranes, starting from metallic Al (a) which is anodized to
form a hexagonal pore structure (b); removal of the back laye aluminum and opening of the pores leads to an
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open-through AAM (c); non-catalytic CVD deposits a uniform layer of turbostratic graphitic carbons in the AAM
pores, forming a nanotube membrane with uniform pore size.

2.2 Characterization of CNT-AMM membranes

The CNT membranes were characterized using a field emission scanning electron microscope
(FEI Supra 50 and JEOL FESEM) to evaluate porosity (due to the regular cross-section and
absence of internal branching [20], surface porosity is representative of the porosity of the whole
membrane), membrane thickness, tortuosity and pore size distribution. All values were evaluated
by statistical image analysis of SEM micrographs using Imaged software. Details of the
measurement method are reported elsewhere [20]. Raman measurements were conducted using a
Renishaw inVia Raman microscope with green laser (514 nm) at reduced power (10%) so as not
to alter the tubes’ structure.

The wetting behavior of the nanotube membranes was evaluated using a known methodology [16]:
Polished disks (1 cm diameter) of high quality dense a-alumina(Pi-kem Ltd.) were cleaned by
sonication in acetone and then gently dried with an argon flow. The disks were then placed in the
CVD furnace and subject to the same CVD reaction conditions as the AAM templates. Once
cooled, contact angle measurements were performed to evaluate the effect of different synthesis
conditions on the work of adhesion, the energy required to separate the solid and liquid surface
and generate two new interfaces. The measured.contact angles vary from 61+2° to 9112°
(individual values reported in Table S1), with an average of 82° in very good agreement with
literature values [2]. The work of adhesion is a measure of the strength of the interaction between
the liquid and solid [23] and will be used later to analyze results [24]. Contact angle and work of
adhesion measurements were performed.using. an OCA 15 goniometer (Dataphysics) and the
results reported are the average of three measurements.

Flow enhancement and permeability measurements were performed on a custom-made rig
consisting of a pressurized liquid reservoir ‘connected to a membrane holder [25]. Pressure
transducers were placed at_the feed and permeate sides of the membrane to measure the
pressure drop. Permeate flow rate was analyzed using a balance (0.001 g). Temperature was
measured to account for'changes in viscosity. All data was recorded using a bespoke Labview
programme.

3. Results and discussion
3.1 Characteristics of CNT-AMMSs

SEM analysis confirmed the regular structure of the AAM templates and the formation of carbon
nanotubes within the pores of the membrane (Figure 2). All membranes exhibited a tortuosity ~1
and constant cross-section throughout the entire membrane length [22]. The non-catalytic CVD
method employed produces a uniform coating throughout the whole length of the template,
therefore the length of the carbon nanotubes equals that of the AAM template [16, 17, 26].



Figure 2. SEM micrographs of the AAM template surface (left) and of CNTs protruding out from a fractured CNT-
AMM (right). The inset shows a top view of a CNT with thick wall. Scale bar is 20 nm for all micrographs.

Raman analysis of the nanotubes produced at different conditions showed no structural differences
[17], mainly because CVD temperature was not changed. The walls of the CNTs produced using
the non-catalytic CVD process described earlier are made of turbostratic graphitic carbon, made
up of overlapping small patches of sp? carbon [17], which explains the broad D-band in the Raman
spectra (Figure 3) [16]. Due to their disordered structures, these CNTs have sometimes been
called ‘carbon nanopipes’ [16, 27] to distinguish them from multi-wall nanotubes, which have an
ordered graphitic structure. The formed can be converted. into the latter by high temperature
annealing in vacuum [17].

D-band G-band

160 sccm

Intensity (a.u.)

llllllllllltlllll

1000 1500 2000 . 2500
Raman Shift (cm™)

Figure 3. Raman spectra of the CNT-AAMs produced using different CVD precursor gas total flow rates,
showing no major structural difference (process details in Table S1).

Work of adhesion (Wa) measurements show relatively small variations, with values ranging from
90 to 110 mJ m™, compared to a value of 97 for the basal plane of highly ordered graphite. These
values are somewhat smaller than the ones (~ 140 mJ m™) previously calculated for so-called
carbon nanopipe membranes synthesized via a similar technique [24]. The difference can be
attributed to variation in the surface chemistry and structure of the carbon walls formed during CVD



[24].The measured W, values have been incorporated in the calculations below and are reported
in Table S1 for each nanotube membrane tested.

3.2 Flow Enhancement in CNT-AMMs

The conventional way adopted so far to discuss water flow in CNTs is in terms of flow
enhancement, rather than permeability or flux values. The flow enhancement is defined as the
positive deviation of the measured flow rate from the no-slip Haagen-Poiseuille case for a steady
state flow of an incompressible fluid in a constant cross-section cylindrical channel:

ey gt (1)
R

HP

where A is the slip length, arising from the Navier boundary condition, which is used as a measure
of the deviation from ideality (g,,, no-slip Haagen-Poiseuille) of the actual flow (0, ) [28]. An

infinite slip length would correspond to a perfect plug flow in the channel [29].

For the CNT membranes produced in this work, the flow enhancement values are shown in Figure
3 inset (values in Table S1). In Figure 4, these values are compared with selected literature data
for both experimental and modeling investigation of pure water flow in individual CNTs and in CNT
membranes. The absence of any clear trend in the flow enhancement as a function of tube
diameter is notable, although higher enhancements are generally obtained for smaller tube
diameters (values used and corresponding literature references are in Table S2).
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Figure 4. Selected pure water flow enhancement as a function of average CNT diameter for literature data
(#experimental and O simulations) and for the CNT membranes in the present work (©), log-log plot; references
and data for the plot are reported in Table S2. Inset shows the pure water flow enhancement as a function of
average CNT diameter produced in this work (compounded error on enhancement 5% of value, arising from
measurement accuracy; error on tube diameter reported in Table S1).



The approach discussed above has two main limitations: First, it does not allow comparing
results from different publications using nanotubes with different surface chemistry or structure,
length and diameter. Second, it does not provide direct information about the membrane’s
performance to compare with other membranes, polymeric or ceramic.

The first limitation has been addressed by the authors in a previous publication, where a model
for the flow enhancement as a function of the tubes’ geometric characteristics (radius R and length
L) and solid-liquid molecular interactions has been derived and validated against experimental and

modeling results [24, 30, 31]:
R_5)4( ,UBJ ILlB[ L Dj
e=|—— | | 1-—= |+ 5| 1+8uy, —— (2)
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This equation is based on the assumption that there is an annular region near the wall where the
liquid exhibits a reduced viscosity due to the concurrent effects of solid-liquid molecular
interactions and nanometer scale confinement [32, 33]. This assumption is consistent with results
from molecular dynamics (MD) simulations in nanotubes of different size and surface chemistry
and structure [34], and has been recently validated for other nanotube materials [31]. § is the
thickness of the low viscosity annular region near the wall and has a fixed value of 0.5 nm,
following results from MD simulations [34]; WA (J m?).is the work of adhesion [23] and was
measured via contact angle experiments for each membrané. D, (m? s™) is the axial surface
diffusion arising from the chemical potential difference due to the applied pressure gradient, and is
assumed to be equal to 1¢10° m?s™, following MD results [24, 35]. y, is the liquid bulk viscosity

and g, is the reduced viscosity of the liquid annular region near the wall affected by the nanoscale

confinement and interaction with the channel wall, and‘is assumed here to be equal to 70% of the
bulk value, following MD results [24, 33]. As a result, there are no fitting parameters in Eq.(2). A
complete derivation of Eq.(2).and discussion about the effect of variations in the values of each
term can be found in [24]. The ratio Ds/Wa is a measure of interaction strength between the liquid
molecules and tube wall. For a highly hydrophobic material, such as PTFE, Dy is high, Wa low,
producing high flow enhancement [24]. Conversely, for a hydrophilic wall, Ds is low [36], W, high
[23, 24] producing a low enhancement, though still nominally higher than 1 [24]. The term W, is
directly related to-how the liquid wets the tube walls and incorporates the effects of surface
roughness and chemical inhomogeneities [23].

Both can' be independently measured. This is a key point as the nanotubes used in many
experimental studies on flow in CNT membranes differ dramatically from the ideal, smooth, perfect
tubes used .in MD studies. For example, low flow enhancements obtained by [37] can be
associated with. the fact that the tubes used, dubbed nanopipes, have a disordered carbon
structure and are rich in_functional groups, resulting in a higher W4 value than, for example water
in contact with highly graphitized tubes as in [4]. This is further supported by a recent MD study
showing that the presence of defects lowers the overall flow enhancement compared to a perfect
nanotube [38].

By applying the model in Eq 2 to the membranes in this work and to data in the literature, these
become comparable, and the physical dependencies of flow enhancement become apparent
(Figure 5). The values of all the quantities used in Eq.(2) to construct the data in Figure 4 are
reported in Table S2.
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Figure 5. Normalized flow enhancement as a function of nanotube diameter: The solid line is given by Eq. (2)
whereas the other symbols are for data published in the literature (¢ [5], o [7], ¢ [32], o [33], m [4], A[37]) and for
nanotube membranes produced in this work (x). The normalization allows comparing the flow enhancement for
nanotube membranes with different surface chemistry and structure and different length.

3.3 Permeability of CNT-AMMs

Comparison among membranes is generally done in terms of permeability or flux. For the CNT
membranes produced in this work, the regular pore structure-and narrow pore size distribution of
the alumina templates combined with the conformal carbon coating obtained from the CVD
process, allows one to define the membranes’ porosity as:

1

< 2_n7rR2
¢_A Z”Ri =A (3)

mem  i=1 mem

where A is the membrane area and n the number of pores/CNTs. With this assumption, the

mem

total membrane flow. rate can be calculated following the model used to derive Eq.(2), and hence,

the permeability as:
2 4
k-2 _ ¢ [(R_‘Sj (1_&j+&(1+8ﬂW%DSH (4)
AP14mem SuBL R AuW AuW R WA

The first term in the square brackets on the right hand side of the equation is negligible compared

to the second one for pore sizes in the ultrafiltration range [24]. In addition Syw%% >>1 for the

A

same pore size range. Therefore, Eq. (4) can be simplified to:

K=g2: (5)

There is a good correlation (R?=0.70) with the experimental permeability for the CNT membranes
in this work (Figure 6). Regardless of the membrane pore structure, Eq. (5) relates the permeability
of a membrane to the strength of the solid-liquid molecular interactions, via two quantities that, as
discussed, can be independently measured using experimental and modeling techniques. In
principle, the permeability of any liquid through any membrane could be predicted only knowing the
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value of the three terms in Eq. (5). As most membranes have a wider pore size distribution than
AAMs as well as tortuosity larger than 1, Equations (3) and (4) would have to be modified
accordingly.
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Figure 6. Square root of the permeability for the CVD CNT membranes. The full line is obtained as a fitting of
data using Eq.(5), not the experimental permeability data. Values used for specific porosity, work of adhesion
and surface diffusion for all CNT membranes tested are in Table S1.

3.4 Comparison with commercial membranes

The permeability for the CNT membranes in.this work and selected ones from the literature (the
main selection criteria being the availability of all values needed to calculate K) has been plotted as
a function of pore size (Figure 7) and compared to some notable commercial membranes
(represented by the red boxes, specific data in Table S3). At first glance, it might seem that order-
of-magnitude flow rate enhancements do not simply translate in orders-of-magnitude higher
permeability. In fact, the comparison, as presented has certain limitations that could be artificially
depressing the real potential of CNT membranes: In the RO range, VA-CNT membranes where the
CNTs have direct access to the water and are enclosed in a impermeable matrix (as those in [19,
39]) are assumed to repel salt ions purely by steric hindrance, unlike commercial polymeric RO
membranes which are based on the solution-diffusion model (as well as Donnan exclusion) [14].
These membranes tend to have lower porosity than TFC RO membranes, depressing permeability.
In fact, a ~3 order of magnitude higher permeability has been calculated, via MD, when the
maximum packing density of CNTs in a VA-CNT membrane has been considered [19, 39]. This
would push the permeability significantly above that of current commercial membranes if significant
improvements in VA-CNT membrane manufacturing methods could be achieved [9]. It should also
be noted that VA-CNT membranes tend to be much thicker than the active layer of commercial
polymeric membranes, further penalizing them in the comparison. Unfortunately, most commercial
membranes do not report the thickness of the active layer, so a comparison in terms of permeance
could not be performed. As discussed in the introduction, in CNT-TFC membranes the tubes are
embedded in the polymer active layer with random orientation, with only a fraction contributing to
permeability. Hence the lower performance compared to the VA-CNT membranes.



In the NF range, CNT membranes, both vertically aligned and thin film composite ones, appear
to significantly outperform commercial membranes. Many of the same considerations for nanotube
membranes expressed in the RO range apply here. One potential difference, though somewhat
controversial, is that for nanotube diameters above 2 nm there are both modelling [24, 31] and MD
[40] results showing that the flow enhancement increases with increasing CNT length. This is
attributed to the quasi-frictionless flow of water in the tubes and that, as the length increases, the
entrance losses become smaller and smaller [41]. For example, the tubes in [4] are over 100 um
long, those in [6] about 200 um and those in [5] are 4 mm long.

In the UF range, the boundaries of the box representing commercial membranes were
particularly difficult to draw as commercial membranes typically report MWCO rather than pore
sizes. This would lead to overstating the performance of commercial UF membranes, particularly
close to the lower performance boundary. Therefore it is difficult to draw conclusions on the
performance of the membranes prepared in this work as values straddle the commercial
membranes boundary box. In this case a more appropriate comparison might be via MWCO tests
[22]. Interestingly, the water permeability for one CNT-AAM, similar to those presented in this work,
is about an order of magnitude higher [37] than what reported here. At least part of this difference
can be attributed to differences in the surface structure and chemistry of the tubes that, in turn,
affect flow, as per Eq. (5).

Results in Figure 7 point to the fact that, although orders of magnitude flow enhancement do not
simply translate in orders of magnitude increases in permeability, there is significant potential for
CNT membranes to outperform commercial ones. Thin film composite membranes containing
randomly aligned tubes do not appear to _have. significantly higher permeability than commercial
membranes in the RO range whereas vertically aligned ones clearly outperform them. The
challenge, therefore, remains to invent a method to produce membranes with aligned tubes at a
reasonable cost and with potential for large-scale production.
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Figure 7. Permeability, K, as a function of nanotube / membrane pore diameter for this work (o) and for other
nanotube membranes in the literature, including modeling and experimental results. The red boxes represent
the performance boundaries for commercial polymeric membranes and should be used only for a qualitative
comparison. Values for CNT-AMMs produced in this work can be found in Table S1; values for literature CNT
membranes and commercial membranes /can be found in Tables S2 and S3, respectively. Reference values
correspond to those in the reference list:

3.4.1 Selectivity

While <this. paper is focussed on permeability, an analysis of the performance of nanotube
membranes would not be complete without some discussion about selectivity. Unfortunately, there
are much fewer results in the literature on this aspect to discuss. MD simulations of desalination
through a carbon nanotube and a boron nitride nanotube showed complete salt rejection via steric
hindrance and higher permeability compared to a corresponding PMMA nanotube, assumed to be
representative of a polymeric RO membrane [42]. An interesting approach has been to use slightly
larger nanotubes (resulting in higher permeability) with functional groups at the feed side to
prevent salt ions from permeating while allowing the unobstructed flow of water molecules [19].
More recently thin film composite (TFC) membranes with randomly oriented CNTs incorporated in
the active layer have shown a 4-fold flux improvement compared to the TFC baseline with no
nanotubes while retaining similar salt rejection (~98.5) [10]. It is noted, though, that in this case the
nanotubes are embedded in the polymer matrix and do not have direct access to the membrane
surface. The enhanced transport occurs via the tubes inside the polymer matrix, with the precise
mechanism still unclear.

4. Conclusions
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The scope of this paper was to analyse water flow in carbon nanotube membranes in terms of
permeability rather than flow enhancement, as the former is more useful than the latter when
considering their potential use in any filtration application. A series of CNT membranes, prepared
via non-catalytic CVD using anodic alumina templates (CNT-AAM) were characterized and tested
to investigate the dependence of flow enhancement on the nanotubes’ characteristic dimensions
(diameter and length) and the strength of solid-liquid molecular interactions between the fluid and
tube wall. By applying a recently developed model it was possible to derive an expression for the
permeability as a function of solid-liquid molecular interactions. This expression is not limited to
CNT membranes and can, in principle, be of general applicability. When the permeability of the
CNT membranes produced in this work and of selected ones in the literature was compared to
commercial membranes from RO to NF to UF, their performance, though appearing somewhat
less promising than what the flow enhancement initially suggested, nonetheless shows that CNT
membranes have significant potential to overcome current commercial membranes, at least in
terms of pure water permeability.
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