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We have shown from both simulations and experiments that zwitterion functionalized carbon nanotubes (CNTs) can be used to construct highly efficient
desalination membranes. Our simulations predicted that zwitterion functional groups at the ends of CNTs allow a high flux of water, while rejecting
essentially all ions. We have synthesized zwitterion functionalized CNT/polyamide nanocomposite membranes with varying loadings of CNTs and assessed
these membranes for water desalination. The CNTs within the polyamide layer were partially aligned through a high-vacuum filtration step during
membrane synthesis. Addition of zwitterion functionalized CNTs into a polyamide membrane increased both the flux of water and the salt rejection ratio.
The flux of water was found to increase by more than a factor of 4, from 6.8 to 28.7 GFD (gallons per square foot per day), as the fraction of CNTs was
increased from 0 to 20 wt %. Importantly, the ion rejection ratio increased slightly from 97.6% to 98.6%. Thus, the nanotubes imparted an additional
transport mechanism to the polyamide membrane, having higher flow rate and the same or slightly better selectivity. Simulations show that when two
zwitterions are attached to each end of CNTs having diameters of about 15 A, the ion rejection ratio is essentially 100%. In contrast, the rejection ratio for
nonfunctionalized CNTs is about 0%, and roughly 20% for CNTs having five carboxylic acid groups per end. The increase in ion rejection for the zwitterion
functionalized CNTs is due to a combination of steric hindrance from the functional groups partially blocking the tube ends and electrostatic repulsion
between functional groups and ions, with steric effects dominating. Theoretical predictions indicate that an ideal CNT/polymer membrane having a loading
of 20 wt % CNTs would have a maximum flux of about 20000 GFD at the conditions of our experiments.
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pproximately 800 million people liv-
ing on the earth do not have access
to safe drinking water.! Moreover,
almost one-quarter of people on the earth
live in areas where the ground water is
being depleted faster than it can be
replaced.? Although over 70% of the surface
of the earth is covered with water, access to
clean water remains a critical issue worldwide 3
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Clearly, finding a way to desalinate seawater,
clean up brackish water, and remove harmful
ions from contaminated water at low cost in a
sustainable way would be a major step toward
solving much of the world's water problems.
The conventional methods for desalina-
tion include distillation and reverse osmosis.
The first method is unavoidably energy
intensive, as water has a very high heat of
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vaporization. Reverse osmosis with semipermeable
polymer membranes is an attractive option, but there
is a need to improve the permeance of water, while
keeping the salt rejection ratio at acceptable levels.
Additionally, biofouling of RO membranes is a major
problem, causing both reduced flux and high main-
tenance costs.”*

Carbon nanotubes are promising materials for use in
membranes because they have been shown to exhibit
remarkably high flux>~"® Molecular simulations and
experimental studies have shown that the transport of
fluids through CNTs is orders of magnitude faster than
through other nanoporous materials due to the un-
precedented smoothness and regularity of the CNT
pores.>#21114=17 |t has been suggested that the trans-
port of water through subnanometer CNTs occurs via a
cooperative, pulse-like movement of hydrogen-
bonded molecules within the channel, similar to what
has been observed in aquaporin biological channels.'®
The transport of water in CNTs has been shown to give
flow rates that are faster than predicted by classical
hydrodynamics.”®?° The enhanced water transport
together with CNT pore diameters on the order of
nanometers opens the possibility of employing CNTs
to filter ions from water. Molecular dynamics (MD)
simulation studies®**> have examined the ability of
CNTs with diameters ranging from 0.6 to 1.1 nm to filter
ions from water. These results indicated that ions can
be almost completely excluded from pores up to
0.9 nm in diameter due to ion desolvation energy
barriers. By contrast, water faces relatively low energy
barriers and is able to pass through these small nano-
tubes, but at flow rates that are much lower than in
larger nanotubes because water transport in these
narrow CNTs is limited to single-file flow. Larger diam-
eter CNTs have much higher water flux, but do not
have the ability to rejections. For example, Yu et al. also
studied ion transport through CNT membranes using
larger diameter (3 nm) CNTs.2 These larger diameter
nanotubes did not exhibit any ion rejection properties,
but did display gated transport due to water wettabil-
ity, that could be tuned by temperature, sonication, or
addition of solutes.?®

CNTs with pore diameters down to 0.4 nm have been
reported,* so that it is at least in principle possible
to produce nanotubes that would reject ions by size
exclusion.”® However, experimentally produced CNTs
have a range of diameters and it is currently not
possible to economically separate out nanotubes hav-
ing a very narrow diameter distribution, so that produc-
ing membranes with CNTs having diameters <0.9 nm
is not currently practical. An alternate approach to
requiring very small diameter CNTs is to tune the
effective diameter of the CNT entrance by attaching
functional groups. Experimental work on ionic flux
through functionalized CNTs has been reported by
Hinds et al.*® who showed that biotin functionalized
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CNTs showed a marked reduction of Ru(NH;)s+ and by
Majumder and co-workers who studied voltage gated
CNT membranes formed by tethering charged mol-
ecules to the ends of large-diameter CNTs.?” Their work
has focused on studying transport of two different
sized but equally charged molecules, ruthenium bipyr-
idine and methyl viologen, through multiwalled CNTs
with 7 nm nominal core diameters. They showed that
flux and selectivity could be changed by applying
avoltage across the membrane; this result is consistent
with the charged functional groups being drawn into
the CNTs at positive bias, causing a modulation of
the pore size.?’ Similarly, tip and core functionalization
of large diameter CNTs has been shown to modulate
the flux of water, both experimentally’® and from
simulations.?® Fornasiero et al. studied ion exclusion
in CNTs functionalized with hydroxyl, carbonyl and
carboxylic groups having pores less than 2 nm in
diameter as a function of solution ionic strength, pH,
and ion valence.??3° Their results suggest a Donnan-
type rejection mechanism, dominated by electrostatic
interactions between the fixed COO™ charges on the
ends of the CNTs and mobile ions. However, this also
means that the rejection ratios decreased significantly
at higher electrolyte concentrations. The hydrated radii
of the ions (~0.6 nm) were significantly smaller than
the CNT pore radius (~1.6 nm) and therefore separa-
tion of ions by size exclusion was not possible. Atomis-
tic simulations by Corry predicted that ion rejection
can take place in CNTs having 1.1 nm diameter through
the addition of functional groups having charged
moieties.>' The charged groups prevent like-charged
ions from entering the tube due to electrostatic repul-
sion. Oppositely charged ions are attracted to the
functional groups. Corry found that a high concentra-
tion of charged groups, such as 8 COO™ groups on a
CNT of diameter 1.1 nm, completely blocks the trans-
port of both positive and negative ions.3! Chen et al.3?
used simulations to design an asymmetric tip function-
alized CNT membrane for salt rejection. The driving
force supplied by hydrophilic—hydrophobic ends in
smaller tubes (6,6) and (8,8) induced the transport of
water while ions were always blocked. Use of larger
diameter nanotubes increased the water permeance
over narrow CNTs, although the addition of a large
number of functional groups reduced the water flux by
about a factor of 5. Simulations by Won et al. of
nanotubes having charges on the walls of the CNTs
indicate that the free energy of both water and ions
inside the CNTSs are affected by the charges.®® This is
consistent with the idea that charges affect the free
energy barrier for water and ions entering nanotubes.
Joseph et al.** used MD simulations to explore the
occupancy of ions in narrow CNT channels when partial
charges were placed on the rim atoms of the nano-
tubes and an external field was applied along the
nanotube axis. The simulation results showed that
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the ion occupancy in a CNT solvated in an electrolyte
was very low for neutral nanotubes and increased
significantly in the presence of charged functionalities.
Suk and Aluru®® have shown that the application of
electric fields to nanotubes affects the flux of water
under applied pressure for (6,6) CNTs. Therefore,
charged groups at the ends of CNTs, which generate
electric fields, will also perturb the flux of water.>®
Simulation studies on (10,10) boron nitride nanotubes
versus (10,10) CNTs show reversed selectivity of K™ and
ClI™ ions due to different entrance effects that result
from the difference in charges at the entrance of the
nanotubes.®” Huges et al. studied the effect of tip
functionalization on water flow through narrow (6,6)
and (8,8) CNTs.*® They compared water diffusion as a
function of tip functionalization using hydrogen, hy-
droxyl, carboxylic acid, and carboxylate functional
groups. They found that polar functional groups act
to slow water diffusion.®® These experimental and
simulation studies clearly demonstrate the possibility
of tuning ion and water transport through functiona-
lizing the entrance of CNTs.

We note in passing that nanoporous graphene is
a system that is similar to CNTs; both are one-atom
thick materials composed of carbon. Atomistic simula-
tions have been used to predict that porous graphene
could also be used for desalination by tuning the size of
the pores3°*°

Our hypothesis is that CNTs functionalized with
chain-like zwitterion groups will be more effective
at rejecting both positive and negative ions than
CNTs having singly charged functional groups. We
postulate that this enhanced performance will be
due to a combination of Donnan-type rejection and
steric hindrance, because the zwitterion groups are
larger and have more conformational degrees of free-
dom than the functional groups considered in previous
simulations.3" Moreover, zwitterionic groups should
prevent biofouling, which is a major problem with
current desalination membranes, since zwitterion-
treated surfaces have been shown to be resistant to
both cell adhesion and biofouling.*’ ™ It has been
shown that an electrically conductive polymer-nano-
composite membrane containing carbon nanotubes is
highly resistant to biofilm formation when an electrical
potential is applied across the membrane.** We pro-
pose that zwitterion functionalized nanotubes could
function in a similar way, but without the need for
the imposed electrical potential, because the groups
have permanent charges. In this study we examine
the transport of water and ions through zwitterion-
functionalized CNT membranes using both atomically
detailed modeling and experimental techniques.
We have used zwitterion groups having the follow-
ing structure: —COO-(CH,)3-N*1(CH5),-(CH,),COO0 ™. We
have used nonequilibrium MD simulations to cal-
culate both water and ion transport through idealized
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membranes and have found that addition of two
zwitterions per tube end can completely block ion
transport in membranes having CNTs with diameters
of 15.6 A. We have synthesized CNT/polyamide nano-
composite membranes using a procedure that partially
aligns the CNTs within the polyamide layer through
flow filtration.” We have measured the performance
of the membranes as a function of the concentration of
the CNTs. We find that increasing the weight fraction
of CNTs leads to an increase of both water transport
and ion rejection, indicating that the zwitterion func-
tionalized CNTs are effective at both conducting water
and blocking ion transport. Analysis of our simulations
shows that the zwitterion moieties lead to the rejec-
tion of ionic species via a gatekeeper mechanism,
involving both steric effects and charge repulsion.
Since resistance to water transport is only at the
entrance, this provides a distinct advantage over poly-
mer membranes, which have high tortuosity and
resistance to water flow throughout the entire thick-
ness of the membrane. Importantly, the synthesis
method we have developed can be used for large-
scale manufacture of CNT membranes, in contrast to
previous CNT membrane synthesis methods,>?® which
require CNTs to be grown on a substrate. It is this
substrate growth that is not scalable.

RESULTS AND DISCUSSION

Water Flux and lon Rejection. Molecular simulations
clearly show that zwitterion functionalized CNTs reject
ions, while allowing an acceptable flux of water.
A typical simulation cell for single-walled CNT mem-
branes was shown in Figure 1. Each end of each tube
was functionalized with 0, 1, or 2 zwitterion groups. The
diameter of each tube is about 15 A, which is similar to
the average diameter of CNT using in experiment. The
conductance of water and ions for NaCl solutions was
calculated at a pressure drop of 208 MPa through
pristine and functionalized CNTs. We used this large
pressure drop in order to improve the sampling statis-
tics in the simulations, because the time scales acces-
sible in simulations were only on the order of tens
of nanoseconds. We note that extrapolation to lower
pressure drops can be made since the flux of water has
been shown to be a linear function of the pressure drop
for both nanotubes®' and for graphene nanopores.*
The conductance of water and ions through (20,0)
CNTs as a function of simulation time is shown in
Figure 2, where the linear increase in conductance
with time indicates that the simulations are at steady
state. We note from Figure 2 that as the number of
zwitterion functional groups per tube increases, the
conductance of both water and ions decreases. When
each tube end was functionalized with two zwitterions,
the conductance of ions decreased to zero while the
flow rate of water was reduced, although its magnitude
was still significant—about 100 water molecules per
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Figure 1. View of the section for simulation cell containing a membrane composed of four CNTs embedded between two
graphene sheets with saltwater on either side of the membrane. Each end of each tube is functionalized with two zwitterionic
groups. The carbons of the CNTs and graphene sheets are shown as cyan lines. Water molecules are shown as red and white
sticks, CI” and Na™ ions are shown as green and blue spheres, respectively, and the atoms of the zwitterions are shown as
space filling models, cyan for C, red for O, white for H, and magenta for N.
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Figure 2. Conductance of (A) water and (B) ions per CNT
(20,0) for pristine (nonfunctionalized) nanotubes (black line
with solid square), CNTs with one zwitterion (1 ZI) at each
end (blue line with empty triangle), and with two zwitter-
ions (2 ZI) at each end (red line with solid circle) for a bulk
concentration of 0.6 M NaCl and a pressure drop of 208 MPa.
Error bars show the standard deviation based on four
independent simulations.

tube per nanosecond. The calculated ion rejection ratio
was 100% for the system with two zwitterions per tube
end; no ions passed through the CNTs over a total
simulation time of 8 ns. The (20,0) CNTs with a single
zwitterion on each end has an ion rejection ratio of
about 25% and a water flow rate of about 450 H,O per
nanotube per ns. We have also simulated (20,0) CNTs
with various numbers of carboxylic acid groups on
each end. We found that when five COOH groups are
placed at each end that the water and ion flow rates are
about the same as for the CNT with a single zwitterion
on each end, with a water flow rate of 470 per tube per
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ns and an ion rejection ratio of about 20%. We note
that the water flow rate is higher and the ion rejection
ratio is lower for our simulations compared with those
for a similar system reported by Corry.3" This is because
a smaller diameter CNT was studied in that work,
namely the (8,8) CNT with a diameter of 1.1 nm. We
have carried out simulations with 0.6 M KCl for the
zwitterion functionalized CNTs and have found results
very similar to those for NaCl (Figure S1 of the Support-
ing Information).

The diameter distribution of CNTs used in experi-
ments ranges from 10 to 20 A, with an average
diameter of 15 A* One or two zwitterions groups
should be adequate to block all ion transport in CNTs
having diameters less than 15 A (vide supra). However,
we do not know if ion transport can be blocked by the
addition of zwitterions for the largest CNTs in the
experimental sample. We have therefore simulated
a membrane composed (26,0) CNTs, which have a
diameter of 203 A. We placed two, four, and five
zwitterion groups at the ends of each of the nanotubes
in order to determine if zwitterions can completely
block ion transport in these large diameter CNTs. As
shown in Figure 3, the conductance of water and ions
for NaCl solutions was calculated at a pressure drop of
208 MPa through functionalized CNTs. The concentra-
tion of saltwater is 0.6 M. The conductance of water and
ions decreased as the number of zwitterion groups was
increased, as was the case with the (20,0) CNT mem-
brane. When each tube end was functionalized with
five zwitterion groups, the ion rejection ratio reached
100%; no ions passed through over a total simulation
time of 8 ns. Thus, our simulations predict that even
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Figure 3. Conductance of (A) water and (B) ions per CNT
(26,0) for CNTs with two zwitterions (2 ZI) at each end
(black line with solid square), with four zwitterions (4 ZI)
at each end (blue line with empty triangle), and with five
zwitterions (5 ZI) at each end (red line with solid circle) for
a bulk concentration of 0.6 M NaCl at a pressure drop of
208 MPa. Error bars show the standard deviation based on
four independent simulations.

relatively large 20 A diameter CNTs can have very high
rejection ratios if functionalized with a fairly small
number of zwitterions.

Three polyamide (PA) membranes were fabricated
with 0 (0 wt %), 0.25 (9 wt %) and 0.75 (20 wt %) mg
of zwitterion functionalized CNTs deposited in a plain
PA matrix with total area of 17.35 cm?. As a control, a
fourth nanocomposite membrane containing 20 wt %
end-capped CNTs was also fabricated. The area of each
PA membrane that contained the CNTs was 10.75 cm?
and was located in the center of the PA membrane. The
weight percentage reflects the percentage of CNTs
in the selective PA layer. These membranes were tested
for water and ion flux by using a pressure drop
of 3.65 MPa (530 psi) with a feed solution containing
1000 ppm of Na™ (or ~2500 ppm NaCl or 43.5 mM)
The transport results are shown in Figure 4. Adding
0.25 mg CNTs to the PA membrane resulted in the
water flux increasing more than 2-fold, from 6.8 GFD
(gallons per square foot per day) to 14.0 GFD, while the
rejection of Na* increased by approximately 1% from
97.6% to 98.5%. Increasing the amount of CNTs to
0.75 mg, the water flux increased by about a factor of
4 (to 28.7 GFD) over the plain PA membrane and the
ion rejection ratio remained about constant at 98.6%.
Figure 4 also shows that a significant increase in flux
was achieved when 20 wt % closed-ended carbon
nanotubes were incorporated into the polyamide ma-
trix. However, this increase in water flux was accom-
panied by a significant drop in salt rejection down to
93%, which is lower than the salt rejection of the neat
polyamide membrane.

Each membrane was tested for three consecutive
days to examine the membrane stability. All mem-
branes showed stable performance with <1% variabil-
ity over three days (see Figure S2 in the Supporting
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Figure 4. Water flux (solid) and salt rejection ratio (hatched)
as a function of CNT concentration in the selective PA
layer of the nanocomposite membrane. The concentrations
of zwitterions functionalized CNTs (Z-CNTs) are 0 wt %
(0 mg), 9 wt % (0.25 mg) and 20 wt % (0.75 mg), respectively.
The concentration of end-capped CNTs (EC—CNTs) is 20 wt %.
The concentration of Na* is 1000 ppm (43.5 mM NaCl).
Pressure of 530 psi was applied for each membrane test.
Error bars were computed from the standard deviations
of the fluxes over a three day period. See Figure S2 in the
Supporting Information.

Information). We note that commercial PA membranes
have significantly better performance than our mem-
branes due to differences in the synthetic procedure.*
Our purpose at this time is not to produce an optimized
PA membrane, but rather show that PA membranes
can be significantly improved by the addition of func-
tionalized CNTs. Because there is no trade-off between
selectivity and permeability, the experimental results
suggest that the functionalized CNTs impart an addi-
tional transport mechanism to the membrane. We
hypothesize that this mechanism consists of fast fluid
flow through the functionalized CNTs, whose zwitter-
ionic groups block the entry of ionic species into the
CNT pores, thereby enhancing (or at least preserving)
the salt rejection. These results are entirely consistent
with the simulation results for the idealized CNT mem-
branes. Increasing the concentration of CNTs provided
more channels for the transport of water through the
PA membrane, while ions were still blocked due to
the zwitterionic groups attached at tube ends. We note
that the CNTs are entirely embedded within the PA
membrane and are not completely aligned within the
PA. This means that there is considerable room for
improvement in the synthesis of the composite mem-
brane. An ideal membrane would have CNTs perfectly
aligned with the direction of fluid flow and would
percolate completely through the membrane, so that
no fluid would have to permeate through the polymer.
Our membranes are far from optimal by this measure,
but they do provide a proof of concept that functio-
nalized CNTs can enhance both water flux and salt
rejection.

The fact that the water flux of the end-capped CNT
composite membrane also increases significantly in
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comparison to the neat polyamide membrane sug-
gests the formation of nanoscaled voids at the inter-
face between the carbon nanotubes and the polymer
matrix, at least for the pristine CNTs. These nanochan-
nels allow water and salt ion molecules to travel
through the membrane close to the external surface
of the CNTs at faster rates than across the polyamide
thin layer, leading to a higher water flux but lower
selectivity for water/salt ion. It is possible that these
nanochannels also exist in the case of the zwitterion-
functionalized CNT composite membranes. Since the
zwitterionic functional groups are attached not only
at the pore entrance of the carbon nanotubes, but also
along the wall of SWNTs, they can reject salt ions by size
exclusion and Donnan exclusion at the entrance as
well as inside the nanochannels. Therefore, it is possi-
ble that water molecules travel both inside the SWNTs
and around them in the nanochannels. In the case
of functionalized carbon nanotubes, both of the paths
could be blocked by the zwitterionic groups, which
offer good water/ions selectivity. An alternate scenario
is that the end-capped CNTs induce voids in the PA
membrane while the zwitterion-functionalized CNTs
do not. This is based on the following differences
between the end-capped and zwitterion-functiona-
lized CNTs: (1) The end-capped CNTs are about a factor
of 5 longer than the zwitterion-functionalized tubes,
the former being as long as 5 um, while the latter are
about 1 zm in length.*® It is reasonable to assume that
these very long CNTs will disrupt the PA membrane
structure to a much larger degree than the shorter
CNTs. (2) The end-capped CNTs likely have pristine
surfaces with very few functional groups covalently
bound to them. In contrast, we estimate that each
zwitterion functionalized CNT will have about 6.4 x 10
zwitterions or an average of about one zwitterion for
every 30 carbon atoms on the CNT (see Supporting
Information). This means that most of the zwitterions
will be bound to and distributed along the sidewalls
of the CNTs because the ends can only accommodate
a small number of functional groups. For example, a
(20,0) CNT could have a maximum of 20 zwitterions on
each end. Hence, the interfacial surface energies of the
end-capped and zwitterion-functionalized CNTs will be
very different. We assume that the zwitterions will
impart a greater degree of compatibility with the PA,
hence, there may not be voids around the zwitterion-
functionalized CNTs. This hypothesis is consistent with
experiments showing that the pristine end-capped
CNTs required the addition of surfactant to be dis-
persed in the PA, while the zwitterion functionalized
CNTs were dispersible in the absence of surfactant
(see Materials and Methods section).

It is reasonable to assume that the reduction in
water and ion flux in the functionalized nanotubes,
shown in Figure 2, is due to a combination of both the
steric and electrostatic effects when adding additional
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Figure 5. Conductance of (A) water and (B) ions through
CNTs functionalized with one or two zwitterions per tube
end and with charges on the zwitterions turned on or off.
The diameter of each tube is 15.6 A, corresponding to CNT
(20,0). The pressure drop was 208 MPa in each case. Error
bars show the standard deviation based on four indepen-
dent simulations.

zwitterions. To quantify the relative importance of
electrostatic and steric effects, we carried out simula-
tions with the partial charges of the zwitterion groups
turned off—something that is impossible to do in an
experiment. As shown in Figure 5, the conductance
of both water and ions increased by about 30% in the
1 zwitterion system when the charges were turned off.
In the 2 zwitterion system the ion rejection remained
at 100% when the zwitterions charges were turned off,
whereas the water conductance increased by about
35%, which is a modest increase given that the drop in
water flux from unfunctionalized to functionalized
with 2 zwitterions is about 1 order of magnitude.
This indicates that steric hindrance is the dominant
mechanism for reducing the ion and water flux. The
simulations for uncharged groups predict that hydro-
carbon functional groups could block ion transport as
well. However, the zwitterions impart compatibility
with the PA polymer that may be missing in the
hydrocarbon functional groups. Moreover, uncharged
groups would not show any resistance to biofouling.
A similar gating of CNTs was reported by Majumder
based on experimental work on multiwalled nano-
tubes having much larger diameters that were func-
tionalized with charged molecular tethers.?’

We have used molecular simulations to probe the
details of the steric hindrance due to the zwitterions.
Unlike short functional groups, such as carboxyalic
acids, the zwitterions used in our experiments and
simulations are very flexible and can adopt a large
number of different conformations. This flexibility is
manifested in the simulations by noting that zwitter-
ions, which are initially placed into the solution with
their molecular chains in an extended (unfolded)
configuration away from the tube pores, tend to fold
during the course of the simulation so that they are at
least partially folded inside the tube. The configuration
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(20,0) system with (A) one (1 ZI) or (B) two zwitterions (2 ZI) per tube end and for the (26,0) system with (C) five zwitterions (5 ZI)
per tube end. (D) The PMF for moving one zwitterion group from inside (folded) to outside (unfolded) of the CNT, as measured
by the terminal carbon atom position on the zwitterion. Left panel: PMF for moving one zwitterion in a (20,0) CNT having one
(red) or two (blue) zwitterions per tube end. Right panel: PMF for moving one zwitterion in a (26,0) CNT having two (green) or
five (black) zwitterions per tube end. The carbons on the CNT and zwitterion groups are shown as cyan. Oxygen, nitrogen, and
hydrogen are shown as red, purple, and white, respectively. The terminal carbon on the zwitterion, shown in yellow (in panels
A—C), was constrained in the umbrella sampling simulations. The tube end positions are represented as vertical dash lines in D.

of the zwitterion has a profound effect on the flux of
water and ions. When the zwitterion is extended into
the solution phase, transport of both ions and water
occurs with much less resistance than when the zwit-
terions are folded into the tube. Steric effects dominate
the transport of water and ions in this latter case. It
is therefore very important to identify the free energy
of the various configurations of the zwitterions. We
have computed the potential of mean force (PMF) for
the change of free energy for a zwitterion functional
group as it moves from a configuration where it is
folded inside the nanotube (folded) and to a config-
uration where it is extended outside the nanotube into
the solution phase (unfolded), as shown in Figure 6. We
have studied a system composed of (20,0) CNTs func-
tionalized with one or two zwitterions per nanotube
end and a system composed of (26,0) CNTs functiona-
lized with two or five zwitterions per tube end. The PMF
curves are plotted in Figure 6. It can be seen from
Figure 6 that the free energy favors the folded config-
urations for all systems studied. The zwitterions tend to
block tube entrances to reduce the effective pore size
when they are folded inside the tubes; this is consistent
with our observations in Figure 5 that steric effects
dominate over electrostatics. In the system with the
(20,0) CNT (left panel in Figure 6D), we estimate that
the folded configuration is about 2.9 kcal/mol more
favorable than the unfolded configuration for a single
zwitterion, and about 2.3 kcal/mol more favorable for
having the second zwitterion folded inside the CNT
when there are two zwitterions per tube end. The
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folded configuration is about 1.6 kcal/mol more favor-
able than the unfolded configuration for the (26,0) CNT
system with two zwitterions (right panel in Figure 6D).
When there are five zwitterions per tube end, the
folded configuration is about 0.5 kcal/mol more favor-
able than the unfolded configuration, given that the
other four zwitterions folded inside the CNT. Given that
it is unexpected that all five zwitterions would adopt
folded configurations we carried out two more calcula-
tions to verify our PMF results. We computed the PMF
for moving all five zwitterions from folded to unfolded
configurations simultaneously (Figure S3) and found
that the free energy favors all five zwitterions being in
the folded configuration by about 2.5 kcal/mol, which
is, perhaps fortuitously, five times the energy of folding
the fifth zwitterion into the tube with the other four
already in the folded configuration (right panel in
Figure 6D). We also verified that the zwitterions will
spontaneously adopt folded configurations by per-
forming MD simulations for a membrane of (26,0) CNTs
functionalized with five zwitterions per tube end in a
solution of 0.6 M NaCl at 300 K, starting from a
configuration where all the zwitterions are in the
extended conformation. The initial and final snapshots
are shown in Figure S4 of the Supporting Information.
Plots of the terminal carbon atom positions on the
zwitterions as a function of time are given in Figure S5.
From these plots we see that zwitterions quickly adopt
folded configurations within a about 0.1 ns and that
the ends continue to evolve to more compact, highly
folded states as the simulation continues out to 4 ns.
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TABLE 1. Water and lon Flow Rate (Number per Nanosecond per CNT) and lon Rejection Ratio as a Function of Salt
Concentration for Flow through a (20,0) CNT Having One Zwitterion Functional Group at Each End

concentration cation conductance anion conductance
0.6 M NaCl 3.8+02 3.6 £ 0.1
0.3 M Nadl 21+02 19402
0.6 M Kdl 27£02 30+ 04
0.3 MKd 134+ 0.1 1.7 +£0.2

We note that the (20,0) and (26,0) CNTs have slightly
different lengths in our simulations, as discussed in the
Materials and Methods section.

Salt Concentration Effects. We have studied the effect
of salt concentration on the ion rejection ratio from
both simulations and experiments. We studied the
system with one zwitterion group per tube in simula-
tions because two zwitterions per tube end showed
total rejection, dominated by steric effects (Figure 5),
and would therefore be less sensitive to changes in
ion concentration. We carried out flux simulations for
0.6 and 0.3 M NaCl and KCI solutions (13800 and
6900 ppm for Na*, 23400 and 11700 ppm for K*),
both with a pressure drop of 208 MPa. We ran the
simulations for 36 ns in order to gather accurate
statistics for the ion rejection ratio as a function of
concentration. The results are given in Table 1. The
simulations indicate that the salt concentration has no
effect on the ion rejection ratio, at least for concentra-
tions in the range 0.3—0.6 M. Simulations at much
lower concentrations, as those used in experiments,
were not feasible because of the low flux of ions and
resulting poor statistics.

The concentration of Na™ in experiments was var-
ied between 50 and 2000 ppm (2.2—43.5 mM) to test
for ion concentration effects. We performed experi-
ments with both the plain PA membrane (no CNTs) and
the nanocomposite membrane with 20 wt % CNTs in
order to test for differences in concentration depen-
dence inherent in the PA membrane as opposed to
the functionalized CNTs. The results of these experi-
ments, plotted in Figure 7, show an increase in the salt
rejection ratio with ion concentration for both the plain
PA membrane and the nanocomposite membrane
with 20 wt % CNTs.

The increase in rejection ratio with increasing ion
concentration is an unexpected result; indeed, the
opposite effect was observed by Fornasiero et al.*°
who found that the ion rejection ratio decreased
with increasing ion concentration in the feed, and
dropped to zero when the ion concentration was equal
to 10 mM for KCI. The difference in the performance
between their membranes and ours is due to the
mode of ion rejection. Fornasiero et al. used negatively
charged CNTs membranes, which rejected ions in ac-
cordance with the Donnan equilibrium theory.>® Many
nanofiltration membranes are negatively charged and
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total ion conductance

water conductance ion rejection ratio (%)

74+£02 460.0 = 10.7 247 £ 43
39+04 5003 4203 274 £92
5706 489.9 £ 6.3 453 £ 63
30£02 5204 4 10.1 459 £54

Feed concentration (mM Na®)
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Figure 7. Salt rejection as a function of Na™ feed concentra-
tion for a plain PA membrane (black curve with open
circles) and a nanocomposite membrane with 20 wt % CNTs
(orange curve with solid circles). Feed pressure of 530 psi.

exhibit electrostatic screening effects.*” ~*° Therefore,
ion rejection is sensitive to salt concentrations in
charged membranes. In contrast, Ji et al.>® showed that
addition of zwitterionic groups counteracts the effects
of ion concentration. They demonstrated that the
ion rejection ratio decreased from 96.5 to 65% as salt
concentration was increased from 100 to 3500 ppm
MgCl, for a membrane without zwitterions. However,
the addition of zwitterion groups to the membrane gave
very stable rejection ratios that were independent of
salt concentration.>® Note that our plain PA membrane,
which is uncharged, exhibits an increase in the rejec-
tion ratio with increasing concentration of NaCl (over
a narrow range of concentrations). This same trend
has been observed for other PA-type membranes.>">?
We therefore attribute the increase in rejection ratio
with increasing NaCl concentration observed for the
nanocomposite membrane in Figure 7 to the PA com-
ponent rather than the zwitterion functionalized CNTs.
This agrees with our molecular simulations, showing no
effect of concentration on the rejection ratio (Table 1).

CONCLUSIONS

We have shown that zwitterion functionalized CNTs
can be embedded in a PA membrane and that the
performance of the composite membrane increases
as the fraction of CNTs is increased. The water flux
increases significantly and the ion rejection ratio
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increases or remains about the same, indicating that
the increased water flux is not due to an increase in
nonspecific pores in the membrane, but rather due to
an additional transport mechanism resulting from the
presence of the functionalized CNTs. Molecular simula-
tions show that the addition of only two zwitterions per
nanotube end results in complete rejection of ions,
while allowing significant water flux for nanotubes
with diameters the same as those used in the experi-
ments. We demonstrate that the ion rejection occurs
because of gated entrance into the nanotubes due
mainly to steric hindrance of the zwitterions, which
adopt thermodynamically favored configurations so

MATERIALS AND METHODS

Modeling. Molecular dynamics simulations were performed
for hypothetical single-walled CNT membranes shown in
Figure 1. Two different membranes were considered, one com-
posed of (20,0) CNTs and the other composed of (26,0) CNTs. The
diameters of the CNTs were 15.6 and 20.3 A, respectively.
The length of the (20,0) CNTs was 41.18 A, while the length of
the (26,0) CNTs was 43.31 A. The tubes had different lengths
because we inadvertently added a half of a unit cell to the (26,0)
CNTs when constructing the tubes. This slight difference in
length will not have any effect on the properties. The ends each
tube were functionalized with 0, 1, or 2 zwitterionic groups for
the (20,0) system and 2, 4, or 5 zwitterions for the (26,0) system.
The CNTs were embedded in two graphene sheets to form
a membrane. The membrane was immersed into a water box
containing NaCl or KCl with periodic boundary conditions
along three dimensions. The sizes of the simulation boxes were
54.1 A x 5538 A x 114 Aforthe (20,0) CNTsand 68.9 A x 68.2 A x
95.3 A for the (26,0) system. The nominal concentration of salt
in seawater of 0.6 M was used for most of the calculations.
Selected calculations were also performed for a concentration
of 0.3 M. The pressure of the bulk solution was equilibrated to
1 bar. Parameters for carbon atoms in CNTs and graphene sheets
were taken as the parameters for aromatic carbon "CA' in the
CHARMM?27 force field.>>** All of the carbon atoms in CNTs and
graphene sheets were fixed in place during the dynamic simula-
tion. It has been shown that the flexibility of CNTs only affects the
kinetics of transport into a CNT when the pore entrance is about
the same size as the molecule.> In our case the diameter of the
CNTs is much larger than the size of the molecules and the gating
effect is controlled by the zwitterion functional groups, which
are fully flexible. Water molecules were simulated using the TIP3P
water model*® The potential parameters for the zwitterion
groups were also taken from the CHARMM27 force field,>>>*
except for the atomic charges. The charges on the atoms of the
zwitterions were obtained from an electrostatic potential fitting
algorithm developed for periodic systems.>” Details of the pro-
cedure are given in the Supporting Information. The parameters
for Na*, K™ and CI~ were taken from the literature.*®> The tem-
perature of the system was controlled by a Nosé-Hoover thermo-
stat with a damping parameter equal to 100. All calculations
were performed with the LAMMPS package® using a time step of
1 fs. In the flux calculation, a pressure drop was introduced to
generate the flux through the membrane using the method
developed by Zhu et al.®" Following the approach of Corry,*'*' a
constant force was applied to each water molecule in the force
region of the saltwater box from 45 to 69 A in the (20,0) system
and from 40 to 55 A in the (26,0) system.

Potential of mean force calculations for the zwitterion end
group moving from inside to outside the nanotube were com-
puted using the umbrella sampling method®? in conjunction
with weighted histogram analysis method (WHAM) using Gross-
feld's code.®® A one-dimensional spring potential, U = k,(z — zo)?,
was applied along tube axis direction to each sampled
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that they are folded into the tube end. Finally, we
can compute the upper bound of membrane perfor-
mance based on our simulation results for zwitterion
functionalized nanotube. Assuming a membrane con-
taining 20 wt % CNTs, having lengths of 1 um, and
assuming all CNTs are perfectly aligned (which is not
the case in our experiments), we estimate a flux
of 20000 GFD for a membrane with a pressure drop
of 530 psi (see Supporting Information). This is 3
orders of magnitude greater than our experimentally
observed flow rate of 28.7 GFD, indicating that there
is ample opportunity to optimize this first-generation
membrane.

zwitterion group. The spring force constant k, was equal to
1 keal/(mol/A?). The sampling region from z = 155 A to z =
35 A was divided into 40 windows; the size of each window
was equal to 0.5 A.In the system with two zwitterions, another
spring, U = k/(z — z,/)?, was applied to the unsampled
zwitterion groups with z,’ = 20.5 A. This guaranteed that the
second zwitterion group (unsampled zwitterion) remained
around the tube end during the sampling for the first zwitterion
group. The spring force constant k,’ was equal to 1 kcal/(mol/A?).
In the system with five zwitterion groups at each tube end, a
larger spring force constant k, = 3 kcal/(mol/A?) was applied in
order to improve sampling. The sampling time for each window
was 500 ps with the first 100 ps discarded for equilibration.
We have checked the convergence of the PMF calculations by
comparing PMF taking sampling times of 200, 300, or 400 ps for
each window. Results from these shorter sampling times are in
good quantitative agreement with the 400 ps sampling. Details
of the WHAM method are given in the Supporting Information.

The ion rejection ratio was calculated from simulations
using the definition

R%) = <1 _ Jon —CW‘“Q’> x 100 M
JWa[eI'

ion

where Jio, and Jyater are the conductance of ions and water,
respectively, and G, and Cyater are the concentrations of ions
and water in the bulk phase, respectively. The concentrations
of the bulk phase were taken to be constant and the flux
was estimated by computing the ensemble average of the
conductance of ions and water through the CNTs on a per-
nanotube basis. Error bars were computed from the estimated
sample standard deviations of the conductance, based on block
averages.

Materials. The following chemicals were purchased from
Sigma-Aldrich: 1,3,5-benzenetricarbonyl trichloride (trimesoyl
chloride, TMC), 1,3-phenylenediamine (m-phenylenediamine,
MPD) and sodium dodecylbenzenesulfonate (SDBS) were used
as received. All chemical were of analytical grade. Polyethersul-
fone (PES) ultrafiltration membranes were provided by Trisep
Corporation (Goleta, CA).

CNT Functionalization. Carboxylate functionalized CNTs of outer
diameter 15 A and length 1 um were purchased from Nano Lab
Inc. (Waltham, MA)** The COOH— functionalized CNTs were
produced by chemical vapor deposition (CVD). Concentration of
—COOH groups in the CNTs was approximately 2—7 wt % (as
determined by titration). The functionalized CNTs were reacted
with thionyl chloride (SOCI,) at 65 °C for 36 h and the —COOH
groups were replaced by COCI groups. The acylated CNTs were
then esterificated using 3-dimethylamino-1-propanol, (CHs),-
N-C3Hg-OH. This was followed by a ring-opening reaction of lactone,
in which S-propiolactone was opened to form an acid group and
attached to the tertiary amine on the functional group.>**® The
resulting zwitterionic group had a positive charge at the tertiary
amine group and negative charge at the carboxylated group.
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Figure 8. Cross-sectional schematics of the fabrication procedure for CNT nanocomposite membrane. (A) PES ultrafiltration
membrane, composed of a thin PES layer covered on a nonwoven polyester web, soaked in surfactant solution to clean the
pores and increase hydrophilicity. The membrane was then sandwiched by two PTFE holders. (B) Zwitterion functionalized
CNTs, depositing onto the pretreated PES membrane, through vacuum filtration. (C) Interfacial polymerization of polyamide
carried out between semialigned functionalized CNTs at which aqueous solution of MPD comes in contact with nonaqueous
solution of TMC. (D) Photograph of the top of CNT nanocomposite membrane that is exposed to the feed.

Membrane Fabrication. Functionalized CNT Nanocomposite
Membranes. Briefly, the fabrication process was divided into
three steps, as shown schematically in Figure 8. First, the PES
support was pretreated by soaking in 0.5 wt % SDBS solu-
tion to open the pores and to increase the hydrophilicity. Field
emission scanning electron microscopy (FESEM) was used
to examine the surface of the support, as shown in Figure S6A
and described in the Supporting Information. The support
was sandwiched between two round poly(tetrafluoroethylene)
(PTFE) holders. Afterward, a predetermined amount of functio-
nalized CNTs was poured on the support. We used high-vacuum
filtration to disperse the CNTs on the support in a semialigned
orientation” and to remove the solvent. The third step in the
membrane fabrication process was interfacial polymerization of
PA. In this step, the support with semialigned CNTs was wetted
in turn with 2 wt % MPD (with 0.2 wt % of SDBS) and 0.5% (w/v)
TMC solutions before polymerization. The PA apparently com-
pletely covers the CNTs, as can be inferred by comparing the
FESEM images for the plane PA and the CNT/PA membrane
surfaces in Figure S3B,C. The partial alignment of the CNTs
within the PA layer can be observed from the FESEM image
of the cross section of the CNT/PA membrane shown in
Figure S6D. Details of the fabrication procedure are given in
the Supporting Information.

End-Capped CNT Nanocomposite Membranes. The end-
capped SWNTs were purchased from NanoLab, Inc* and
used as received without any further purification. They were
produced by CVD method, with diameter of 15 A and length
of 1 to 5 um. Unlike the zwitterionic functionalized SWNTs,
end-capped SWNTs required the presence of surfactant in the
solution to maintain a well-dispersed phase. In this case, 10 mg
of SBDS was added into 40 mL of deionized water to create
a 0.025 wt % SBDS solution. A certain amount of end-capped
SWNTs, depending on the desired concentration of SWNTs in
the membrane, was then dispersed in the SBDS solution by
sonication. Using the identical fabrication method outline
above, end-capped SWNTs were deposited and semialigned
on a pretreated membrane support by filtration, followed with
an interfacial polymerization of the polyamide carried out on
the CNTs-attached support. After 5 min of oven curing, the fresh
nanocomposite membrane was washed thoroughly with DI
water, submersed in fresh DI water and stored in a laboratory
refrigerator at 4 °C.

Membrane Characterization. Pressure-driven experiments
were carried out on a laboratory-scale cross-flow membrane
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test unit, capable of pressures from 25 to 1000 psi. This test unit
is comprised of a membrane cell (GE Sepa CF Il Cell), high
pressure pump (Hydra-cell pump, Warner Engineering), back-
pressure regulator (US Paraplate), bypass valve (Swagelock),
feedwater reservoir (Nalgene), operated in closed loop mode
with retentate being circulated into the feedwater reservoir.
The concentration analysis of the sodium cation present in the
permeant was measured by a sodium ion-selective electrode
(Thermo Scientific; 8611BNWP, MA).

Membrane Permeation Tests. The membrane cell was pressur-
ized to the designated hydraulic pressure by adjusting the
speed of the pump and the flow rate of the retentate. For each
testing pressure, the permeation flux was allowed to equilibrate
for 30 min before any permeant collection. A known amount
of permeant was collected in a glass vial within a given period
of time. The density of water was taken to be 0.997 g/cm?
at ambient temperature, the volumetric flow rate was calcu-
lated from Q = (AV/tA), where AV is the permeate volume
(U.S. gallon), tis the permeation time (day) and A is the effective
membrane area (ft%). The flow rate, Q, is in the unit of gallon per
square foot per day (GFD).

The sodium ion electrode was calibrated using a standard
sodium solution with concentration of 1000 + 5 ppm Na™.
The atomic absorption spectrophotometer (AAS) was also
calibrated using standard solutions, which contained 5, 10, 15,
and 20 ppm of the specific cations, respectively. Thus, the
concentrations of cations in the feed, C;, and the permeant,
C,, were measured and the salt rejection ratio (in percent) was
calculated from

R%) = ('I 7&> x 100 (2)
G
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of flux through an ideal membrane, estimation of the number of
zwitterions per nanotube, details of WHAM calculations, poten-
tials of mean force plots, zwitterion folding simulation plots, and
flux experiments over three days. This material is available free
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