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Abstract

Electrophoresis, the motion of charged species through liquids and pores under an external electric
field, has been principle source of chemical pumping for numerous micro- and nano-fluidic
devices platforms. Recent studies of ion current through single or few carbon nanotube channels
range from near bulk mobility to 2-7 orders of magnitude of enhancement but cannot directly
measure ion flux. Membranes, with large number of nanotube pores, allow independent
confirmation of ion current and flux. Here we report that the aqueous electrophoretic mobility of
ions within the graphitic cores of carbon nanotube membranes, with a uniform pore size of 0.9 +
0.2 nm, is enhanced ~3 times that of bulk mobilities. The induced electroosmotic velocities are 4
orders of magnitude faster than those measured in conventional porous materials. We also show
that a nanotube membrane can function as a rectifying diode due to ionic steric effects within
tightly controlled nanotube diameter.

Introduction

Micro- and nano-fluidic devices based on electrophoresis?, have been used for applications
such as inorganic ion detection4, organic drug analysis®, DNA sequencing and
translocation®9, peptides and protein separations®: 10, enzyme activity assay!?, and
nanofluidic transistors and diodes'2-14, Membranes based on carbon nanotubes are attractive
for nanofluidic devices and applications®: 15-24 for three reasons: the atomically flat graphitic
planes allow fast fluid flow; it is possible to covalently functionalize the entrances to the
nanotubes with charged groups; and the high electrical conductivity of the nanotubes allows
the electric field to be concentrated at the tip of the nanotube. As a result, nanotube
membranes can be applied in programmable transdermal drug delivery2®, biomolecules
separationl?, chemical separation?2, DNA translocation®, water desalination?3, natural
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protein channels mimic®, and gas separation2®: 27, Pressure driven flow of gas, liquids, and
ions has been investigated using various types of carbon nanotube membranes!?: 18. 20,
Although a fast fluidic flow rate (m/s-bar) has been confirmed by both experiments and
molecular dynamic (MD) simulations, the measurements of ionic electrophoretic mobility in
single-walled carbon nanotubes (SWCNTS) has been only measured through single/few
channels with the mobility inferred from conductance changes and with wide ranging
results® 28, Reported aqueous electrophoretic mobilities [EM] of K* (8x10-%m?2/V.s) and
protons (ranging from 2x1075 to 50 m2/V.s) through nanotubes (averaged i.d. = 1.5 nm)are
enhanced over bulk mobility (1) by 2-7 orders of magnitude respectively?4. Interestingly in
that report, Na* had no enhancement (0.96 ) over bulk mobility but K* (105 W) and Li*
(205u) had large enhancements, thus making it difficult to understand the origin of the
enhancement mechanism. Liu, et al. studied the DNA translocation (in KCI solutions)
through a O,-plasma etched Single Walled nanotube (average i.d.of 1.8 nm) reported 80%
of their measured K* electrophoretic mobilities are equal to or less than the bulk K*
electrophoretic mobility (7.62x1078m?2/V.s).6. These widely varying studies are based on
ionic current fluctuations through single or a handful of nanotubes thus the electrophoretic
mobility data are extrapolated or inferred from measured conductivity pulses. With these
methods it is difficult to confirm that the measured current is due solely to ion transport
through nanotube channels, since the extremely small pore area of single/few nanotube
channels makes it impossible to measure ion concentration with conventional chemical
analysis techniques such as inductively coupled plasma atomic emission spectroscopy (ICP-
AES). Nanotube membranes, with a large number of tubes, possess a much higher pore
area25, thereby allowing direct measurement of the electrophoretic mobility by ion
concentrations in the permeate using ICP-AES thus confirming the electrical current based
measurements. Electroosmosis, where only one charge is allowed to move along an
oppositely charged interface and accelerate neutral solvent molecules, is usually an
inefficient process. With the nearly ideal slip boundary condition of nanotubes, sustained
electroosmotic flow can give energy efficient electroosmotic pumping in multi-, double- and
larger single-walled nanotubes (i.d. 7, 1.6, 1.3nm respectively)Z> 2%, However much of this
efficiency may be lost by lack of nanotube diameter control where larger diameter nanotubes
allow a large fraction of solvent molecules to not be accelerated by the moving ion in the
pore cross-sectional area. Needed for ideal electroosmaosis are tightly-controlled sub-nm
diameter nanotubes approaching dimensions of ions diameters allowing for efficient
electroosmosis.

Results and Discussion

Carbon nanotube membrane synthesis and characterization

Nanotubes were synthesized using a modification of prior reported chemical vapor
deposition (CVD) methods31-33 but at a reduced growth temperature (750°C) in order to
obtain carbon nanotubes with diameters smaller than 1 nm. Figure 1a and 1b show a
representative transmission electron microscope (TEM) image of nanotube samples and
corresponding Raman spectrum. The average outer diameter of the nanotubes from both
TEM and Raman analysis (Figure 1d) shows that the samples are composed of nanotubes
with diameter 0.9 £ 0.2 nm. Membranes are formed by microtoming a nanotube/epoxy
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composite mixture to 5 micron thickness as shown in a representative cross sectional
scanning electron microscope (SEM) view (Figure 1c¢). Bundles of nanotubes are not
observed, indicating the uniform dispersion of nanotubes tubes within the epoxy. The pore
area of the nanotube membranes was evaluated from the steady-state K* diffusional flux
using the following equation:

where Ap (m?) is the pore area, M (mol/s) is the experimental steady-state molar flow rate of
K*, Ax is the thickness of the membrane measured by scanning electron microscopy (5 um),
AC is the concentration difference between the feed and the permeate (100 mol/m3). Kis
the diffusion hindrance factor using the Deen's model3* in equation (2) where 1 is relative
solute size, which is equal to a/b; a is K* stokes radius, 0.12 nm32; b is pore radius, 0.45 nm.

Ky=1—2.104A+2.09A° — 0.95X" (2)

Permeate concentrations of potassium ions were quantified using inductively coupled
plasma—atomic emission spectrometry (Varian Vista-PRO CCD Simultaneous ICP-AES).
Potassium standard was purchased from ULTRA Scientific. The pore areas of two nanotube
membranes used for this paper are 1.4x10711 and 5.0x10712 m2. As a control experiment
Voltage-Current measurements on pure epoxy microtomed films after the same plasma
treatment showed only an instrumental open circuit current of +5nA under the same
experimental conditions.

The electrophoretic mobilities of K*, Na*, Li*, H* and Ru(bpy)s2* were calculated using the
following equation:

#EM:(A[/A;D) * EIJ/(C * E) (3)

Hewm Is electrophoretic mobility; M is the experimental molar flow rate; /is thickness of
membrane; C is solution concentration; E is applied bias. /, C, E are known parameters or
constants, and M can be determined from ionic current measurements. The equation used to
calculate M is as follows:

M=I%tt/(exN) (@
| is measured ionic current (A); t* is transport number of cations; e is elementary charge, and
N is Avogadro constant. Bulk transport numbers of K*, Na*, Li*, and H* in 1 mM KClI,

NaCl, LiCl and HCl are 0.5, 0.4, 0.3, 0.8 respectively, as reported in the literature. Bulk
transport number of Ru(bpy)s2* is estimated using the following equations:

+_
t =R U (bpy) 2+ [ (Ber- +'LLRU(bpy)32+) (5)

Nat Nanotechnol. Author manuscript; available in PMC 2014 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 4

Hru(opy 52+ =q/(6nma) (g

Where q is charge (2e), 7 is the dynamic viscosity, a is Stokes radius of Ru(bpy)s?* (~4.8
A). t* of Ru(bpy)s2* is equal to 0.3 in the case of Ru(bpy)sClo.

As shown in Table 1, electrophoretic flows of H*, K*, Na*, Li* and Ru(bpy)3%* within
nanotubes have been enhanced by ~3 times compared to their bulk values. The cation
electrophoretic mobility reported herein is consistent with the preliminary reports associated
with DNA translocation® and not the dramatic enhancements of 2-7 orders of magnitude24.
In the cases of K3Fe(CN)g, and Na7(SO3)7CD, electrophoretic mobilities of K* and Na*
were calculated under two assumptions. 1) Assuming that bulky anions were not rejected by
the anionic carboxylates at the nanotube entrances, the calculated electrophoretic mobilities
of cations are only 2 times higher than that in bulk solution. 2) If bulky anions were
completely rejected, the obtained cation electrophoretic mobilities are 4.4 times higher than
their bulk values.

Effect of lonic Strength on K* Electrophoretic Mobility

The observed K* electrophoretic mobilities through nanotubes show a KCI concentration
dependence (Figure 2a). At lower ionic concentrations ranging from 1 to 6 mM, K*
electrophoretic mobility is about 3 times higher than its bulk value and remains almost
constant. At higher concentrations, the observed mobility drops to near that of bulk values.
One potential explanation of this phenomenon is that the anionic carboxylate groups can
reject anions at low solution ionic strength, allowing only cations to flow in the direction of
electric field thereby inducing an electroosmotic flow that increases observed
electrophoretic mobility as described by:

Hob :er/E+/lbulk @)

where g is observed electrophoretic mobility, 154 is electroosmotic velocity, E electric
field and ppx the bulk electrophoretic mobility of the ion. A 3 times enhancement of K*
observed mobility would correspond to a high electroosmotic flow of ~3 cm/s-V in these
sub-nm diameter nanotubes. This is significantly faster that electroosmotic velocity observed
in larger multi-wall nanotubes and single-wall nanotubes of 0.16-0.18 cm/s-V, presumably
due to the smaller diameter forcing a larger percentage of the solvent to be pushed by the
accelerated ion. For comparison, more conventional materials such as anionic porous
alumina have electroosmotic velocities of 3.7x10™4 cm/s-V, thus the electroosmotic
enhancement within nanotubes is dramatic. However since ionic electrophoretic velocity is
typically much faster than electroosmosis, the effect on electrophoretic mobility is relatively
modest and within an order of magnitude.

Above 10 mM KCI concentration, the K* electrophoretic mobility enhancement decreases
until 40 mM, then the electrophoretic mobility becomes constant and near bulk value. At
low concentrations, the Debye screening length is large (~9.6 nm at 1 mM > single-wall
nanotube id, 1 nm) so that anions can be rejected and efficient cationic electroosmosis
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pumping can enhance the transport of K* through single-wall nanotube giving an enhanced
net mobility. At higher ionic concentration the reduced Debye screening length (~1.5 nm at
40 mM) appears to allow a significant amount of anionic current through the thin layer of
anionic charge at nanotube tips, thereby negating the cation driven electroosmotic flow in
the opposite direction. As a result, the measured K* electrophoretic mobility values decrease
(Figure 2a) to near bulk values at higher concentrations. The concentration at which
screening occurs is less than would be predicted by simple Debye screening. This is likely
due to charge being only at the pore entrance and not along the entire pore length. A similar
phenomenon was seen with desalination studies where ion rejection in slightly larger
double-wall nanotubes was screened in the mM concentration range22.

To study screening effects the pH dependence of ionic current in 10mM KCI solution is
shown in Figure 2b. As pH is dropped to the pKa of carboxylate groups near 4, we see a
drop in ionic current due to the loss of -electroosmosis (from the opposite direction of
unscreened anionic current). At pH values below 4, proton current becomes substantial due
to inherently faster mobility of protons relative to K* and overall current increases.

Since pressure flow enhancements for gas and liquid are not definitively established and it is
not possible to observe pores by electron microscopy, it is important to test the validity of
diffusion measurement to calculate pore area. This was accomplished by showing the ionic
diffusion was self-consistent by varying ion size, concentration and changing the charge
state of the entrance. When we changed ion size (Li*, K*, Rb*) the resulting calculated pore
area varied by ~25% between K*/Rb* and ~40% between K*/Li*. This is consistent with
our prior report 36 of diffusional transport of ions in larger nanotubes being between bulk
and hindered diffusion depending on interaction with entrance. About 40% variation was
seen between those extremes. Hindered diffusion for non-interacting spheres in an infinite
pore can be calculated by the Deen’s model equation (2). When we calculate Ay (and
subsequent mobilities) accounting for hindered diffusion, the results are self-consistent with
observed mobility in Figure 2a at high concentrations. That is at higher concentrations, when
ionic screening prevents electroosmotic flow generation; the observed mability matches
bulk mobility. This self-consistency between mobility and diffusion in the absence of
electroosmosis enhancement is important for the validity of the A, calculation. In the case of
assuming bulk diffusivity to calculate pore area, mobility enhancement factors of ~6 are
seen, while using hindered diffusion enhancement factors of ~3 are seen. Finally the charge
at the tips of nanotubes was neutralized by using pH 3 0.1M KCI/HCI solutions to negate
potential charge attraction/partitioning at the nanotube tip. Only an 8% increase in calculated
pore area was seen at low pH, further supporting the diffusion method to measure A,

Confirmation of ionic current by using ICP-AES analysis

Since these single-wall nanotube membranes have higher porosity, we can directly measure
the amount of ions transported across nanotube membranes into the permeate solution,
directly confirming the electrophoretic mobility values measured by cell current. This would
rule out capacitance or membrane electrical conductivity artifacts within the total observed
current. ICP-AES37: 38 analysis was employed to measure ion concentration in the permeate
and evaluate the accuracy of M obtained from ionic currents (equation 3). The experimental
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conditions are the same as above described, except that the larger feed side of U-shape tube
is filled with aqueous salt solution, while the other smaller permeate side is filled with de-
ionized (DI) water. After applying -600 mV bias for ~19 hrs across single-wall nanotube
membrane, the concentration of transported metallic ions was measured using ICP-AES.
The use of DI permeate allows for the detection of low fluxes and high feed concentration
(0.1 M) reduced the experimental time. M (mol/s) can be calculated using the following
equation:

M=C=x+ K/t (g)

C is the metallic ion concentration in the DI water side as determined by ICP-AES; K is
volume of permeate solution, t is time. Membrane pore area is 5.0x10712 m2,

Table 2 shows that the M and electrophoretic mobility values obtained by IPC-AES and
electrical current are quite close (less than 30% difference), which directly confirms values
obtained using ionic current data (Table 1 and Figure 2a). The apparent discrepancy in
electrophoretic mobility values can be attributed to the possible increase of K* transport
number in nanotubes. The tips of nanotubes are negatively charged due to the presence of
carboxyl functional groups, which partially reject CI~ ions, resulting in an increased
effective tK* in nanotubes and induce electroosmotic flow.

Sequential ionic studies

In the reports of proton mobilities being enhanced 4-6 orders of magnitude in

nanotubes?# 28, an interesting effect is the reduction of proton current and thus overall
current by the addition of KCI. K* presumably blocks a H-bonding coupled mechanism for
dramatically enhanced proton transport. The membranes here offer a direct conduction
measurement of a large number of nanotubes to examine this effect. When KClI salt is added
to pure DI water (pH~6.5), similar to conditions by Choi et al28, the ionic current increases
instead of decreasing, implying that K* ions are not blocking proton transport through the
nanotube core. This effect is also seen when proton concentration is increased by using 1
mM HCI solutions on each side of the membrane. Higher HCI concentrations than 1mM
were not used since damage to epoxy membrane matrix was seen at lower pHs. When
concentrate KCl is added to make 7 mM KCI solutions in the 1mM HCI, the measured ionic
current is very close to the sum of ionic currents of 1 mM HCI and 7 mM KCI. This
indicates that K* ions don't block a dramatically enhanced proton translocation process
through nanotubes. It is important to note that since protons have 7 times the bulk mobility
of K*, the higher KCI concentration is needed to conclusively show that current increase is
well above the proton background.

As shown in Figure 3a, there is no apparent threshold voltage to pump potassium ions
through nanotube membranes. However, Ru(bpy)s2* electrophoretic mobility through
nanotube membrane was reduced at a higher ionic concentration (50 mM, 0.9x1078 m2/s-V),
as compared to 1 mM Ru(bpy)s2* solution (1.1x10~7 m2/s-V). Ru(bpy)s2*ions are
significantly larger than K* ions (~1 nm dia. compared to 0.4 nm dia)2% 23, At a high ionic
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concentration, it is likely that the unscreened chloride anions flowing in the opposite
direction retard the electrophoretic velocity of Ru(bpy)s2*.

lon steric effects and diode behavior in nanotube membranes

The previous experiment shows that the single-wall nanotube diameters are controlled to be
very close to that of large ions and thus sterically affect the observed electrophoretic current.
To conclusively prove this size control of nanotubes and the ionic transport through
nanotube cores, experiments with large cation/small anion on one side of the membrane and
small cation/large anion on the other were performed. Under appropriate bias, one can have
transport of only small anions and small cations while the opposite bias will have large
cations blocking the large anions within the nanotube. Another important aspect of this
experiment is to prove that ion conduction is indeed through nanotube cores. Although ICP-
AES studies directly confirm that there is ionic transport across the membrane, it doesn't
prove that conductance is through the cores of nanotubes since one would expect near bulk
electrophoretic mobility through macroscopic membrane defects. If nanotubes membranes
can exclude ionic species whose size is close to the diameter of nanotubes, it can be
conclusively proven that ionic conductance is from the nanotubes cores.

A U-shape tube installed with one reference and one working electrode was used to
demonstrate that nanotube membrane can reject ions close to 1 nm in diameter and function
as a size based rectifying diode. The working electrode side is filled with 25 mM
K3(Fe(CN)g) and reference electrode side is filled with 50 mM Ru(bpy)3Cl,. It should be
pointed out that total ionic strengths at both sides are equal (lita = Xcizi) and the bias is
always applied on working electrode. As shown in Figure 3b-2, the trans-membrane ionic
current was shut-off when a negative bias was applied, while high current was seen with
applied positive bias. While applying a negative bias, (Fe(CN)g)3~ anions (~0.6nm in
diameter) from the working electrode side and large cationic Ru(bpy)s%* ions are forced
through nanotube from the cationic side. Since the sum of cation and anion diameters (~1.6
nm) is bigger than the diameter of nanotubes (~1 nm), it is difficult for them to pass each
other within the space-confined nanotube core, resulting in the shut-off of trans-membrane
current. In contrast, while applying a positive bias to the working electrode, smaller K* ions
and CI~ ions can flow electrophoretically through the nanotube membrane. As a control
experiment to rule out any redox current, exchanging the positions of working and reference
electrodes to opposite solutions, the rectifying curves can be reversed (Figure 3b-3). If both
sides of the U-shape tube are filled with only 0.1 M KCI solutions, no rectifying effect can
be observed as shown in Figure 3a and Figure 3b-1. To further demonstrate the rectification
phenomenon, we tried another large anion, beta sulfated cyclodextrin CD(SO3);’~ (~1.2 nm
in diameter). As shown in Figure 4a-1 and 4b nanotube membrane rectifying effect was
observed again, using Ru(bpy)sCl, and sulfonated cyclodextrin sodium salt aqueous
solutions. Similarly, the 1-V curve can be reversed by exchanging the position of working
and reference electrodes, because Na* and CI~ ions are pumped though nanotube membrane
applying negative bias (Figure 4a-2).

A rectifying effect has been previously reported in multi-wall nanotube membranes!?,
whose underlying mechanism is based on surface charge exclusion, whereas ours is based
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on size exclusion made possible by strict control of nanotube diameter. The steric effects are
more efficient and the present on/off current ratio (~50) is significantly larger than the
literature report (~3)14. The unique asymmetric cation/anion experimental design along
with smaller nanotube core inner-diameter (1 nm of single-wall nanotube vs. 30-40 of multi-
wall nanotube) allows us to observe this type of apparent rectifying effect with a minimum
leakage current in the off state. A control experiment of rectification using large 20nm
diameter porous alumina membrane did not show rectification and had a linear 1-V response.
Similarly in a control experiment a large cation/small anion (Ru(bpy)3Cl,/KCI) and small
cation/small anion pair was examined and no rectification was seen.

In conclusion, the electrophoretic mobility of various ions in single walled carbon nanotube
membranes with an average diameter of ~0.9 nm was measured using ionic currents and
confirmed by ICP-AES analysis of the permeate solution. Measured electrophoretic
mobilities of K*, Li*, Na*, and H* in SWCNT membrane are enhanced by 2 to 3 times
compared to their bulk values. At low ionic strengths (<6 mM), electrophoresis can induce
dramatic electro-osmosis and act as an ideal pump for transport of electrically neutral
chemical species. Electroosmotic velocities as high as 3 cm/s-V can be inferred from the 3
fold observed electrophoretic mobility enhancements. For comparison, conventional
materials such as anionic functionalized porous alumina have electroosmotic velocities of
4x%1074 cm/s-V22: 30 glectrophoretic mobilities of K* ions are reduced at a higher ionic
concentration (>6 mM) due to oppositely charged ions moving in the opposite direction,
thereby negating the electroosmotic mechanism for the improvements in mobility. Large
anion/cation pairs (~1nm diameter) are shown to have steric blocking and rectification
confirming that the ionic conductance is from ionic translocation through the cores of single-
walled nanotubes of a monodisperse sub-nm diameter.

Fabrication and Characterization of SWCNT

CNT materials were synthesized using a modification of prior reported methods31-33, In
order to obtain carbon nanotubes with diameters smaller than 1 nm, the synthesis conditions
were modified to obtain < 1nm diameter nanotubes. Specifically, the growth was carried out
in a 3 inch Linderberg tube furnace, with the growth temperature set at 750°C and CO as
carbon feeding gas at a flow rate of 8 L/min. Catalysts used for the growth is a mixture of
Co and Mo supported on MgO support. The average diameter of the nanotubes from both
TEM and Raman showed that the samples are made of nanotubes with diameter 0.9 + 0.2
nm. CNTs were 5-15pm in length and have CNTs 2/3 semiconducting and 1/3 metallic
ratios. Bias was applied across the membrane by wire electrodes and thus not directly adding
charge to the CNTSs.

Fabrication and Characterization of SWCNT Membranes

CNT membranes were fabricated using an approach similar to a prior report and modified
for a high CNT loading, 0.5%° To describe it briefly, filtered single-walled CNTs were
mixed with Epon 862 epoxy resin (Miller Stephenson Chem. Co.), hardener
methylhexahydrophthalic anhydride (MHHPA, Broadview Tech. Inc.), catalyst 1-
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Cyanoethyl-2-ethyl-4-methylimidazole (2E4AMZ-CN, Shikoku Chemical, Japan), and 0.1g
surfactant Triton-X 100 (Sigma) using a Thinky™ centrifugal shear mixer. As-prepared
CNTs-Epoxy composite were cured at 85 °C according to commercial epoxy procedure
before being cut into CNT membranes using a microtome equipped with a glass blade. The
typical thickness of as-cut CNT membrane is about 5 microns. Finally, each side of as-
prepared SWCNT membranes were treated using water plasma oxidation for 1 minute to
remove extra polymeric residuals and generate carboxyl functional groups (SWCNTs-
COOH) using a Plasma CVD (TEK-VAC Industries, Inc. model PECVD -60-R). The gas
inlet was connected to a round bottom flask with water evaporated at low pressure. The
mass flow controller set to 20 sccm (N5) and pressure in the chamber was maintained at 0.6
Torr by throttled exhaust valve. The H,0 plasma enhanced CVD was performed for 1
minute for each side of the membrane at a power of 200 watts while maintaining a substrate
temperature of 25°C to 32°C. lonic current levels through CNT membranes typically
increased ~25% after plasma treatment presumably by the removal of deformed polymer or
opening sealed tubes.

Electrophoretic Mobility Measurements using lonic Currents

A U-shape tube installed with 2 Ag/AgClI electrodes was employed for all the
electrophoretic mobility (EM) measurements. Ag/AgCl electrode is purchased from IVM
company (part no. E215P). This Ag-AgCl electrode is solid throughout, and made of pure
silver-silver chloride without using any fillers or binders. All electrochemical cells were
rinsed 5 times and no detection of residue was seen. Constant potential was provided using a
Princeton Scientific Model 263A Potentiostat. The distance between reference and working
electrodes is about 10 cm, and membrane area is 0.07 cm?. Both sides of the U-tube are
filled with 1 mM KCI, NaCl, LiCl, HCI, 0.33 mM Kz(Fe(CN)g), 0.5 mM Ru(bpy)sCl,, or
0.14 mM sulfated cyclodextrin sodium salt (Na7(SO3)7CD, FW 1688) for ionic current
measurements. At concentrations below 1 mM KCI, increased solution resistance made EM
measurements unreliable due to unknown voltage drops and capacitance. All chemicals were
purchased from Sigma Aldrich without further purification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Jacob Goldsmith, Xin Su and Xin Zhan for constructive discussions. This work was supported by NIDA,
#5R01DA018822-05 and DARPA, W911NF-09-1-0267. Critical infrastructure provided by the Univ. of KY Center
for Nanoscale Science and Engineering. J.L. and H.Z. acknowledge support from Unidym Inc. and from National
Science Foundation (NSF) and the Environmental Protection Agency (EPA) under NSF Cooperative Agreement
EF-0830093 through the Center for the Environmental Implications of NanoTechnology (CEINT)

References

1. Daugherty NA. Isoenzymes. J Chem Educ. 1979; 56:442-447.

2. Sarazin C, Delaunay N, Costanza C, Eudes V, Gareil P. Capillary electrophoresis analysis of
inorganic cations in post-blast residue extracts applying a guanidinium-based electrolyte and
bilayer-coated capillaries. Electrophoresis. 2011; 32:1282-1291. [PubMed: 21520148]

Nat Nanotechnol. Author manuscript; available in PMC 2014 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 10

. Kishi T, Nakamura J, Arai H. Application of capillary electrophoresis for the determination of

inorganic ions in trace explosives and explosive residues. Electrophoresis. 1998; 19:3-5. [PubMed:
9511855]

. Ferslew KE, Hagardorn AN, Harrison MT, McCormick WF. Capillary ion analysis of potassium

concentrations in human vitreous humor. Electrophoresis. 1998; 19:6-10. [PubMed: 9511856]

. Mrestani Y, Neubert R, Schiewe J, Hartl A. Application of capillary zone electrophoresis in

cephalosporin analysis. J Chromat B: Biomed Sci Appl. 1997; 690:321-326.

. Liu H, et al. Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes.

Science. 2010; 327:64-67. [PubMed: 20044570]

. Woolley AT, Mathies RA. Ultra-High-Speed DNA Sequencing Using Capillary Electrophoresis

Chips. Anal Chem. 1995; 67:3676-3680. [PubMed: 8644919]

. Sinville R, Soper SA. High resolution DNA separations using microchip electrophoresis. J Sep Sci.

2007; 30:1714-1728. [PubMed: 17623451]

. Nagata H, Tabuchi M, Hirano K, Baba Y. Microchip electrophoretic protein separation using

electroosmotic flow induced by dynamic sodium dodecyl sulfate-coating of uncoated plastic chips.
Electrophoresis. 2005; 26:2247-2253. [PubMed: 15861467]

Sun X, Su X, Wu J, Hinds BJ. Electrophoretic Transport of Biomolecules through Carbon
Nanotube Membranes. Langmuir. 2011; 27:3150-3156. [PubMed: 21338104]

Kraly J, et al. Bioanalytical Applications of Capillary Electrophoresis. Anal Chem. 2006; 78:4097—
4110. [PubMed: 16771542]

Daiguji H, Oka Y, Shirono K. Nanofluidic Diode and Bipolar Transistor. Nano Lett. 2005; 5:2274—
2280. [PubMed: 16277467]

Kalman EB, Vlassiouk I, Siwy ZS. Nanofluidic Bipolar Transistors. Adv Mater. 2008; 20:293-
297.

Scruggs NR, Robertson JWF, Kasianowicz JJ, Migler KB. Rectification of the lonic Current
through Carbon Nanotubes by Electrostatic Assembly of Polyelectrolytes. Nano Lett. 2009;
9:3853-3859. [PubMed: 19902972]

Sun L, Crooks RM. Single Carbon Nanotube Membranes: A Well-Defined Model for Studying
Mass Transport through Nanoporous Materials. J Am Chem Soc. 2000; 122:12340-12345.

Miller SA, Young VY, Martin CR. Electroosmotic Flow in Template-Prepared Carbon Nanotube
Membranes. J Am Chem Soc. 2001; 123:12335-12342. [PubMed: 11734035]

Hinds BJ, et al. Aligned Multiwalled Carbon Nanotube Membranes. Science. 2004; 303:62-65.
[PubMed: 14645855]

Holt JK, et al. Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes. Science. 2006;
312:1034-1037. [PubMed: 16709781]

Majumder M, Stinchcomb A, Hinds BJ. Towards mimicking natural protein channels with aligned
carbon nanotube membranes for active drug delivery. Life Sci. 2010; 86:563-568. [PubMed:
19383500]

Majumder M, Chopra N, Andrews R, Hinds BJ. Nanoscale hydrodynamics: Enhanced flow in
carbon nanotubes. Nature. 2005; 438:44-44. [PubMed: 16267546]

Majumder M, et al. Enhanced electrostatic modulation of ionic diffusion through carbon nanotube
membranes by diazonium grafting chemistry. J Membr Sci. 2008; 316:89-96.

Majumder M, Zhan X, Andrews R, Hinds BJ. Voltage gated carbon nanotube membranes.
Langmuir. 2007; 23:8624-8631. [PubMed: 17616216]

Fornasiero F, et al. lon exclusion by sub-2-nm carbon nanotube pores. Proc Natl Acad Sci U S A.
2008; 105:17250-17255. [PubMed: 18539773]

Lee CY, Choi W, Han JH, Strano MS. Coherence Resonance in a Single-Walled Carbon Nanotube
lon Channel. Science. 2010; 329:1320-1324. [PubMed: 20829480]

Wu J, et al. Programmable transdermal drug delivery of nicotine using carbon nanotube
membranes. Proc Natl Acad Sci U S A. 2010; 107:11698-11702. [PubMed: 20547880]

Sanip SM, et al. Gas separation properties of functionalized carbon nanotubes mixed matrix
membranes. Sep Purif Technol. 2011; 78:208-213.

Nat Nanotechnol. Author manuscript; available in PMC 2014 August 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wu et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 11

Kim S, Jinschek JR, Chen H, Sholl DS, Marand E. Scalable Fabrication of Carbon Nanotube/
Polymer Nanocomposite Membranes for High Flux Gas Transport. Nano Lett. 2007; 7:2806—2811.
[PubMed: 17685662]

Choi W, Lee CY, Ham MH, Shimizu S, Strano MS. Dynamics of Simultaneous, Single lon
Transport through Two Single-Walled Carbon Nanotubes: Observation of a Three-State System. J
Am Chem Soc. 2010; 133:203-205. [PubMed: 21166470]

Wu J, Gerstandt K, Majumder M, Zhan X, Hinds BJ. Highly efficient electroosmotic flow through
functionalized carbon nanotube membranes. Nanoscale. 2011; 3:3321-3328. [PubMed: 21727982]
Gupta A. Localized, low-voltage electro-osmotic pumping across nanoporous membranes. Appl
Phys Lett. 2007; 91:094101.

Qi H, Qian C, Liu J. Synthesis of high-purity few-walled carbon nanotubes from ethanol/methanol
mixture. Chem Mater. 2006; 18:5691-5695.

Qi H, Qian C, Liu J. Synthesis of uniform double-walled carbon nanotubes using iron disilicide as
catalyst. Nano Lett. 2007; 7:2417-2421. [PubMed: 17655268]

Qian C, et al. Fabrication of small diameter few-walled carbon nanotubes with enhanced field
emission property. J Nanosci Nanotechno. 2006; 6:1346-1349.

Dechadilok P, Deen WM. Hindrance Factors for Diffusion and Convection in Pores. Ind Eng
Chem Res. 2006; 45:6953-6959.

Tu CH, Wang HL, Wang XL. Study on Transmembrane Electrical Potential of Nanofiltration
Membranes in KCI and MgCI2 Solutions. Langmuir. 2010; 26:17656-17664. [PubMed:
20942428]

Majumder M, Chopra N, Hinds BJ. Mass Transport through Carbon Nanotube Membranes in
Three Different Regimes: lonic Diffusion and Gas and Liquid Flow. ACS Nano. 2011; 5:3867—
3877. [PubMed: 21500837]

Bings NH, Bogaerts A, Broekaert JAC. Atomic Spectroscopy: A Review. Anal Chem. 2010;
82:4653-4681. [PubMed: 20465231]

Komaromy-Hiller G. Flame, Flameless, and Plasma Spectroscopy. Anal Chem. 1999; 71:338-342.

Nat Nanotechnol. Author manuscript; available in PMC 2014 August 15.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wu et al.

Page 12

0.87nm

0.95nm

Raman Intensity

1  ; 1
100 150 200 250 300 350 400
Raman Shift (cm™)

Number of tubes

0.7 0.8 0.9 1.0 1.1 1.2 1.3 14
Diameter of SWNT (nm)

Figure 1.
Characterization of single wall carbon nanotubes. a, TEM image of SWCNT with a scale bar

of 10nm. b, Raman spectra of SWCNT powder sample showing diameters calculated from
peak location. ¢, SEM image of the Cross-sectional view of CNT membrane with a scale bar
of 5um, showing carbon nanotubes are uniformly dispersed in epoxy resin matrix as no
bundles of nanotubes can be observed. d, Histogram of SWCNT inner core diameters.
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Figure 2.

Enhanced electrophoretic mobilities in SWCNTSs generated by highly efficient
electroosmotic flow and effect of charged carboxyl groups on the electrophoretic flow. a,
lonic currents (0.6V) and K* EMs vs. KCI concentrations; Membrane pore area is 5.0x10712
m?2. Shown are mobilities calculated with Ap (equation 1) using bulk diffusion (Kpy=1) or
hindered diffusion (K,)= 0.48) assumption.b, lonic current as a function of pH in 10 mM
KCI. HCl is used to change pH values, applied bias is 0.6V and Ag/AgCl electrodes are
used.
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Effects of ionic concentrations and species on the electrophoretic flow through SWCNTs

and SWCNT membrane functioning as a rectifying diode, confirming that the ionic currents
are through the SWCNT cores.a, Current vs. Voltage of KCI and Ru(bpy)3Cl;, through
SWCNT-COO™ membrane. There is no apparent threshold voltage to pump K* through

SWCNT and the electrophoretic mobility of Ru(bpy)sCl, through SWCNT is dramatically
reduced at a high ionic strength. b, lonic currents through SWCNT membranes rectification
is seen when one side is filled with 25 mM K3(Fe(CN)g), and another side is filled with 50
mM Ru(bpy)3Cl,, and the control experiment with KCI. ¢, current shown on log scale. d,
Schematic with space filling molecular models of ionic transport in SWCNT (10, 10) under
electric field under opposite bias conditions (Dark green, K*; light green CI~ grey, C; blue,
N; dark brown, RuZ*; light brown, Fe3*; white, H). Pore area: 5.0x10712 m2,
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SWCNT membrane functions as a rectifying diode using other ionic species. a, lonic
currents through SWCNT membranes obtained using 50 mM Ru(bpy)sCl, and 25 mM
Na7(SO3);CD; after working (WE) and reference electrodes (RE) positions are exchanged,
the IV cure was reversed (2). b, molecular structure of Na7(SO3)7CD. Pore area is 5.0x10712

m2.
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Table 2
Comparison of K* flux (M) and electrophoretic mobility (EM) obtained using ionic
current and ICP-AES methods

lonic Current Analysis** ICP-AES Analysis*

M+ (moles/hr)  1.6x1078 2.0x1078
EMy, (Ms-V)  7.7x1078 9.6x1078
Note:

one side of U-shape tube is composed of 0.1 M KCI solution, and another side is filled with DI water;

*:

*
both sides are filled with 0.1 M KCI solution, assuming transport number of K™ is 0.49; applied bias is —0.6V/ (two electrode system, Ag/AgC);
bulk pK+ is equal to 7.6 x 1078 m2/s-V; pore area of membrane is 50x10712 m2,
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