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ABSTRACT

In order to imitate the structure of protein aquaporin-4 to improve salt rejection and to keep high water
flux, long aliphatic chains were added at entrance or into interior of 2.034 nm (15,15) armchair carbon
nanotubes (CNTs) and reverse osmosis membrane was built by simulation in this paper. The potential
of mean force, conductance and axial density distributions of salt and water in CNTs was calculated.
Results showed that under 200 MPa, salt rejection could be dramatically improved with high water
flux (3.8-5.3 times higher than that of (8,8) unfunctionalized CNTs) when CNTs were modified with
opposite groups or zwitterion groups at entrance. Certain numbers of short functional groups at
entrance together with long aliphatic chain will improve both water permeation and salt rejection.
For example, one pair of short chains (CH,NH," and CH,COO") and four 10-ammonioundecanote
groups could make higher water flux than that with only four 10-ammonioundecanote groups and
kept 100% salts rejection. CNTs with one pair of undecanoate and decan-1-aminium groups or two
6-ammonio-2-methylundecanedioate groups into interior can also obtain 100% salt rejection.

Keywords: Molecular dynamics simulation; Biomimetic modification; Reverse osmosis membrane;

Carbon nanotube

1. Introduction

Freshwater scarcity has emerged as two-thirds of the
world’s population currently live in areas that experience
water scarcity for at least 1 month a year [1]. Approximately
more than 700 million people still lack access to safe drinking
water after some measures to improve water resources [2].
Drawing clean freshwater from seawater has been a signif-
icant trend [3]. Reverse osmosis (RO) seawater desalination
technology used for water treatment has been consistently
developed to alleviate the water scarcity problem which is
a rising seawater desalination technology in 21st century [4].

With excellent structural, mechanical and electronic
properties, carbon nanotubes (CNTs) have attracted much
attention since their discovery [5]. Recently, research found
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that CNTs could form into a nanoporous membrane struc-
ture used in water treatment [6-8]. Many experiments by var-
ious groups have also demonstrated unusually large water
fluxes. Water permeate the CNTs freely with little resistance
and the flow rates were found about 3-5 magnitude higher
than theoretical calculation under hydrostatic pressure by
previous simulations [9-11] and experiments [12,13]. Baek et
al. [14] showed that the vertical alignment CNT membrane
have a water flux approximately three times higher than the
ultrafiltration membrane and water transport approximately
70,000 times faster than conventional non-slip flow [14]. By
molecular simulation, Hummer et al. [9] discovered that
water can permeate (6,6) CNT with slight resistance and
the average water flux can be comparable with the flux of a
biological counterpart, the aquaporin-1 channel. Also using
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molecular simulation methods, Corry [15] and Thomas et al.
[16] found that the number of water molecule entering into
CNTs and the water flux increased with the enlargement of
diameter. For example, only one water chain was observed in
the (5,5) and (6,6) armchair CNTs, whereas a double chains
were found in the (7,7) armchair CNTs and a quadruple
chains emerged in the (8,8) armchair CNTs [15,17]. Our pre-
vious research found eight water chains in armchair (10,10)
CNT [18] and more water chains in armchair (15,15) CNTs
[19]. Meanwhile, the water flux of (15,15) 2.034 nm CNTs was
10 times the amount of flux of (8,8) [20] 1.085 nm CNTs, while
salt rejection decreased sharply with the increase of CNTSs’
diameter. Functionalization can improve rejection proper-
ties of nanotubes according to the simulation [21-24] and
experiment [6,25,26]. Corry [21] found that short functional
groups (-CH,COO-, -CH,NH," and -CH,CONH,) added at
the entrance could improve desalination in (8,8) CNTs with
the diameter about 1 nm. However, our previous simulat-
ing work [19] have proved that it was impossible for (15,15)
CNTs with the diameter larger than 2 nm to achieve 100%
salt rejection when they were modified with short chains
(-CH,COO-and -CH,NH.").

Due to the fact that the structure of CNTs” hydrophobic
pores is similar to aquaporin-4 biological channels [27] what
was the predominant biological water channel to expel all
ions including proton and had six longer « spiral and two
shorter o spiral [28], the longest one contained 23 amino
acid residues and the shortest one contained 7 amino acid
residues, CNTs modified with charged and polar long ali-
phatic chains to imitate the structure of protein aquaporin-4
were considered. Majumder and Corry’s [29] simulating and
experimental work showed that adding Ru(bipy),* to CNTs
could increase total electrostatic interaction of CNTs and
affect water conduction. They also found that the addition of
straight chain alkenes, anionic allyl charged dye molecules
and aliphatic amine to the tip of CNTs could influence ions’
transport. Chan’s [30] simulating and experimental work
showed that 1.5 nm diameter CNTs modified by long chain
with zwitterions functional group at two ends could improve
salt rejection.

In this paper, in order to improve the salt rejection and
to keep high water flux, long-chain aliphatic groups were
added to entrance or interior of CNTs to imitate the structure
and characteristics of water channel protein.

2. Method

The CNTs membranes were modeled by hexagonally
packed four CNTs following our previous methodology
[31]. Each CNT was ~1.35 nm long as shown in Fig. 1. The
CNTs axes were parallel to z-axis, and the CNTs’ position was
between z = 0 A and z = 14 A. The central position of CNTs
is z = 7 A. Periodic boundaries were used to form a contin-
uous two-dimensional membrane. The CNTs were solvated
by 2 nm TIP3P thick layer water on each side and Na* and
CI" ions were randomly placed in the water layer to yield a
net concentration of 250 mM and to neutralize the system.

Simulations were conducted using NAMD 2.9 [32] with
the CHARMM?27 [33] force field. The interaction between
water ions and CNTs was calculated by Lennard-Jones
equation:

Fig. 1. The simulating system model formed by hexagonally
packing four CNTs in a periodic cell and immersing in NaCl
aqueous solution.
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In this equation, ¢, and r, are parameters of Lennard-
Jones and r is the distance between two sites” distance, and
q, and g, represent the particle i and j’s charge. Langevin
dynamics is employed to control the pressure and tempera-
ture. Time step is 1 fs. Cut off radius of non-bonded van der
Waals interactions is 12 A. The full electrostatic interactions
were calculated by the particle mesh Ewald method. Before
data collection, the system energy was minimized for 0.5 ns
[20] under 1 atm constant pressure and at 300 K temperature.

All CNTs atoms except for functional groups were switched
to be fixed to keep membrane in place. Two types of simu-
lating techniques were adopted. First, 5 ns [34] hydrostatic
pressure molecular dynamics simulations were conducted
under 200 MPa to examine the water conduction and salt rejec-
tion mechanisms. Zhu et al.’s [35,36] method was employed to
present a hydrostatic pressure difference during simulations.
A constant force f was applied to produce a hydrostatic pres-
sure difference across the two sides of the membrane along
z-axis. The force was calculated by AP = nf/A formula, where
n was the water molecular number in the force-applied section
and A was the membrane cross-sectional area. Water and ions
passing through the same modified CNT were calculated. The
salts rejection were calculated by the ratio of the number of ion
passing through the CNTs to the number of water molecules
passing through the CNTs and was compared with the ratio of
ions to water in the simulation system as a whole [16]. Second,
potential of mean force (PMF) for Na* and CI” was determined
using the method adaptive biasing forces [37] to generate quasi-
equilibrium trajectory of particle motion. Uniform sampling [38]
was used to determine PMF in the z-axial directions for ions and
water in number, pressure, temperature ensemble. The PMF
calculation covered the full length of the pore (position z =-0.5
to z =2 nm) and the target positions were separated by 0.5 nm
[31] in z-axial direction to improve the computing efficiency.

Different type of long aliphatic chains was shown in
Fig. 2.
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3. Results and discussion
3.1. Water transport in long-chain group functionalized CNTs

As seenin Table 1, the water flux of (15,15) 2.034 nm CNTs
was 10 times high as that of (8,8) 1.085 nm CNTs [37]. However,
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Fig. 2. Schematic of the molecules used for a functionalizing nanotube membrane.
Table 1

Numbers of ions and water molecules through the unfunctionalized or single charged long-chain group entrance-functionalized
CNTs with in 5 ns under 200 MPa hydrostatic pressures

Tube type Water flux ~ Water flux % Napermeation Cl permeation Na*rejection (%) Cl rejection (%)
(8,8) Unfunctionalized 78.8[28] - 0.05 0.02 85.89 94.35

(15,15) Unfunctionalized 783.2 100 6 6.6 - -

1-e CH,(CH,),CO°- 403.6 51 0.8 0.4 55.95 77.98

1-e CH,(CH,),NH,’ 814.2 103.96 52 4.8 - -

1-e CH,(CH,),CONH, 765.8 97.45 6.2 5.2 - -

1-e CH,CH,CH(CH(CH,),) 684 87.33 3 2 2.53 35.02
CH(CH,CH,)CH,COO"

1-e CH,CH,CH(CH(CH,),) 756.8 96.63 2.8 32 17.78 6.04
CH(CH,CH,)CH,NH,"

Note: Label 1-e represents the numbers of functionalized groups at entrance. The water flux % equal to the ratio of the water molecules
number through functionalized CNTs to that through the unfunctionalized CNTs in one simulating system.
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Na* and CI- could freely pass through the (15,15) CNTs. Our
previous work [18] showed that it was difficult to achieve
100% salt rejection with short chains group (CH,COO-~ and
CH,NH,") added into interior/at entrance of (15,15) CNTs.
Considering that water channel protein had six longer a spi-
ral and two shorter a spiral, the longest one contain 23 amino
acid residues and the shortest one contain 7 amino acid resi-
dues, we added charged and polar groups with long aliphatic
chain to entrance or interior of CNT to imitate water channel
protein. The key results are summarized in Tables 1-4.

Table 2

Although the water flux of functionalized CNTs was
decreased (except for NH," group with long straight chain)
compared with unfunctionalized case, the minimum water
flux of functionalized CNTs was still 3.8 times higher than
that of unfunctionalized (8,8) CNTs [20] and 37.8 [15] times of
that of traditional RO membrane. The decrease of water flux
was attributed to the steric blockages of the functional groups
and by ions attracted by functional groups [21]. The number
of water chains near the entrance of functionalized CNTs
was smaller than that in unfunctionalized cases as shown in

Numbers of ions and water molecules through the opposite charged long-chain entrance-functionalized CNTs with in 5 ns under

200 MPa hydrostatic pressure

Tube type Water flux Water flux% Na*permeation Cl permeation Na‘rejection (%) Cl rejection (%)
1-e CH,(CH,),COO" 400.4 51.12 0.2 0.2 88.90 88.90
1-e CH,(CH,),NH,"
2-e CH,(CH,),COO~ 429.8 54.88 0.4 0.4 79.32 79.32
2-e CH,(CH,),NH,"
1-e CH,CHNH,"(CH,),COO~  448.2 57.23 0.8 0.2 60.34 90.08
2-e CH,CHNH,'(CH,),COO- 460 12.92 1.4 0.8 12.17 12.17
4-e CH,CHNH,"(CH,),COO~  407.4 0.4 0.2 78.18 89.09
1-e CH,CH(COO")(CH,), 446.4 57.00 0.4 0.2 80.09 90.04
CH(NH,")(CH,),COO~
2-e CH,CH(COO")(CH,), 490.6 62.64 0.4 0.2 81.88 90.94
CH(NH,")(CH,),COO"
4-e CH,CH(COO")(CH,), 298.4 38.10 0 0.2 100 85.11
CH(NH,")(CH,),COO~

Table 3

Numbers of ions and water molecules through the long-chain and short-chain entrance-functionalized CNTs with in 5 ns under

200 MPa hydrostatic pressures

Tube type Water flux  Water flux %

Na' permeation

Cl permeation Na'rejection Cl rejection

1-e CH,(CH,),COO~

1-e CH,(CH,),NH,*
+CH,COO~

+CH,NH,*

1-e CH,CHNH,*
(CH,),COO"

+CH,COO~

+CH,NH,*

4-e CH,CHNH,"
(CH,),COO"

+CH,COO~

+CH,NH,"

1-e CH,CH(COO")(CH,)
CH(NH,")(CH,),CO0"
+CH,COO~

+CH,NH,"

4-e CH,CH(COO")(CH,)
CH(NH;")(CH,),COO"
+CH,COO~

+CH,NH,"

447 57.07 0.6

446.4 57.00 0.2

424.6 54.21 0

525.6 67.11 0.4

3

433.6 55.36 0.2

3

1 70.17 50.29

0.4 90.04

80.09

0 100

100

0.2 83.09

91.54

0 89.75 100
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Table 4

Numbers of ions and water molecules through the interior-functionalized CNTs in 5 ns under 200 MPa hydrostatic pressures

Tube type Water flux ~ Water flux %  Na'permeation Cl permeation  Na‘rejection (%)  Cl rejection (%)
2-m CH,CH(COO")(CH,), 334 42.65 0 0 100.00 100.00
CH(NH,")(CH,),COO~

1-m CH,(CH,),,COO~ 379.2 48.42 0 0 100 100

1-m CH,(CH,),NH,’'

Note: Label 1-m represents the numbers of interior-functionalized groups.

Figs. 3(A)—(C). The ensemble-averaged axial density profiles
analysis in Fig. 5 illustrated that water density was about
0.4 in functionalized CNTs, which was lower than 0.55 in
unfunctionalized case. On the contrary, the positive charged
groups (NH,") with long straight aliphatic chain at entrance
could increase water flux compared with unfunctionalized
case. The reason was described as follows: the long-chain
stayed outside of the CNTs during the whole simulating
time and had no effect on hindering water molecule, thus
the CNTs’ effective diameter was equal to unfunctionalized
CNTs as shown in Fig. 3(C). Moreover, the hydrophilic group
NH," could alter the hydrophobic CNTs into a hydrophilic
one and then attracted more water molecules at entrance and
finally wet the hydrophilic CNTs [38] as shown in Figs. 3(C)
and 5. The water density in the functionalized CNTs was 0.61,
which was higher than 0.55 in unfunctionalized CNTs.

3.2. lons transport in long-chain entrance-functionalized CNTs
3.2.1. Long chain with only one type of charged group

As shown in Table 1, positive charged group NH," or neg-
ative charged group COO"or polar group CONH, with long
linear aliphatic chain or branched aliphatic chain (both con-
tain 10 carbon atoms) were added at entrance of the CNTs.
The long linear aliphatic chain with negative COO" group
could achieve better rejection of Na*(56%) and CI~ (78%) com-
pared with that of polar group CONH, or positive charged
group NH,*. COO" repelled CI" but attracted Na* in tube as
shown in Fig. 4(B) similar to CNTs modification with short
chains COO-group [18]. Na"s density peak was formed in
corresponding position as shown in Fig. 5. The CONH, had
no effect on salt rejection as shown in Table 1. While posi-
tive NH,* with linear aliphatic chain had little influence on
salt rejection because the chain stayed outside of the tube
during the whole simulating time, Na* and CI~ could pass
through the CNTs freely as what happen in unfunctional-
ized case. When NH,* or COO-with branched aliphatic chain
was added to the entrance, the rejection of Na" and CI~ was
improved but still not up to an ideal level.

3.2.2. Long chain with zwitterion/long chain with opposite
groups (one chain with COO~ and another with NH")

Since long linear aliphatic NH," groups can improve
water flux and long linear aliphatic COO- groups can
improve salt rejection, we wonder if the long opposite
groups (one with COO- and another with NH,*) or certain
long zwitterion (group with both COO- and NH,") added
to the entrance could improve both salt rejection and water

Fig. 3. Water chains in CNT with 2.034 nm diameter (15,15), the
red ball represent O* (A) unfunctionalized CNTs, (B) CNTs mod-
ification with negative charged groups (COO") combination with
long straight aliphatic chain and (C) CNTs modification combi-
nation with positive charged groups (NH,") with long straight
aliphatic chain.

flux. The results are shown in Table 2. When zwitterion
group 6-ammonio-2-methylundecanedioate or 10-ammoni-
oundecanote, compared with the CNTs modified with only
undecanoate groups, were added to the entrance of CNTs,
both water flux and salt rejection were about 11% higher
undecanoate group and decan-l-aminium group added to
the entrance could also improve salt rejection 89% with high
water flux (water kept no change).

When four 6-ammonio-2-methylundecanedioate groups
were added to the entrance, 100% Na*rejection and 85% CI-
rejection were achieved. The four 6-ammonio-2-methylunde-
canedioate groups did prevent Na*ion from passing through,
which because Na*was trapped by the strong attraction of
COO-groups at entrance, as shown in Fig. 4(D). In this case,
CI" could partly pass through, which because the interaction
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Fig. 4. Chart of Na* (yellow) and CI- (blue) ions near the functional group of the functionalized CNTs. Results are shown for the
CNTs with (A) long-chain NH,, (B) long-chain COO-, (C) long-chain NH,* and COO, (D) four 6-ammonio-2-methylundecanedioate
groups, (E) four 10-ammonioundecanote groups and (F) four 10-ammonioundecanote groups together with a couple of short chains
(NH," and COO).
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Fig. 5. z-Axis density map of Na* (blue line), Cl (red line) and water’s (black line) of carbon nanotubes under 200 MPa hydrostatic
pressure (z represents the axis of CNT). The position from z =0 to z = 1.4 nm is the location of CNTs.
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between NH," and Cl-was lower than that between COO-and
Na* as shown in Fig. 7. The PMF in Fig. 6(A) illustrates that
Na* was trapped at the modified position by strong attraction
of -COO" with 2.08 kcal/mol force, which finally led to 100%
desalination of Na*. While CI-met 0.76 kcal/mol force near
the entrance.

3.2.3. Long-chain and short-chain entrance-functionalized
CNTs

Some simulations [18,34] indicated that CNTs modified
with short charged or polar groups (CH,COO-, CH,NH."
and CONH,) with short chains at entrance of small diameter
CNTs (about 1 nm) could block ions. Could the charged long
straight aliphatic chain together with charged short chain
improve salt rejection on the basic of higher water flux? As
the results shown in Table 3, proper addition of charged short
chain with charged long chain did improve salts rejection.
For example, the CNTs modified with four 10-ammonioun-
decanote groups and a pair of short chains charged groups
(CH,COO" and CH,NH,") could obtaine 100% salts rejection
with 4.2% water flux improvement. As seen in Fig. 8, Na*
met 1.17 kecal/mol force near the entrance and was trapped
by strong attraction of -COO" at 1.17 kcal/mol force, which
finally led to 100% rejection of Na*. CI-met 0.45 force near the
entrance higher than that with only four 10-ammoniounde-
canote groups. In this case, CI had no chance to enter into the
CNT and result in 100% rejection. One 6-ammonio-2-methy-
lundecanedioate group and a couple of short charged groups

30
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——— 4-eCH,CH(COO)(CH,),CH(NH, )(CH,),CO0- s
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PMF(kcal/mol)

Fig. 6. PMF (potential of mean force) for Na*, Cl~ in (15,15) mod-
ified CNTs, the ion was moved from the bulk solution (z = 2.0) to
the next bulk solution (z=-0.5) in each case, the CNTs are located
fromz=0toz=14nm.
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Fig. 7. PMF (potential of mean force) of Na*ion and COO- group,
Cl ion and NH," group. The position of COO- or NH," groups
isz=0nm.
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(CH,COO" and CH,NH,") also improved both water flux and
salt rejection.

3.3. Ions transport in opposite charged and zwitterion long-chain
interior-functionalized CNTs

Our previous work [18,19] indicated that salt rejection of
CNTs modified with short groups (CH,COO-and CH,NH_*) in
interior was higher than that at entrance with slight decrease of
water conduction. Two 6-ammonio-2-methylundecanedioate
groups or a pair of undecanoate and decan-1-aminium
groups were added to interior of CNTs to investigate water
flux and salts rejection. The results showed that interior
modified CNTs with long straight charged groups could
achieve 100% salts rejection as shown in Table 4. When a pair
of undecanoate and decan-1-aminium groups was added
at entrance of the CNTs, the two chains were alternatively
extended into the CNTs during most simulating time seen
in Fig. 4(C). While the interior two chains were always stay
inner of CNTs and result in smaller space of CNT pore. Na*
and Cl" had no chance to enter the CNT due to the repel-
lency of charged groups and the limited space in this case,
as shown in Fig. 9. PMF curves showed that Na" faced
0.66 kcal/mol and CI-faced 0.68 kcal/mol force at the mid-
dle of CNTs in Fig. 10. The ensemble-averaged axial density
profiles analysis in Fig. 11(A) illustrated that ion density was
close to 0 because no ions permeated the CNTs. When two
6-ammonio-2-methylundecanedioate groups were added to
interior of CNTs, the ensemble-averaged axial density pro-
files analysis in Fig. 11 illustrated that Na* formed a density
peak at entrance while CI” did not. Because the COO™ groups
could attract two Na* ions to the mouth of the pore and repel
the same charged CI- ions seen in Fig. 9. The blockage of
Na* ions and long-chain group together with the repulsion
of NH,* prevented more Na* ion from entering to the CNTs.
Then, the CNTs achieved 100% salts rejection.

4. Conclusion

To imitate the predominant biological water channel -
aquaporins, different charged and polar functional groups
with long aliphatic chain were added to entrance or interior

Fig.9. Chartof Na* (yellow) and Cl- (blue) ions near the functional
group of the functionalized CNTs. Results are shown for CNTs
with (A) a couple of undecanoate and decan-1-aminium groups

and (B) two 6-ammonio-2-methylundecanedioate groups.
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Fig. 10. PMF (potential of mean force) for Na*, Cl-in (15,15) mod-
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fromz=0toz=14nm.
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of the (15,15) CNTs with diameter larger than 2 nm system to
obtain high salt rejection and water flux. The results showed
that the lowest water flux of 100% rejection modified (15,15)
CNTs was about 37.8 times of that of traditional RO mem-
brane and 4.2 times of unmodified 1.1 nm diameter (8,8) CNTs.
100% salts rejection could be achieved with a couple of unde-
canoate and decan-1-aminium groups or two 6-ammonio-
2-methylundecanedioate groups added into interior of CNTs
or four 10-ammonioundecanote groups combination with
a couple of short chains (CH,NH," and CH,COO") in the
entrance without affecting water permeation evidently.
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