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Introduction

Finely tuned water structure and transport in
functionalized carbon nanotube membranes
during desalinationt

Lanlan Qin® and Jian Zhou @ *

Molecular dynamics simulations were performed to tune the transport of water molecules in
nanostructured membrane in a desalination process. Four armchair-type (7,7), (8,8), (9,9) and (10,10)
carbon nanotubes (CNTs) with pore diameters around 1 nm were chosen, their interior surfaces were
modified with —OH, —CHz and —F groups. Simulation results show that water transport in nanochannel
depends on confined water structures which could be regulated by precisely controlled channel
diameter and chemical functionalization. Increasing CNT diameter changes water structures from single-
file-like to be square and hexagonal-like, then into a disordered pattern, resulting in a concave-shaped
trend of water permeance. The —OH functional groups promote structural ordering of water molecules
in (7,7) CNT, but disrupt water structures in (8,8) and (9,9) CNTs, and reduce the order degree of water
molecules in (10,10) CNT, moreover, exert an attraction to enhance surface friction inside channel. The
—CHs groups induce more strictly single-file movement of water molecules in (7,7) CNT, turning water
structures in (8,8) and (9,9) CNTs into two and triangular column arrangements, improving water
transport, however, causing again square-like water structure in (10,10) CNT. Fluorinations of CNT make
water structure more disordered in (7,7), (9,9) and (10,10) CNTs, while enhance the square water
structure in (8,8) CNT with a lower water permeance. Through changing channel diameter and
functionalization, the low tetrahedral order corresponds to a more single-file-like water structure,
associated with rapid water diffusion and high permeability; an increase in tetrahedrality results in more
ice-like water structures, lower water diffusion coefficients, and permeability. The results of this study
demonstrate that water transport could be finely regulated via a functionalized CNT membrane.

at high-salinity and high-pressure conditions, or to scale up for
industrial uses." " Within this context, developing biomimetic

Nowadays, four billion people are suffering from severe water
scarcity globally.'® Membrane-based technologies, enabling
efficient and energy-saving separation processes, play
a tremendous role in addressing this challenge.*® Reverse
osmosis (RO) is the most common membrane technique for
desalination that allows the passage of water but blocks ions.
However, the RO membranes currently used in factories are
prone to be fouled, and suffer from small water flux and low
desalination capacity.®” Recently, biological protein channels
have attracted a considerable amount of attention for potential
applications in water desalination due to the ultra-high water
conduction rate and high selectivity of ions.**° Nonetheless,
due to the structural complexity and environmental sensitivity,
it is difficult to preserve the integrity and maintain their activity
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artificial channels is proposed to restore the function of bio-
logical channels and expand the application range for RO
desalination through mimicking the structure of biological
channels.®>°

Carbon nanomaterials, such as flat-sheet graphene and
carbon nanotubes, are good candidates to assemble the artifi-
cial channels and replicate the structural features of biological
membrane channels due to the inherent sub-nanometre size,
hydrophobicity and atomically smooth tube walls.'***
Computer simulations and experimental studies demonstrated
the extraordinarily high water permeability in carbon nanotube
porins (CNTPs) with a single file water movement which was
considered as the water conducting property of biological
aquaporins (AQPs)."* He et al.>* designed the graphene nano-
pores functionalized by four carbonyl groups and four carbox-
ylate groups which could preferentially conduct K" over Na* by
mimicking the selectivity filter of KesA K* and NavAb Na*
channels. Moreover, the ion selectivity of a smaller graphene
pore containing three carboxylate groups could be tuned by
changing the magnitude of the applied voltage bias. Inspired by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the characteristic structural features of Thermotoga maritime
(TmCorA) Mg>" channels, Zhu et al.?® proposed two function-
alized graphene nanopore models containing five carbonyl
groups and five carboxylate groups, and found both nanopores
exhibited a stronger preference to Mg®* than Li*; Mg>*/Li"
selectivity ratio was higher in the carboxylate-functionalized
nanopore.

As for water transport, the molecular dynamics (MD) simu-
lations demonstrated that water spontaneously arranged into
a single-file manner when confined in CNT with a diameter
below 0.86 nm, whereas in a disordered state in wider CNTSs.
Moreover, there existed a critical size of CNT that could change
water to an ice-like state.*® Jung et al.*® attained the enthalpy,
entropy and free energy through MD simulations of water
confinement in CNTs with diameters from 0.8 nm to 2.7 nm. It
was discovered that water inside CNTs with diameters ranging
from 0.8 to 1.0 nm had a vapor-like phase with the maximum
entropic gain, whereas in CNTs with diameters of 1.1-1.2 nm,
an ice-like phase with lower entropy was observed, and in CNTs
with diameters larger than 1.4 nm, a bulk-like water phase was
exhibited. These demonstrate that water orientations and
motions inside CNT may be qualitatively modulated by adjust-
ing the nanochannel size. Furthermore, CNT membrane-water
interaction, volume fraction of CNT, as well as the eccentricity
and bending also had a significant effect on water flow.>*->*

Shen et al* demonstrated that trapping single-file water
chains, the synthetic aquafoldamer-based water channel was
able to conduct superfast water transport at ~3 x 10° H,O per s
per channel, 50% of aquaporin Z's capacity, also with a high
rejection of NaCl and KCI. Song et al.*® reported the single-file
water permeation through peptide-appended hybrid[4]arene
architectures with a ultrahigh transport rate of >10° H,O per s
per channel. Yuan et al.” also found that water molecules
preferentially flow in single-file, branched chains in the porous
organic cages with a fast water permeation of 10° H,0 s~
However, the hydroxyl channels self-assembled from octyl-
ureido-polyol building blocks could generate transient cluster
water pathways and achieve the same order of magnitude of
water transport rates as that in AQPs.™ Roy et al.*® devised the
polymeric channels, derived from a fully hydrogen-bonded,
helically folded pore-forming hydrazide backbone; they found
that the channel with a cavity of 4.3 A and featuring a water
cluster conduction mode exhibited the ultrahigh single-channel
water permeability of 2.7 x 10'® H,O s™', an improvement of
45% over that of AQP1,* and even higher than that of CNTPs.™
These demonstrate that the water conduction rate in channels
would be associated with the transport mode of water molecules
inside channels.

In terms of water desalination, the critical CNT diameter is
0.81 nm for the complete rejection of Na* and Cl~ ions by MD
simulations.** However, it would be technically challenging for
the precise control of CNT diameter and synthesis in mono-
chiral form at the large scale. Functionalization of CNTs or
addition of functional groups to mimic the structures of AQP
channels could be an effective strategy to tailor ion
selectivity, whereas these could in turn change water
translocation event and influence water transport rate. Giinay
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et al.* reviewed the functionalized nano-porous membranes
used or designed for desalination and water treatment. Mah-
dizadeh et al.*® found the 100% salt rejection for both (6,6) and
(7,7) CNT membranes. Yang et al.*” discovered that modifica-
tion of (13,13) CNT with charged functional groups (-CH,COO™
and -CH,NH;") enabled complete salt rejection and high water
conduction, and altering the positions of functional groups
could further enhance water flux. The promotion of desalina-
tion performance by modification of CNT interior with charged
groups of -COO™~ or -NH;" was also reported by Ding et al.’®
Moreover, under electric fields, the cations and anions exhibi-
ted distinct dynamic behaviours in positively and negatively
CNTs.*

Considering that CNTs are also the convenient membrane-
based systems for studying the nano-fluidic transport,*>*' in
this work, the CNT channels with the diameter of 0.949-
1.35 nm were used and the interior surface were modified with
functional groups to exquisitely tune the partitioning of water
into channels. The MD simulations were performed to study the
permeation events of water molecules through CNT channels in
a desalination process. The transport behaviours of water
molecules and water structures inside CNT channels were
investigated. The results of this study indicate that the transport
of water molecules within nanochannels depends on the
structure of water, which can be modulated precisely by
controlling CNT diameter and chemical functionalization.
Decreasing the tetrahedral order of water molecules results in
more single-file water structures, corresponding to rapid water
diffusion and high permeability; an increase in water tetrahe-
drality leads to more ice-like water structures, correlating with
lower water diffusion coefficients and permeability. This work
could assist our understanding of water transport mechanisms
through nanochannels.

Simulation method
Molecular design

As demonstrated by Jung et al,*® water state in CNTs with
diameters of 0.8-1.4 nm would experience a change from
a vapor-like phase, an ice-like structure and a bulk-like phase.
Therefore, the armchair (7,7), (8,8), (9,9) and (10,10) CNTs with
diameters of 0.949 nm, 1.08 nm, 1.22 nm and 1.35 nm, were
chosen to investigate water transport in a simulated RO desa-
lination process.

To modulate water structures in channels, three typical
functional groups, hydroxyl (-OH), methyl (-CH3) and fluorine
(-F), were used to modify the interior surface of CNTs, as shown
in Fig. 1a. The ~OH group, which can act as both hydrogen
bonds (H-bonds) donor and acceptor, has a natural affinity with
water molecules, so -OH groups can change the orientation and
arrangement of water molecules through hydrogen bonding.
The -CH; group is hydrophobic and chemically inactive, which
can exert a hydrophobic force on water molecules and trigger
molecular reorientation. The fluorine group (-F), inherently
amphiphobic with low surface energy,”** can exhibit some
unique characteristics and may initiate quite different transport
behaviours of water molecules through nanochannels.
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Fig. 1 The top view of pristine and functionalized CNT channels and
front view of OH-CNT channels (a); simulation system for water
desalination through CNT channels (b). Different atoms are shown
with different colors, Na*: purple, Cl: green, C: grey, O: red, H: white,
F: cyan. The carbon atoms in —CHsz groups are colored in yellow.

Besides, addition of two ~CH; groups in the cross-section of
(7,7) CNT will cause the complete pore closing for water mole-
cules, therefore, only one -CH; group was added. To be
consistent, the (7,7) CNT was also modified with one -OH or -F
group in the cross-section to construct OH-(7,7) CNT and F-(7,7)
CNT model. In the axial direction (z direction), the functional
groups were added per three sp” carbon atoms with a vertical
distance of 0.369 nm to avoid the interactions between the
modifying groups, so there were fifteen functional groups in
axial direction. For (8,8), (9,9) and (10,10) CNTs, their cross-
sections were uniformly modified with two, three and four
functional groups, respectively, to make the effective pore
diameter be more comparable to that of (7,7) CNT. Therefore,
thirty, forty-five and sixty groups existed inside functionalized
(8,8), (9,9) and (10,10) CNT channels, respectively, as seen in
Fig. 1a, taking the OH-CNT as an example.

Setup of model

To simulate water transport through CNT channels with
different functional groups in a desalination process, a 5.4 nm-
long CNT inserted between two graphene plates of size 5.09 x
5.04 nm? was used to form transmembrane channel, as shown
in Fig. 1b; a hole of the similar size as CNT diameter was drilled
in the center of graphene plates to allow water transfer through
channels. Two boxes containing NaCl solution and pure water
with the thickness of 6.5 nm were separated by CNT channels.
The saline box contains 4683 water molecules, 53 Na" and 53
Cl™, corresponding to NaCl concentration of 0.6 M which is
close to the salt concentration in seawater. The pure water box
contains 4789 water molecules. Additionally, two perfect
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graphene plates were introduced into the end of two boxes. The
two-dimensional periodic boundary (2D PBC) systems referred
to the ref. 44 were adopted, that the length in the z direction of
the simulation systems was set to 34 nm for making the
contribution of repeat units in this direction negligible. A force
along —z axis direction was applied on the upper graphene and
1 bar pressure along +z axis was applied on the bottom gra-
phene. The transmembrane pressures AP applied between two
graphene plates was set as 100 bar.*

Simulation details

The Gromacs 2019.6 package*® was employed to simulate water
desalination process. OPLS-AA force field*” was used for all the
simulation system and SPC/E model*® was employed to describe
water molecules. The Lennard-Jones (LJ) potentials for cross
interactions between different atoms were calculated by the
Lorentz-Berthelot combining rule. The long-range electrostatic
interaction was calculated with the Particle Mesh Ewald (PME)*
method, the cut-off distance was set to be 1.2 nm. The Nosé-
Hoover method® was used to couple the temperature at 300 K.
Initially, the systems were energy-minimized using the steepest
descent method, and then pre-equilibrated for 2 ns in an NVT
ensemble. Afterward, a 100 ns non-equilibrium production
simulation was conducted. When the numbers of water mole-
cules permeating through CNT membranes exhibit a linear
change over simulation time, it is regarded as achieving
a steady-state of water flow. The time step was set to be 2 fs. For
each system, the simulation processes were repeated for 3-5
times. The trajectories were recorded at every 20 ps for analysis.

Results and discussion
Water structures in CNTs

The top and front views of the structures of water molecules
transport through different CNT membranes were shown in
Fig. 2. It was observed in Fig. 2a that water molecules exhibit
a single-file-like chain structure locally in the pristine (7,7) CNT
membrane; meanwhile, they are also distributed in two
columns at localized positions. Introduction of -OH groups
inside (7,7) CNT membrane causes water molecules arrange-
ment in two columns more remarkable, which is due to the
attraction of -OH to water molecules. In CH;-(7,7) CNT
membrane, water molecules are in a stricter single-file
arrangement compared with that in pristine (7,7) CNT. Water
molecules inside F-(7,7) CNT membrane are also in both single
and double chains arrangements (Fig. 2a).

As seen in Fig. 2b, in pristine (8,8) CNT membrane, water
molecules display an array with four rectangular columns and
form square-like structures, which is consistent with the finding
in ref. 51. Such highly structured water arrangement demon-
strates the properties of high viscosity®> and low diffusibility** of
confined water, which would substantially impede water
transport. While ~-OH functionalization destroys the 4-gonal
square structures of water molecules, a similar pentagonal
geometry is formed. The symmetrical two-column structures
were formed for water molecules in CH;-(8,8) CNT membrane.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Top and front views of water molecules in CNT membranes: (a)
(7,7) CNT; (b) (8,8) CNT; (c) (9,9) CNT; (d) (10,10) CNT. Each subfigure in
the diagram, from left to right, represents pristine CNT, OH-CNT, CHs-
CNT and F-CNT correspondingly. The green dash lines represent HB
bonds between water molecules.

However, the water structures become more rectangular in F-
(8,8) CNT membrane compared with that in pristine (8,8) CNT,
which means that the ordered structure of water molecules is
intensified, which may further hinder water transport.

As can be seen in Fig. 2c, a hexagonal structure of water
molecules is found in pristine (9,9) CNT membrane. This kind
of water structure exhibits many similar properties as the
square water structures,” so water molecules may have an
extremely low transfer rate in (9,9) CNT membrane. Modifica-
tion of membrane with -OH, -CH; and -F, all disrupt the
hexagonal structure and make water molecules arranged in
a more irregular way. Concretely, some water molecules even
appear in the centre of channel, forming a similar two-layer ring
structure in both OH-(9,9) CNT and F-(9,9) CNT membranes;
while water molecules exhibit a triangular distribution in CH;-
(9,9) CNT membrane (Fig. 2¢). Comparatively, two layered water
structures are formed in pristine (10,10) CNT membrane with
one water layer near membrane wall and another layer located
at the centre. After -OH and -F functionalization, the layered
water structures in CNT channel become blurry. However, in
CH;-(10,10) CNT membrane, water structures again become
square-like. The above results demonstrate that water structure
could be significantly altered by channel diameter and chemical
functionalization.

Water density inside CNTs

To understand the water transport mechanism through nano-
structured CNT membranes, the density distribution of water

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecules in CNTs along the z-axis are analysed and plotted in
Fig. 3 with the average water density values listed in the inset
tables. The centre of CNT membranes is located at z = 0; z >
+2.5 nm represents water entering CNT channels from saline
water whereas z < —2.5 nm refers to water passing through
CNTs, corresponding to the water molecules flowing from top to
bottom in Fig. 1b. As can be seen from Fig. 3a that the density
profile of water molecule in pristine (7,7) CNT membrane along
the axial direction is close to a straight line, the average water
density value is equal to 5.53 kg m ™3, which is two orders of
magnitude lower than the water density in bulk solution, 982.6
kg m 3. Zhou et al* found that the diffusion of molecules
confined in a slit pore strongly depend on the density. Kohler
and Silva® found a strong dependence between the density of
water and its viscosity, and the viscosity of confined water is
about an order of magnitude lower than bulk solution and
decreases with decreasing CNT diameter. The gas-like phase of
water molecules in CNTs with a 0.8-1.0 nm has also been
mentioned in ref. 25. Therefore, the low viscosity of water
molecules may cause a high-water transfer rate in (7,7) CNT.
Modification of (7,7) CNT inner surface with -OH groups
slightly increases pore water density, that the average water
density in OH-(7,7) CNT is 6.97 kg m . This is due to the
hydrophilic nature of -OH groups, which attract water mole-
cules through hydrogen bonding,> thus resulting in more water
molecules in the channel. Moreover, Wei et al.>” demonstrated
that the hydrogen bond (HB) network would reduce the diffu-
sivity of water through the slits, as such, -OH groups func-
tionalization may suppress water transport. In contrast, -CH;
groups lead to a reduced water density with the average value of
5.03 kg m > owing to the geometric steric effect.”® The density of
water in F-(7,7) CNT, 5.65 kg m ", is marginally larger than that
in pristine (7,7) CNT. From Fig. 3b, the average water density
inside pristine (8,8) CNT membrane is equal to 16.1 kg m ™.
Modification with -OH groups causes an undulated density
profile along the axial direction with a smaller average water

Avg. values|
30{@ Bulk water (b) @8)CNT %o
- (7,7CNT 5.53 OH-(8,8)CNT 144
——pristine  |OH.(7.7)CNT ~ 6.97 CH88)CNT 885
20 —-oH CHy(7,)CNT  5.03 F-(8,8)CNT 163
CH, F-(1.)CNT 5.65 A -
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(9.9)CNT 24.1
OH-(99)CNT 198
CH,(99)CNT 132
F-(9.9)CNT 176

Avg. values|
(10,10)CNT 274
OH-(10,10)CNT 276
CH,-(10,10)CNT  18.6
F-(10,10)CNT 244
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Fig. 3 The density distributions of water molecules in CNT
membranes along the z axis: (a) (7,7) CNT; (b) (8,8) CNT:; (c) (9,9) CNT;
(d) (10,10) CNT.
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density of ca. 14.4 kg m~>. This is because water molecules are
concentrated near -OH groups by HBs, resulting in a local
enhancement and a fluctuated distribution, which would
enhance the friction force.” In CH;-(8,8) CNT membrane, the
water density is reduced to half of that in pristine (8,8) CNT,
8.85 kg m™>, while water density in F-(8,8) CNT is slightly
increased, 16.3 kg m>.

For pristine (9,9) CNT membrane, water density is elevated to
ca. 24.1 kg m ™ (Fig. 3c). Addition of -OH, ~CH; and -F groups
at inner surface all cause a reduction in water density. Identi-
cally, a fluctuated density profile was observed in OH-(9,9) CNT
with a smaller density value of 19.8 kg m ™. Water densities in
CH3-(9,9) CNT and F-(9,9) CNT are decreased to 13.2 and 17.6 kg
m ™, respectively. As shown in Fig. 3d, water density in pristine
(10,10) CNT membrane is ca. 27.4 kg m™>. In OH-(10,10) CNT,
the average water density is slightly larger, 27.6 kg m~>, also
with an uneven distribution. In contrast, both -CH; and -F
functionalization result in a lower water density, that the
average values are 18.6 and 24.4 kg m > in CH;3-(10,10) CNT and
F-(10,10) CNT, respectively.

Water orientation and hydrogen bonds formed inside CNTs

It had been reported that water orientation could significantly
influence water mobility and alter water conduction process.****
CNT channels are divided into slices with the thickness of
0.25 nm which is approximately the diameter of one water
molecule.®** The average orientation angle ¢ between the
dipole moment of water and z-axis in each slice was calculated.
The water orientation results were attained by further averaging
the # values by the slices, as shown in Fig. 4a. The number of
water molecules in the cross-section of all CNT membranes was
analysed, the results were presented in Fig. 4b. Hydrogen
bonding between water molecules plays an important role in
determining water structure, stability and properties. The
average number of HBs formed per water molecule inside CNT
membranes were calculated as shown in Fig. 4c. A geometrical
criteria of hydrogen bond was employed in this work, i.e., the

i gg ] (a) [ pristine [ ]-OH
1201 C e, [OF
< 90 — B L

60
30 ] I- r
0 .

of water molecules
~
1

I
s 5 [_
I

Number of HBsCmss-sectional number

(7,7) CNT (8,8) CNT (9,9)CNT  (10,10) CNT

Fig. 4 Average dipole orientation angles ¢ of water molecules (a),
number of water molecules in the cross-section (b), and number of
HBs formed per water molecule (c) in different CNT membranes.
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distance between donor and acceptor atoms is smaller than
0.35 nm and the angle hydrogen-donor-acceptor is less than
30°.%4% The HB network structures for water molecules in CNT
membranes were also displayed in Fig. 2.

As seen in Fig. 4a, water molecules in pristine (7,7) CNT
exhibit a preferred orientation with the 6 of 141.9° between the
dipole and z axis. That ¢ close to zero or 180° indicates an axial
orientation of water molecule, and the value approaching 90°
indicates a perfect radial orientation. The high # demonstrates
a predominant axial orientation of water molecules in pristine
(7,7) CNT. From Fig. 4b, the average number of water molecules
in cross-section of pristine (7,7) is approx. 1.33, implying that
one water molecule exists in the cross-section. Moreover, it was
observed that the average HB number formed per water mole-
cule is 2.18 (Fig. 4c), close to 2, which means that one water
molecule forms two HBs on average. According to Fig. 2a, in
most positions of pristine (7,7) CNT, the water molecule forms
a HB with both the upper and lower axial water molecules,
presenting a similar transport mode of single-file water chain in
biological AQPs.**°

Addition of -OH group inside (7,7) CNT causes the average 6
for water dipole with z axis reduce to 95.8°, so water molecules
have a more radial orientation. The number of water molecules
in the cross-section and the number of HB bonds formed per
water molecule increase to 1.69 and 2.29, respectively. As seen
in Fig. 2a, more water molecules could form HBs with both the
neighbouring axial and radial water molecules. It was demon-
strated that the hydrogen bonding between water and neigh-
bouring water molecules plays an important role in water
dynamics.®® The increased number of HBs between water
molecules would decrease the mobility of water and reduce
water transport in OH-(7,7) CNT.

In contrast, in CH3~(7,7) CNT membrane, the average 6
between water dipole and z axis is 142.6°, slightly larger than
that in pristine (7,7) CNT, indicating a more axial water orien-
tation. The number of water molecules in the cross-section and
HBs formed per water molecules are decreased to 1.20 and 2.10,
respectively, which is attributed to the geometric restriction and
hydrophobic nature of -CH; groups.®®®” In Fig. 2a, the nearly
straight HB network in the axial direction in CH3-(7,7) CNT was
observed. The reduced HB number formed per water molecule
in CH3-(7,7) CNT membrane may enhance water mobility and
be favourable for water transport. In F-(7,7) CNT membrane,
water molecules are oriented in a direction with the dipole
moment having an orientation angle of 97.9° with the z axis.
The number of water molecule in the cross-section (1.37) and
the average number of HBs (2.23) that each water molecule
forms with the neighbouring water molecules are also both
slightly increased. The HB network also resembles a line for
water molecules in most locations within F-(7,7) CNT.

For water molecules in pristine (8,8) CNT membrane, the
average 0 between water dipole and z axis is close to 90°, that
water dipole moment is perfectly aligned perpendicular to the
axial direction. The average number of water molecules in the
cross-section is 3.87, close to 4, as shown in Fig. 4b, which make
water molecules easily form a square structure. The number of
HBs per water molecule is ca. 3.56, demonstrating that each

© 2024 The Author(s). Published by the Royal Society of Chemistry
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water molecule at the corners of the quad can form HBs not only
with the adjacent two water molecules at the corners, but also
with water molecules in axial direction. In Fig. 2b, it was
observed that the HB network of water molecules is like
a square tube in pristine (8,8) CNT. Koga et al.*® also found the
formation of solid-like square tube water structure inside CNT.
Comparatively, -OH groups functionalization causes water
dipole slightly shifted toward the axial direction with the
average 6 being 79.9°. The number of water molecules in cross-
section is decreased to 3.49, demonstrating that the ordered
water structure may be disrupted. Moreover, the average
number of HBs for water molecule with the neighbouring water
molecules is reduced to 2.95, indicating improved water
mobility, which may contribute to water transfer. Fig. 2b also
shows the less ordered HB network structure in OH-(8,8) CNT
membrane.

In CH;-(8,8) CNT, although the average 6 for water dipole with
z axis is also close to 90° (Fig. 4a), the average number of water
molecules in cross-section is only 2.13, which means that only
two water molecules exist in the cross-section, so it is incapable
of developing the square-like structure. The mean number of
HBs formed per water molecule further declines to 2.81, and the
HB network shows a two-dimensional mesh structure. Func-
tionalization of (8,8) CNT with -F groups induces water dipole
being a slightly larger 6, 92.5°, with z axis. The number of water
molecules in cross-section and HB number per water molecules
are both increased, 3.90 and 3.64, respectively. In Fig. 2b, the
square tube water structure was also observed in F-(8,8) CNT,
moreover, the HB network in the cross-section is more rectan-
gular, meaning that the ordered square structure is further
enhanced, which would be unfavourable for water transport.

According to Fig. 4a and b, the average ¢ for water molecules
in pristine (9,9) CNT membrane is also ca. 90° and the average
number of water molecules in cross-section is close to 6, which
mean that a hexagonal water structure could be formed. From
Fig. 4c, the average number of HBs per water molecule is ca. 4 in
pristine (9,9) CNT. As seen in Fig. 2¢, water molecule forms HBs
with both the water molecules in the cross-section and axial
direction, generating a hexagonal tube-like HB network. Other
studies®”® had also reported this hexagonal water structure in
(9,9) CNT, which exhibited ice-like behaviour and very low
diffusion capability. In OH-(9,9) CNT, the average 6 between
water dipole with z axis is ca. 95.4°. The average numbers of
water molecules in cross-section and HBs formed per water
molecules are reduced to 4.81 and 3.06, respectively, which
means the breakage of hexagonal water structure. In Fig. 2c,
disordered HB network was observed in OH-(9,9) CNT.

Functionalization with -CH; groups causes a more axial
water orientation, that the 6 between water dipole and z axis is
76.6°. Moreover, the number of water molecules in cross-
section is close to 3, meaning triangular arrangement. From
Fig. 4c, the average number of HBs for water molecule with its
neighbouring water molecules is further reduced to ca. 2.95. As
shown in Fig. 2c, the HB network exhibits a rough triangular
column structure in CH3-(9,9) CNT but with no triangle HB
network formed in the cross-section. In F-(9,9) CNT membrane,
the average ¢ for water dipole with z axis becomes larger, 96.1°.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Similarly, both the average number of water molecules in cross-
section and the average number of HB formed per water
molecule were decreased with the values being 4.27 and 3.10,
respectively, also indicating the disruption of the hexagonal
structure of water molecules. Correspondingly, in Fig. 2c, the
irregular HB network in F-(9,9) CNT was observed.

Water molecules in pristine (10,10) CNT membrane also
exhibit a radial orientation with the dipole perpendicular to z
axis. The average number of water molecules in cross-section
rises to 6.62; however, the average number of HBs per water
molecules is decreased to 3.28, indicating the improved water
mobility. In Fig. 2d, the HB network in pristine (10,10) CNT
displays a disordered structure. Functionalization of (10,10)
CNT with -OH groups yields a more axial water orientation with
the average 6 of 83.3° for water dipole with z axis. The number of
water molecules in cross-section is slightly increased, 6.71, but
with a lower HB number per water molecule. Also, a disordered
HB network in OH-(10,10) CNT was observed.

In CH,-(10,10) CNT, the average 6 for water dipole with z axis
is 108.1°. The average number of water molecules in cross-
section is reduced to 4.50. Surprisingly, the average HB
number per water molecules is even larger (3.38) than that in
pristine (10,10) CNT, which could decrease water mobility. In
Fig. 2d, there is a square-like HB network in CH3-(10,10) CNT.
Addition of -F groups causes a smaller ¢ for water dipole with z
axis. The average number of water molecules in cross-section
and the average HB number formed per water molecule
decline to 5.92 and 3.10, respectively. The disordered HB
network was also seen in F-(10,10) CNT membrane (Fig. 2d).

As can be seen from the above results, the CNT diameter has
a significant impact on the structure of confined water mole-
cules. With the increase in CNT diameter, the structure of
confined water transits from a single file pattern to square and
hexagonal, and eventually adopts a disordered mode. The influ-
ence of CNT diameter and functional group modification
(including modification quantity) on water structure is extremely
complex: for CNTs with different diameters, the modification of
the same functional group may exhibit varying effects, and
conversely, different functional group modifications on CNT of
the same diameter may lead to diverse outcomes. The -OH
functionalization induces a more radial orientation of water
molecules in (7,7) CNT, but disrupts the square and hexagonal
water structures in (8,8) and (9,9) CNTs, as well as blurs the
layered water structure in (10,10) CNT. The —-CH; groups cause
a more stringent linear distribution of water molecules in CH;-
(7,7) CNT. Although it also breaks down the ordered structures of
water molecules in (8,8) and (9,9) CNTs, it paradoxically leads to
an ordered square structure in CH;-(10,10) CNT. Functionalizing
-F groups results in a roughly linear distribution of water mole-
cules in F-(7,7) CNT, creating more disordered water structures in
F-(9,9) and F-(10,10) CNTs, yet strengthening the square structure
of water molecules in F-(8,8) CNT.

Water order parameter

To identify the local arrangements of water molecules when
transport within different CNT membranes, based on the
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coordinates of the oxygen atoms, the tetrahedral order parameter
was calculated. It could be used to distinguish ice-like and liquid-
like water molecules,” such as hexagonal ice. For each water
molecule, the tetrahedral order parameter g is defined as™

33, 4 12
g=1- gzl: Z (cos Vi + 5) )]
J=1 k=j+1

where g is computed from a sum over the four nearest neigh-
bours of water molecule. yj; is the angle formed by oxygen
atoms of the central water molecule and its nearest neighbours j
and k (=4). The range of possible values for g is between —3 and
1. When the four neighbouring molecules form a perfect
tetrahedral arrangement around the central molecule, i.e., ¥ of
109°28/, g is equal to 1. The value of g is negative when the four
nearest neighbours adopt a linear-like configuration (ie.,
single-file). The average value of ¢ measures the degree of tet-
rahedrality in the system. For an uncorrelated system (ideal gas
case), (q) = 0 (where --- denotes an ensemble average); while for
a perfect tetrahedral network, (q) = 1.

The probability distribution of g for water molecules within
different CNT membranes are shown in Fig. 5 and the average
values of g for each system are listed in the inset tables. As seen
in Fig. 5a, the calculated average value of g for bulk water is
0.421, demonstrating a tetrahedral environment. In pristine
(7,7) CNT membrane, the distribution curve exhibits a distinct
peak at ¢ = —0.25 and the average value is —0.457, meaning that
water molecules are in a linear-like configuration, that is, like
a single file. The peak is shifted right to g = —0.05 with the
average value of —0.248 in OH-(7,7) CNT membrane, which
imply that more water molecules are in a tetrahedral bonding
environment. Comparatively, addition of -CH; groups causes
the peak left-shifted with a more negative g value, indicating
more linear arrangement of water molecules. For F-(7,7) CNT
membrane, the peak height is slightly reduced and the average
value of g becomes smaller, —0.461, demonstrating the less
tetrahedral bonding environment.

(@) .| |(b) 7
12 Bulk water 0.421 (8,8)CNT 0.462
(1,))CNT —0.457 OH-(8,8)CNT 0.248
OH-(7,)CNT  —0.248 CH,-(8,8)CNT —0.121
8| ——pristine CHy(7,)CNT . —0.628 F-(8,8)CNT  0.481
—-OH F-(1,)CNT __ —0.461
—~ CH, [
S 4 —F .
g /]
z L /
=] —— - il -
;g
2 | @
e12{ ——
=" 4 q
(9,9)CNT 0.531 (10,10)CNT 0.384
8 OH-(9,9)CNT  0.325 OH-(10,10)CNT  0.338
CH,-(9,9)CNT 0.0877 CH,-(10,10)CNT 0.276
F-(9,9)CNT 0313 F-(10,10)CNT  0.333
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/ //
0 7.,~;___‘,‘_)'f~'f-’/‘J w | LA \\
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Tetrahedral order parameter of water molecules in CNTs

Fig. 5 Probability distributions of tetrahedral order parameter for
water molecules in CNT membranes: (a) (7,7) CNT; (b) (8,8) CNT; (c)
(9,9) CNT; (d) (10,10) CNT.
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As seen in Fig. 5b, a significant peak at ¢ = 0.61 was observed
in the distribution curve for pristine (8,8) CNT membrane. The
calculated average value of g is 0.462, which is even larger than
that of bulk water, indicating the high tetrahedrality of water
molecules in (8,8) CNT. This is due to the formation of square-
like water structure (Fig. 2b), which is a stable and highly
ordered ice-like structure, therefore, exhibiting a high g value.
Differently, -OH functionalization greatly reduces g and the
peak moves left with the average value being 0.248, suggesting
a notable decrease of tetrahedrality. In CH3-(8,8) CNT, the
breakage of tetrahedrality is more remarkable, that there is
a large probability distribution for g < 0 and the average value of
q is also negative, —0.121. Unexpectedly, the peak height is
increased with the average value of g being 0.481 for F-(8,8)
CNT, indicating the enhancement of tetrahedrality.

In Fig. 5c, a remarkably high peak located at g = 0.61 in the
distribution curve for pristine (9,9) CNT membrane was
observed, which is consistent with the result of Kong et al.’s
study.” The average value of g is 0.531, suggesting a highly
tetrahedral structure of water in pristine (9,9) CNT. The signif-
icantly high calculated g is also a result of the formation of ice-
like structure (Fig. 2c), where the hexagonal water structure
represents an extremely ordered arrangement. Modification
with -OH, -CH; and -F groups all result in a reduction of g and
wider distribution, indicating the damaged tetrahedral struc-
ture of water molecules. Particularly, the peak in the distribu-
tion curve of g for CH3-(9,9) CNT even appears at the negative
region. The average values of g are 0.325, 0.0877 and 0.313 for
OH-(9,9) CNT, CH3-(9,9) CNT and F-(9,9) CNT membranes,
respectively.

For pristine (10,10) CNT membrane, a peak located at g =
0.49 was observed in the distribution curve with the average
value (0.384) lower than that of bulk water (0.421), meaning
more disordered water structure. This suggests that when the
pore diameter further increases, water bulk properties become
more pronounced. Therefore, the structures of water molecules
do not transit progressively from a disordered state to bulk-like
state as the pore size increases; instead, in this process, the
highly ordered state resembling ice-like structure, exhibiting
great orderliness, may emerge. Likewise, the peak heights
become lower with smaller average g values, 0.338 and 0.333,
respectively, after passivated with -OH and -F groups. However,
for CH;-(10,10) CNT membrane, there is a pronounced peak
occurring at ¢ = 0.73. This means the appearance of ordered
water molecules in CH3-(10,10) CNT membrane, which would
largely hamper water transport. This effect is not reflected in the
average value due to the increased distribution of ¢ in negative
region.

Based on the results above, the effects of CNT diameter and
functional groups on the orderliness of water molecules are
mutually correlated. Increasing the diameter of CNT does not
result in a monotonic increase in the tetrahedral order of water
molecules; instead, it leads to the emergence of ice-like struc-
tures, causing the order degree of water molecules in (8,8) and
(9,9) CNT membranes even higher than that in bulk water. For
each CNT membrane, modification with different functional
groups produces varying effects on the orderliness of water

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecules. The -OH groups increase the tetrahedral order of
water molecules in (7,7) CNT membrane, while -CH; and -F
groups cause a reduction in tetrahedrality of water molecules.
For (8,8) CNT membrane, on the contrary, -F modification
enhances the water tetrahedral order. In the case of (9,9) CNT
membrane, functionalizing -OH groups decrease the orderli-
ness of water molecules, whereas —-CH; groups lead to an
increased tetrahedral order parameter in (10,10) CNT
membrane. Furthermore, the effect of the same functional
groups on tetrahedral order of water molecules for different
CNT membranes also differs. The -OH functionalization
enhances the tetrahedral order of water molecules in (7,7) CNT,
but reduces the degree of tetrahedrality in (8,8), (9,9), and
(10,10) CNT membranes. The -CH; groups decrease the tetra-
hedrality of water structure in (7,7), (8,8) and (9,9) CNT
membranes but result in an increase in tetrahedral order of
water molecules in (10,10) CH;-CNT membranes. Fluorination
of CNT reduces the tetrahedral order of water molecules in F-
(7,7), F-(9,9), and F-(10,10) CNT membranes, while increases
tetrahedrality of water structure in F-(8,8) CNT.

Therefore, adding functional groups into larger-diameter
CNT membranes may lead to a reduction in the effective pore
size, enhance the order degree of water molecules, intensifying
the highly ordered water structure (F-(8,8) CNT), or reproducing
the ice-like structure (CH3-(10,10) CNT). On the other hand, in
the CNT membranes with ice-like water structures, modifica-
tion with functional groups could reduce the orderliness of
water molecules, disrupt the tetrahedral structures, such as in
CH;-(8,8), OH-(9,9), CH3-(9,9), and F-(9,9) CNT membranes. In
the molecular design of artificial nanochannels such as applied
in desalination or ion sieving, it is crucial to devise appropriate
pore size, select suitable functional groups and modifying
positions to avoid the formation of ice-like structures, or disrupt

the existing ordered water structures through rational
modification.

Water-water interaction

As demonstrated above, water molecules inside CNT

membranes exhibit distinct water structures, therefore, the
transport of water would be significantly influenced by the
surrounding water molecules.” The water-water interaction
energy is examined for a single water molecule migrating inside
different CNT membranes, as shown in Fig. 6, the average
values are listed in the inset tables. As seen in Fig. 6a, the
interaction energy for a single water molecule with its
surrounding water molecules in bulk solution is
—84.1 k] mol . In pristine (7,7) CNT membrane, the water-
water interaction curve approaches a straight line, and the
interaction energy holds at about —56.3 k] mol ', indicating the
reduced water-water interaction. In OH-(7,7) CNT membrane,
an undulated interaction profile was observed with an average
water-water interaction energy of —54.4 k] mol '. The number
of valleys in the profile is consistent with the number of ~-OH
groups. The water-water interaction at the valley is even
stronger than that in pristine (7,7) CNT, corresponding to an
increased tetrahedrality (Fig. 5a). In contrast, modification with
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Fig. 6 Water—water interaction energies when a single water mole-
cule passes through different CNT membranes: (a) (7,7) CNT; (b) (8,8)
CNT; (c) (9,9) CNT; (d) (10,10) CNT.

-CH; and -F groups both weakens the water-water interaction
with the average energies of —56.1 and —54.9 kJ mol ’,
respectively, which also correspond to smaller tetrahedral order
values.

In pristine (8,8) CNT membrane, the average water-water
interaction energy is ca. —77.9 k] mol '. The water-water
interactions are diminished both in OH-(8,8) CNT and CH;-(8,8)
CNT membranes with energy values of —65.4 and
—66.2 k] mol ', respectively. However, water-water attraction
become stronger, the average interaction energy is
—78.9 k] mol™" after fluorination of (8,8) CNT membrane,
which is associated with larger tetrahedral order in Fig. 5b. The
water-water interaction in pristine (9,9) CNT membrane
(—85.5 k] mol ') is strengthened compared with that in bulk
water. Correspondingly, the tetrahedral order parameter for
water in pristine (9,9) CNT is also higher than that of bulk water.
Functionalization by -OH, -CH; and -F groups all weaken
water-water interaction with the energy values being —67.8,
—68.6 and —69.3 k] mol ", respectively. In pristine (10,10) CNT
membrane, the average water-water interaction energy is ca.
—75.5 k] mol ™. Similarly, the water-water interaction strength
weakens in both OH-(10,10) CNT (—66.3 k] mol ") and F-(10,10)
CNT membranes (—69.5 k] mol ). However, water-water
interaction is enhanced in CH;-(10,10) CNT membranes with
energy value of —75.7 k] mol ™!, which is due to existence of ice-
like water structure (Fig. 2d).

Membrane-water interaction

As demonstrated in Fig. 2, HBs could be formed between water
molecules and -OH functional groups. It was reported that
water transport could be affected by channel-lining functional
groups.” Therefore, the membrane-water interaction energy
was also calculated when a single water molecule passes
through different CNT membranes, results are shown in Fig. 7
with average values listed in inset tables. From Fig. 7a, the
interaction energy profile between pristine (7,7) CNT membrane
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Fig. 7 Membrane—water interaction energy when single water
molecule passes through CNT membranes: (a) (7,7) CNT; (b) (8,8) CNT;
(c) (9,9) CNT; (d) (10,10) CNT.

and water is also close to a straight line with the average energy
value of ca. —13.9 k] mol . For OH-(7,7) CNT membrane, the
membrane-water interaction energy fluctuates between —33.3
and —16.9 k] mol ' with the average value of —23.6 kJ mol .
The enhanced membrane-water interaction is attributed to the
affinity by -OH groups.”®”” Wang et al.*® reported that
enhancing CNT membrane-water interactions would lower
water flow rates and velocities. The valleys in interaction energy
profile are the locations of -OH groups. In addition, the exis-
tence of -OH groups inside CNT could increase surface
friction.”®®*® Therefore, -OH modification could produce
adverse effect on water transport. The membrane-water inter-
actions are slightly strengthened in both CH;3-(7,7) CNT and F-
(7,7) CNT membranes with the average energy values of —15.4
and —16.8 k] mol ', respectively.

As seen in Fig. 7b, the membrane-water interaction energy in
pristine (8,8) CNT membrane is ca. —11.6 k] mol". The -OH
functionalization also causes an undulated interaction energy
profile with improved membrane-water interaction, the average
energy value is —23.1 kJ mol . Similarly, the weakened
membrane-water interaction was observed in both CHj3-(8,8)
CNT (-13.1 kJ mol™') and F-(8,8) CNT membranes
(=13.7 k] mol™"). The same trends were also seen in (9,9) and
(10,10) CNT-based membranes. The average interaction energy
between membrane and water for a water molecule migrating
inside pristine (9,9) CNT membrane is —10.2 k] mol™*. This
value becomes —23.1, —10.9 and —12.7 k] mol~* for OH-(9,9),
CH;3-(9,9) and F-(9,9) CNT membranes, respectively. Identically,
membrane-water interaction energy is ca. —8.11 kJ mol " for
pristine (10,10) CNT membrane. Introduction of -OH, -CH; and
-F groups causes the membrane-water interaction energies of
—21.7, —9.15 and —11.1 k] mol ™", respectively.

Interestingly, an undulating membrane-water interaction
energy profile was also observed for CH;-(10,10) CNT
membrane. The number of peaks or valleys in the profile
corresponds to the number of -CH; groups, and the —CHj;
groups are located at the peaks of the profile. As demonstrated
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in Fig. 2d, in CH;-(10,10) CNT membrane, the square-like water
structures were formed at the -CH; groups modified regions,
which result in a decreased intermolecular distance and
strengthened interactions among water molecules (Fig. 6d).
Correspondingly, the distance between water molecules and
membrane increases, weakening their interactions. Conversely,
in the areas where no -CH; groups are modified, water mole-
cules exhibit relatively disordered structures, causing larger
distance and weaker interactions between water molecules,
whereas smaller distance and stronger interactions between
water molecules and membrane. Consequently, the membrane-
water interaction energy fluctuates for water molecules passing
through CH;-(10,10) CNT membrane.

Water residence time

Water residence time dynamics measures how long a water
molecule stays in a specified region and could characterize the
dynamic property of water. Water residence time can be evalu-
ated from the correlation function C(¢):*

1 QS (Pri(0) Py (1))
Mo 5 <PR/(0)2>

where (---) represents the ensemble average. Py; is a binary
function that takes the value of 1 if the jth water molecule stays
in the selected region at time ¢ and is equal to zero otherwise. N,
is the number of all water molecules in the selected area. By an
exponential fit of C,(¢) vs. simulation time ¢, the water residence
time can be approximated:

Co(1) = 4, exp(—%) 3)

Cr(t) = (2)

where A, is the amplitude, 7t is the relaxation time, which
represents the mean residence time of a water molecule in
a specified region. The C,(t) curves for water in different CNT
membranes were plotted in Fig. S1 of ESL.T The fitting results
for water residence time 7 are presented in Fig. 8. The water
residence time in pristine (7,7) CNT membrane is ca. 1.28 ns. A
larger residence time for water molecules (3.33 ns) in OH-(7,7)
CNT membrane was observed, indicating the decreased water
mobility. In contrast, water residence time is reduced to 1.37
and 1.01 ns in CH;-(7,7) CNT and F-(7,7) CNT membranes,
respectively, which implies an increased mobility of water.

In pristine (8,8) CNT membranes, water residence time is ca.
5.43 ns. Similarly, the increased water residence time of 8.09 ns
in OH-(8,8) CNT membrane was found, whereas -CH; groups
functionalization causes a reduction in water residence time of
3.11 ns. While water demonstrates a higher residence time of
7.18 ns in F-(8,8) CNT membrane. The residence time of water
molecules in pristine (9,9) CNT membrane is up to 27.27 ns,
demonstrating extremely low water mobility. Modification of -
OH, -CH; and -F groups all lead to reduced water residence
time of 7.18, 1.85 and 2.04 ns, respectively. Comparatively, in
pristine (10,10) CNT membrane, the residence time for water is
calculated to be 1.45 ns. In both OH-(10,10) CNT and CHj;-
(10,10) CNT membranes, a longer residence time, 5.04 ns and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Water residence time in different CNT membranes.

3.93 ns, was found; whereas water residence time is decreased
to 1.35 ns in F-(10,10) CNT membrane.

The water residence time inside CNT membranes correlate
with the structures of water molecules. Comparing Fig. 8 with
Fig. 5, water residence time shows a similar trend as water order
parameter. A long residence time corresponds to a high order
parameter, indicating the low mobility of water molecules.
Similarly, the residence time of water molecules in CNT
membranes does not follow a monotonical increase with the
pore diameter. In (8,8) and (9,9) CNTs, the highly ordered water
structures cause longer water residence times. Especially for (9,9)
CNT membrane, the extremely long residence time was attained.
The formed hexagonal water structures in (9,9) CNT resemble
ice-like configuration, displaying high viscosity and low diffu-
sivity. Therefore, the dynamics of water molecules in (9,9) CNT
membrane is extremely low, resulting in a long residence time.
Correspondingly, Fig. 5¢ showed a significantly higher peak in
the distribution curve of water order parameter for water mole-
cules in (9,9) CNT compared with that in other CNTs, and Fig. 6¢
illustrated the strong water-water interaction in (9,9) CNT
membrane. In addition, from Fig. S2 of ESI,7 few water mole-
cules permeate through (9,9) CNT membrane, moreover, it
remained constant after 56 ns, meaning no water molecules
passing through. These suggest the low dynamics and long
residence time for water molecules in (9,9) CNT membrane.

Likewise, the influence of functional groups on water resi-
dence time varies for CNTs with different diameters. The -OH
modification leads to an increase in water residence time in
(7,7), (8,8), and (10,10) CNT membranes due to the attractions
of -OH groups to water molecules, whereas, significantly
decreases the residence time of water molecules in (9,9) CNT
membrane because of the disruption of hexagonal water
structures. -CH; groups cause the residence time of water
molecules in (7,7), (8,8), and (9,9) CNT membranes to be
comparable or lower than that of the pristine CNT membranes
due to the induction of more linear water structure, or the
destruction of highly ordered water structures. However, the
residence time of water molecules in CH;-(10,10) CNT
membrane is increased, which is attributed to the emergence of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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square-like water structures. Functionalizing -F groups reduces
water residence time in (7,7), (9,9), and (10,10) CNT
membranes, but enhances the order parameter of water mole-
cules in (8,8) CNT membrane, resulting in an increased resi-
dence time of water molecules.

Salt rejection, water diffusion, water flow rate, water
permeability

The salt rejection was examined to judge the desalination
performance of the CNT membranes, as showed in Fig. 9.
Additionally, the rejections of NaCl by four larger-diameter
(11,11), (12,12), (13,13) and (14,14) CNT membranes were also
evaluated. It was observed that all (10,10) CNT-derived
membranes and CNTs with a smaller pore diameter exhibit
complete retention of NaCl during 100 ns of simulations, while
four CNT membranes with a larger diameter show the salt
rejection rates of 98.1%, 96.2%, 92.4% and 90.5%, respectively.
These demonstrate that NaCl can easily permeate through
(11,11) CNT and membranes with larger pore diameters, while
encounter difficulty passing through those with smaller diam-
eters at the applied pressure.

The high rejection of NaCl by pristine CNT membranes in
this study could be partly attributed to the low AP applied in the
simulations. Some studies®****** employed an extremely high AP
of 50-400 MPa, one or two orders of magnitude larger than the
pressure applied in experiments, to simulate water desalination
process in CNTs. Correspondingly, the permeation of NaCl
through CNTs were observed, high water flux and low salt
rejection rates were found. However, when a low AP, below
50 MPa, was used, the remarkably high salt rejection rates were
obtained, approaching 100%, for carbon nanomembranes with
a pore diameter larger than 1 nm.*** Moreover, all these
studies demonstrated that increasing AP could enlarge ion flux
and reduce salt rejection. Therefore, the applied AP could have
a significant influence on NaCl transport, and it is possible to
attain a high NaCl retention rate under a low AP even for CNT
membranes with a large pore diameter.

Furthermore, to investigate the transport behaviours of salt
ions in studied CNT membranes, the radial distribution
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Fig. 9 Salt rejection by different CNT membranes.
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functions (RDFs) for Na* and Cl~ ions with oxygen atoms (O,) of
water molecules were analyzed (Fig. S3 in ESIt), when they are
within a distance of 0.35 nm from the entrance of CNT chan-
nels; the coordination numbers within the first hydration shells
of Na" and Cl™ ions were calculated (Table S1 in ESIT). In
addition, the number density distributions of salt ions along z
coordinate were examined (Fig. S4 in ESIf). According to
Fig. 3,1 the peaks in Na'-Oy, and ClI"-O,, RDF curves for Na*
and CI™ at the entrance of CNT membranes coincide with those
in bulk water. The hydration radii of Na" and Cl~ ions are
0.32 nm and 0.38 nm, consistent with the results in ref. 86,
corresponding to the diameters of 0.64 nm and 0.76 nm. The
effective pore diameters of CNT membranes were derived from
the pore volumes obtained using the Connolly surface algo-
rithm,**” as shown in Table S2.f Comparing the hydration
diameters of Na* and Cl~ ions with the results in Table S2,1 Na*
ion might be able to cross pristine (9,9), OH-(9,9), F-(9,9) CNT
and four (10,10) CNT-derived membranes, and there is a possi-
bility for Cl™ ion traversing pristine (10,10) and OH-(10,10) CNT
membranes. However, due to the Donnan exclusion effect,3%5°
the rejected Cl~ ions would attract Na* ions, with the results of
retaining Na' ions as well. Therefore, the (9,9) CNT-derived,
CH;-(10,10) and F-(10,10) CNT membranes could also exhibit
relatively high salt rejection. In addition, according to Fig. S3,f
the RDF values of Na'-O,, and Cl -0, are merely slightly
smaller than those in bulk water. The coordination numbers of
Na" and Cl™ ions at the entrance of CNT membranes are
marginally decreased compared with that in bulk water,
demonstrating that the hydration structures of Na* and Cl~ ions
remained largely undisrupted under the driving pressure.
Consequently, it is also difficult for Na" and Cl~ ions to pass
through pristine (10,10) and OH-(10,10) CNT membranes.

In addition, from Fig. S4,} it was observed that both Na* and
Cl” ions are distributed in saline water side for all CNT
membranes studied, meaning that Na“ and Cl~ ions were all
retained in the saline water side. Moreover, the number densi-
ties of Na" and Cl™ ions near the entrance of CNTs are merely
slightly higher than those at positions farther away, meaning
aweak concentration polarization. Therefore, the concentration
polarization effect induced by NaCl would produce negligible
influences on water transport for studied membranes. Conse-
quently, it would not affect water transfer simulation results.

The diffusion coefficients of water molecules in z axis D, in
different CNT membranes are shown in Fig. 10a. The numbers
of water molecules N, transferred through different CNT
membranes from the saline water side to the pure water side
were counted (see Fig. S2 of ESIf). It was observed that N,
increases linearly with simulation time within 100 ns for almost
all membranes, except for pristine (9,9) CNT membrane, which
is due to the formation of ice-like water structure that signifi-
cantly reduce water dynamics, indicating a steady-state of water
flow. The N,, is much lower than the initial number of water
molecules in the saline box for all CNT membranes, which
means that the salt solution side would not be drained within
100 ns. The final snapshot of F-(10,10) CNT membrane where
the largest number of water molecules passing through was
shown in Fig. S5 of ESI.} It was observed that there were still lots
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Fig. 10 Water diffusion coefficient in z direction (a), water flow rate (b)
and water permeability (c) in different CNT membranes.

of water molecules in the salt solution side. The water flow rate
Q was calculated by fitting the slope of N, vs. simulation time
curve, as shown in Fig. 10b. Water permeability L, is further
analysed by the equation L, = Q/[A(AP — Am)],*® where A is the
pore area, Aw is the osmotic pressure of the salt solution. The
value of Ax for 32 000 mg L™ NaCl is 25.2 bar.”* The results are
presented in Fig. 10c.

The hierarchy of water perpendicular diffusion coefficient,
water flow rate and water permeability for different CNT
membranes are consistent. As seen in Fig. 10a, D, in pristine
(7,7) CNT is ca. 2.65 x 1077 ecm?® s ', correspondingly, the
calculated Q and L, are 2.22 H,O ns ' and 34.3 Lm > h bar ',
respectively. The -OH functionalization causes a reduction in
D, Q and L, which is attributed to the increased tetrahedrality
of water molecules (Fig. 5a) and HBs between -OH groups and
water molecules that enhance surface friction. Comparatively,
a slightly higher D, value was observed both in CH;-(7,7) CNT
and F-(7,7) CNT membranes due to the decreased tetrahedrality.
Although there is lower Q, due to the significant reduction of
effective pore diameter (Table S2f), the CH;-(7,7) CNT
membrane even exhibits a higher L, of 35.6 Lm ? h bar ! than
that of the pristine (7,7) CNT. While F-(7,7) CNT membrane has
a lower L, but with a larger Q.

The D, for water molecules in pristine (8,8) CNT membrane
is decreased to 0.96 x 10—~ cm? s ', which is because of the
formation of square-like water structure in pristine (8,8) CNT
that significantly enhances the tetrahedral order of water
molecules and strengthens water-water interaction. The calcu-
lated Q and L, are also smaller than those of pristine (7,7) CNT
membrane. Similarly, modification with -OH groups lowers D | ,
Q, as well as L, but with decreased tetrahedral order, demon-
strating that the hydrogen bonding between -OH and water
molecules plays a more important role in water transport. In
contrast, ~-CH; functionalization increases D |, Q and L, due to
the breakage of ordered square-like structure. While the D, , Q
and L, for water molecules in F-(8,8) CNT membrane all
becomes smaller because of increased tetrahedrality of water
structure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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From Fig. 10a, the pristine (9,9) CNT membrane exhibits an
extremely low D |, 0.33 x 10~7 em® s~ !, Q and L, both approach
zero, which is due to formation of hexagonal-like water struc-
ture (Fig. 2c), which is consistent with the result in ref. 69, that
water diffusion showed a minimum in (9,9) CNT. Addition of -
OH, -CH; and -F groups all cause an increased D | , as well as Q
and L, because of the disruption of the highly ordered water
structure. This also indicates that the enhancement of water
transport by decreased tetrahedral order counteracts the
surface friction effect by HBs between ~OH groups with water
molecules in OH-(9,9) CNT membrane.

For pristine (10,10) CNT membrane, the values of D, , Q and
Lyare 10.1 x 10 7 em® 87!, 9.23 H,O ns ' and 26.3 L m > h
bar™ ", respectively. These three parameters are all significantly
decreased in OH-(10,10) CNT because of the surface friction
effect. The reduced values of D, , Q and L, were also observed in
CH3-(10,10) CNT due to the appearance of ice-like water mole-
cules. However, the D | is increased to 10.4 x 10~7 cm? s~ for
water molecules in F-(10,10) CNT membrane; the Q and L, also
become larger, which is attributed to the decreased tetrahe-
drality. Generally, through changing channel diameter and
functionalization, the system with the low tetrahedral order
corresponds to more single-file-like water structure, and is
associated with rapid water diffusion and high water per-
meance; while systems with increased tetrahedrality results in
more ice-like water structure, and have a lower water diffusion
coefficient and permeability.

Conclusions

In this work, the MD simulation method was utilized to inves-
tigate water transport mechanism in nanochannels in a desali-
nation process, CNTs with different diameters were used as the
model nanochannels and the effect of different modification
with -OH, -CH; and -F groups was investigated. Our simulation
results showed that water transport in nanochannel significantly
depends on the confined water structure. Small diameter (7,7)
CNT allows the single-file-like water transport mode. Increasing
CNT diameter, water structures are changed into square and
hexagonal-like in (8,8) and (9,9) CNT membranes, then a disor-
dered structure in (10,10) CNT, resulting in a concave-shaped
trend of water permeance. Functionalizing -OH groups
increases tetrahedral order of water molecules in (7,7) CNT,
while disrupts the highly tetrahedral water structure in (8,8) and
(9,9) CNT membrane, and reduces the degree of order in (10,10)
CNT, meanwhile, enhances surface friction for water transport.
The damage of ordered water structure in OH-(9,9) CNT results
in significantly improved water permeance; while the friction
effect plays a more important role in OH-(8,8) and OH-(10,10)
CNT membranes, leading to reduced water transport. The -CHj;
groups decreases the tetrahedrality of water structures, that
causes more stricter single-file water arrangement in CH;-(7,7)
CNT, changes water structures into two-column and triangular
arrangements in CH;-(8,8) and CH3;-(9,9) CNT membranes,
which enhances water transport; while increased tetrahedral
order and unexpected square structure are found in CH;3-(10,10)
CNT membrane. The fluorination of CNT reduces the degree of
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tetrahedrality of water molecules in F-(7,7), F-(9,9) and F-(10,10)
CNT membranes, resulting in a higher water permeance;
however, the increased tetrahedral order and square water
structure are found in F-(8,8) CNT. The results of this study
demonstrate that the transport of water molecules within
nanochannels depends on water structure, which could be
modulated precisely by controlling channel diameter and
chemical functionalization. Reducing the tetrahedral order of
water molecules results in more single-file-like water structure,
corresponding to rapid water diffusion and high water per-
meance; an increase in water tetrahedrality leads to more ice-like
water structure, associated with a lower water diffusion coeffi-
cient and permeability. In the molecular design of artificial
nanochannels, such as for desalination or ion sieving, it is
crucial to devise appropriate pore sizes, select suitable functional
groups and modification sites to avoid forming ice-like struc-
tures or disrupting the existing ordered water structures through
rational modifications to achieve fast water transport.
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