Current Applied Physics 45 (2023) 64-71

journal homepage: www.elsevier.com/locate/cap

Contents lists available at ScienceDirect

Current Applied Physics

Current
Applied
Physics

Check for

Molecular dynamics analysis of water flow through a multiply connected e

carbon nanotube channel

Ermioni Papadopoulou?, Gwan Woo Kim ", Petros Koumoutsakos *¢, Gunn Kim **

2 Computational Science and Engineering Laboratory, ETH Ziirich, Ziirich, CH-8092, Switzerland

® Department of Physics and HMC, Sejong University, Seoul, 05006, Republic of Korea

¢ Gordon McKay Professor of Computing in Science and Engineering, Pierce Hall, 29 Oxford Street, Cambridge, 02138, MA, USA

ARTICLE INFO ABSTRACT
Keywords:

Multiply connected carbon nanotube

Nanofluidics

Imbibition

Water transport
Molecular dynamics

The filling process of nanoconduits is an active research topic. In this study, we use molecular dynamics
simulations to identify the filling process of water molecules in a multiply connected carbon nanotube (MCCNT).
For water permeation, a local change in the channel cross-section affects the water filling of MCCNTSs because
it may lead to irregularities in the permeation profile. A decrease in hydrogen bonds at the junctions of the
structure characterizes the permeability of MCCNTs. In contrast to pristine CNTs, the complex nanochannel

exhibits a different imbibition profile due to the energy changes at the junction. Next, we examine the local
water density and velocity patterns in MCCNT channels to understand how junction regions affect steady-state
water transport. We find that there is congestion and irregularities in steady water flow density and velocity
profiles. Through this study, we expect to develop effective channels with more complex geometries for water

purification and drug delivery.

1. Introduction

Nanotechnology is one of the most promising technologies for wa-
ter purification and desalination [1]. Particularly, carbon nanotube
(CNT) membranes have attracted much attention due to their unique
osmotic properties [2], enhanced water permeability [3-6], and high
ion selectivity [7]. There is a concern with CNT-based filtration systems
due to an enormous pressure difference that must be applied through
the tube to drive the water transport [6]. Using Y-junctions of nan-
otubes of varying sizes may alleviate the pressure required for the
filling process and enhance the membrane’s filtration. It has become
increasingly interesting to study water flow through dendritic forma-
tions of CNTs [8], where one CNT part splits into two smaller tubes at
a Y-junction [9,10].

The confinement of water inside a CNT is an exciting research topic
in experiment and theory. Water transport through a single CNT has
been extensively studied using molecular dynamics (MD) simulations
[11-15,6]. On the other hand, density functional theory calculations
predict the adsorption properties of a single water molecule or an ice-
like structure in cylindrical CNTs [16-20]. The water flow through
junctions of CNTs or combinations of CNTs with graphene sheets has
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been of great scientific interest because the sizes of the junctions may
alter fluid dynamics phenomena locally [21,22].

However, previous research has focused on simple cylindrical CNT
structures. MD studies have shown that a converging junction can accel-
erate the flow [23], while flows in converging and then diverging junc-
tions are faster than those in the opposite direction [24]. The nonequi-
librium imbibition phenomena at the nanojunction depend on the size
of each region of the junction [24]. To date, computational simulations
of CNT Y-junctions have concentrated on static ice-like structures or
macroscopic observables such as flux and pressure losses [25-28].

Unlike cylindrical CNTs, multiply connected carbon nanotubes (MC-
CNTs) have complex topological structures, so their cross-sectional area
is not uniform. The nanostructures can be formed by CNTs of various
sizes that stick to each other under the influence of an electron beam
to form Y-junctions [29-32]. Experimental evidence of Y-junctions of
CNTs revealed a “zipper” mechanism at the nanoscale during the co-
alescence of two single-wall CNTs [33,34]. The coalescence of CNTs
through Y-junctions has been found to exhibit intriguing electronic
properties [35,36], and the CNTs have been considered building blocks
for all-carbon nanowires [37]. Such CNTs may also be considered pos-
sible components of desalination and water purification devices.
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Fig. 1. Model structure of the MCCNT connected to two reservoirs after water
filling in the tube channel. The model is displayed in the x- and z-directions.
The periodic images of the system in the x-direction are displayed in reduced
opacity.

In this study, we investigate water flowing through an MCCNT struc-
ture (Fig. 1). We focus on the flow dynamics through the MCCNT,
following a previous study investigating equilibrium structures of wa-
ter molecules in the MCCNT [38]. To the best of our knowledge, only
a few studies have concentrated on pressure-driven water transport in
CNT structures with locally varying cross-sectional areas [24] or on the
characterization of the nanochannel filling process [39-41]. In partic-
ular, we quantify how the Y-junctions of the MCCNT induce features
like “traffic congestion.” If water is modeled as a continuum, it is dif-
ficult to explain this congestion feature. Rather than continuous fluid
models, we use MD simulations to understand fluid transport phenom-
ena in nanostructures with locally varying cross-sectional areas since
the width and length of nanochannels in MCCNTs are comparable to
the distance between H,0O molecules.

2. Computational methods and models

We study water transport characteristics in an MCCNT channel con-
necting two reservoirs. As shown in Fig. 1, each (14, 14) CNT has two
arms of (7, 7) tubes in between. The total length of the MCCNT structure
is ~ 8 nm. In the MCCNT, the length of each (14, 14) CNT is approxi-
mately 2.4 nm, and the length of each (7, 7) CNT arm is about 3.2 nm.
For comparison, we also simulate water transport through plain (7, 7)
and (14, 14) CNTs. Both ends of the CNTs are bonded to the graphene
sheets at the reservoirs [42]. In the MCCNT, the (14, 14) CNTs have
elliptical cross-sections because they are joined at each junction with
the (7, 7) CNT arms. In Supplementary Information (SI), Section 1.1
provides further details on the MCCNT structure. Periodicboundary con-
ditions are applied in the supercell’s lateral directions (x and y), with a
box length equal to the period of graphene sheets in both directions (~
5 nm). There is no periodicity in the tube’s axial (z) direction. The su-
percell boundary in the z-direction is placed 6 nm away from the outlet
graphene sheet to allow water to accumulate at the outlet reservoir.

We divide the simulation process of all nanotube structures into two
stages: the nonequilibrium filling and the steady-state transport of wa-
ter. For the filling process of each nanotube [MCCNT, (7, 7) and (14,
14) CNTs], the tube is connected to two reservoirs. Initially, one reser-
voir is filled with 4085 water molecules. The system is first equilibrated
in the reservoir at constant pressure and constant temperature (NPT)
ensemble for 5 ns, keeping temperature and pressure constant at 298 K
(25°C) and 1 bar (~ 1 atm), respectively, with a Nosé—~Hoover thermo-
stat and a Parrinello-Rahman barostat [43,44] with damping constants
of 100 and 1000 time steps, respectively. After equilibration, one end of
the reservoir containing water is connected to an empty MCCNT. Then,
a piston-like force of 3.12, 6.25, or 12.5 pN per atom is applied to the
outer graphene sheet of the reservoir, which induces water through the
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nanochannel, causing a pressure difference of 125, 250, or 500 MPa, re-
spectively, between the inlet and outlet of the MCCNT. Such pressure
drop values were selected to match the lower limits for pressure-driven
flow [6,45]. The barostat is turned off during production runs when the
piston force is used to pressurize the nanochannel. The filling process
is completed when the water density profile of the nanochannel does
not change over time. The local density of water is measured in the (7,
7) and (14, 14) CNT regions of the MCCNT. By repeating the simula-
tion five times at 298 K, the initial velocity distribution of the water
molecules is modified to obtain a statistical average of the quantity of
interest.

After the filling process, we simulate constant water flow through
the channel for 5 ns, applying the same force to the outermost graphene
sheet of the left water reservoir, which corresponds to a pressure differ-
ence between the inlet and outlet of the MCCNT equal to 500 MPa. The
initial configuration of the steady-state transport simulation is differ-
ent for each nanotube. The two reservoirs connected to the nanotubes
are initially filled with water, one with 4085 water molecules and the
other with 505 water molecules. The water in the reservoir is previously
equilibrated with a Nosé-Hoover thermostat and a Parrinello-Rahman
barostat at a pressure of 298 K and 1 bar in the NPT ensemble [43,44]
with damping constants of 100 and 1000 time steps, respectively. The
equilibrated water in the complex nanotube structure is extracted from
a filling simulation at a pressure of 500 MPa and used as an initial con-
figuration for a steady-state transport simulation. The model systems
contain 330 water molecules in the MCCNT, 540 in the (14, 14) CNTs,
and 70 in the (7, 7) CNTs, respectively. In all production simulations,
the water molecules are maintained at a temperature of 298 K, adjust-
ing only the thermal component of temperature, which was found to be
equivalent to a non-thermostatted system (see SI, Section 1.3).

All MD simulations are performed with the LAMMPS package [46].
We apply a time step of 1 fs and periodic boundary conditions. With
molecular topology constraints imposed by the SHAKE algorithm [47],
TIP4P-Ew water-molecule interactions [48,49] are used. For short-
range interactions, we use a cutoff of 1.0 nm for the O-O pair [50]. For
long-range electrostatic interactions, we use a particle-particle particle-
mesh (P3M) algorithm [51] with a cutoff distance of 0.85 nm [48] and
a root-mean-squared error in the force calculation of 107>, In all sim-
ulations, the Dreiding potential [52] describes the interactions of the
carbon atoms. A Lennard-Jones potential describes the nonbonding in-
teractions between an oxygen atom in a water molecule and carbon
atoms of graphene or the CNT with a cutoff of 1.2 nm for the C-O pair
[52]. The potential produces a slightly hydrophobic water contact an-
gle of 110° for the interaction of water with carbon atoms of the CNT
[53]. A neutral water contact angle of ~90° for the interaction of wa-
ter with carbon atoms of the graphene sheet [12,54]. Visualizations are
performed with the Visual Molecular Dynamics (VMD) package [55].

We build the graphene sheets and the CNTs with the WCCNT pack-
age developed within the CSELab [56]. The package works within the
VMD software interface [55] as a TCL plugin, and it integrates different
routines to generate and analyze LAMMPS-compatible files of graphene
sheets (GRSs) and carbon nanotubes (CNTs) with water. We also use
TCL scripting within the VMD package for preparing the systems, in-
cluding creating missing bonds between graphene sheets and carbon
nanotubes.

3. Results and discussion

When it comes to transport characteristics of water molecules
through the MCCNT, we distinguish between nonequilibrium water fill-
ing and steady-state water transport. Water density and velocity profiles
in the MCCNT are compared to those in the pristine (7, 7) and (14, 14)
CNTs, which correspond to the narrower and wider tubes of the MC-
CNT, respectively.
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Fig. 2. The nonequilibrium process of water filling the MCCNT. (a) The MCCNT is split into 5 zones, denoted with colors and Latin numbering. (b) The instances of
the flow in the MCCNT when water fills each local colored zone of (a). The colors of the frames of the subfigures correspond to the color of each local zone in (a);
(b-i), (b-ii), (b-iii), and (b-iv) correspond to the instances where the local zones II, III, IV, and V are filled with water, respectively. (c) Time series measurements of
the number of water molecules, N0 recorded at specified zones along the length of the MCCNT. (d) Average local velocity, v,, ave. () Interaction energy between
carbon and water molecules, V,~_,. The time series of each measured variable is colored according to the corresponding local zone of measurement: black, red,
green, and blue curves correspond to the measurements recorded in the I, II, III, and IV zones of the MCCNT in (a). We omit the representation of the water reservoirs
in (a). The graph lines in (c-e) represent the statistical average of five simulation samples for pressure force corresponding to Ap =250 MPa. The error bars represent
the standard deviation over the samples. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

3.1. Nonequilibrium water filling in MCCNT

Table 1
Comparison of the filling of three nanochannels: the MC-
In the first step, we compare the MCCNT, the pristine (14, 14) CNT, CNT, the pristine (14, 14) CNT, and the pristine (7, 7)
and the pristine (7, 7) CNT to study the nonequilibrium process of fill- CNT. We compare the time evolution of the channels’ fill-
ing empty nanotubes with water. Each model structure has a length that ing process, i.e., the time taken for each filling stage of the
is approximately the same. Three pressure drops are considered for each channels, for the pressure difference applied between the

two reservoirs connected by the nanotubes. The resulting
values are averages over 5 statistical samples, with the stan-
dard deviation of filling times kept below 9% for all pores
and pressures. All results are presented in arbitrary units
(a.u.) as time measurements are normalized according to

channel: 125, 250, and 500 MPa between the inlet and outlet reservoirs.
We use the statistical mean of the trajectories from five simulation re-
sults for each tube and pressure in the analysis. Each sample is given a
random initial velocity distribution of the Gaussian type.

To analyze the filling process, we identify five regions along the the time taken for the pristine (14, 14) CNT to be filled.
MCCNT: (I) the left (14, 14) CNT region; (II) the left (inlet) Y-junction; The empty rows of the table indicate non-filling conditions
(ITD) the (7, 7) CNT arms; (IV) the right (outlet) Y-junction; and (V) the of the respective region/nanotube for the specified Ap. The
right (14, 14) CNT region, as shown in Fig. 2a. In turn, Fig. 2b shows labels of the MCCNT zones correspond to the colored zones
the snapshots of filling stages (i) — (iv) of the last four regions (II - V) of Fig. 2a.
obtained from the MD simulations. From simulation post-processing, we Ap [MPa] cumulative time [a.u.]
obtain the time taken to complete the filling of the MCCNT channel and 125 250 500
the relative time percentage needed to fill each of its regions, defining, (14, 14) CNT 100 100 100
therefore, the filling stages of the MCCNT (Table 1). We consider each . 7) CNT - 3.94 956
region filled with water when the number of water molecules occupying
the region reaches a terminal value. MCCNT (region D 0.23 0.27 0.43

In Table 1, we compare the filling of the MCCNT with the cases of :‘:;ZE EI (1):?; (1)?? (1)?2
the pristine (14, 14) and (7, 7) CNTs. The first two rows of the table rep- region IV N 2.34 2.13
resent the pristine CNTs. Time measurements are normalized with the region V - 2.79 2.44

time taken to complete the water filling of the pure (14, 14) CNT. In
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Fig. 3. Time evolution of the number of hydrogen bonds per water molecule
formed during the nonequilibrium filling of the MCCNT with water. The col-
ors of the four different curves correspond to the local zone of measurement:
black, red, green, and blue curves correspond to the measurements recorded in
the I, II, III, and IV zones of the MCCNT in Fig. 2(a). Over five simulation sam-
ples, the error bars represent the standard deviation, and the lines represent the
statistical average.

other words, every value in Table 1 corresponds to the ratio of absolute
time to fill the region to the time it takes to fill the (14, 14) CNT with
water. Blank rows indicate the unfilled states of the area. For instance,
when the pressure is 125 MPa, water molecules do not practically enter
the (7, 7) CNT arm. The next four rows show the filling time of the MC-
CNT as local measurements through the MCCNT. Each row corresponds
to a region along the axis of the MCCNT, as shown in Fig. 2a. Inter-
estingly, water does not fill the MCCNT at 125 MPa. Water molecules
enter the (7, 7) CNT arm but not the (14, 14) CNT region on the right.
At a pressure of 125 MPa, neither the pristine (7, 7) CNT nor the MC-
CNT is entirely filled with water from end to end, indicating how high
the pressure must be applied to the nanotubes for imbibition. The fill-
ing of the (7, 7) CNT with water takes 3.24 times (2.56 times) longer
than that of the (14, 14) CNT at 250 MPa (500 MPa). The MCCNT only
fills the region III (or the (7, 7) CNT arm) during the time that corre-
sponds to filling the (14, 14) tube. Interestingly, also at pressures of 250
and 500 MPa, the time to completely fill CNTs with water is nearly the
same as that of region III of the MCCNTs. We explain the imbibition
later in the text in more detail.

We count the number of water molecules Ny, to determine the
local water density as a function of time for each zone (from zone I
to V). To better understand the interaction between water molecules
and the tube wall, we compute the interaction energy V|, c_o between
the O atom in a H,O molecule and the C atom in the CNT. We also
compute the local average velocity v, ., in four different regions. The
regions along the MCCNT axis are denoted by different colors in Fig. 2a.
For example, the filling time of region II in Fig. 2¢ corresponds to the
time instance shown in Fig. 2(b-i). Fig. 2(c) shows the number of water
molecules in each zone. In Fig. 2(d), the average axial velocity of the
water molecules is presented. Fig. 2(e) shows the interaction energy
between carbon atoms at the tube wall and oxygen atoms in the water
molecules at the interface for a pressure force corresponding to Ap =250
MPa. We further calculate the number of hydrogen bonds through the
filling trajectory of the MCCNT in the predefined four regions for the
same Ap (Fig. 3).

Compared to the (7, 7) CNT, the (14, 14) CNT has twice the diameter
and thus have four times the cross-sectional area. Since the MCCNT has
two (7, 7) CNT arms, the number of water molecules in zone I is almost
double that in zone III. The number of hydrogen bonds in each zone has
a similar pattern (Fig. 3). H,O molecules rapidly enter the left (14, 14)
CNT part until t ~ 1 ns and v, ,,, approaches 16 m/s at ~ 1 ns ((Fig. 2d)).
Interestingly, the velocity v, ,,, suddenly decreases to less than 10 m/s
after water molecules fill zone II at around 1 ns. This trend continues
with small variations around an average value.

The number of hydrogen bonds decreases when water molecules
enter the empty (7, 7) CNT arms. This phenomenon occurs due to the
confinement of water molecules in a two-row channel in the (7, 7) CNT.
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Fig. 4. Time evolution of the imbibition length for the MCCNT (red curve), the
(14, 14) CNT (blue curve), and the (7, 7) CNT (green curve) for a pressure force
corresponding to a Ap = 250 MPa.

H, 0 molecules form strong hydrogen-bond networks in 3D bulk water.
In contrast, when confined in a CNT, water molecules at the interface
have van der Waals interactions with the CNT wall, which are weaker
than hydrogen bonds. From the perspective of water molecules at the
interface, the number of adjacent water molecules decreases and the in-
teraction with the nanotube walls is weak, resulting in energy loss. In
other words, since the ratio of the surface area to the volume of the wa-
ter column or water chain contained in the CNT with a small radius is
large, energy loss occurs due to the decrease in hydrogen bonds. There-
fore, a smaller radius-CNT is not favorable for water imbibition.

Therefore, in the MCCNT setting, water molecules do not effortlessly
enter the (7, 7) tubes. Once inside the (7, 7) CNT arms, water molecules
speed through, as shown in Fig. 2(d), towards the outlet junction. At
the outlet junction, it is energetically beneficial for water molecules to
rapidly exit towards the outlet (14, 14) CNT arm and form hydrogen
bonds with the neighboring molecules. By rapidly leaving the (7, 7)
arm, water molecules can break the hydrogen bonds at the outlet junc-
tion. An event of hydrogen bond breakage within the (7, 7) CNT arm
is seen in Fig. 2(b-iii). The green curve in Fig. 2c highlights this, with
Ny, reaching a minimum around = 0.6 ns, and the hydrogen bond-
ing network in Fig. 3 weakening around 7 = 0.6 ns. The hydrogen bond
breakage within the (7, 7) CNT arms leads to the local increase of the
interaction energy between carbon and water molecules in comparison
to the pair energy per water molecule in the (14, 14) CNT, as shown in
Fig. 2e. The (7, 7) CNT arms are filled with H,0 molecules in about 0.4
ns for each snapshot of Figs. 2(b-i) and (b-ii). Another exciting point is
that the blue curve, which represents the nature of the water in region
1V, increases gradually until equilibrium values are obtained, both from
the perspective of Ny, o and V,c_q. Region IV reaches equilibrium in
0.6 ns, as shown in Fig. 2(b-iv).

The water molecules are forced to break their hydrogen bonds by
external pressure upon entering the (7, 7) CNT arm. It takes ~ 0.22
eV of energy to break a hydrogen bond [57,58]. In the (7, 7) CNT, the
reduction of the total number of hydrogen bonds directly results in a
local energy loss and forces a deceleration of the imbibition process.
In the (7, 7) CNT arm, the energy change results in a change in the
imbibition rate at the two junctions. After 1.4 ns, it can be observed that
the MCCNTs are filled, and from this point on, the average speed (v,)
of the water molecules in each zone becomes almost constant (Fig. 2d).

Next, we examine how MCCNTs filled with water compare to pris-
tine CNTs filled with water. Fig. 4 shows the imbibition length in each
nanochannel at a pressure difference equal to 250 MPa. The imbibition
length is the waterfront distance between the inlet of a nanochannel
and where the meniscus forms [39,59,40,41]. Using the positions of the
atoms every 10 ps, we calculate the imbibition length. The calculation
involves measuring the distance of the front row of oxygen atoms from
the inlet of the nanochannel, which corresponds to the static graphene
sheet inlet. It describes the type of imbibition observed by the temporal
evolution of the imbibition length. The so-called filling rate of the imbi-
bition is defined as the derivative of its temporal profile. The temporal
evolution of the imbibition length describes the type of observed imbi-
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bition. Generally, filling rates are calculated as derivatives of temporal
profiles of imbibition lengths. The Lucas-Washburn formula describes
the imbibition length for spontaneous capillary flow in parallel cylin-
drical tubes [60]; since it was first introduced, it has been extended to
describe imbibition in porous materials and in nanopores [61].

The imbibition length evolution curve of the (14, 14) CNT up to ap-
proximately 0.17 ns is almost linear, corresponding to a constant filling
rate (~ 50 m/s). After 0.6 ns, the (7, 7) CNT is filled with water, which
is consistent with the fact that filling the (7, 7) CNT with water takes
3.2 times longer than filling the (14, 14) CNT, as listed in Table 1. The
result for Ap =250 MPa is a limiting case of the imbibition of the (7,
7) CNT; thus, the permeating water oscillates forward and backward.
Oscillations are visible in the green curve of Fig. 4. In contrast, the im-
bibition profile (the red line in Fig. 4) of the MCCNT is neither a linear
nor a squared-root-like function of time. The MCCNT has a topologi-
cally complex shape and shows a piece-wise linear imbibition profile.
The imbibition filling rate is ~ 50 m/s in 0 < ¢ < 0.06 ns, which matches
the filling behavior of the pristine (14, 14) CNT. On the other hand,
for the time between 0.2 <t <0.6 ns, the filling rate is computed at ~ 8
m/s. At this interval, the filling rate in the (7, 7) CNT arm of the MC-
CNT matches the one in the pristine (7, 7) CNT. The imbibition length
profile of MCCNTs oscillates more significantly as water molecules pass
through the outlet Y-junction and fill the left (14, 14) CNTs. The fill-
ing of the outlet junction alone consumes 46% of the overall imbibition
duration, making the outlet junction the most critical region during the
imbibition of the MCCNT. L(r) = 52.74t is the best fit for the imbibition
length curve of the (14, 14) CNT, whereas L(f) = 8.105t'/2 is the best
fit for the profile of the (7, 7) CNT. In Fig. 4, the dashed lines indicate
the two curve fits. Our MD simulation results, therefore, reveal that the
(14, 14) CNT has a linear imbibition profile, which agrees with the re-
sults of previous studies for nanotube permeation [24]. In contrast, the
imbibition of the (7, 7) CNT follows a square-root relation with time.

What makes the (14, 14) CNT different from the (7, 7) CNT for
water imbibition? The original Lucas-Washburn formula describes a
spontaneous capillary phenomenon of water in a hydrophilic cylindri-
cal channel under a no-slip condition. However, considering the gen-
eral case, it is necessary to create a formula that includes even a slip
boundary condition at the wall. CNTs and Graphene without defects
are excellent lubricants at nano- and microscales. Therefore, it is highly
likely that water molecules entering the CNT slide off the tube wall.
Since this violates the assumption that there is no slippage, the origi-
nal Lucas-Washburn formula is incompatible with the imbibition length
profile of the water inside the CNT. According to a recent study, var-
ious properties of water nanostructures within CNTs depend on their
lengths and radii. The Lucas-Washburn formula has been corrected
to take this into account [61]. The modified Lucas-Washburn formula
consists of two terms that describe nanoscale effects, specifically radius-
dependent slippage effects and length- and radius-dependent entrance
effects, due to the variation of the orifice variation at the entrance. The
term describing entrance effects has a linear dependency with time,
whereas the term describing slip effects has a non-linear dependency
with time. Because the number of water molecules inside a nanotube
with a sub-nanometer diameter like the (7, 7) CNT is small, thermody-
namic fluctuations are severe, and the number of hydrogen bonds per
molecule is small. Consequently, the surface tension, slip length, and
viscosity of the water nanochain are very different from those of bulk
water. The temporal profile of the imbibition length of water inside the
nanotube with a sub-nm diameter showcases a different behavior, be-
cause the entrance effects are negligible compared to the slip effects
present.

3.2. Steady-state transport
Now, we turn to the steady-state transport of water through the MC-

CNT and compare it to the water flows through the pristine (7, 7) and
(14, 14) CNTs. We are interested in how the MCCNT’s complex geome-
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try affects overall and local water transport. CNTs are connected to two
filled water reservoirs. The water volume in each CNT corresponds to
the final instance of the filling process in Section 3.1. For all simula-
tions, we apply a pressure of 500 MPa on the outer graphene sheet of
one of the water reservoirs.

In this study, we compute the accumulating volume of water in the
outlet reservoir and the flow rates through the MCCNT and pristine (7,
7) and (14, 14) CNTs with equal lengths. We average the results over
five simulation samples. In Fig. S3 of SI, additional information about
the calculation of flow rates through nanotubes is provided. The flow
rate Q is the volume of fluid passing through an area during a given
period, which can be written as follows:

AV
0= Ve
where AV is the local volume and At is the elapsed time. The MCCNT
has two (7, 7) CNT arms, and its cross-sectional area at its narrowest
point is approximately double that of a (7, 7) CNT. According to the
Hagen-Poiseuille equation, the ratio of volumetric flow rates with the
same pressure difference (Ap) and the length of the tube is inversely
proportional to the square of their cross-sectional area. On the other
hand, the ratio of the volumetric flow rates, Qy p, in the pristine (14,
14) and (7, 7) CNTs is 16 for the same applied pressure difference (Ap),
the same length of the CNTs (L) and respective radii, R4 14y =2R77)-
The value deviates slightly from the ratio computed from simulations,

Qi4,14)
—= ~16.5.
Qa7
Additionally, we examine the dynamics of steady-state water trans-

port through the MCCNT to determine the effect of the Y-junctions on
local water transport. We consider five zones of interest in the axial di-
rection of the MCCNT, corresponding to the inlet and outlet (14, 14)
CNT regions, the inlet and outlet Y-junction regions, and the (7, 7) CNT
region, as shown in Fig. 2a. The steady-state axial velocity v,, number
of water molecules Ny o, and pair potential energy between water and
carbon ¥, -_o per water molecule are calculated directly from the MD
simulations with a frequency of 100 simulation steps (= 0.1 ps) in each
axial zone (see SI, Fig. S4). The local mass flow rate is defined as

PQ = pAJ_ Uz ave>

where A, is the local cross-sectional area and p is the local density. The
local density, p is calculated as

_ Nuy0 muy0
P 7AJ_ d. s
where d_ is the length of each zone in the axial direction of the
nanochannel (= 12 A). Ny,o and my are the number of H,0
molecules and mass of a H,O molecule, respectively. Therefore, the
computation of the local flow rate is simplified to

N,0 My,0 Vzave

pQ = 7

z
The statistical values are obtained from five simulation samples, with
different initial velocity distributions specified for each simulation.

We compare the local averages of axial velocity v,, the number of
water molecules Ny o, and the flow rate in the MCCNT with the corre-
sponding local averages from the pristine (14, 14) and (7, 7) CNTs. For
all nanotubes investigated, the flow rate pQ remains nearly uniform at
every local position in the steady-state channel. It matches the average
values calculated from the accumulating mass in the outlet water reser-
voir (Table 2). However, the local density and the local axial velocity
in the MCCNT prove to be non-uniform and asymmetrical, which is re-
lated to the non-uniform interaction energy V, -_o between the carbon
atoms in the nanotube and the oxygen atoms in the water molecules
in the five regions of the MCCNT. As the interaction energy is reduced,
the water molecule’s local axial velocity v, becomes faster. At Ap =
500 MP, the (14, 14) CNT region contains four times as many water
molecules with four times the cross-sectional area as a (7, 7) CNT arm
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Table 2

Current Applied Physics 45 (2023) 64-71

The steady-state process of water transport through MCCNTs. The following observables are presented as statistical averages with
standard deviations: velocity v,, number of water molecules Ny , local mass flow rate pQ. The averages are computed locally for
the five spatial regions of the MCCNT denoted in Fig. 2a and the pristine (14, 14) and (7, 7) CNTs. The statistical measures for
the interaction energy between carbon and oxygen of the water molecule, V-, solely in the MCCNT regions, are also reported.
The statistical measures are calculated over a sample of 5 simulations, where observables were written for the last 2 ns of the total
simulation time of 5 ns. The table columns represent the spatial regions along the tube axis reported in Fig. 2a. The rows of the
table represent the observables. The table is split into three sections, each for every nanotube studied [MCCNT, (14, 14) CNT, and
(7, 7) CNT]. Graphs for all observables for the different nanotubes are summarized in Fig. S4 in the SI.

Region I I juis v v
MCCNT
v, (m/s) 4.78 + 0.04 11.55 + 0.07 21.33 + 0.43 16.0 + 0.24 6.43 + 0.53
Nio 76 + 0.15 32+0.1 17+ 0.1 23+0.6 58 + 4.3
£ Q (1000 & 1) 9.13 + 0.001 9.14 + 0.001 9.1 + 0.001 9.35 + 0.003 9.34 + 0.06
V,c_o (keal/mol) 66.6 + 0.14 53.1 + 0.06 36.6 + 0.3 40.3+0.8 48.3+3.9
(14, 14) CNT
v, (m/s) 20.0 + 0.1 20.1+0.1 20.1 +0.1 20.1 + 0.1 20.1+0.1
Nio 78 +£0.1 78 £ 0.1 78 + 0.05 77 £ 0.1 77.5+0.1
Q (1000 % “T””) 39.0 + 0.002 39.0 + 0.002 39.0 + 0.002 39.0 + 0.003 39.0 + 0.002
(7,7) CNT
v, (m/s) 9.5+0.3 9.9+0.4 9.9+0.4 9.8+ 0.2 10.1 + 0.4
Nio 9.9 +0.2 9.6 0.3 9.4+0.4 9.3+0.3 9.2+ 0.4
£ Q (1000 & 2 2.34 + 0.002 2.38 + 0.003 2.34 + 0.004 2.3 +0.004 2.31 +0.003
(Table 2, region III vs. I). The axial velocity has the opposite trend, in- @ 150
dicating acceleration and deceleration of the flow near the inlet and 2.0
outlet Y-junctions of the MCCNT. Additionally, v, in region IV is ~ 1.4 ~ ,'| . %
times larger than in region II, as listed in Table 2. The volumetric flow os_.. 100 N ! La J’u\"~\\‘\\" " 15 :‘
rate is almost constant in pristine (14, 14) CNTs. As a result of its nar- < '\ ~\I\ U \\,.v ’ 2
row inside, the water inside the pure (7, 7) CNT is difficult to model “v ‘a’
as a continuous fluid. So the flow rate has some variation. We find that 50 1.0
o . . )
the flow rate changes by about 4% in region I. In this water nanostruc 0 10 20 30 40 50 60 70 80
ture, the number of hydrogen bonds per molecule is small, making it z [A]
inappropriate to consider it as a continuum. 1
. . .. (b) "“I mAN N ———p
This phenomenon also occurs in the MCCNT. At each position along 30 Laa~\y v NTvsamssy
the MCCNT axis, the water density is not uniform but depends on the &
local cross-sectional area. We calculate the spatial profiles of the cross- L 20 Es
sectional area A |, the local density p, the local velocity v,, and the mass E. O.no
flow rate m = pA, v, in the axial direction of the MCCNT structure to as- =10 —
sess how the cross-sectional area affects flow characteristics along the €
MCCNT axis. In steady-state simulations, atomic positions are dumped
every 0.1 ps for the last 2 ns. Using a simple finite difference scheme, 0 10 20 30 4?‘ 50 60 70 80
we determine the velocities of water molecules in the MCCNT. As the z[A]

length of the MCCNT is divided into 1-nm bins, the local average veloc-
ity v, (Fig. 5b, solid line) and the number of water molecules Ny in
each bin are calculated. A total of five simulation samples are averaged,
each with a different distribution of initial velocity. Moreover, the lo-
cal cross-sectional area of the MCCNT varies. An elliptical cross-section
forms when a wide (14, 14) CNT is bifurcated into two narrower (7,
7) CNT arms. The effective elliptical cross-sectional area distribution
along axial direction z is calculated from MCCNT’s coordinate file (see
Fig. 5a). O and H atoms in H,0 have equilibrium distances from the
tube surface of 3.3 and 2.2 A, respectively, when they are confined in-
side CNTs. Therefore, in calculating the effective cross-sectional area of
the nanochannel, we exclude the regions within 2.2 A of the CNT sur-
face. As a dotted line, the water density distribution along the MCCNT
axis p is shown in Fig. 5a. Along the MCCNT axis, the local mass flow
rate, i = pA | v, remains constant (see Fig. 5b).

Fig. 5 shows the local profiles of water density (p), cross-sectional
area (A, ), velocity (v,), and mass flow rate (s2) along the tube axis. The
inlet Y-junction acts as the main congestion region in the MCCNT struc-
ture, as water density reaches a maximum right before the Y-junction
region and a minimum at the end of the Y-junction region. It is not
so that water molecules slow down in congestion but rather that the
distance between them decreases due to the increased local density.

69

Fig. 5. (a) The cross-sectional area A distribution (solid line) and the steady-
state density p distribution (dotted line) along the length of the MCCNT. (b)
The distributions of the steady-state axial velocity v, (solid line) and of the
steady-state mass flow rate i (dotted line) along the length of the MCCNT. All
“steady-state” variables are averaged over the last 2 ns of simulation time.

The inlet (14, 14) CNT and inlet Y-junction regions have a greater con-
centration of water molecules than the outlet (14, 14) CNT and outlet
Y-junction regions. Besides, the water velocity v, in the MCCNT sig-
nificantly increases in the inlet junction region compared to the outlet
junction. This difference in the slope of the velocity profile between the
two junction regions is related to a 32% increase in the local average
of potential energy V,, c_g in the inlet junction region, compared to the
outlet junction region (for the comparison, see SI, Fig. S4 and Table 2).
At the inlet junction, water flow is staggered, resulting in local water
compression. Compressed water is rapidly released into the (7, 7) arm of
the MCCNT. Interestingly, the number of neighboring water molecules
of each H,O molecule decreases in the vicinity of the junction, where
the (14, 14) CNT arms are deformed, and the cross-sectional area de-
creases. The reduction of neighboring water molecules translates to a
local decrease in the number of hydrogen bonds, resulting in energy
loss and causing velocity changes at the junctions.



E. Papadopoulou, G.W. Kim, P. Koumoutsakos et al.
4. Conclusions

We performed classical MD simulations to study the nonequilibrium
water filling and steady-state water transport through an MCCNT struc-
ture connected to two water reservoirs. A significant factor in the filling
process of the MCCNT is whether the water flow overcomes the out-
let junction region (Fig. 4), which consumes 46% of the time filling
the MCCNT end-to-end. Interestingly, we find that the MCCNT imbibes
more efficiently than the pristine (7, 7) CNT of the same length, with
a decreased imbibition time of 15%. We show that the complex ge-
ometry’s imbibition profile changes between the (14, 14) and (7, 7)
CNTs within the Y-junctions. The flow characteristics at the Y-junctions
constrain the steady-state water transport through the MCCNT. Macro-
scopic fluid mechanics may describe the transport characteristics in the
CNT regions for steady-state transport. However, Y-junctions are char-
acterized by atomic-scale phenomena depending on whether the flow
is split from the (14, 14) to the (7, 7) CNT or merged from the (7, 7)
to the (14, 14) CNT. We identify the inlet junction as a spatial zone of
particular interest in the MCCNT structure because the volume of wa-
ter is congested in the region before the (7, 7) CNT arm. As the number
of hydrogen bonds in the water molecules in the (7, 7) CNTs decreases,
the system’s energy decreases locally, causing congestion of the flow
at the junction region. The scope of this computational study on water
nanoflow in CNTs with complex morphology is to support the design of
future nanochannels that can adapt to complex geometries for applica-
tions such as water purification and desalination, and drug delivery.
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