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Abstract

Angstrom-scale channels made from 2D materials have received a lot of attention

in nanofluidics. The recent advantages of the fabrication of artificial nanochannels en-

abled new research on molecular transport, permeance, and selectivity of various gas and
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molecules. However, the physisorption/chemisorption of the unwanted molecules (usual

hydrocarbons) inside nanochannels results in the alteration of nanochannels functional-

ity. We investigate contamination, due to hydrocarbon molecules, nanochannels made

of graphene, hexagonal boron nitride (hBN), BC2N, and molybdenum disulfide (MoS2)

using molecular dynamics simulations. Nanochannel height is found to play a crucial

role in the clogging/unclogging of the nanochannel. We found that for a certain size of

nanochannel, i.e. h=0.7 nm, as a result of anomalous hydrophilic nature of nanochan-

nels made of graphene [Li et al., Nat. Mater. 2013, 12, 925-931.], the hydrocarbons

are fully adsorbed in nanochannel, giving rise to full uptake. Increasing temperature

plays an important role in unclogging, while pressure does not have a significant role.

As a pioneer work, our results contribute to a better understanding and highlighting

the important factors of nanochannel’s alleviating the contamination and unclogging

which are in good agreement with recent experiments [Sajja et al., Nanoscale 2021,

13, 9553-9560].

KEYWORDS: Nanofluidics, Hydrocarbon contamination, Nanochannel, Clog-

ging/Unclogging

I. INTRODUCTION

Fluids confined in angstrom scale channels exhibit very different properties than those in

micro channels, such as electro-osmotic flow, high viscosity, small dielectric constants, and

small ion enrichment/depletion.1 These differences result from various types of forces that

can influence fluid transport through nanochannels.2

The recent advances in nanofabrication have enabled fluidic devices with capillaries at

the molecular scale.3–13 Angstrom scale channels mainly made of two-dimensional (2D) ma-

terials have emerged as promising devices for molecular filtration and separation.14,15 De-

spite promising applications, there are major challenges that limit the use of 2D materi-

als in nanofluidics. As an example, contamination by airborne particles can adsorb onto
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the hydrophilic surfaces of 2D materials, altering the surface properties and contaminating

nanochannels.16 In fact, when nanochannels are reduced to angstrom sizes, clogging occurs

from contamination adhering to them.17 At the angstrom scale, the interaction between con-

taminants and the nanochannel wall becomes more significant. Adsorption of contaminants

onto the wall of the nanochannel occurs as a result of this interaction which hinders the per-

meation of fluid in the channel. Due to the practical difficulty of evaluating contamination

within strong confinement, the effects of contamination on confined nanochannels remain

largely unexplored.18 It is therefore important to study the influence of contamination of the

surface of 2D materials, including wetting of the surfaces, modification of the concentration

of local charge carriers16,19–21 in the confining walls.

Although airborne hydrocarbon contamination is in general very low, experiments never-

theless have found that surface contamination mainly includes hydrocarbons.22 At present,

there is very little literature (either experimental or theoretical) on hydrocarbons in the

presence of confinement.23–25 Single-wall carbon nanotubes (SWCNTs) were reported to be

able to efficiently separate n-hexane from cyclohexane. The van der Waals pore size of

SWCNTs was 0.42 nm, which was smaller than the kinetic diameter (kd) of both molecules.

They explained the mechanism of entry of large molecules into a narrow channel using ab

initio molecular dynamics simulations, in which n-hexane (C6h14) molecules were stretched

by approximately 11.2% to enter the narrow pores of the nanotubes.24

In a recent experiment with graphene and hexagonal boron nitride (hBN) nanochannels

the effect of hydrocarbons on the flow of He gas was investigated.17 Blocking and reduction of

helium gas flow was detected as a sign of hexane contamination within confined nanochannels

with heights of 0.4 nm, 0.7 nm and 1.7 nm.17 After introducing hexane into a 1.7 nm thick

nanochannel, the helium flow decreased by about three orders of magnitude. This was

followed by a heat treatment of 150 C◦ for 20 minutes, which led to the recovery of the He

flow in the nanochannel. Also, it was reported that an interaction between the nanochannel

wall and the long alkyl chain completely blocked the nanochannel when the channel has
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a height of 0.7 nm, and neither helium flushes nor heat treatments were able to unclog it.

The physics behind this phenomena and a detailed quantitative analysis of hydrocarbon

contamination in confined areas remains is the topic of the present paper. We will show the

importance of slit height on the effect of clogging of such channels and investigate of the

material of the channel walls has any effect.

II. MODELS

Here, we will use molecular dynamics (MD) simulations to study various aspects of the

problem. In particular, we investigate hydrocarbon contamination and permeation through

nanochannels made of graphene, hBN, BC2N, and molybdenum disulfide (MoS2). In order to

thoroughly analyze the nanochannel contamination. We study the effects of the concentra-

tion of hydrocarbon and helium on the clogging of channels having different heights as well

as analyze the interaction energy between hydrocarbon and nanochannels wall. It’s vital to

look at the possibility of particles entering the nanochannel before looking into the process

of particle flow inside the channel. As a result, two separate models were employed in this

paper.

II.a. Model-I. The first model looks into the probability of particle entrance using

the interaction of the hexane/cyclohexane molecule with different channels. Here we ignore

the helium gas. We simply considered a simulation setup for the movement of a hexane

(C6H14)/cyclohexane (C6H12) molecule through different nanochannels (hBN, graphene, and

MoS2) which for hBN and MoS2 are illustrated in Figure 1. First, the hexane molecule was

gradually moved towards entering and passing through the nanochannel and the potential

energy of the system was calculated as the hexane was moving (see Figure 1(a)). The

calculations were performed for channels with different heights ranging from h ≈ 0.4 nm to

2 nm (along z-direction). The nanochannels are 6 nm long (along x-direction).

The simulation box axial domain was limited to the nanochannel length with periodic
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Figure 1: Model I-(a) Schematic of the simulation setup for hBN nanochannel. The hexane
molecule is gradually moved towards entering and passing through the channel and the
system potential energy is examined as function of the position of hexane. The calculations
are repeated for graphene and MoS2 nanochannels for different channel heights from 0.4 nm
to 2 nm and (b) the simulation setup for MoS2 nanochannel. The arrow in (a) and (b) refers
to the penetration and existing of hexane from the channel, respectively.

boundary condition. The nanochannel height was increased with 0.5 nm steps and the sim-

ulation was performed for each height until the potential energy of the system reached a

steady state. We also simulated the hexane inside the widening MoS2 nanochannel (see

Figure 1(b)).

II.b. Model-II. The second model which is more close to the actual experiment, relevant

to the experiment looks into the mechanism of particle flow and clogging in the nanochan-

nels. In the second model, the permeation of hydrocarbon molecules (here hexane) and He

atoms simultaneously are investigated for different height of nanochannels made of graphene,

hBN, BC2N and MoS2 which are called G-NCs, hBN-NCs, BC2N-NCs, and MoS2-NCs, re-

spectively. Figure 2 shows the schematic of the simulation setup containing 200 He atoms

and 200 hexane molecules. The left and right boxes are called feed reservoirs (FR) and exit

reservoirs (ER), respectively.

In the initial step, 200 He atoms are placed in the left box, and after reaching equilibrium
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Figure 2: Model II-Schematic of the simulation setup for (a) permeation through graphene
nanochannel (G-NC) which contains 200 He atoms and (b) contamination of graphene
nanochannel (G-NC) which contains 200 He atoms and 200 hexane molecules.

shown in Figure 2(a), certain number of hexane molecules (50, 100, 150, and 200) are added

to the left box. After reaching equilibrium we counted hexane molecules in eah region.

On the left and right sides of the simulation box, we placed graphene walls which allow us

to apply pressure. By moving both walls to the right side of the simulation box, a uniform

pressure gradient can be applied throughout the simulation box while the volume of the

simulation box remained unchanged. The length (Lx), width (Ly) and height (Lz) of the

simulation box are 20 nm, 4.3 nm and 5.4 nm, respectively. The flow direction (x) is along

the simulation box (Lx), where the nanochannel height (h), the vertical distance between

the two sheets, is parallel to the z-axis. In this model, the effect of the nanochannel height

is also studied by removing n (n=1 to 5) sheets from a layered structure containing NL

sheets, where NL is sixteen for graphene, hBN, BC2N and NL is taken eight for MoS2. The
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layers at the top and bottom of the nanochannel are kept rigid. The origin of the coordinate

axis coincides with the center of the nanochannels. The length (lx) and width (ly) of the

nanochannels are 4 nm and 4.3 nm, respectively.

III. RESULTS AND DISCUSSION

Different parameters can affect hexane penetration or clogging nanochannels, including the

energy barrier for the hydrocarbon to enter the nanochannel, density of hydrocarbon, size

and material of nanochannel walls.17,25 For example, for nanochannels with a height of

1.7 nm, it is shown that the flow rate of He inside the G-NC and the hBN-NC are two orders

of magnitude larger than those of MoS2-NC.25 This is due to specular surface scattering

that results in ballistic transport and friction-less gas movement. These studies show that

nanochannel materials can affect gas flow. Here we explore different aspect of the problem

using the two aformentioend models.

III.a. The energy barrier (model I). In order to get deeper physical insight in the

clogging mechanism and to be able to explain the recent experiment,17 we calculate the

energy barrier for the hydrocarbon to enter the nanochannel as function of the width of the

2D channel. Once inside the channel we obtain the diffusion barrier for the hydrocarbon to

move inside the channel.

In our first simulation model (see Figure1), we exposed the 2D nanochannels made of

graphene, hBN, as well as MoS2 walls with a hexane molecule as a representative of hy-

drocarbon contamination. Figure 3 illustrates the variation of the potential energy for

graphene, hBN and MoS2 nanochannel. The channel’s entrance is located at x = 0. When

the nanochannel height is small (h < 0.7 nm), there is an energy barrier (E > 0) against

hexane (or cyclohexane) entering the channel (see panel a-c of Figure 3). In wide channels

(h ≥ 0.7 nm), on the other hand, there is no energy barrier (E < 0), but it is energetically

favorable for hexane to enter the channel (panel d-f of Figure 3). Notice that there is a
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Figure 3: Variation of the system potential energy as the hexane molecule approaches and
passes through the graphene, hBN and MoS2 nanochannels for different channel heights.
The arrows in (a-c)/(d-f) indicate the decreasing/increasing of the potential energy when
hydrocarbon is entered to the channel.

capillary-like hexane absorption in the nanochannels. By comparing the potential energy

results, one can distinguish a critical height, which for all nanochannel potentials is between

0.6 nm and 0.7 nm which separates two distinct barrier and adsorption regimes. This is

compatible with the experiment for ultra slim channels (0.4 nm), i.e. where no clogging of

the nanochannels is observed.17 Accordingly, the energy barrier prevents any penetration

of hydrocarbon and thus clogging of the nanochannel. Three regimes can be distinguished:

1) h < 0.64 nm when hydrocarbons (hexane) cannot enter the channel, 2) for h = 0.7 nm

there is maximum binding of the hydrocarbons inside the channel making unclogging almost

impossible, and 3) h ≥ 1 nm when the hydrocarbons are weakly bound to one of the channel

walls and unclogging by high temperature annealing can be realised.
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As shown in Figure 3, energy shows oscillations (∆E is the amplitude of these oscila-

tions) and this is an indicative measure of the difficulty in hydrocarbon unclogging of the

nanochannels. For those nanochannels where there are large energy fluctuations, the hexane

has to overcome local potential barriers induced by the walls to get out of the nanochan-

nel. This also agrees well with experiment that wide channels could be unclogged using He

flushing.17 The results for energy barrier against movement of cyclohexane molecule where

it approaches and passes through the graphene, hBN and MoS2 nanochannels for different

channel heights is presented in Figure S1 which is qualitatively similar to our results.

III.b. The h =0.4 nm graphene nanochannel (model II).

Here, we considered a graphene nanochannel (G-NC) with a height of 0.4 nm and investi-

gate the permeation of hexane molecules and He atoms through it using model II. The hexane

molecule (without deformation) cannot enter the nanochannels because its kinetic diameter

(kd) exceeds height of the nanochannel. Consequently, hexane molecules with kd=0.43 nm

can only penetrate the channels with h> 0.43 nm.26 Notice that, Qu et al.24 observed the

penetration of a hexane molecule via a nanochannel with h = 0.4 nm. They explained this

observation through the deformation and elongation of the hexane molecule. Our simulation

and recent experiment17 show do not confirm penetration of hexane molecule.

III.c. The h =0.7 nm graphene nanochannel (model II).

Next, we present the results for the most interesting case, i.e., the nanochannel with

a height of 0.7 nm, to explore the effect of hydrocarbon adsorption inside the channel in

the presence of helium gas which is a realistic model mimicking experimental setup. To

simulate the 0.7 nm nanochannel, two graphene sheets (n=2) are extracted from the layered

graphene structure. In fact, a key factor that controls clogging of nanochannels is the

density of hydrocarbon molecules. This parameter is investigated specifically for graphene

nanochannel with h=0.7 nm, and then generalized to the other nanochannels made of MOS2

and hBN and BC2N.

As mentioned already, the FR region is first filled with 200 He atoms and allowed the
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whole system to relax at room temperature. Then, the number of He atoms in FR, ER and

G-NC regions are counted and used as the initial number (N0) of He in each region (see

Figures 4 and S2; black curves). One naturally expects to see N0(FR) ≈ N0(ER) for helium

after reaching thermodynamics equilibrium. Next, we added certain number (50, 100, 150,

and 200) of hexane molecules to the FR which enabled us to quantify the clogging/unclogging

process within the nanochannel. Then we allow the whole system to relax. We compare the

number of He atoms in each region with N0. The deviation of the number of He in each

region with respect to N0 helps us to study the migration of He from each region, thus it

provides insights about clogging/unclogging. The corresponding results for time evolution

of He and hexane are shown in Figures 4 and 5, respectively.

Interestingly, when the initially 50 number of hexane is added to FR, during time up to

5 ns, almost all the hexane molecules enter the G-NC and stay there (full uptake, see Figure

5a, black curve), i.e. there is no existing hexane into the ER. The latter is consistent with

our findings in Figure 3, where we found maximum binding of the hydrocarbons inside the

h=0.7 nm channel. Therefore, h≈0.7 nm is a critical channel height.

The results for other number of hexane molecules (i.e. 100 and 200 hexane molecules

in the FR) are more or less the same: after 5 ns at 300 K, around only 30% of the hexane

molecules remained in FR. As most of the migrated hexane molecules from FR get trapped

in the G-NC and even after 5 ns they do not fully exit to the ER. The latter confirms the

clogging of the nanochannel. The number of hexane molecule inside G-NC is almost 60

for both cases which gives the concentration of hexane molecules comparable to that of gas

phase of hexane (see Figure 7(b)), i.e. 650 Kgm−3.

Now the question is how we can clean this contaminated nanochannel. To answer this

question, we studied the effects of pressure and temperature on the clogging/unclogging of

nanochannels for h=0.7 nm. The main results are presented in the next section and some

complementary results are given in the supporting information (Figures S2 to S3). In fact,

we apply pressure on the G-NC by moving the left graphene wall to the right side of the
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Figure 4: The time evolution of total number of He atoms in the (a) feed reservoir (FR), (b)
graphene nanochannel (G-NC) and (c) exit reservoir (ER) for different number of hexane
molecules. The results are averaged over a time interval of 5 ns. The nanochannel height is
0.7 nm. The yellow arrows refer to increasing (b) and decreasing (c) of the helium contents
in G-NC and ER when the channels are exposed to hexane moelecules, respectively.

simulation box at a speed of 0.5 m/s. Using this method, the pressure of gas increases in the

FR. However, as we see from Figure S3 and S4, applying this amount of pressure (≈ 0.3 bar)

does not change the number of helium atoms and hexane molecules in FR, G-NC and ER.

This is in very good agreement with experiment17

On the other hand the results of Sajja et al.17 revealed that increasing the temperature

up to 420 K can partially unclog the G-NC. We also studied the effects of temperature for

unclogging and found that only few percent of stayed hexane molecules inside GNC are

removed (see Figs. S4 and S5) which is aslo consistent with the results of Sajja et al.17 In

fact, the temperature enhancement led to the migration of some hexane molecules from the

G-NC regions to FR and ER, which resulted in decreasing the number of hexane molecules in

the G-NC (see Figure S5(b)). However, the number of He inside G-NC does not noticeably

change (see Figure S4(b)). More details can be found in the supporting information.
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Figure 5: The The time evolution of total number of Hexane molecules in the a) feed reservoir
(FR), b) graphene nanochannel (G-NC), and c) exit reservoir (ER). The results are averaged
over a time interval of 5 ns. The nanochannel height is 0.7 nm. The yellow arroe in (c) shows
zero tranported hexane molecule to the ER for low concentration case.

III.d. The graphene nanochannel size effects on the clogging/unclogging

Because in our simulations, increasing the number of hexane molecules larger than 200

does not influence the clogging effect (number of particles in the nanochannel remains un-

changed), hereafter 1) only the results for 200 hexane molecules in the FR, and 2) the effects

of channel size in the presence of helium gas based on the model-II are reported below. The

nanochannels are simulated by removing n=1 to 5 layers from the layered graphene structure,

which correspond to h=0.4, 0.7, 1.0, 1.4, and 1.7 nm, respectively (these are the channel size

fabricated in the experiment17). Note that the simulation procedure is the same as that of

the 0.7 nm nanochannel.

In Figures 6 and 7, we show the most important results of this work which are the

change in relative density of He and hexane (ρHexane) in the G-NC for different heights of

nanochannel, respectively. Notice that the variation of Dr (see method) in the FR cannot
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be used to determine clogging/unclogging nanochannels. Because when the number of He

atoms in the FR decreases, some of them move to the G-NC and ER, as well as sometimes

He atoms return to the FR. Therefore, we mostly focus on the Dr in the G-NC and ER

regions. Also, for hexane flow through nanochannels, the density of hexane (ρHexane) is a

more relevant parameter.

III.e. The variation of helium density after exposure to hexane through var-

ious nanochannels: h=0.4 nm

As seen from Figures 6 and 7, at 300 K, when 200 hexane molecules are in the FR, the

density of He atoms in the G-NC with a height of 0.4 nm is about 3.5 times larger than

the initial density of He (see Figure 6(a)), while ρHexane is zero (see Figure 7(a)), i,e, the

nanochannels with h=0.4 nm do not allow hexane molecules to enter. In this case, an in-

crease in the pressure in the FR push He atoms to be entered the G-NC and increasing ρHe.

Additionally, graphene wall motion (see gray bars in Figures 6 and 7) or increasing tempera-

ture (see orange bars in Figures 6 and 7) do not push hexane molecules to the 0.4 nm G-NC,

but instead result in the partial transfer of He atoms to the ER region due to the increased

kinetic energy of He atoms in the G-NC. As a consequence, as the temperature increases

and FR volume decreases, Dr in the G-NC decreases and the number of He atoms in the

ER increases. Moreover, as the G-NC does not contain hexane molecules (see Figure 7(a)),

the increase in the ER does not imply the revival of flow in nanochannels. All of these

observations are in excellent agreement with experiment.

III.f. The variation of helium density after exposure to hexane through vari-

ous nanochannels: h=0.7 nm

For comparison purposes, here we investigate the flow of He atoms and hexane molecules

in a nanochannel with a height of 0.7 nm that has been studied by details in the previous

section. The results are shown in Figures 6(b) and 7(b), for He and hexane, respectively. At

300 K for h = 0.7 nm, the ρHexane in the 0.7 nm G-NC is larger than the other nanochannels

with h> 1 nm. Upon movement of the graphene walls, the density of particles in nanochannels
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Figure 6: The relative density of He atoms (Dr) in the feed reservoir (FR), nanochannel
(NC) and exit reservoir (ER) of graphene nanochannel with (a) h = 0.4 nm, (b) h = 0.7 nm,
(c) h = 1.0 nm, (d) h = 1.4 nm and (e) h = 1.7 nm.

Figure 7: The density of hexane molecules (ρHexane) in NC of graphene nanochannel with
(a) h = 0.4 nm, (b) h = 0.7 nm, (c) h = 1.0 nm, (d) h = 1.4 nm and (e) h = 1.7 nm.

with a height of 0.7 nm remains unchanged. Although the interaction between the hexane

molecules and the G-NC is reduced by increasing the temperature and some hexanes transfer

to the ER, the Dr in the G-NC and the ER does not vary significantly (see Figure 7). This

result relates to the clogging in the 0.7 nm nanochannel, which agrees well to the experimental

finding.17

III.g. The variation of helium density after exposure to hexane through var-

ious nanochannels: h>0.7 nm

Further, by increasing the height of the nanochannel at 300 K, ρHexane (see Figure 7(c,d)
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Figure 8: Oscillation amplitude of potential energy versus the channel height for graphene,
hBN and MoS2 nanochannels when hexane enters the nanochannel. The amplitudes decrease
significantly with increasing channel height up to the vicinity of the critical height (indicated
by vertical dashed line) after which an almost constant value is observed. Solid lines are
power law functions fitted to the data.

white bars) and Dr (see Figure 6(s,d) white bar) within the G-NC are slightly reduced and

increased, respectively. Accordingly, the clogging in the nanochannel with h >1 nm is less

severe than the clogging in the channel with h = 0.7 nm. In many studies the influence of

nanochannel height and dimensions on mass transfer were conducted. For example, Jiang

et al.27 investigated the relationship between the height of nanochannels and mass transfer

in dense methane nanofluids. They found that the diffusion coefficients increase with the

height of the nanochannel and reaches 80% of the bulk value when the nanochannel height

is 20 times larger than the diameter of the methane molecules.

III.h. Effect of different nanochannel. In this section, the influence of the nanochan-

nel material on the uptake of hexane molecule is studied by considering four different type

of materials for nanochannels, i.e, graphene, hBN, BC2N and MoS2.

Energy barrier. First, using model-I, in the previous section the different energy barriers

for various channel heights made of different materials were discussed (see Figure 3). In
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Figure 9: Relative density of He in FR, NC and ER of (a) graphene, (b) hBN and (c) BC2N
nanochannels with h= 0.4 nm. The yellow arrow in (b) indicate negligible change in the
number of helium when the FR is subjected to the pressure by moving graphene walls.

a semi-logarithmic plot the corresponding variation of oscillation amplitude of potential

energy (∆) versus channel height is presented in Figure 8. Different materials explicitly

show different oscillations amplitude. It is seen that the results for the hBN-NC and the

MoS2-NC exhibit larger fluctuations compared to those of the G-NC. Considering the lower

energies, the unclogging of the hBN-NC and the MoS2-NC appears to be more difficult than

that of the G-NC, which is a distinct signature of long-range electrostatic forces on the

above two nanochannel walls. Comparing the unclogging effects reported for the h=0.4 nm

and the h=0.7 nm channels, although none of them responded to He flushing, the h=0.4 nm

nanochannel has been unclogged after thermal annealing, while it is not the case for the

h=0.7 nm nanochannel.17 This is specifically noteworthy as it is against the trends of energy

oscillation amplitude depicted in Figure 8.

The density of He/hexane. Second, we now turn our attention to the density of

He/hexane in nanochannels made of different materials. Figure 9 shows the relative density

of helium (Dr, see method) in the G-NC, the hBN-NC, and the BC2N-NC at 0.4 nm height.

Note that since the distance between two layers of MoS2 structure is estimated to be between
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Figure 10: The same as Figure 7 but now for h= 0.7 nm.

h=0.6 nm and 0.7 nm,28 there is no MoS2 channel with h=0.4 nm. As a result of the tinny

space within inside the channels resulting in the adsorption of He atoms by carbon by the

nanochannels wall,29 the Dr increased more than three times in the G-NC and the BC2N-NC

as compared to the initial density of He in the FR. In contrast, Dr in the hBN-NC is smaller

than ρ0 because, despite hexane, the hBN-NC absorbs fewer He atoms than the G-NC. At

300 K, after adding hexane molecules to the simulation box and increasing the pressure in

the FR, approximately 30% of the He atoms are moved to the ER, and this behavior with

larger percentage of passed helium is observed for different materials with h=0.4 nm. Notice

that in Figures 6-10 V= 0.5 m/s means that the left and right graphene walls move to the

right at a speed of 0.5 m/s for 5 ns with a time step of 1 fs at 300 K.

The ρHexane in the different nanochannels with h = 0.7 nm (G-NC, hBN-NC, BC2N-NC,

and the MoS2-NC) and the Dr in three regions of ER, nanochannel, and FR are shown

in Figures 10 and 11. The G-NC clogging has been described previously which can be

generalized to investigate clogging in other nanochannels. Increasing temperature causes an

increase in Dr in the ER region. This is attributed to the enhancement of kinetic energy of

the system which results in the transfer of He atoms from the nanochannel to the ER.
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Figure 11: The same as Figure 9 but now for h= 0.7 nm.

As a result, despite increasing temperature the clogging of all the studied nanochannels

is consistent with the experiment, and the number of hexane molecules in the nanochannel

does not change significantly with changing pressure.

Hexane adsorption to the channel walls. Here by using model I, we calculate

potential energy versus nanochannel height for hexane molecule at room and low temperature

(5K) where the corresponding results are shown in Figure S6. It is worth noting that, we

repeated the simulation once more, and this time inversely started with the 2 nm nanochannel

and gradually decreased the height and picked the smaller energy resulted from schemes of

either opening up or narrowing the channel. Furthermore, the origin of the system potential

energy was set to when the hexane was away from the nanochannel.

Noticeably, the curves exhibit minimum values close to the critical height for all nanochan-

nels and for both temperature values suggesting that residing of the hexane molecule inside

the channels is energetically highly favourable for channels of height around the critical value.

On the contrary, for ultra slim channels the situation of the hexane inside the nanochannel

is highly unstable. This may be the reason that in the experiments thermal annealing was

not sufficient to get the hexane fully out of its favourable energy valley in the h=0.7 nm
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nanochannel.17

Figure 12: The systems potential energy versus the channel height. Around the critical
height, the energy values exhibit a minimum making unclogging of the channels highly
difficult. The E=0 crossing occurs for h = 0.64 nm and the minimum is found for h ≈ 0.7
nm.

Unclogging efficiency. Next, another noteworthy issue is the unclogging efficiency

of the channels. In the experiment,17 in wide channels even after several He flushing and

annealing efforts, the channels were not completely unclogged and there was always some

percentage of deficiency in their revival. It is specifically notable as the amplitude of energy

fluctuations was not that significant (see Figure 8).

To interpret this, with the help of our MD trajectories, we found that hydrocarbon

molecules in wide channels make bonds to one of the channel walls. Figure 12 depicts vertical

distance between the hexane centre of mass and one of the channel walls versus the channel

height for the graphene nanochannel. The results for the hBN and MoS2 nanochannels are

similar and are shown in Figures S7 and S9. The hexane molecule leaves the center of the

channel for h = 0.9 nm when T = 5 K (this value increases to h = 1 nm for T = 300 K). The
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figure shows that with increasing channel height the hexane bonds to one of the channel walls

as can also be understand from the potential profiles shown in the inset of Figures S6-S8

for three different values of h . Moreover, as expected, bonding to one of the walls occurs

beyond the critical height at low temperature which is related to the minimum energy point

of Figure 12. At room temperature, however, thermal fluctuations shifts this to larger h-

values. We interpret this as a result of thermal setting in MD which gives kinetic energy to

the hexane hindering its binding to the wall.

Because of recent advantages in the fabrication of Å-scale channels, further studies are

needed for elucidating the clogging/unclogging of hydrocarbon contaminated nanochannels

using either molecular dynamics simulations or density functional theory calculations.

CONCLUSIONS

To conclude, using molecular dynamics simulations and energetic consideration, we inves-

tigated the contamination of the G-NC, the hBN-NC and the MoS2-NC when exposed to

hydrocarbon molecules. The nanochannel height is found to play a critical role in repelling

or attracting the hydrocarbon towards entering the channel. Channels with a height smaller

than the kinetic diameter of the contaminants cannot clog (h< 0.4 nm ). Nanochannels of

height h=0.7 nm is found to be an energetically favourable channel for uptake hydrocarbon

molecule. The hydrocarbon bonds to one of the channel walls making the nanochannel’s

unclogging inaccessible. The increase in temperature can partially unclog the channel with

h=0.7 nm, while the increase in pressure has no significant effects on the unclogging of this

channel. However, we found that, for channels with h > 1 nm, increasing temperature and

pressure clean the channels. Also, for channels made of different materials, the He flow

changes slightly and the wall material has smaller effects as compared to the effects of the

height of the channel. We conclude that the potential field induced by the nanochannel

wall and especially the height of the nanochannel governs the clogging and unclogging of the
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nanochannels. Our results are consistent with the recent experiment and give deeper insights

into the underlying physics of the problem17 and will open a new avenue in the research of

clogging/unclogging of hydrocarbon contaminated nanochannels.

METHODS

Two types of simulations are performed using the Large-scale Atomic/Molecular Massively

Parallel Simulator (LAMMPS) Package.30 In the simulations corresponding to the first

model, the hexane and cyclohexane molecules are simulated using the OPLS potential van der

Waals and electrostatic interactions have been considered between the hydrocarbon molecule

and the walls. Van der Waals interactions are estimated using the Lennard-Jones (LJ) po-

tential. Table 1 summarises the LJ coefficients, as well as the electrostatic charges of the

particles. The LJ cross parameters are estimated using the Lorentz-Bertholet mixing rule.

Particle-particle-particle-mesh algorithm is implemented for calculating the long range elec-

trostatic forces in k-space. Newtonian equations of motion are integrated using velocity-verlet

algorithm with a time-step of 0.5 fs. The simulations are performed in canonical ensemble

(NVT) using Nose-Hoover thermostat. All calculations are carried out using the LAMMPS

package.

For the second set of simulations in order to handle the interaction between helium

atoms and hydrocarbons, the hexane molecules are modeled using an adaptive intermolecular

reactive bond order (AIREBO)31 potential. The repulsive and attractive pair interaction

are both modified to fit the bond properties, the long-range atomic interactions, and the

torsional interactions between single bonds. The van der Waals and electrostatic interactions

have been considered between the hydrocarbon molecule and the walls. The van der Waals

interactions are estimated using the Lennard-Jones (LJ) potential.32 A cut-off of 1.2 nm is

used to include short-range interactions.

Table 1 summarizes the LJ coefficients. The LJ cross parameters are estimated using the
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Lorentz-Bertholet mixing rule. Particle-particle-particle-mesh algorithm33 is implemented

for calculating the long range electrostatic forces in k-space. The Newtonian equations of

motion are integrated using the velocity-verlet algorithm. The simulations are performed

within the canonical ensemble (NVT) using Nosé-Hoover thermostat. In order to determine

the possible flow of hexane in different channels that have different heights, the He atoms

are relaxed during 5 ns with a time step of 1 fs, and then two different simulations are run:

(1) The penetration of hexane molecules and the clogging of the nanochannel are studied

for 5 ns with a time step of 1 fs at 300 K, then the left and right graphene walls move to the

right at a speed of 0.5m/s for 5 ns with a time step of 1 fs.

(2) The entry of hexane molecules and the clogging in the nanochannel are studied at 420 K.

The experimental results of Sajja et al.17 revealed that increasing the temperature up to

420 K can partially unclog the G-NC. The latter is performed for 5 ns with a time-step of

1 fs.

Table 1: The potential parameters used in our MD simulations.

interaction type ϵ (eV) σ (nm) qi (e) Ref.
He 0.0009 0.26 0 29

C (Hexane) 0.0028 0.34 -0.06 31,34

H (Hexane) 0.0014 0.26 +0.06 31,34

C 0.0024 0.38 0 35

B 0.0041 0.34 +0.3 36

N 0.0026 0.34 -0.3 36

Mo 0.0024 0.36 +0.76 37

S 0.011 0.27 -0.38 37

The relative density (Dr) is used to analyze the change in flow of He atoms in the G-NC

as follows:

Dr = (ρ− ρ0)/ρ0 = (N −N0)/N0, (1)

where, ρ(N) and ρ0(N0) refer to the density (number) of He atoms, before and after the

addition of hexane molecules in the simulation box, respectively. Notice that when ρ < ρ0,
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then the obtained values of Dr are negative. This is when the particles migrate from their

first region (FR, NC, ER) to the other regions. In other words, the number of particles in a

region in the initial step is less than the equilibrium number.
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