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Graphical abstract:

B (pink), N (blue), H, (red) and He (gray) are represented. The single, double and triple walled

are (29,29), (7,7@(22,22) and (7,7)@(15,15)@(22,22) respectively.
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Abstract

This study investigates the separation based on adsorption of the binary gas mixture of hydrogen
with biogas (gases: CO,, CH4, Oz, N,) and inert gases (gases: He, Ne, and Ar) using single-
walled ((7,7), (15,15), (29,29), (44,44), (58,58) and (73,73) SWBNNTs), double-walled
((11,11)@(15,15), (7,7)@(22,22) DWBNNTSs) and triple walled ((8,8)@(11,11)@(15,15) and
(7,7)@(15,15)@(22,22) TWBNNTS) boron nitride nanotubes via the grand canonical Monte
Carlo (GCMC) simulation. Two models, namely, spherical and site-site models, are employed
for gas. Two conditions are used for the SWBNNTS, i.e., SWBNNTSs with atomic charges and
SWBNNTSs without atomic charges. This paper also examines the impact of nanotube diameters
on binary mixture adsorption. The results indicate that considering the H,/gas separation in the
studied BNNTS, the H, separation from He and the H, separation from Ar have the maximum
and minimum selectivity values, respectively. Also, with increasing pressure and temperature,

the values of the Hy/He selectivity in the studied BNNTSs decrease.
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1. Introduction

Boron nitride nanotubes (BNNTS) were theoretically predicted by Rubio in 1994 [1, 2], and then,
they were experimentally synthesized by Chopra et al. [1, 3]. Recently, BNNTs have attracted
numerous attention due to their outstanding characteristics. These characteristics are unigue to
BNNTs and are not found in other nanomaterials. The structure of BNNTS is similar to that of
carbon nanotubes (CNTSs); however, the properties of BNNTS are noticeably different from those
of CNTs [4]. In addition, unlike CNTs, BNNTs possess special physicochemical properties,
which enables them to have potential applications in nanotechnologies. [5]. Therefore, BNNTs

show incredible guarantee in various potential fields, for example, optical frameworks, electrical
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nanodevices, energy storage, atomic reactor offices, radiation protecting in space vehicles [6],
Hydrogen storage and sensing application [7], and biomedical and medical and applications [4].
Also, BNNTSs are considered as a valuable platform for constructing new materials which are
useful for various applications [8]. They have unique properties, such as high chemical stability,
excellent mechanical properties, and high thermal conductivity [9]. Also, BNNTs possess
approximately uniform electronic properties, tunable band gaps (~5 eV), and high oxidation
resistance. In addition, BNNTSs have piezoelectric properties, which makes them useful for room-
temperature hydrogen storage [10]. The difference between the properties of BNNTs and CNTs
is as follows: the electronic structure of pure CNTs is either metallic or semiconducting;
therefore, CNTs are sensitive to tube diameters, wrapping angles, and twisting and topological
defects while a wide band gap of BNNTSs is sensitive neither to tube diameters nor to chiral
angels. The gaps of BNNTs can be controlled by chemical composition because of the ionic
origin of their band gaps. Strong ionic bonds between Boron atoms and nitrogen atoms also have
considerable effects on the formation of BNNTSs [11]. The physisorption properties of a Boron
Nanotube are enhanced because of the dipolar fields close to its surface. The high specific
surface area (SSA) of Boron Nitrides (BNs) makes it possible to store gases, such as hydrogen,
and makes BNs much more effective than CNTs [12]. Gas separation, such as H, separation, is
essential to come up with new clean energy techniques. A lot of materials have been developed
for the purpose of investigating gas separation [13]. To obtain the highly efficient separation of
gas mixtures via adsorption, the selection of proper adsorbents is of critical importance [14].
Mpourmpakis and Froudakis indicated that BNNTSs were more sutiable materials for H; storage
than CNTs because the BNNTs bonds had the ionic properties and these properties could

enhance the binding energy of hydrogen. [15]. Hydrogen is considered as the most encouraging
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energy carrier and holds colossal guarantee as a clean and renewable energy alternative.
Hydrogen is a helpful, safe, and flexible fuel source which can undoubtedly be converted into an
ideal type of energy without discharging destructive emissions. Hydrogen is a perfect fuel since
it significantly reduces greenhouse gas emissions, decreases global dependence on fossil fuels,
and increases the efficiency of energy conversion [16]. Hydrogen adsorption on porous materials
is one of the possible methods of hydrogen separation. The most common adsorbents used for H,
separation are activated carbon [17], zeolites [18, 19] silica-based adsorbents [20], carbon
nanotubes [21, 22] and metal-organic frameworks [23, 24]. Thus, a variety of porous materials
have been investigated, particularly through molecular simulation methods, and their selective
adsorption behaviors and separation capacities have been detected. To achieve the optimal
separation capacities, perfect microporous materials should augment the adsorption limits of
their hydrogen and decrease the adsorption capacities of other species [25]. Among the diverse
technologies propounded for such separation purposes, physisorption using porous materials is a
very promising cost-efficient technology. BNNTSs are one of the main groups of materials that
have been widely used as promising materials for hydrogen separation. To the best of the
researcher’s knowledge, there are just a few computational and experimental studies focusing on
the separation of H, from two groups of gases (biogas and noble gases) using BNNTSs. Therefore,
this study aimed to examine H; separation from biogas and noble gases using single-walled and
multi-walled BNNTSs via the GCMC simulations.

In the next section, the methods used in this study, including the details of the developed force
fields and the way the Monte Carlo method is employed, are explained. The results of the
simulations are reported in the subsequent sections.

2. Computational method
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In this paper, to investigate the role of BNNTS in the separation of hydrogen from Hj/gas (gases:
CO3, CH4, Oy, N2, He, Ne, and Ar), the Monte Carlo molecular simulation is performed in the
grand canonical ensemble. The (7,7), (15,15), (29,29), (44,44), (58,58) and (73,73) single-walled
BNNTSs (SWBNNTs), (11,11)@(15,15) and (7,7)@(22,22) double-walled BNNTs (DWBNNTS),
and (8,8)@(11,11)@(15,15) and (7,7)@(15,15)@(22,22) triple-walled BNNTs (TWBNNTS) are
used. The structure of the nanotubes is kept rigid. Moreover, the geometry variation of the
adsorbents is overlooked since the geometric variation of nanotubes caused by gases can be
neglected at room temperature. The logic behind the GCMC simulations is provided in the
literature [26-29]. The multipurpose simulation code (the MUSIC code) of the molecular
simulation package is used for all the GCMC simulations [30]. In all simulations, 4x10" of
iterations were considered. The first half of iterations are used to set up the equilibrium of the
system and the last half of iteration is used to calculate the ensemble average values of the
thermodynamic parameters. The separation of hydrogen from gases depends on its selectivity.
The hydrogen selectivity refers to the ratio of the mole fraction of hydrogen in the pore and bulk
phases over the ratio of the mole fraction of the gas in the binary mixture in the pore and bulk
phases [29];

The periodic boundary condition (PBC) is applied in the tube length direction while the cutoff
distance is set a bit smaller than half the size of the simulation cell. It shoulde be noted the
largest and the smallest boxes have 100.4x100.4x39.9 A® and 10.7x10.7x42.1 A® respectivley.
In this paper, all the gases are treated using two models: the one-site (spherical) model and the
site-site model. The spherical model is the simplest 12-6 Lennard-Jones (LJ) potential for
calculating the molecule interactions with each other and with the B and N atoms of BNNTSs.

The LJ parameters for different atoms are calculated by the Lorentz—Berthelot (LB) mixing rules.
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The 12-6 LJ potential parameters of spherical gas molecules and BNNT atoms are reported in
[26, 27, 31]. Regarding the site-site model, the nanotube atoms are examined with and without
atomic charges. The 12-6 LJ potential parameters of the gas site-site model are presented in [32]
and the atomic charges of BNNTSs are reported in [33]. The Wolf method i§'Uséd for modeling
electrostatic interactions.

3. Results and discussion

The GCMC simulations are carried out to delve into the separation-based adsorption of H/gas

(i.e., the binary mixtures including H,). The following sections present the H2/gas selectivity in

the SWBNNTs, DWBNNTs, and TWBNNTSs, respectively. It sould be noted that all"gas

3.1. Ha/gas selectivity in SWBNNTS

At first, the adsorption selectivity of the binary mixtures of Ho/gas (gases: Ar, CH4, CO,, He, Ny,
Ne, and Oy) is simulated inside the single-walled BNNTs (SWBNNTS). The values are displayed
in Figure 1. As shown in Figure 1, the maximum values of the Hy/gas selectivity in the (7,7)
SWBNNT, in the (15,15) SWBNNT, and in the (29,29) SWBNNT are Spyne=3.31 at P=2.5
MPa, Syo/me=3.5 at P=2.5 MPa, and Sy1e=3.86 at 10 MPa, respectively. The values of the H,/He
selectivity in these SWBNNTSs decrease as pressure increases. In the (7,7) SWBNNT, the
H,/CO, selectivity initially increases followed by a plateau phase at 8 MPa. In the (15,15)
SWBNNT, the H,/O, selectivity fluctuates in the form of zigzag curves. The order of the
selectivity values of other gases is as follows: in the (7,7) SWBNN: Hy/CH4> Ha/Ny> Ho/Op>
Ho/Ar> Hy/Ne; in the (15,15) SWBNN: Hy/Ne> Hy/Ar> H,/CO,> H,/CH4A> Hy/Ny; and in the

(29,29) SWBNN: Ha/ Ne > Ha/CO2> Ha/Np> Ha/He> Hao/Ar.
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Figure 1. The selectivity ot Hy/gas (a) 1n the (7,7) SWBNNT, (b) in the (15,15) SWBNNT, and

() in the (29,29) SWBNNT at 146K and 1-10 MPa.
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The adsorption selectivity of the binary mixtures of Hj/gas in the SWBNNTs at 0-1 MPa is
provided in Figure 2. The calculated Hy/gas selectivity indicates that the H,/He selectivity has
the maximum values of 24.57, 29.07, and 19.81 in the (7,7), (15,15), and (29,29) SWBNNTS,
respectively, and the values of the Hy/He selectivity decrease as pressure increases. Similarly, the
slope of the H,/Ne selectivity plot initially decreases and, then, reaches a plateau phase. The
order of the selectivity values of other gases in the (7,7) and (15,15) SWBNNTSs is as follows:
H,/CO,> Ho/CH4> Ho/N2> Ho/O0> Hy/Ar. Furthermore, these values of gas selectivity are lower
than unity at low pressure, which is undesirable. However, the selectivity value slowly boosts as
pressure increases. With increasing the tube diameter of the (29,29) SWBNNT, no significant
difference is found between the values of the CO,, CH4, Ny, Oy, and Ar selectivity. These
selectivity values are lower than unity, even at high pressure. Therefore, it can be declared that

the best separation takes place in the tubes with smaller diameters at higher pressure.
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Figure 2. The selectivity of H,/gas (a) within the (7,7) SWBNNT, (b) within the (15,15)
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Figure 3. The comparison of the Hy/gas selectivity at 298K and 10MPa.

The values of the Hy/gas selectivity within the SWBNNTSs at 298K and 10MPa are compared and
the findings are shown in Figure 3. As indicated in Figure 3, Hy/He in the (15,15) SWBNNT and
H2/CO; in the (7,7) SWBNNT have the maximum and minimum values of the Hy/gas selectivity,
respectively. The data also show that regardless of the selectivity value of Hy/He and H,/Ne, the
(7,7) SWBNNT has the maximum values of selectivity in the studied SWBNNTSs.

On the whole, the results obtained from the H,/gas separation within the SWBNNTS suggest that
the best selectivity is achieved using He within small diameter tubes at high pressure.

3.2. Ha/gas selectivity in DWBNNTS

Hydrogen is separated from different gases inside the (11,11)@(15,15) and (7,7)@(22,22)

double-walled BNNTs (DWBNNTS) at 298K and 10MPa via the simulation (see Figure 4).
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Figure 4. The Hy/gas selectivity of the DWBNNTSs at 298 K and 10MPa.

As seen in Figure 4, the values of the Hy/gas selectivity indicate that the Ho/He selectivity has the
maximum values in both DWBNNTSs. Also, the Hy/He selectivity value in the (11,11)@(15,15)
DWBNNT is more than that in the (7,7)@(22,22) DWBNNT. The binary mixture of H,/Ar in the
(7,7@(22,22) DWBNNT has the minimum selectivity value.

3.3. Ha/gas selectivity in TWBNNTS

The separation of H, from the studied gases (i.e., Ar, CH4, CO,, He, Ny, Ne, and Oy) is
investigated inside the (8,8)@(11,11)@(15,15) and (7,7)@(15,15)@(22,22) triple-walled

BNNTs (TWBNNTS) at 298K and 10MPa (see Figure 5).
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Figure 5. The Hy/gas selectivity inside the TWBNNTSs at 298K and 10MPa.

As observed in Figure 5, Hy/He in the (8,8)@(11,11)@(15,15) TWBNNT and H,/Ar in the
(7,7 @(15,15)@(22,22) TWBNNT have the maximum and minimum values of selectivity,
respectively.

3.4. The effect of temperature on selectivity

To study the impact of temperature on selectivity, the Hy/gas selectivity in the SWBNNTS is

calculated at 293K, as depicted in Figure 6.

13| Page



A)
1.4

1.2

0.8

0.6

S (Hp/gas)

0.4

0.2

B)
16

14

1.2

0.8

S (Hp/gas)

0.6
0.4

0.2

O
1.6

14 1
1.2

S (Ha/gas)

04 |
02

08 |
06 |

S (Ha/gas)
= - ~
(=] 7] =]

w

0.2 0.4 0.6 0.8 1 1.2 1.4

P (MPa)

6
—=—H2/Ar H2/CH4 H2/CO2 50
- H2/N2 =8-H2/Ne ——H2/02 a5
o— ° _
- © 57
56
55
54
53
52
——— 51
_|7 1 1 1 1 1 5 L A L
02 0.4 0.6 0.8 1 12 14 0 02 0.4 0.6 0.8 1.2 14
P (MPa) P (MPa)
H2/Ar H2/CH4 H2/CO2 ¢
—— (A 2
——H2/N2 —8-H2/Ne —-H2/02
o —— 5
*
4
3
2
1
% . I I I
02 0.4 0.6 0.8 1 12 1.4 0 0.2 0.4 0.6 0.8 1 12 14
—m—H2/Ar H2/CH4 H2/CO2 3.1
——HN! _-8-H2INe —0-H2/02 05
*—— Py * N
295
29
285
28
— — N 2.75 L L L N N N
02 0.4 0.6 0.8 1 12 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
P (MPa) P (MPa)
30
D) T=146
L T-293

Figure 6. The Hy/gas selectivity (a) in the (7,7) SWBNNT, (b) in the (15,15) SWBNNTSs, and (c)

in the (29,29) SWBNNTSs at 293K and at low pressure, and (d) in the (7,7) SWBNNT at 146K

and 293K and at low pressure.
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As illustrated in Figure 6, in the separation of hydrogen from the studied gases, the number of H,
molecules as well as the selectivity values decreases as temperature increases.

In the next step of the simulation of the hydrogen separation from the gases, two other cases are
considered. In both cases, the gases are simulated using the site-site model with atomic partial
charges. However, just in one of the cases, the atoms of the (7,7) nanotube are charged. Figure 7
shows the separation of Hj/gas at 1atm. The simulation is also performed at 7 and 13atm and no

significant change is found in the separation values at higher pressure.
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Figure 7. The role of the site-site model of the gases with and without atomic charges in the

nanotubes

The obtained results clearly reveal that the hydrogen separation from He and the hydrogen

separation from Ne have the best selectivity values. The results also show that there is no
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significant difference in the results of the H, separation even when nanotube atomic charges are
applied.

3.5. Comparison with other experimental and theoretical data

It should be noted that according to our knowledge there are not available experimental data for
separation of hydrogen from binary mixtures within BNNTs. Therefore, for the last
investigation, here we compare the results of the separations with those of the previous
theoretical studies considered other nanotubes.

3.5.1 Comparison H/CHy

Investigation of H,/CHy, separation on silicon nanotubes were studied by multiscale method [34].
They could find that the best selectivity of methane over hydrogen is about 4.25 (for Ho/CH, is
0.4) at slightly low than 10MPa, whereas Figure 5 shows the separation value for this binary
mixture is about 8 (8 > 0.4) and takes place in (8,8)@(11,11)@(15,15) TWBNNT. However,
according to our Figure 4, we can find that this separation value inside (11,11)@(15,15)
DWBNNT is about 0.5. In another study experimentally found that the separation of H,/CH, -
inside aligned carbon nanotube (CNT) was obtained about 2.58 [35] while within a kind of
zeolite imidazolate frameworks; ZIF-8, it was about 9.8 [35] that is close to our data for
TWBNNT. Therfore, a similar pattern of results was obtained, while our results suggest that
multi-walled BNNTs are much more convenient than other nanotubes for separation of hydrogen
over methane.

3.5.2 Comparison Ho/Ar, Hz/Ne

The best separation of Hy/Ar in our work is about 1.2 (~2MPa, 146K) inside (7,7) SWBNNT
(Figure 1-a), while for a CNT was 4.14 (300K) [35]. So, it was included to verify that BNNTSs

may not be a suitable nano-structure for the separation of hydrogen over argon, however, more
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research is necessary. In addition, the best separation of H,/Ne in our work is about 1.3
(=0.1MPa, 146K) inside (29,29) SWBNNT (Figure 2-c), and with changing single-walled to
triple-walled, this value remains constant. According to the author’s investigations there is not
any report here to compare results.

3.5.3 Comparison Ho/CO», Hz/Nzand H./O;

For Ho/N, and H,/O,, the separation values reported by CNTs is 3.48 and 3.82 respectively [35]
and our results is 1.5 and 1.25 respectively (=1.3MPa, 146K within (7,7) SWBNNT (Figure 2-
a)). Another report showed that the for H,/N, and H,/O,, the Knudsen selectivities is 2.75 and 4
respectivley under 2 atm pressure gradient with the aligned CNT derived from
ferrocene/camphor and temperature of 20-70°C [36]. By comparing the results of Ref. [35] and
[36] with our obtained data, we can realize that to improve the gas separation performance, the
aligned nanotubes including functional groups can work well.

Furthermore, the separation values for H,/CO, were reported 4.89 (300K) [35] and 4 (20-70°C)
in aligned CNTs [36]. Whereas we have obtained it around 3 in the (7,7) SWBNNT at 146K and
8MPa. However, selectivity should be independent of temperature, so selectivity changes at
different temperatures. Thus, In order to have the best comparison, both thermodynamics and
structural factors of nano-structures must be considered in the next investigations.

3.5.4 Comparison Ha/He

The last comparison is the separation of H,/He. The separation value of H,/He was reported
about 3.2 at room temperature that was investigated by molecular dynamics using surface
activated CNTs [37]. Surprisingly, we have focused on single and triple walled BNNTs and have
obtained the separation value for this mixture about 3.7 (triple and double walled at 298K and

10MPa) and about 30 (=0.2MPa and 146K) within the (15,15) SWBNNT. Perhaps, this yields
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increasingly good results on separation of hydrogen over helium. At this stage of understanding,
we believe that it needs more studies to find the mechanism of adsorption of hydrogen and
helium together in nanotubes.

It is important to note, that the present evidence relies on BNNTSs are proper for separation of
hydrogen over methane and helium, in addition, several questions remain unanswered in this
regard. By comparing the results from the next studies, we hope to determine the best aspect of
view about the separation-based adsorption of binary mixtures gases within BNNTS.

4. Conclusion

This study is designed to investigate the separation of the binary mixtures of hydrogen and
biogas, such as CO,, CHa, and O, as well as that of the binary mixtures of hydrogen and noble
gases via adsorption on single-walled Boron Nitride Nanotubes (SWBNNTS) [for example, the
(7,7), (15,15) and (29,29) SWBNNTSs] and multi-walled Boron Nitride Nanotubes (MWBNNTS)
[for example, the (15,15 @(11,11) and (22,22)@(7,7) DWBNNTs and the
(15,15)@(11,11)@(8,8) and (22,22)@ (15,15)@( (7,7) TWBNNTSs] using the GCMC molecular
simulations. The results show that the maximum value of the H,/He selectivity is 30 in the
(15,15) SWBNNT. It is also found that as pressure and temperature increase, the H,/He
selectivity in the studied BNNTs decreases. Ultimately, the findings indicate charging the atoms
of nanotubes and using the site-site models for the gases cannot exert a significant influence on

the H, separation.
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