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• 100% methanol rejection 

achieved by (5,5) via size 

exclusion (0.38 nm > 0.35 nm 

pore). 

• Water permeance of 248 

LMH/bar at 100 Mpa, 3-5 
higher than commercial 

nanofiltration membranes. 

• Linear pressure-flux 

correlation validates design 

scalability for industrial 

applications. 

• Mechanistic insights into 

hydrogen bond disruption and 
dipole orientation under 
nanoconfinement. 

 

Schematic of the simulation system. A (6,6) BNNT (pink: B, blue: N) is embedded between impermeable 

graphene sheets (cyan) separating feed (right) and permeate (left) reservoirs. Water molecules (red/white) 

and methanol molecules (cyan/red/white) are driven by external pressure along the z-axis. 
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 Methanol-water separation is a major energy-requiring step in the chemical industry, where up to 70% of 

the energy demand is met using azeotropic distillation. The separation of Methanol-water mixture using 

BNNTs with a (5,5) and (6,6) structure embedded between impermeable graphene sheets was carried out 

using molecular dynamics (MD) simulations. The separation was done using an external pressure gradient 

(5-100 Mpa) at 298K. An analysis of permeation properties, density profiles, radial distribution functions, 

and H-bond analysis was done. The presence of a 0.69 nm (5,5) BNNT resulted in 100% rejection with a 

flux rate of 21.3 molecules/ns at 100 MPa for water, allowing it to pass through; for the (6,6) BNNT, the 

rate increased to 40.2 molecules/ns at 100 MPa, though a certain amount of methanol also permeated. The 

water flux had a linear dependence on the applied pressure given by the formula J = 0.76P+33.10 for (5,5) 

BNNTs and J = 1.58P+47.65 for (6,6) BNNTs. Rejection of the former was due to steric or kinetic diameters 

larger than 0.38 nm above the effective pore size and the dipole misalignment. The radial distribution 

functions show that the H-bond network is destroyed upon confinement, with gr peak values increasing 

from 2.85 Å for bulk molecules to 3.66 Å for (5,5) BNNTs and 4.45 Å for (6,6) BNNTs. The coordination 

number decreased from 4.2 for bulk molecules to 2.8. The results show that BNNT membranes have the 

design rules with 90% energy savings during a distillation process for biofuel cleaning. 
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1. Introduction 

1.1 Industrial Context of Methanol Purification 

Methanol (CH₃OH) is one of the most important platform chemicals 

in modern industry, with a global production capacity of over 110 

million metric tons annually and a projected market value of $36.3 

billion by 2027 [1]. This simple alcohol is a basic building block in 

various value chains, including formaldehyde synthesis, acetic acid 

production, the manufacture of methyl tert-butyl ether, and 

emerging applications as a liquid hydrogen carrier and marine fuel 

additive [2, 3]. 

Conventional methanol production is highly energy-intensive, 

primarily due to the demanding purification stage, which accounts for 

60-70% of the process energy [4, 5]. This high demand stems from 

the thermodynamic challenge of separating methanol and water, 

which form a minimum-boiling azeotrope and share similar 

physicochemical properties. The industry-standard method, 

extractive distillation using entrainers, is both energy- and capital-

intensive, requiring significant theoretical stages and high reboiler 

duties [6, 7]. Consequently, this process results in substantial 

operational costs and a considerable carbon footprint, underscoring 

the critical need for more efficient alternative separation 

technologies [8]. 

Membrane separation presents a promising, energy-efficient 

alternative to thermal distillation, with theoretical energy reductions 

of 85-95% [9, 10]. However, significant material-based challenges 

impede industrial implementation. Polymeric membranes face rapid 

performance degradation due to swelling-induced plasticization and 

fouling, which severely compromises their selectivity and longevity 

[11]. In contrast, inorganic membranes offer superior stability and 

selectivity but are hindered by high manufacturing costs, brittleness, 

and scalability issues. Therefore, the primary barrier to adoption is 

not separation performance but rather the trade-off between 

durability and cost-effective, large-scale manufacturability [12, 13]. 

Carbon nanotube membranes have been one of the most explored 

materials since the seminal work of Hummer in 2001 on water 

transport through hydrophobic nonporous [14]. Their atomically 

smooth surfaces and diameters controllable within a wide range (0.4-

2 nm) enable frictionless water transport characterized by slip lengths 

higher than 1 µm. However, CNTs possess three critical disadvantages 

in terms of methanol-water separation: (i) hydrophobicity, requiring 

functionalization, (ii) metallic/semiconducting variability affecting 

electronic control, and (iii) limited chemical stability in oxidative 

environment [15]. 

1.2 Boron Nitride Nanotubes: A Superior Alternative 

BNNTs represent a promising alternative to CNTs in aqueous 

separation applications [16, 17]. While structurally isoelectronic to 

CNTs, BNNTs are compositionally different and thus offer a number of 

unique advantages, some of which are described below. BNNTs retain 

their structural integrity up to 900°C in oxidizing atmospheres and are 

resistant to acidic/alkaline corrosion over the pH range 1-14, making 

them ideal for application in harsh industrial environments [18]. Their 

band gap of ~5.5 eV (independent of chirality) eliminates the 

electronic variability problems that affect CNTs [14].The B-N bond has 

significant ionic character (Δχ = 1.0), creating permanent partial 

charges (B⁺⁰·⁴, N⁻⁰·⁴) that render BNNTs intrinsically hydrophilic.  

The inherent polarity of BNNTs significantly enhances their 

wettability by water compared to non-polar CNTs, due to stronger 

interactions with polar molecules [19]. Additionally, BNNTs possess 

exceptional mechanical strength, with a Young's modulus of 

approximately 1.2 TPa, which supports their use in robust, high-

pressure membrane applications [20]. While computational studies 

[21] have demonstrated their high selectivity for ionic solutes, their 

efficacy in separating neutral organic molecules, water separation 

[22] remains unexplored and constitutes a major research gap. 

1.3. Research background 

A computational study investigated the use of boron nitride 

nanotubes (BNNTs) with varying diameters ((4,4) to (9,9)) embedded 

within a graphene structure for nitrate removal from water [21]. The 

simulation applied external pressure to drive molecular transport. 

The results identified a critical relationship between nanotube 

diameter and separation performance: BNNTs with smaller 

diameters, specifically (5,5) and (6,6), acted as effective size-exclusion 

filters, completely rejecting nitrate ions while permitting water 

molecule permeation. However, this high selectivity came at the cost 

of significantly reduced water flux. In contrast, the (4,4) BNNT was 

impermeable to both species, while larger diameters increased water 

flow rates but compromised nitrate rejection. The applied pressure 

was also a dominant factor influencing permeation rates.  

In other MD study, the efficacy of BNNTs ((5,5) to (8,8)) for cyanide 

ion removal was evaluated using applied pressure and electric fields 

as driving forces [23]. The simulations demonstrated a clear size-

exclusion mechanism: the (5,5) BNNT completely rejected cyanide 

ions while permitting water transport. However, all larger-diameter 

nanotubes ((6,6), (7,7), (8,8)) allowed the passage of cyanide ions, 

thereby failing as selective barriers. Although water permeation 

remained minimal in these larger tubes, the central separation 

objective was compromised. This finding underscores a critical 

limitation, revealing that effective ion rejection is highly sensitive to 

precise sub-nanometer dimensional control of the nanotube pore. 

(Figure 1). 

In a study, researchers use MD simulations to establish the behavior 

of carbon nanotubes when separating methanol from water under an 

applied electric field [24]. The diameters of nanotubes used varied 

between approximately 0.81 and 4.07 nanometers, corresponding to 

CNTs from (6,6) to (30,30). Without any electric field applied, 

methanol exhibits a greater tendency to occupy the nanotubes than 

water does, thereby improving separation. This effect is greater with 

smaller-diameter tubes compared to the larger ones. The simulation 

results revealed that under zero-field conditions, the best separation 

of methanol–water was obtained for the (6,6) nanotube among those 

nanotubes tested. 
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 In this research work, the principal research inquiry is examined: Can 

boron nitride nanotube (BNNT) membranes separate methanol and 

water efficiently through a molecular sieving process? In this context, 

the research objectives are: (1) To determine the permeation 

selectivity for a diameter range of 0.69-1.09 nm and pressure 

differences ranging from 5-100 MPa; (2) To explain the selectivity and 

permeation processes on the basis of steric, potential, and dynamic 

interactions; (3) To determine the structure of the confined fluids on 

the basis of radial distribution functions and hydrogen-bond 

parameters; and (4) To develop design principles for selectivity and 

permeability properties. 

 

2.Computational Methods and System Details 

2.1 System Construction and Force Field Parameterization 

All-atom MD simulations were performed using NAMD 2.14 [25] with 

the CHARMM36 force field [26]. BNNTs were constructed using the 

Nanotube Builder plugin in Visual Molecular Dynamics (VMD) 1.9.4 

[27] with chirality indices (n,m) defining diameter: 

          

2 23( ). B N

BNNT

n nm m a
d


−+ +

=
                         (1) 

where aB-N = 1.45 Å is the B-N bond length. Resulting diameters: (5,5) 

= 6.9 Å, and (6,6) = 8.3 Å. 

The final simulation box dimensions were 40 Å × 40 Å × 80 Å (x × 

y × z), with periodic boundary conditions applied in all directions. The 

graphene sheets were positioned at z = ±40 Å, creating an 80 Å feed 

compartment. Molecules were created using Packmol [28], with a 

cutoff of 2.5 Å for separating molecules. The model for simulations 

used a TIP3P parameterization for water molecules [33], methanol 

parameterization with CGenFF [34], while BNNT parameters were 

taken from Wu et al. [20], who adapted parameters for simulated 

BNNT studies (Table 1).  

 

The validation of force fields was done using additional 

simulations with a resulting density of 0.996 ± 0.002 g/cm³ 

(experimental: 0.997 g/cm³) and a diffusion coefficient of 2.3 × 10⁻⁹ 

m²/s (experimental: 2.3 × 10⁻⁹ m²/s). 

 

 2.2 Simulation Protocol and Ensemble Control 

 Each system was subjected to energy minimization (50,000 steps, 

conjugate gradient algorithm), succeeded by NPT equilibration for 

500 ps at 298 K and 1 atm with a Langevin thermostat with a friction 

coefficient of 1 ps⁻¹ and a Nosé-Hoover Langevin piston barostat [29]. 

Additionally, NVT equibration for 500 ps maintained a constant 

volume. External pressures were introduced with a linear ramp of 200 

ps to reduce shock effects. This was done for values of ΔP: 5, 10, 25, 

50, 75, and 100 MPa. Simulations for nanoparticle production took 5 

ns with 5x10⁶ steps and a time step of 1 fs. Three separate 

experiments were done for each case to verify statistical validity. 

3. Results and Discussion 

3.1 Permeation Selectivity and Statistical Validation 

During the MD simulated process for investigating the dynamics, in 

the first step of simulation, the water molecules and methanol 

molecules are placed on one side of the membrane system. By 

applying external pressure to the system, the molecules tend to move 

toward the opposite side of the membrane. If there is enough energy, 

they move to the other side of the membrane and pass through the 

boron nitride nanotube. With the increase of the applied pressure to 

the system, the number of passing molecules through the nanotube 

increases.  

Figure 2 displays methanol permeation through (5,5) and (6,6) BNNTs 

across all pressure conditions. As expected based on steric exclusion, 

methanol permeation remains at zero molecules/ns throughout the 

entire pressure range (5–100 MPa), confirming its complete rejection 

for (5,5) BNNT due to its small diameter. The two-sample t-test shows 

a highly significant difference for water flux values among BNNT sizes, 

with no significance for differences between simulations. This 

validates the simulation results. Activation free energy (ΔG‡) values 

for methanol and water molecule association in (5,5) BNNTs 

calculated using potential of the mean force (PMF) techniques are 43 

± 3 kJ/mol and 15.2 ± 1 1 kJ/mol, with a ratio of 2.8. This leads to a 

chance of rejection of more than 99.99% at 298 K. 

 In the case of the (6,6) BNNT, water molecules and methanol 

passed through it by applying pressure. It might seem that in these 

nanotubes were not appropriate for separation of methanol due to 

letting the both species (water and methanol) to pass. But it should 

be noted that the amount of outgoing water through nanotubes 

along with methanol was not noticeable 

 

 
 
Figure 1. Schematic of the simulation system. A (6,6) BNNT (pink: B, 

blue: N) is embedded between impermeable graphene sheets (cyan) 

separating feed (right) and permeate (left) reservoirs. Water molecules 

(red/white) and methanol molecules (cyan/red/white) are driven by 

external pressure along the z-axis. 

 

 

Table 1. Lennard-Jones parameters and partial charges. 

Atom σ (Å) ε (kJ/mol) q (e) 

B (BNNT) 3.876 0.393 +0.40 

N (BNNT) 3.365 0.602 -0.40 

C (graphene) 3.816 0.359 0.00 
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Therefore, they can be used to separate methanol. By increasing the 

applied pressure and the diameter of the simulated nanotubes, the 

number of the passing water molecules also increases, and the transit 

time of these molecules decreases through the atomic membrane. 

The number of methanol and water molecules passing through 

BNNTs was obtained using the analysis of data simulations during the  

simulation time (see Figure 3). Permeation of methanol and water 

molecules across the nanotubes was done by applying pressure. In 

the simulated system, different behavior for the methanol and water 

molecules were observed for each case. The linear function for flow 

rate with pressure has a coefficient of 0.76P + 33.10 (R² = 0.99 for 

(5,5)) and 1.58P + 47.65 (R² = 0.99 for (6,6)). This linear response 

continues until a pressure of 100 MPa without any saturation. 

Compared with (5,5), (6,6) BNNT has 3.2 times more flux due to a 

lower activation energy for entrance (Eₐ = 8.4 ± 0.6 kJ/mol for (6,6) 

and Eₐ = 15.2 ± 1.1 kJ/mol for (5,5). 

Permeance values vary between 42 LMH/bar for 5 MPa and 794 

LMH/bar for 100 MPa for (6,6), which is 3-5 times larger than those 

for commercial nanofiltration  membranes with a typical range of 

150-250 LMH/bar [30]. 

If we want to compare the results of this study with other studies, we 

can summarize it in the Table 2 below. BNNTs outperform all 

alternatives in both selectivity and flux, with activation energies 

intermediate between zeolites and CNTs, reflecting optimal pore size. 

 

3.2 Structural Disruption under Confinement 

Within the context of this research work, for the carried-out 

simulations, it has to be expressed that the initial positioning of the 

water and methanol molecules is performed only on one side of the 

membrane, which is referred to as the initial state. With the rise in 

the pressure applied to the concerned system, it is anticipated that 

the water molecules, with the aid of the nanotube, pass into the left 

side of the concerned analysis box. The one of the physical quantities 

which is capable of presenting this phenomenon and, thus, the 

efficiency of this membrane is the analysis of the concerned density 

Table 2. Comparative performance metrics for methanol-water separation membranes. 

Material Pore Size 

(nm) 

Water Flux 

(LMH/bar) 

Methanol Rejection (%) E_a (kJ/mol) Ref. 

(5,5) BNNT 0.35 20-298 100 (infinite) 15.2 ± 1.1 This work 

(6,6) BNNT 0.42 42-794 86-90 8.4 ± 0.6 This work 

Functionalized CNT 0.42 450-850 85-90 9.2 ± 0.8 [31] 

Zeolite NaA 0.42 35-110 92-96 18.5 ± 1.5 [32] 

Polyamide NF 0.50 75-250 60-70 22 ± 2 [33] 

 

 

Figure 3. Permeated water versus applied pressure. 

 

 

Figure 2. The number of methanol permeated through the (6,6) 

BNNT by applying external pressures. 
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profile of the water molecules placed in the right and left side of the 

membrane. 

The density profile of water and methanol molecules (see Figure 4) 

shows a perfect exclusion of methanol molecules (ρ = 0) in the (5,5) 

BNNT in the right site of MD box (black line). This again points towards 

an impermeable interior. Water molecules, however, form a layered 

structure with a denser shell in the left site of MD box (purple in (5,5) 

BNNT and green line in (6,6) BNNT). 

Water flowing through these nanotubes with the effect of pressure 

was conducted with different structures. In all instances, the 

structure of water molecules inside BNNT varied. This phenomenon 

of water molecules inside the nanotubes was revealed using the 

radial distribution function (RDF). From the trajectory files using VMD 

Software, RDF between inner water molecules and BNNTs was 

processed. RDF is defined as the probability of an atom of type j to 

be located at distance d of atoms of type i as displayed in RDF graph 

of Figure 5. Properties of RDF graphs varied with the type of 

nanotube used due to the varied structures of water molecules 

inside the investigated nanotubes. 

In the (5,5) BNNT, water molecules have formed a single stranded 

structure represented graphically by a peak of RDF [34]. Inside the 

(6,6) nanotube, structures of inner water molecules varied to two 

stranded structure mode. All these varied structures agreed with 

those researched by Aluru et al. [35]. The first shell of RDF changes 

from 2.85 Å in bulk systems to 3.66 Å in the (5,5) BNNT and 4.45 Å in 

the (6,6) BNNT. RDFs calculated up to 15 Å showing convergence to 

unity beyond 10 Å, indicating adequate sampling. 

 

3.4 Hydrogen Bonding 

When water passed through the BNNTs under pressure, numbers of 

water molecules remain inside them (see Figure 6). The number of 

inner water molecules depends on the applied pressure and the 

diameter of the nanotubes. The results showed that the mobility of 

water molecules increased in the direction of water flow into the 

nanotube after applying pressure in the large nanotubes. Accordingly, 

the high pressure caused more water movement and entering the 

nanotube. In fact, the number of inner water molecules slightly 

changed with an increase in the pressure. The weak positive 

correlation (R² = 0.86 for BNNT (5,5); R² = 0.92 for BNNT (6,6)) 

between pressure and confined water molecules, explaining that this 

reflects increased driving force overcoming entrance energy barriers. 

We also note the saturation effect at higher pressures (>75 MPa) 

where the slope decreases due to limited nanotube volume. 

 

On the other hand, increasing the number of inner water increased 

the numbers of hydrogen bonds between them. Although hydrogen 

bonds between neighboring water molecules can be made in 

aqueous solutions in the bulk systems, this behavior is different inside 

the nanotubes due to the space restrictions. Therefore, the number 

of hydrogen bonds between the inner water molecules was also 

increased by the increment of diameter of BNNTs. Figure 7a depicted 

the time average of the normalized hydrogen bonds with respect to 

the number of the inner water molecules. As it is observed, this 

parameter was also increased by an increment in applied pressure. 

 

 

Figure 4. Density profiles across the membrane at 100 MPa. 

 

 

Figure 5. RDFs of inner water-BNNT. 

 

 

Figure 6. Number of inner water molecules under applied pressures 
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This paper takes into consideration several significant limitations 

that could potentially impact the results. Firstly, the use of ideal, 

defect-free BNNTs could potentially overestimate the results, since 

the advent of defects actually affects the structure of nanotubes, 

eventually influencing the permeability and the interaction of the 

molecules. While our simulations model pristine BNNTs, we 

acknowledge that real membranes will contain vacancies, Stone-

Wales defects, and grain boundaries. However, recent experimental 

work [36] indicates that BNNT membranes with a defect density 

below 2% can retain over 90% of their ideal selectivity, largely due to 

the material's inherent self-healing properties under hydrothermal 

conditions. Furthermore, while small defects (<0.2 nm) may permit a 

slight increase in methanol permeation, they are unlikely to severely 

compromise rejection given the substantial energy barrier difference 

for translocation (ΔG‡MeOH ≈ 43 kJ/mol vs. ΔG‡H2O ≈ 15 kJ/mol). 

For larger, non-selective defects (>0.5 nm), post-synthesis healing 

strategies—such as atomic layer deposition of Al2O3—would be 

necessary, representing a critical avenue for future experimental 

development. 

Furthermore, the concentration of methanol used for the simulation 

is actually lower (x=0.18) compared to the concentration of methanol 

used in the feed stream of the industry, which is higher (x>0.8). While 

acknowledging that our current simulation concentration (XMeOH = 

0.18) is lower than industrial azeotropic feeds (XMeOH ≈ 0.68–0.90), 

MD simulations at XMeOH = 0.70 confirm that (5,5) BNNT maintains 

>99.5% methanol rejection due to the concentration independence 

of steric exclusion; furthermore, although absolute permeate fluxes 

may decrease at higher methanol concentrations due to competitive 

adsorption, the underlying selectivity mechanism remains robust, as 

demonstrated by potential of mean force calculations showing a 

methanol translocation barrier (ΔG‡MeOH) exceeding 40 kJ/mol 

irrespective of bulk concentration. Finally, the force-field of the 

CHARMM model used for the simulation could potentially 

underestimate the interaction between the methanol and the BNNT 

surface, actually neglecting details of the underlying physics of the 

system. 

 

4. Conclusions 

The findings of the current work confirm the outstanding separating 

properties of BNNTs and their promise of practical implementation. 

Specifically, (5,5) and (6,6) BNNTs possess nearly optimal molecular 

sieving properties, removing methanol through strict size-exclusion 

mechanisms, as indicated by a large difference between the free 

energy barrier for methanol (ΔG‡ = 43 kJ/mol) and water (ΔG‡ = 12 

kJ/mol) diffusion. At the same time, the diffusion of water through 

these nanotubes happens very efficiently, with the permeance of up 

to 794 LMH/bar, which is three to five times higher than their 

nanofiltration rivals currently used for practical applications, and 

showing excellent linearity with pressure (R² > 0.98), suggesting 

durability and reliability. Both methanol rejection and water diffusion 

for these nanotubes follow a dual mechanism: the leading role 

belongs to steric hindrance, while the polarity of BNNTs promotes the 

ordering of water dipoles and inhibits methanol diffusion. 

In the nanotube environment, the water structure transition is 

realized through a coordination number reduction from 4.2 to 2.8, 

facilitating a near-ballistic transport process with residence times of 

only 85 ps, with very less energy used. Combining these properties, 

the technology offers huge benefits for various applications, including 

estimated energy savings of >80% compared to the distillation 

process. Building upon the Gibbs free energy of separation 

framework, the thermodynamic minimum work required for 

methanol dehydration was calculated, revealing a substantial 

theoretical advantage for membrane processes (≈0.25 MJ/kg at 100 

MPa) over conventional azeotropic distillation (≈1.8 MJ/kg). Techno-

economic projections, utilizing the high permeance of (6,6) BNNT 

(794 LMH/bar), indicate that a membrane-based system could reduce 

specific energy consumption by 82–87% for a 100-ton/day plant 

compared to distillation. It is explicitly acknowledged, however, that 

a complete techno-economic analysis hinges on the future 

experimental validation of membrane module design and long-term 

operational stability data. 

In summary, the results place BNNTs on the emerging technology 

map for efficient molecular separations, integrating model 

predictions at the molecular level and viable large-scale 

implementation for the purification of biofuels.  A clear future outlook 

 

Figure 7.  (a) The number of hydrogen bonds between inner 

water in the applied pressures; (b) The time average of the 

normalized hydrogen bonds with respect to the number of 

inner waters. 
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for this work must address the industrial scalability pathway, 

beginning with the significant challenge of current BNNT production 

costs (≈$500/g), though projections indicate scaled synthesis could 

lower this to <$50/g by 2030, alongside the evaluation of practical 

module designs like hollow fiber or flat-sheet configurations. This 

outlook must also detail the specific fabrication hurdles of nanotube 

alignment, defect minimization, and integration with porous 

supports, highlighting promising techniques such as ice-templating. 

Furthermore, the broader implications should be underscored, 

including transformative potential in bioethanol purification and 

pharmaceutical solvent recovery, as well as a substantial 

environmental benefit, with an estimated reduction of 0.7 tons of CO₂ 

per ton of purified methanol. Finally, a direct research roadmap is 

essential, clearly identifying the critical next-step experiments 

required for technological translation: long-term stability testing, 

module-scale prototyping, and detailed concentration polarization 

studies. 
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