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An adjustable permeation 
membrane up to the separation for 
multicomponent gas mixture
Hongfei Ye1, Dong Li1, Xin Ye1, Yonggang Zheng1, Zhongqiang Zhang2, Hongwu Zhang1 & 
Zhen Chen1,3

the mixture separation is of fundamental importance in the modern industry. the membrane-based 
separation technology has attracted considerable attention due to the high efficiency, low energy 
consumption, etc. However, the tradeoff between the permeability and selectivity is a crucial challenge, 
which is also difficult to adjust during the separation process. Based on the salt water-filled carbon 
nanotubes, a separation membrane with the adjustable molecular channels by the electric field is 
proposed in this work. The separation mechanism is clarified on the basis of the characteristic size of the 
molecular channel and the overall effective diameter of gas molecules. The molecular dynamics simulation 
is performed to examine the feasibility and validity of the designed separation membrane. the simulations 
on the binary gas mixture (H2 and N2) reveal the flow control and high-purity separation as the electric 
field intensity varies. As for the mixed gas with the three components (H2, N2 and Xe), the successive 
separations and the switch between the high-efficiency and high-purity separation could be achieved only 
through adjusting the electric field intensity. This work incorporates the control into the membrane-based 
separation technology, which provides a novel solution for the complex industrial separation requirement.

The mixture is the main existing form of the matter in nature. In the human life and industry, the mixture separation 
is a common and crucial means. It has wide applications in various fields, such as the water desalination1, wastewater 
purification2,3, natural gas processing4, oil refining5 and so on. Nowadays, there are numerous separation technolo-
gies available for the different types of the mixture, including solvent extraction6, distillation7, ultracentrifugation8,9, 
membrane separation10, etc. Among these methods, the membrane-based separation method has attracted consid-
erable attention because of its high efficiency, low energy consumption and convenient operation11.

The membrane separation is referred to as a separation technology based on a selective membrane with a 
barrier to some components of the mixture. The separation process could be categorized in terms of the pore size 
as the microfiltration, ultrafiltration, nanofiltration and reverse osmosis2. In the recent decades, the membrane 
technology has been extensively applied in the gas separation10,12,13. Many relevant membrane materials for the 
gas separation are fabricated on the basis of the polymer14–16. Most of the efforts are focused on the enhancement 
of the gas permeability and selectivity through modifying the polymer membrane, e.g., the TiO2/polyimide nano-
composite membrane for the separation of H2 and N2

17, the inorganic zeolite materials distributed in the organic 
polymer matrix18,19, incorporating metal-organic framework nanosheets into polymer matrices and polymeric 
membrane20, etc. With the advent of the nanoscale carbon materials, such as graphene and carbon nanotubes 
(CNTs), the carbon-based membrane is regarded as an ideal strategy to overcome the competition between the 
permeability and selectivity for gas separation21,22. Jiang et al. found the graphene sheets with functionalized pores 
have excellent selectivity far superior to traditional polymer and silica membranes23. Ambrosetti and Silvestrelli 
designed two types of graphene with hydrogen saturated pores and examined the permeation barriers of sev-
eral gas molecules with ab initio simulations24. Zhang et al. proposed a convenient method for the gas sepa-
ration based on the kinked single-walled CNTs with adjustable permeability by the bending angle of CNTs25. 
Liu et al. revealed a highly efficient separation for removing CO2 from natural gas through a windowed carbon 
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nanotubes26. Han et al. synthesized a composite membrane via placing a selective layer on a polyethersulfone 
nanoporous substrate, whose CO2 permeance is enhanced through dispersing multi-walled CNTs wrapped by a 
copolymer poly27. These previous investigations have demonstrated that the tradeoff between the permeability 
and selectivity could be improved with the use of nanoscale carbon materials. However, for a certain type of mem-
branes fabricated by the corresponding technology, in general, the permeability and selectivity are always fixed 
and hardly changed. Hence, it has to choose the appropriate membranes according to the mixtures and require-
ments. This is rather inconvenient especially for the separation of the multicomponent mixture.

Recently, the fluid-filled CNTs have been successfully fabricated and extracted in laboratories through the density 
gradient ultracentrifugation8,9, the laser irradiation28, the exposure to water vapor29 and the soaking in dilute salt solu-
tion30. As compared to the empty CNTs, the water-filled and salt water-filled CNTs could make a deformation response 
to the external electric field31,32. Consequently, the membrane composed of the fluid-filled CNTs should possess con-
trollable permeability and selectivity through changing the electric field, which provides a feasible way for the adjustable 
separation of the multicomponent mixture. In this paper, we construct a salt water-filled CNT membrane for gas sep-
aration. The characteristic size of the effective molecular channel under the electric field is estimated with a simplified 
computational model. The molecular dynamics (MD) simulation is performed to examine the separation process of the 
binary and three-component gas mixture, respectively. This work provides a promising route for the application of the 
novel fluid-filled CNTs in the design and fabrication of the adjustable separation membrane.

Results
Membrane characterization. By means of the salt water-filled CNTs, a membrane with adjustable molecular 
channel is proposed for the separation of gas mixture. As shown in Fig. 1, the separation membrane is composed of 
the salt water-filled CNTs with the parallel arrangement along the y direction and the staggered arrangement along 
the x direction. The previous researches have revealed that the fluid-filled CNTs with different diameters exhibit 
different tension deformations31,32. Here, we adopt the (12, 12) CNTs with the length of about 130 Å to construct 
the membrane. The concentration of the encapsulated salt water inside the capped CNTs is about 3.4 wt.%, which 
is comparable to that of sea water. The initial lateral distance along the y direction between the adjacent CNTs is 
3.72 Å. This distance is so narrow that the general gas molecules cannot pass through. The gaps between the ends of 
the CNTs are responsible for the transport of gas molecules. The initial gap between the CNT ends in this study is 
about 7.5 Å. For the practical materials, the initial lateral distances and channel gaps can be adjusted by decorating 
the CNT walls, and can be further changed through stretching or compressing the membrane. The effective area 
of the molecular channel for gas transport is approximately regarded as a circle here as labelled in Fig. 1, whose 

Figure 1. Schematic illustration of the salt water-filled CNT membrane to separate the gas mixture of the 
hydrogen, nitrogen and xenon, which are labelled as the pink, blue and yellow balls, respectively. The lower inset 
depicts the top view of the separation membrane from the z axis, where the internal red circular region shows 
the effective area of the molecular channel. The blue dashed framework and rectangle in the inset indicate the 
computational domain with periodic boundary in this work.
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characteristic size can be changed by applying an axial electric field. This is because that the electric field forces 
stemming from the internal ions and polar water molecules result in the tensile deformation of CNTs31,32. Thus, the 
mixed gases with different effective molecular sizes can be separated by selecting an appropriate intensity of the elec-
tric field. Especially for a multicomponent gas mixture, the proposed CNTs membrane could separate and purify the 
mixed gases in turn only through changing the intensity of electric field without changing the separation membrane.

separation mechanism. The present separation strategy based on the proposed salt water-filled CNT mem-
brane belongs to the physical separation. Under the specified electric field, the gaps between the CNT ends provide a 
molecular channel with a corresponding characteristic size for gas diffusion. Only the gas molecules with the effec-
tive diameter smaller than the characteristic size of molecular channels could pass through the membrane, and the 
large gas molecules will be prevented in the upper container. Hence, the critical evaluation for the gas separation is 
to estimate the characteristic size of the molecular channel and the effective diameter of gas molecules.

The characteristic size of the molecular channel. The inset in Fig. 2 shows the simplified computational model to 
estimate the characteristic size of the molecular channel. The ends of the capped CNTs are approximately con-
sidered as semicircles. The common tangent circle to the CNT ends labelled as red circle is seen as the effective 
molecular channel for gas transport. According to the illustrated geometrical relationship, the diameter of the 
effective circular area dMC can be expressed as

d
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where dC = 16.28 Å is the diameter of (12, 12) CNTs, dx and dy = 20 Å are the center distances between the adja-
cent CNTs along the x and y directions, respectively. The distance dx will vary with the electric field intensity, as 
shown in Fig. 2. According to the simulation results, the relationship between dx and the electric field intensity E 
(0 ~ 3.0 V/Å) could be fitted as:

= + − + .d aE b aE( ) 12 85 (2)x
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where a = 13.62 Å/V and b = 114.5 Å2 are the fitting results according to the MD simulations on the equilibrium 
state of the salt water-filled CNTs under electric fields. The corresponding MD models and settings are consist-
ent with the membrane for the gas separation. The form of Eq. (2) is derived with a simple assumption that the 
repulsive force is in inverse proportion to the distance between the CNT ends along the x direction. Actually, the 
repulsive force here mainly includes the van der Waals force (calculated by LJ potential) and the Coulomb force, 
which are all in inverse proportion to the power of distance. Based on the simple assumption, the form of the 
Eq. (2) is founded and the corresponding error is corrected by the two fitting parameters. The results indicate 
that the average error between the MD results and Eq. (2) is about 1.0% within the range of 0 ~ 3 V/Å. Moreover, 
when E → ∞, dx → 12.85 Å, which is the limiting distance of the two adjacent CNT ends along the x direction. 
According to Eqs (1) and (2), the relationship between the characteristic size dMC of the effective molecular chan-
nel and the electric field intensity E can be written as
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The corresponding results are also plotted in Fig. 2.

Figure 2. The variation of the distance dx and the effective diameter dMC with the electric field intensity. The 
inset shows the simplified computational model of the molecular channel. The black dashed lines indicate 
the profiles of the CNT ends and the molecular channel in the initial state. The red lines represent the 
corresponding profiles under electric field. The pink lines are the auxiliary triangles for obtaining Eq. (1).
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The effective diameter of gas molecules. In this work, three simple gases H2, N2 and Xe are adopted to make up 
the gas mixture, whose interactions are simulated by the LJ potentials. To obtain an accurate estimation on the 
effective diameters of the three gas molecules, the numerical experiments of a carbon chain immersed in the pure 
gases is conducted, respectively, as shown in the inset of Fig. 3. The interval of the carbon atoms in the chain is 
1.42 Å, which is identical to the bond length of CNTs.

Figure 3 gives the radial distribution functions g(r) of the three gas molecules to the carbon atoms. The small-
est distance for g(r) > 0 implies the limiting reachable position of the gas molecules to the carbon atoms, but there 
is merely little chance for finding the gas molecules within this distance. Here, the double distances corresponding 
to g(r) > 0.02 are deemed as the overall effective diameters of the three gas molecules, as listed in Table 1. In fact, 
compared to the mentioned smallest distances, the adopted distances are slightly larger by 0.10 Å in average, 
which can still be approximately seen as the smallest diameters and is rather critical for the tradeoff between the 
separation efficiency and purity.

separation of the binary gas mixture. The gas mixture of the hydrogen (H2) and nitrogen (N2) is 
employed to examine the separation efficiency of the binary gas mixture based on the salt water-filled CNT mem-
brane. In this separation, the volumes of the upper and lower containers are fixed. No external pressure is applied 
and the separation process only depends on the molecular free diffusion driven by the concentration difference. 
Initially, the molecular amount of each gas in the upper container is 412. Four intensities of the axial electric field 
varying from 0.0 to 3.0 V/Å are considered here, respectively. As the electric field intensity increases, the effective 
diameter of molecular channel decreases from 11.52 Å to 4.98 Å, which can be calculated by Eq. (3). The overall 
effective diameters dOG of H2 and N2 molecules are 5.32 Å and 5.75 Å, respectively.

Figure 4 shows the variations of the amount of the two gas molecules in the upper container with the time. 
When no electric field is applied, the characteristic size of the molecular channel is obviously larger than the over-
all effective diameters of the H2 and N2 molecules. Hence, it can be seen from Fig. 4(a) that both of the two gas 
molecules could rapidly pass through the membrane and the equilibrium state is achieved at about 1 ns. During 
the initial transport process, the hydrogen possesses a slightly higher permeation rate to the saturation relative 
to the nitrogen because of its smaller effective diameter. The average membrane permeabilities in 1 ns are about 
4.22 and 3.94 × 104 mol/m2s for the hydrogen and nitrogen, respectively. Here, the membrane permeability is cal-
culated by the moles of the permeated gas molecules to the pore area and time22. When the electric field intensity 
increases to 1.0 V/Å (Fig. 4(b)), the characteristic size of the molecular channel decreases to 6.31 Å, which is still 
larger than the overall effective diameters of H2 and N2 molecules. Therefore, the two gas molecules could still 
pass through the membrane. But the permeation rate has a remarkable decrease due to the shrinking characteris-
tic size of molecular channel, especially for the nitrogen. Here, as the pore area decreases, the average membrane 
permeabilities in 1 ns increase to about 11.35 and 5.71 × 104 mol/m2s for the hydrogen and nitrogen, respectively. 
In 1 ns, the ratio of the amount of the H2 molecules to that of the N2 molecules is 1.99. The amount of the gas 
molecules in the lower container under 1.0 V/Å is indeed less than that without electric field at 1 ns, as shown in 
the insets of Fig. 4(a,b). The total equilibrium time to saturation is about 7 ns. As the electric field intensity further 
increases to 2.0 V/Å, the characteristic size of the molecular channel is about 5.32 Å, which is comparable to the 
overall effective diameter of H2 molecule but smaller than that of N2 molecule. Hence, the hydrogen molecules 
could pass through the membrane whereas the nitrogen molecules hardly permeate. Thus, the salt water-filled 
CNT membrane could separate the gas mixture of the hydrogen and nitrogen under the electric field of 2.0 V/Å, 
as shown in Fig. 4(c). In 1 ns, the average membrane permeability of the hydrogen is about 1.77 × 104 mol/m2s, 
and no nitrogen molecule is observed to pass through the membrane. The final purification rate reaches up to 
99.03%. The permeation of several nitrogen molecules is attributed to the thermal vibration of CNT ends. When 

Figure 3. The radial distribution functions of the three gas molecules to the carbon atoms. The inset shows the 
computational model of the carbon chain and N2. The green and blue balls illustrate the carbon and nitrogen 
atoms, respectively.

https://doi.org/10.1038/s41598-019-43751-0


5Scientific RepoRts |          (2019) 9:7380  | https://doi.org/10.1038/s41598-019-43751-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

the intensity of electric field is 3.0 V/Å, the characteristic size of the molecular channel is only 4.98 Å, which is 
smaller than the overall effective diameters of the hydrogen and nitrogen molecules. It can be observed from 
Fig. 4(d) that the membrane is totally closed and no gas molecules could pass through the present channel. The 
simulation results suggest that the proposed salt water-filled CNT membrane could control the flow rate and even 
precisely separate the gas mixture by means of the electric field.

separation of the gas mixture with three components. The present separation membrane has a sig-
nificant advantage for the multicomponent gas mixture. The gas separation can be achieved one by one through 
adjusting the electric field intensity. Here, the gas mixture of the hydrogen (H2), nitrogen (N2) and xenon (Xe) is 
considered to clarify the separation process and examine the separation efficiency. The overall effective diame-
ters of the hydrogen, nitrogen and xenon molecules increase in turn (Table 1). Thus, the separation process can 
be divided into two stages. The first stage is to gather the hydrogen with the smallest overall effective diameter 
and the second stage is to collect the nitrogen with the second-smallest overall effective diameter. The electric 
field intensities in these two stages are determined according to the overall effective diameters of the gases to be 
separated on the basis of Eq. (3). Generally, the characteristic size of the molecular channel should fall around 
the effective diameters of the present and next gases to be separated, and therefore the electric field intensity is 
always within a range. The weaker electric field intensity (larger characteristic size) could enhance the separation 
velocity but reduce the separation purity. On the contrary, the largest available electric field intensity (smallest 
characteristic size) could obtain more pure separated gas but the separation velocity will become slow. Hence, the 
appropriate electric field intensity should be a tradeoff according to the separation requirement. In this separa-
tion, the external pressure is considered through moving down the upper graphene wall gradually to the height 
corresponding to the required volume of the unseparated gases. Moreover, the separated gas through the separa-
tion membrane to the lower container will be collected every 50 ps.

At the stage (I), to obtain a high permeation rate, we choose a small electric field intensity 1.15 V/Å, which 
corresponds to the large characteristic size of the molecular channel (~6.07 Å). This characteristic size is distinctly 

Gas H2 N2 Xe

dOG (Å) 5.32 5.75 6.60

Table 1. The overall effective diameter of the three gas molecules to carbon atoms.

Figure 4. The amounts of the unseparated hydrogen and nitrogen molecules in the upper container with the 
time. (a–d) Correspond to the separation processes under the electric field of the four intensities increasing 
from 0.0 to 3.0 V/Å, respectively. The insets depict the instantaneous distributions of the gas molecules at the 
specific time.
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larger than the overall effective diameter of the hydrogen molecule but slightly larger than that of the nitrogen 
molecule. Thus, H2 has a high permeation rate, but N2 could only squeeze through the narrow channel and Xe 
cannot pass through the separation membrane (Fig. 5). At 20 ns, the average membrane permeabilities of the 
hydrogen and nitrogen are about 9.54 and 0.62 × 103 mol/m2s, respectively, and 88.7% of H2, 5.8% of N2 and no 
xenon molecules in the upper container have permeated into the lower collection. Compared to the separation of 
the binary gas mixture in the Section 3.2 under the electric field with the intensity of 2.0 V/Å, the separation rate 
has a promotion but the separation purity slightly decreases.

Subsequently, the electric field intensity is reduced to 1.0 V/Å and the separation process moves into the stage 
(II). In this stage, the emphasis is placed on the separation purity. Hence, the characteristic size of the molecular 
channel under the adopted electric field intensity (6.31 Å) is slightly smaller than the overall effective diameter of 
the xenon molecule. Thus, the xenon can be resisted by the separation membrane. During 20 ~ 40 ns, the average 
membrane permeability of the nitrogen is about 6.0 × 103 mol/m2s. As shown in the inset of Fig. 5, most of the 
nitrogen molecules have permeated into the lower container and only about 7.6% still stay in the upper container 
at 60 ns. During the separation process, no xenon molecules pass through the membrane. The present simulation 
demonstrates the convenient separation of the multicomponent gas mixture based on the salt water-filled CNTs. 
The separation efficiency and purity can even be adjusted in terms of the product demand by the electric field 
intensity.

Discussion
In this work, a controllable separation membrane is designed on the basis of the salt water-filled CNTs. The 
characteristic size of the molecular channel is changeable through adjusting the electric field intensity. The cor-
responding controlling relationship is established by means of a simplified theoretical model, which is utilized 
to separate the mixed gas whose effective diameters are calculated through the radial distribution function. To 
examine the feasibility and validity of the proposed separation membrane, the numerical experiment via MD 
simulation is performed to observe the separation processes of the gas mixture with the two and three compo-
nents, respectively. The simulation results of the binary gas mixture (H2 and N2) exhibit the diverse permeation 
behaviors under the electric field of the four intensities, which indicate that the control of the flow rate and gas 
separation can be achieved by adjusting the electric field. As for the separation of the gas mixture with the three 
components (H2, N2 and Xe), the high-efficiency separation and high-purity separation are explored, respectively, 
through choosing the electric field intensity according to the corresponding requirements. The simulation results 
indicate that the successive separation of the multicomponent gas mixture could be achieved on the basis of the 
same membrane in combination with the electric field of different intensities. The reported research findings 
demonstrate a novel separation or purification strategy for the multicomponent mixture. Moreover, with the 
fluid-filled CNTs, which have been successfully fabricated in laboratory, the proposed procedure not only pro-
vides a potential application on the mixture separation but also has an insight into the design of the nanoscale 
controllable equipment such as nanoscale probe, sensor, switch and so on.

Methods
To verify the feasibility of the proposed separation membrane for the gas separation, we construct a numerical 
model and the MD method is adopted to examine the separating process. Here, the MD simulations are con-
ducted with the open-source software LAMMPS33, whose validity on the mechanical property of solid mate-
rials34,35 and the gas separation has been demonstrated by the previous works36,37. The simulations are carried 
out in the cuboid box (273.0 Å × 39.9 Å × 320.0 Å, the blue framework in Fig. 1) with the periodic boundary 

Figure 5. The amounts of the unseparated hydrogen, nitrogen and xenon molecules in the upper container 
with the time. The dashed line indicates the transition time of the two separation stages. The inset shows the 
instantaneous distributions of the gas molecules in the upper containers at 10 ns (stage I) and 60 ns (stage II).
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conditions in the x and y directions. The atomic interactions of carbon atoms are described by the reactive empir-
ical bond order (REBO) potential38, which has been used successfully in many previous studies on the calcu-
lations of mechanical properties and deformation behaviours of CNTs39,40. The middle parts of the CNTs are 
fixed whereas the ends are free. The interactions between the atoms from the different molecules are calculated 
with the Lennard–Jones (LJ) and the Coulomb electrostatic potentials. The detailed LJ parameters are listed in 
Tables S1 and S2 in the Supplementary Information. The water is simulated using the TIP4P-EW model41, which 
could well capture the intermolecular and intramolecular polarizations of water42,43. The SHAKE algorithm is 
used to enable the water molecules to maintain their intrinsic geometrical configurations, i.e., the bond length 
of 0.9572 Å and the angle degree of 104.52°, respectively. The simulation is carried out within the NVT ensemble 
at a temperature around 298 K, which is controlled by the Nosé-Hoover thermostat. The initial relaxation time 
is 0.2 ns with a time step of 1 fs. In this stage, the gas mixture is confined in the upper container by two parallel 
graphenes. Subsequently, an electric field along the x direction is applied to induce the tensile deformation of the 
salt water-filled CNTs. The characteristic size of the molecular channel is therefore changed and becomes stable 
after the equilibrium time of 0.1 ns. Finally, the upper container is opened through removing the lower graphene 
wall, and the molecular channel is exposed to the gas molecules for separation. For the multicomponent gas 
mixture, the separation process can be divided into the several stages through adjusting the electric field intensity 
according to the effective diameters of different mixed gases. All the simulation results are the averages of three 
independent simulations to eliminate the random effects of the initial velocity and configuration.

Data Availability
The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.

References
 1. Surwade, S. P. et al. Water desalination using nanoporous single-layer graphene. Nat. Nanotechnol. 10, 459–464, https://doi.

org/10.1038/NNANO.2015.37 (2015).
 2. Bolisetty, S. & Mezzeng, R. Amyloid–carbon hybrid membranes for universal water purification. Nat. Nanotechnol. 11, 365–372, 

https://doi.org/10.1038/NNANO.2015.310 (2016).
 3. You, Y. S., Kang, S., Mauchauffé, R. & Moon, S. Y. Rapid and selective surface functionalization of the membrane for high efficiency 

oil-water separation via an atmospheric pressure plasma process. Sci. Rep. 7, 15345, https://doi.org/10.1038/s41598-017-15713-x 
(2017).

 4. Faramawy, S., Zaki, T. & Sakr, A. A.-E. Natural gas origin, composition, and processing: A review. J. Nat. Gas Sci. Eng. 34, 34–54, 
https://doi.org/10.1016/j.jngse.2016.06.030 (2016).

 5. Chu, Z. L., Feng, Y. J. & Seeger, S. Oil/Water Separation with selective superantiwetting/ superwetting surface materials. Angew. 
Chem. Int. Ed. 54, 2328–2338, https://doi.org/10.1002/anie.201405785 (2015).

 6. Kumar, J. R., Kim, J. S., Lee, J. Y. & Yoon, H. S. A brief review on solvent extraction of uranium from acidic solutions. Sep. Purif. Rev. 
40, 77–125, https://doi.org/10.1080/15422119.2010.549760 (2011).

 7. Wang, S. R. et al. Separation of bio-oil by molecular distillation. Fuel Process. Technol. 90, 738–745, https://doi.org/10.1016/j.
fuproc.2009.02.005 (2009).

 8. Fagan, J. A. et al. Separation of empty and water-filled single-wall carbon nanotubes. ACS Nano 5(5), 3943–3953, https://doi.
org/10.1021/nn200458t (2011).

 9. Cambré, S. & Wenseleers, W. Separation and diameter-sorting of empty (end-capped) and water-filled (open) carbon nanotubes by 
density gradient ultracentrifugation. Angew. Chem. Int. Ed. 50, 2764–2768, https://doi.org/10.1002/anie.201007324 (2011).

 10. Pandey, P. & Chauhan, R. S. Membranes for gas separation. Prog. Polym. Sci. 26, 853–893, https://doi.org/10.1016/S0079-
6700(01)00009-0 (2001).

 11. Strathmann, H. Membrane separation processes: Current relevance and future opportunities. AIChE J. 47(5), 1077–1087, https://
doi.org/10.1002/aic.690470514 (2001).

 12. Aroon, M. A., Ismail, A. F., Matsuura, T. & Montazer-Rahmati, M. M. Performance studies of mixed matrix membranes for gas 
separation: A review. Sep. Purif. Technol. 75, 229–242, https://doi.org/10.1016/j.seppur.2010.08.023 (2010).

 13. Bernardo, P., Drioli, E. & Golemme, G. Membrane gas separation: a review/state of the art. Ind. Eng. Chem. Res. 48, 4638–4663, 
https://doi.org/10.1021/ie8019032 (2009).

 14. Chung, T. S., Jiang, L. Y., Li, Y. & Kulprathipanja, S. Mixed matrix membranes (MMMs) comprising organic p15olymers with 
dispersed inorganic fillers for gas separation. Prog. Polym. Sci. 32, 483–507, https://doi.org/10.1016/j.progpolymsci.2007.01.008 
(2007).

 15. Yampolskii, Y. Polymeric gas separation membranes. Macromolecules 45, 3298–3311, https://doi.org/10.1021/ma300213b (2012).
 16. Ghosal, K. & Freeman, B. D. Gas separation using polymer membranes: An overview. Polym. Adv. Technol. 5, 673–697, https://doi.

org/10.1002/pat.1994.220051102 (1994).
 17. Kong, Y. et al. Study on polyimide/TiO2 nanocomposite membranes for gas separation. Desalination 146, 49–55, https://doi.

org/10.1016/S0011-9164(02)00476-9 (2002).
 18. Bastani, D., Esmaeili, N. & Asadollahi, M. Polymeric mixed matrix membranes containing zeolites as a filler for gas separation 

applications: A review. J. Ind. Eng. Chem. 19, 375–393, https://doi.org/10.1016/j.jiec.2012.09.019 (2013).
 19. Nigiz, F. U., Ozkoc, G. & Hilmioglu, N. D. A study on the separation performance of zeolite filled thin film composite poly (dimethyl 

siloxane) membrane. Mater. Des. 88, 942–949, https://doi.org/10.1016/j.matdes.2015.09.055 (2015).
 20. Rodenas, T. et al. Metal–organic framework nanosheets in polymer composite materials for gas separation. Nat. Mater. 14, 48–55, 

https://doi.org/10.1038/nmat4113 (2015).
 21. Sedigh, M. G. et al. Experiments and simulation of transport and separation of gas mixtures in carbon molecular sieve membranes. 

J. Phys. Chem. A 102, 8580–8589, https://doi.org/10.1021/jp982075j (1998).
 22. Esfandiarpoor, S., Fazli, M. & Ganji, M. D. Reactive molecular dynamic simulations on the gas separation performance of porous 

graphene membrane. Sci. Rep. 7, 16561, https://doi.org/10.1038/s41598-017-14297-w (2017).
 23. Jiang, D. E., Cooper, V. R. & Dai, S. Porous graphene as the ultimate membrane for gas separation. Nano Lett. 9(12), 4019–4024, 

https://doi.org/10.1021/nl9021946 (2009).
 24. Ambrosetti, A. & Silvestrelli, P. L. Gas separation in nanoporous graphene from first principle calculations. J. Phys. Chem. C 118, 

19172–19179, https://doi.org/10.1021/jp504914u (2014).
 25. Zhang, Z. Q., Zhang, H. W., Zheng, Y. G., Wang, L. & Wang, J. B. Gas separation by kinked single-walled carbon nanotubes: 

Molecular dynamics simulations. Phys. Rev. B 78, 035439, https://doi.org/10.1103/PhysRevB.78.035439 (2008).

https://doi.org/10.1038/s41598-019-43751-0
https://doi.org/10.1038/NNANO.2015.37
https://doi.org/10.1038/NNANO.2015.37
https://doi.org/10.1038/NNANO.2015.310
https://doi.org/10.1038/s41598-017-15713-x
https://doi.org/10.1016/j.jngse.2016.06.030
https://doi.org/10.1002/anie.201405785
https://doi.org/10.1080/15422119.2010.549760
https://doi.org/10.1016/j.fuproc.2009.02.005
https://doi.org/10.1016/j.fuproc.2009.02.005
https://doi.org/10.1021/nn200458t
https://doi.org/10.1021/nn200458t
https://doi.org/10.1002/anie.201007324
https://doi.org/10.1016/S0079-6700(01)00009-0
https://doi.org/10.1016/S0079-6700(01)00009-0
https://doi.org/10.1002/aic.690470514
https://doi.org/10.1002/aic.690470514
https://doi.org/10.1016/j.seppur.2010.08.023
https://doi.org/10.1021/ie8019032
https://doi.org/10.1016/j.progpolymsci.2007.01.008
https://doi.org/10.1021/ma300213b
https://doi.org/10.1002/pat.1994.220051102
https://doi.org/10.1002/pat.1994.220051102
https://doi.org/10.1016/S0011-9164(02)00476-9
https://doi.org/10.1016/S0011-9164(02)00476-9
https://doi.org/10.1016/j.jiec.2012.09.019
https://doi.org/10.1016/j.matdes.2015.09.055
https://doi.org/10.1038/nmat4113
https://doi.org/10.1021/jp982075j
https://doi.org/10.1038/s41598-017-14297-w
https://doi.org/10.1021/nl9021946
https://doi.org/10.1021/jp504914u
https://doi.org/10.1103/PhysRevB.78.035439


8Scientific RepoRts |          (2019) 9:7380  | https://doi.org/10.1038/s41598-019-43751-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 26. Liu, H. J., Cooper, V. R., Dai, S. & Jiang, D. E. Windowed carbon nanotubes for efficient CO2 removal from natural gas. J. Phys. Chem. 
Lett. 3(22), 3343–3347, https://doi.org/10.1021/jz301576s (2012).

 27. Han, Y., Wu, D. Z. & Winston Ho, W. S. Nanotube-reinforced facilitated transport membrane for CO2/N2 separation with vacuum 
operation. J. Membr. Sci. 567, 261–271, https://doi.org/10.1016/j.memsci.2018.08.061 (2018).

 28. Chiashi, S. et al. Water encapsulation control in individual single-walled carbon nanotubes by laser irradiation. J. Phys. Chem. Lett. 
5, 408–420, https://doi.org/10.1021/jz402540v (2014).

 29. Paineau, E. et al. X-ray scattering determination of the structure of water during carbon nanotube filling. Nano Lett. 13, 1751–1756, 
https://doi.org/10.1021/nl400331p (2013).

 30. Wang, X. L. et al. Unexpectedly high salt accumulation inside carbon nanotubes soaked in dilute salt solutions. Phys. Rev. Lett. 121, 
226102, https://doi.org/10.1103/PhysRevLett.121.226102 (2018).

 31. Ye, H. F., Zheng, Y. G., Zhang, Z. Q., Chen, Z. & Zhang, H.W. Water filling and electric field induced enhancement in the mechanical 
property of carbon nanotubes. Sci. Rep. 5, 17537 (2015), https://doi.org/10.1038/srep17537 (2015).

 32. Ye, H. F., Zheng, Y. G., Zhang, Z. Q., Zhang, H. W. & Chen, Z. Controllable deformation of salt water-filled carbon nanotubes using 
an electric field with application to molecular sieving. Nanotechnology 27(31), 315702, https://doi.org/10.1088/0957-
4484/27/31/315702 (2016).

 33. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. Comput. Phys. 117(1), 1–19, https://doi.org/10.1006/
jcph.1995.1039 (1995).

 34. Sha, Z. D. et al. Atomistic origin of size effects in fatigue behavior of metallic glasses. J. Mech. Phys. Solids. 104, 84–95, https://doi.
org/10.1016/j.jmps.2017.04.005 (2017).

 35. Sha, Z. D. et al. Metallic glass-based chiral nanolattice: Light weight, auxeticity, and superior mechanical properties. Mater. Today. 
20(10), 569–576, https://doi.org/10.1016/j.mattod.2017.10.001 (2017).

 36. Ding, L. et al. MXene molecular sieving membranes for highly efficient gas separation. Nat. Commun. 9(1), 155, https://doi.
org/10.1038/s41467-017-02529-6 (2018).

 37. Li, L. et al. Selective gas diffusion in two-dimensional MXene lamellar membranes: insights from molecular dynamics simulations. 
J. Mater. Chem. A 6(25), 11734–11742, https://doi.org/10.1039/c8ta03701a (2018).

 38. Brenner, D. W. et al. A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons. J. 
Phys.-Condes. Matter 14(4), 783–802, https://doi.org/10.1088/0953-8984/14/4/312 (2002).

 39. Liew, K. M., He, X. Q. & Wong, C. H. On the study of elastic and plastic properties of multi-walled carbon nanotubes under axial 
tension using molecular dynamics simulation. Acta Mater. 52(9), 2521–2527, https://doi.org/10.1016/j.actamat.2004.01.043 (2004).

 40. Cai, K., Wang, L. & Xjie, Y. M. Buckling behavior of nanotubes from diamondene. Mater. Des. 149, 34–42, https://doi.org/10.1016/j.
matdes.2018.03.052 (2018).

 41. Horn, H. W. et al. Development of an improved four-site water model for biomolecular simulations: TIP4P-EW. J. Chem. Phys. 
120(20), 9665–9678, https://doi.org/10.1063/1.1683075 (2004).

 42. Cohen-Tanugi, D. & Grossman, J. C. Water desalination across nanoporous graphene. Nano Lett. 12(7), 3602–3608, https://doi.
org/10.1021/nl3012853 (2012).

 43. Zheng, Y. G., Ye, H. F., Zhang, Z. Q. & Zhang, H. W. Water diffusion inside carbon nanotubes: mutual effects of surface and 
confinement. Phys. Chem. Chem. Phys. 14(2), 964–971, https://doi.org/10.1039/C1CP22622C (2012).

Acknowledgements
The supports from the National Natural Science Foundation of China (Nos 11672063, 11672062, 11772082 and 
11872192), 111 Project (No. B08014), Young Science and Technology Star Program of Dalian (2016RQ018) and 
Fundamental Research Funds for the Central Universities are gratefully acknowledged.

Author Contributions
H.W.Z. and Z.C. conceived the idea of this work. H.F.Y. designed the computational plans. D.L., X.Y. and Y.G.Z. 
performed MD simulations and data analysis. H.F.Y. and Z.Q.Z. contributed to theoretical analysis. All authors 
contributed to discussion and preparation of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-43751-0.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-43751-0
https://doi.org/10.1021/jz301576s
https://doi.org/10.1016/j.memsci.2018.08.061
https://doi.org/10.1021/jz402540v
https://doi.org/10.1021/nl400331p
https://doi.org/10.1103/PhysRevLett.121.226102
https://doi.org/10.1038/srep17537
https://doi.org/10.1088/0957-4484/27/31/315702
https://doi.org/10.1088/0957-4484/27/31/315702
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1016/j.jmps.2017.04.005
https://doi.org/10.1016/j.jmps.2017.04.005
https://doi.org/10.1016/j.mattod.2017.10.001
https://doi.org/10.1038/s41467-017-02529-6
https://doi.org/10.1038/s41467-017-02529-6
https://doi.org/10.1039/c8ta03701a
https://doi.org/10.1088/0953-8984/14/4/312
https://doi.org/10.1016/j.actamat.2004.01.043
https://doi.org/10.1016/j.matdes.2018.03.052
https://doi.org/10.1016/j.matdes.2018.03.052
https://doi.org/10.1063/1.1683075
https://doi.org/10.1021/nl3012853
https://doi.org/10.1021/nl3012853
https://doi.org/10.1039/C1CP22622C
https://doi.org/10.1038/s41598-019-43751-0
http://creativecommons.org/licenses/by/4.0/

	An adjustable permeation membrane up to the separation for multicomponent gas mixture
	Results
	Membrane characterization. 
	Separation mechanism. 
	The characteristic size of the molecular channel. 
	The effective diameter of gas molecules. 

	Separation of the binary gas mixture. 
	Separation of the gas mixture with three components. 

	Discussion
	Methods
	Acknowledgements
	Figure 1 Schematic illustration of the salt water-filled CNT membrane to separate the gas mixture of the hydrogen, nitrogen and xenon, which are labelled as the pink, blue and yellow balls, respectively.
	Figure 2 The variation of the distance dx and the effective diameter dMC with the electric field intensity.
	Figure 3 The radial distribution functions of the three gas molecules to the carbon atoms.
	Figure 4 The amounts of the unseparated hydrogen and nitrogen molecules in the upper container with the time.
	Figure 5 The amounts of the unseparated hydrogen, nitrogen and xenon molecules in the upper container with the time.
	Table 1 The overall effective diameter of the three gas molecules to carbon atoms.




