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Abstract

Molecular dynamics (MD) simulations are performed to study the sorption

and transport properties of CH4 and CO2 in amorphous polyethylene at temper-

atures from 350 to 600 K and pressures up to 500 bar. The uptake of CH4 and

CO2 by polyethylene generally increased with increasing pressure and decreasing

temperature. However at high pressures, for example, the uptake of methane

by polyethylene increases with temperature. The self-di�usion coe�cients of

methane and carbon dioxide generally increase with pressure. These results are,

in general, consistent with the swelling behavior of the polymer. Interestingly

for the penetrants, the activation barrier of di�usion decreases with pressure.

MD simulations are also carried out for the CH4/CO2 mixture in amorphous

polyethylene. Here, the overall sorption and transport properties were similar

to those reported for pure CH4 and pure CO2 in polyethylene. The sorption

selectivity of CO2/CH4 decreases with increasing pressure and temperature, and

was mostly independent of the bulk mole fraction of methane. Importantly, at

high pressures, the mobility of methane found here is higher than that of the

corresponding pure methane in polyethylene and the opposite trend is observed

in the case of carbon dioxide. These results might be due to the fact that the

swelling of the polymer in the presence of carbon dioxide is signi�cantly higher

than that in the presence of methane, especially at high pressures. The di�usion

and membrane selectivities of carbon dioxide/methane show a similar trend to

the sorption selectivity data. Furthermore, the simulation data were in good

agreement with the theoretical calculations based on the PC-SAFT equation of

state.
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1 Introduction

The absorption of infrared radiation by greenhouse gases such as CO2 and CH4 plays

a signi�cant role in global warming.1�3 CO2 is a major greenhouse gas contributing

to global warming. Reductions in emission of greenhouse gases into the atmosphere

might be achieved by the e�cient capture of CO2.4�18 The sorbent materials include,

but are not limited to, clays,4�7 zeolites,8,9 metal-organic frameworks,9,10 carbon nan-

otubes11,12 and polymers.8,13�18 Because of their excellent properties such as chemical

and thermal stability, chemical diversity, and low-cost production, polymers may have

an advantage over other candidates. Today, polymer materials have found a wide range

of applications in the �elds such as gas storage and separation,8,13�18 barrier technol-

ogy,19�21 o�shore oil and gas production,22,23 and wire and cable insulation.17,24,25 A

high permeability and a high selectivity are suitable for polymer membranes applied in

separation processes. However, barrier materials employed in food packages, fuel tanks,

etc., usually require low permeabilities for gases. In the o�shore industry, polymers

used to prevent the corrosion of steel pipes may come in contact with �uids at high

pressures and temperatures. A thorough understanding of gas sorption and transport

in polymers is important for the e�cient removal of impurities such as CH4 from the

cables. Polymer models may be used to enhance the understanding of the interactions

in kerogen-rich shale.26,27 However, note that polymer networks di�er from kerogen at

both molecular and supramolecular levels. For all these applications, the interaction

between the small penetrant molecules and the polymers plays a key role.17,28�50

There has been considerable work on the sorption17,31�47 and transport17,32�34,36,37,39�41,43,45,47�50

properties of CH4, CO2, and their mixture in polyethylene at low pressures. These in-

vestigations showed that the solubility of CH4 and CO2 in amorphous polyethylene

generally decreased with increasing temperature/fractional free volume (FFV). This

might be attributed to the fact that the �uid-solid interactions decreased with in-

creasing void fraction (energetic e�ect). In general, the di�usivities of the penetrant

molecules have an exponential dependence on the FFV, which is consistent with the
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classical free volume theory.51�53 Also, the total uptake of CH4 and CO2 in the polymer

decreased with increasing mole fraction of methane in the bulk. The di�usion behavior

of CH4 in polyethylene was not much a�ected by the presence of CO2 and vice versa.

There have also been many investigations on the sorption and transport properties of

CH4 and CO2 in polyethylene at elevated pressures.42�47 These investigations found

that the uptake of CH4 and CO2 by polyethylene generally increases with pressure.

The mobility of CH4 and CO2 generally increased with increasing pressure, which is

the same trend as that of the swelling of the polymer. However, molecular-level infor-

mation of the sorption and transport properties for the mixture of CH4 and CO2 in

polyethylene at high pressures and temperatures is lacking.

Molecular simulations provide important molecular insights into the interactions

between di�erent components of a system.54�58 In this work, molecular dynamics (MD)

simulations were carried out to study the sorption and transport properties of CH4,

CO2, and their mixture in amorphous polyethylene at high pressures and temperatures.

Furthermore, our simulation results were complemented by theoretical studies due

to the lack of experimental data, particularly for the mixture of CH4 and CO2 in

polyethylene.

2 Simulation details

We performed MD simulations to understand the sorption and transport behaviors

of CH4 and CO2 and their mixture in amorphous polyethylene at temperatures from

350 to 600 K and pressures up to 500 bar. The simulation models and methods em-

ployed here were similar to those described in our previous works.17,18 Note that each

polyethylene structure in the MD simulations is purely amorphous, while experimental

results below ≈ 450 K (the melting point of polyethylene) correspond to semicrys-

talline polyethylene materials as described by us previously.17 All simulations were

performed using the LAMMPS59 package (version 7 Aug. 2019). The polymer and

CH4 were described by the TraPPE-UA force �eld.60 CO2 was described using the �ex-
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ible force �eld derived by Cygan et al.61 The nonbonded interaction between particles

is considered to be pairwise additive and modelled based on the Lennard-Jones (LJ)

12-6 potential. The LJ cross interactions are estimated using Lorentz-Berthelot mixing

rules. The model system is made up of 5 �exible polyethylene chains, each containing

1000 carbon atoms (Fig. 1). For sorption studies, the simulations are performed by

placing the polymer melt obtained after an annealing process and up to about 15000

CH4/CO2 molecules in each box (see Fig. 1a). The simulation cells were about 5.0

× 5.0 nm in directions parallel to the interface, and periodic boundary conditions are

applied in all directions. Note that here the polymer-rich phase is in contact with

CH4/CO2-rich phase forming two interfaces due to the periodic boundary conditions.

These values are selected to ensure reasonable bulk phases with enough molecules and

negligible �nite-size e�ects.58 An equilibration run of 30 ns is carried out in the NPT

ensemble (only the cell size in the z direction normal to the interface is varied). The

vapor pressure is obtained from the pressure component in the direction normal to

the interface. The equilibration was checked, for example, by monitoring the adsorbed

amount as a function of simulation time (see, e.g., Figure S1, Supporting Informa-

tion). A 40 ns production run was then performed. The nonbonded cuto� was set to

1.2 nm. For each simulation, at least six independent trajectories are used to minimize

statistical errors.

The transport properties were obtained using MD simulations of the corresponding

bulk polymer-rich phase alone (see Fig. 1b). For each trajectory, a 15 ns production

run in the NV T ensemble was carried out after a 10 ns equilibration run in the NPT

ensemble. The self-di�usion coe�cient Ds at concentration c is calculated using the

Einstein relation:

Ds(c) = lim
t→∞

1

6t
〈|~r(t)− ~r(0)|2〉, (1)

where 〈|~r(t) − ~r(0)|2〉 denotes the mean square displacement (MSD) of the molecule

and ~r(t) represents the position of the molecule at time t. The transport di�usivity Dt

was calculated according to Dt(c) = D0(c)(∂lnf/∂lnc)T .62 Here, f denotes the sorbate
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fugacity in the polymer, and D0(c) is the corrected di�usivity which is calculated from

the MSDs of the center of mass of the sorbates.62

Following the solution-di�usion model, the membrane selectivity αperm,CO2/CH4 of

CO2 over CH4 was calculated by63

αperm,CO2/CH4 = αdiffαsorp =
DCO2,self(xCO2 , xCH4)

DCH4,self(xCO2 , xCH4)

xCO2/xCH4

yCO2/yCH4

, (2)

where αsorp is the sorption selectivity and αdiff is the di�usion selectivity. DCO2,self is

the self-di�usivity of CO2 and DCH4,self is the self-di�usivity of CH4. xCO2 and yCO2

denote the mole fraction of CO2 in the sorbed and bulk phases, respectively. xCH4 and

yCH4 denote the mole fraction of CH4 in the sorbed and bulk phases, respectively.

3 Theoretical details

The familiar perturbed-chain statistical associating �uid theory (PC-SAFT) equation

of state (EoS) is used to estimate, for example, gas sorption and the associated swelling

of the polymer. A detailed description of the PC-SAFT EoS is found elsewhere.64,65

In the framework of PC-SAFT, molecules are considered to be chains of freely

jointed spherical segments. The model development is based on perturbation theories,

where the repulsive interactions are described with a hard-chain expression and the

attractive interactions are described with a dispersive term. The compressibility factor

Z is then given by

Z = 1 + Zhc + Zdisp, (3)

where Zhc denotes the hard-chain contribution and Zdisp represents the dispersive term.

Z is a function of the segment number mi, the segment diameter σi, and the segment

energy parameter εi. The parameters for a pair of unlike segments were estimated
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using the Lorentz-Berthelot combining rules

σij =
1

2
(σi + σj), (4)

εij =
√
εiεj(1− kij) (5)

where kij is the binary interaction parameter. The PC-SAFT EoS parameters em-

ployed in our work are shown in Tables 1 and 2. These parameters are taken from

the literature.64,65 Note that in the absence of experimental data at high pressures and

for comparison purpose, the PC-SAFT binary interaction parameter kij was regressed

from the simulation data (see below).

4 Results and discussion

4.1 Structural properties of amorphous polyethylene

The analysis of the structural properties of polyethylene is important for the under-

standing of the gas sorption and transport behavior in the polymer. Fig. 2 provides

the speci�c volume of polyethylene obtained from MD simulations (symbols) and cal-

culated using the PC-SAFT EoS (lines). It was shown that the overall absolute average

deviation between the theoretical and experimental results of the melt density was less

than about 1.6%.65 A good agreement is found between our simulation results and the

theoretical predictions, with a maximum deviation of about 5%. Our results show that

the speci�c volume of polyethylene decreases with increasing pressure and decreasing

temperature. We see that the e�ect of the pressure on the speci�c volume of polyethy-

lene is more pronounced at higher temperatures. These results are consistent with the

experimental observations for the linear hydrocarbons.66 Note that a good agreement

was found between the simulation results and experimental data for the temperature

dependence of the speci�c volume of polyethylene at 1 atm.17

Furthermore, Figure S2 provides the pressure and temperature dependence of the

void fraction, the pore limiting diameter, and the maximum pore diameter for the
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polyethylene system as obtained from MD simulations. In addition, the Poreblazer

3.0.2 package67 was used for these calculations. The void fraction denotes the ra-

tio of the internal free space (pore volume) of the polymer material accessible to a

probe molecule to its total volume. In this study, helium17,18,67 was used as the probe

molecule. The maximum pore diameter is related to the largest cavity in the poly-

mer system and each species smaller than the pore limiting diameter di�uses without

overlapping framework atoms. We see that the void fraction and the pore diameters

decrease with increasing pressure and decreasing temperature, which is consistent with

the behavior of the speci�c volume as discussed above. At low pressures the void frac-

tion, the pore limiting diameter, and the maximum pore diameter are in the ranges

of about 10 − 31%, 1.3 − 2.6 Å, and 5.1 − 8.4 Å, respectively. These values are in

the ranges of about 6 − 20%, 1.2 − 1.8 Å, and 4.6 − 6.3 Å, respectively, at 500 bar.

Notably, the pore limiting diameters are less than the sizes of the penetrants, 3.73 Å

for CH4 and 3.03 Å for CO2 (5.33 Å in long axis), suggesting that these penetrants

cannot di�use freely in the polymer matrix.

4.2 CH4 and CO2 in amorphous polyethylene

4.2.1 Sorption properties

MD simulations provide information on the sorption properties of CH4 and CO2 in

polymers. For example, increasing the vapor pressure may lead to increased sorption

of CH4 or CO2 in the polymer, which swells the system. Fig. 3 shows the pure-

component sorption isotherms for CH4 and CO2 in polyethylene obtained from MD

simulations (open symbols) and calculated using the PC-SAFT EoS (lines). The simu-

lation results are in good agreement with the theoretical data. Furthermore, our results

are qualitatively consistent with the available experimental data43,46 (solid symbols).

The di�erence (less than a factor of about 2) is possibly because of the e�ects of

molecular weight, polydispersity, and the choice of force �eld. Note that below the

melting temperature, the experimental data46 of the gas uptake in the amorphous
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regions of polyethylene are reported, as described in our previous work.17 The compar-

ison between the simulated solubility data and the experimental results32�35,43 at low

pressures can be found in our previous work.17 Previous studies17,31,39,40 have shown

that, at low pressures, the solubility of small species (e.g., He and N2) in polyethylene

increased with increasing temperature/void fraction (see also Figure S2). This might

be attributed to the fact that the degree of con�nement and the hindered rotations of

these species decrease with increasing void fraction (entropic e�ect). However, the sol-

ubility of species such as methane and carbon dioxide in polyethylene decreased with

increasing temperature/void fraction. This might be attributed to the fact that the

�uid-solid interaction decreased with increasing void fraction (energetic e�ect). Our

results show that the uptake of CH4 and CO2 by polyethylene generally increased with

increasing pressure and decreasing temperature. A similar trend has also been reported

by previous simulation studies.45�47 However at high pressures the entropic factors may

become dominant and, for example, the uptake of CH4 by polyethylene increases with

increasing temperature. This is consistent with the experimental observations for CH4

uptake in the low-density polyethylene.42 It is interesting to note that at low pressures,

the methane uptake is mostly independent of temperature. Similar results were also

obtained for alkanes such as decane.58 Also, the uptake of CO2 is signi�cantly higher

than that of CH4, especially at high pressures. For example, at 500 bar, the simulated

uptake of CH4 is about 11 and 14 g/100 g at 350 K and 600 K, respectively, while the

uptake of CO2 is about 206 and 79 g/100 g at 350 K and 600 K, respectively. As in the

case for the alkanes,58 this result indicates the preferential interactions of the polymer

with CO2 relative to CH4.

Fig. 4 shows the polymer swelling from MD simulations (symbols) and correspond-

ing theoretical results (solid lines). The corresponding pore volume in the swollen state

(determined after the removal of sorbed gases) is shown in Figure S3. We see that the

swelling results are, in general, consistent with the behavior observed for the sorption

data as described above. The swelling generally increased with increasing pressure

and decreasing temperature. However at all pressures, for example, the swelling of the
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polymer in the presence of CH4 increases with increasing temperature. As expected,

the swelling in the presence of CO2 is signi�cantly higher than that in the presence of

CH4, especially at high pressures. For example, at 500 bar, the swelling in the presence

of CH4 is about 31% and 54% at 350 K and 600 K, respectively, while the swelling in

the presence of CO2 is about 209% and 116% at 350 K and 600 K, respectively.

4.2.2 Transport properties

Our results showed that, for instance, increasing the vapor pressure leads to increased

sorption of CH4 or CO2 in the polymer. MD simulations also provide information on

the transport properties of CH4 and CO2 in polyethylene. For example, Figure S4

shows a few representative results of the MSDs versus simulation time. For a pene-

trant in the polymer, in general, three regimes in the plot of its MSD versus time are

observed. An initial ballistic motion (slope of 2) and the long-time Fickian di�usion

(slope of 1) are separated by an intermediate subdi�usive regime (slope of 0.5). The

presence of the subdi�usive regime may be attributed to the coupling of the penetrant

motion to the segmental polymer motion.17,39 It is known that the duration of this

regime decreases with increasing temperature.17 Our results show that the duration of

this regime decreases with increasing pressure. This is probably because the swelling

increases with increasing pressure (see, e.g., Fig. 4). Furthermore, the self-di�usion

coe�cient of a penetrant is estimated based on the linear slope in the plot of its MSD

versus time. Fig. 5 displays the simulated self-di�usion coe�cients (open symbols) of

CH4 and CO2 in polyethylene under the studied conditions. Our results are qualita-

tively consistent with the available experimental data33,34,43 (solid symbols). Previous

studies17,30,48 have found that penetrants generally di�use by a hopping process where

they explored cavities in the polymer for extended time periods and perform fast jumps

between neighboring cavities. Furthermore, the di�usivity of the penetrant molecules

in the polymeric system was described by the classical free volume theory.51�53 Based

on this theory, the redistributions of the free volumes occasionally open up large enough

voids allowing the di�usive transport. This simple notion leads to the di�usivity given
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as D = A exp(−B/FFV), with A and B being constants. In general, the values of

A and B are related to the �uid-solid and the solid-solid interactions, respectively.

Notably, the �uid-solid interaction increases with decreasing A. For example, taking

the void fraction as a measure of FFV, our simulated A values for CH4 and CO2 in

polyethylene are about 9.0 and 7.6×10−8 m2/s, respectively, and the simulated B value

for CH4 and CO2 is about 0.4. These values are consistent with previous literature.17

Our results show that the self-di�usion coe�cients of CH4 and CO2 generally in-

crease with increasing pressure. These results are in line with the swelling behavior

as described above. A similar trend has also been reported by previous simulation

studies.45,47 However at high temperatures, the self-di�usion coe�cients of CH4 and

CO2 initially decrease with increasing pressure. This might be explained by the fact

that here the pore volume decreases with increasing pressure (see Figures S2 and S3).

For further analysis, the simulated self-di�usion data are replotted as a function of the

temperature in Figure S5. The self-di�usion coe�cients of CH4 and CO2 increase with

increasing temperature and they follow an Arrhenius-like (Ds ≈ exp(−ED/RT ), where

ED denotes the activation barrier of di�usion) behavior. We see that the activation

barrier of di�usion decreases with increasing pressure. For example, the simulated

activation barriers for CH4 and CO2 in polyethylene are about 17.8 and 15.1 kJ/mol,

respectively, at 10 bar. These values are quite similar to those reported previously.17

Note that the experimental32 and simulated activation barriers of di�usion di�er by a

factor of about 2 in all cases. At 500 bar, the simulated activation barriers for CH4 and

CO2 in polyethylene are about 13.0 and 6.9 kJ/mol, respectively. The overall behavior

of the transport di�usivities of CH4 and CO2 (Figure S6) was similar to that observed

for the self-di�usivities. The maximum di�erence between those two di�usivities is less

than a factor of 2 at the investigated conditions.
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4.3 CH4/CO2 mixture in amorphous polyethylene

4.3.1 Sorption properties

Fig. 6 shows the sorption isotherms for the mixture of CH4 and CO2 (yCH4 = 0.25, 0.5,

and 0.75) in amorphous polyethylene obtained from MD simulations (symbols) and

calculated using the PC-SAFT EoS (lines). The simulation results are in reasonable

agreement with the theoretical data. Our results show that the overall sorption behav-

ior of the mixture was similar to that obtained for pure-component sorption isotherms,

as detailed above. Notably, the uptake of CH4 and CO2 by polyethylene generally

increased with increasing pressure and decreasing temperature. However at high pres-

sures, for example, the uptake of CH4 by polyethylene is nonmonotonic with increasing

temperature. This uptake is expected to increase with increasing temperature at higher

values of yCH4 (see, e.g., Fig. 3). As expected, the sorption isotherms acquired with an

equimolar mixture of CH4 and CO2 display that the polyethylene preferentially adsorbs

CO2 over CH4. The fact that the total gas concentration in the polymer decreases with

increasing yCH4 is in agreement with the experimental trend.38 An interesting result is

that the uptake of CH4 is mostly independent of the mole fraction yCH4 . As an aside,

the uptake of CH4 was signi�cantly reduced in the presence of CO2 in pores of �xed

sizes.4,11

Furthermore, Figure S7 shows the swelling of the polymer in the presence of CH4

and CO2 from MD simulations (symbols) and corresponding theoretical results (solid

lines). The corresponding pore volume in the swollen state (determined after the

removal of sorbed gases) is shown in Figure S8. We see that the swelling results

are correlated with the binary sorption data. In general, the swelling increases with

increasing pressure, and at all pressures, the swelling varies nonmonotonically with

temperature for the studied compositions. However, for example, the swelling is ex-

pected to increase with temperature at higher values of yCH4 (see, e.g., Fig. 4). Our

results also show that the swelling decreases with increasing yCH4 . This might be due

to the relatively stronger carbon dioxide-polymer interaction. A similar result was also
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obtained for alkanes such as decane.58

The performance of the gas separations could be modi�ed by tuning the sorption

selectivity (see eq. (2)).63 The sorption selectivity of CO2/CH4 obtained from MD

simulations (symbols) and calculated using the PC-SAFT EoS (lines) are shown in

Figure S9. The sorption selectivities of CO2/CH4 were in the range of about 1 − 3

at the investigated conditions. We see that the sorption selectivities of CO2/CH4

decreased with increasing pressure and temperature. Also, the sorption selectivity of

CO2/CH4 was mostly independent of the mole fraction yCH4 .

4.3.2 Transport properties

MD simulations also provide information on the transport properties for the mixture of

CH4 and CO2 in amorphous polyethylene. Fig. 7 displays the simulated self-di�usion

coe�cients (symbols) of CH4 and CO2 in this system. For comparison purpose, the

lines in Fig. 7 show the corresponding self-di�usion coe�cients of pure CH4 and pure

CO2 in polyethylene. The simulated self-di�usion data are replotted as a function of

the temperature in Figure S10. Our results show that the overall di�usion behavior of

the mixture was similar to that obtained for pure CH4 and pure CO2 in polyethylene,

as detailed above. For example, here the self-di�usion coe�cients of CH4 and CO2

generally increase with increasing pressure and temperature. At low pressures, the

di�usion behavior of CH4 in polyethylene is not much a�ected by the presence of CO2

and vice versa. This �nding is consistent with the experimental transport data for the

mixture of CH4 and CO2 in polyethylene.37 However at high pressures, the mobility of

CH4 found here is higher than that of the corresponding pure CH4 in polyethylene and

the opposite trend is observed in the case of CO2. We see that the mobility of CH4 and

CO2 generally increases with decreasing yCH4 . Also, the presence of CO2 signi�cantly

decreases the activation barrier of CH4, especially at high pressures (see, e.g., Figure

S10). For example at yCH4 = 0.25 and 500 bar, the simulated activation barrier of

CH4 in polyethylene is about 8.6 kJ/mol. In contrast, the presence of CH4 increases

the activation barrier of CO2. For example, at yCH4 = 0.75 and 500 bar, the simulated
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activation barrier of CO2 in polyethylene is about 10.4 kJ/mol. All these results might

be explained by the fact that the swelling in the presence of CO2 is signi�cantly higher

than that in the presence of CH4, especially at high pressures (see, e.g., Figures 4 and

S7).

The gas separation performance can also be modi�ed by tuning the di�usion and

membrane selectivities (see eq. (2)).63 The di�usion and membrane selectivities of

CO2/CH4 obtained from MD simulations are shown in Figure S11 and Fig. 8, respec-

tively. The di�usion and membrane selectivities of CO2/CH4 are in the ranges of about

0.8− 1.2 and 0.9− 3.4 under the investigated conditions, respectively. We see that the

di�usion and membrane selectivities of CO2/CH4 show a similar trend to the sorption

selectivity data (see Figure S9). For example, the di�usion and membrane selectivities

of CO2/CH4 decrease with increasing pressure and temperature. Also, the di�usion

and membrane selectivities of CO2/CH4 are mostly independent of the mole fraction

yCH4 . Overall, our data suggest that the membrane selectivity is dominated by the

sorption process, especially at low pressures. Note that here the membrane selectivity

was determined using the self-di�usivity.63 In practice, the collective behavior is key

for transport processes. However, since the membrane selectivities are dominated by

the sorption processes, the general �ndings of this study are likely to be valid for the

experimental conditions.

In regards to the increase of CH4 adsorption with temperature (see Fig. 3), it is

also important to note that with increase in temperature the increased kinetic energy

enables the adsorbate molecules to overcome large barriers at narrow pore windows,

opening up pore space that was inaccessible by adsorbate at lower temperatures. This

e�ect can occur even in the absence of swelling, and has been reported for gases in

coals and molecular sieving carbons68,69 and theoretically explained using transition

state theory.70
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5 Conclusions

We have carried out MD simulations to study the sorption and transport properties

of CH4 and CO2 in amorphous polyethylene at temperatures from 350 to 600 K and

pressures up to 500 bar. Our simulation data of sorption of CH4 and CO2 in polyethy-

lene are qualitatively consistent with the available experimental results.43,46 It is found

that the uptake of CH4 and CO2 by polyethylene generally increased with increasing

pressure and decreasing temperature. However probably due to entropic e�ects, for

example, the uptake of CH4 by polyethylene increases with temperature at high pres-

sures. The swelling results are, in general, consistent with the behavior observed for

these sorption data. Our simulation results of di�usion coe�cients of CH4 and CO2 in

polyethylene are in reasonable agreement with the available experimental data.33,34,43

We see that the self-di�usion coe�cients of CH4 and CO2 generally increase with pres-

sure. These results are in line with the swelling behavior of the polymer. However

at high temperatures, the self-di�usion coe�cients of CH4 and CO2 initially decrease

with increasing pressure. This might be explained by the fact that here the pore vol-

ume decreases with pressure. Interestingly for CH4 and CO2, the activation barrier of

di�usion decreases with pressure.

MD simulations are also performed for the CH4/CO2 mixture in amorphous polyethy-

lene at high pressures and temperatures. Here, the overall sorption and transport

properties were similar to those reported for pure CH4 and pure CO2 in polyethylene.

The fact that the total gas concentration in the polymer decreases with increasing yCH4

is in agreement with the experimental trend.38 The sorption selectivity of CO2/CH4

decreases with increasing pressure and temperature, and was mostly independent of

the mole fraction yCH4 . At low pressures, the di�usion behavior of CH4 in polyethylene

is not much a�ected by the presence of CO2 and vice versa. This �nding is consistent

with the experimental transport data for the mixture of CH4 and CO2 in polyethy-

lene.37 However at high pressures, the mobility of CH4 found here is higher than that of

the corresponding pure CH4 in polyethylene and the opposite trend is observed in the
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case of CO2. All these results might be explained by the fact that the swelling in the

presence of CO2 is signi�cantly higher than that in the presence of CH4, especially at

high pressures. The di�usion and membrane selectivities of CO2/CH4 show a similar

trend to the sorption selectivity data. Furthermore, the simulation results are com-

pared with theoretical calculations based on the PC-SAFT EoS, and good agreement

is found.
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Table 1: PC-SAFT parameters for CH4, CO2, and polymer.

Component m σ(Å) ε/k (K) Ref.

CH4 1.0000 3.7039 150.03 64

CO2 2.0729 2.7852 169.21 64

Polymer 368.9468 4.0217 252.00 65

Table 2: PC-SAFT binary interaction parameter (kij) for pairs (T is temperature in
K).

Pair kij Ref.

Polymer-CO2 9.9220e-2 - 3.4249e-5 · T -
Polymer-CH4 -1.3001e-2 + 4.0568e-5 · T -
CH4-CO2 6.5000e-2 64
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Figure 1: Equilibrium snapshots of amorphous polyethylene in contact with equimolar
CH4/CO2 mixture at 500 K and 100 bar. The simulation setups used for the study of
sorption and di�usion are shown in (a) and (b), respectively. Color code: CH2/CH3,
grey; CH4, orange; C, green; O, red.
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Figure 2: Speci�c volume of amorphous polyethylene from MD simulations (symbols)
and calculated using the PC-SAFT EoS (lines). Error bars are smaller than the size
of the symbols.
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Figure 3: Sorption isotherms of (a) CH4 and (b) CO2 in amorphous polyethylene from
MD simulations (open symbols) and calculated using the PC-SAFT EoS (lines). Where
error bars are not shown, they are smaller than the symbol size. The solid symbols
denote the experimental data.43,46 The inset shows the same data of the main �gure
at low pressures.
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Figure 4: Swelling (∆V/V ) of amorphous polyethylene in the presence of (a) CH4

and (b) CO2 from MD simulations (symbols) and calculated using the PC-SAFT EoS
(lines). Error bars are smaller than the size of the symbols.
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Figure 5: Self-di�usion coe�cients of (a) CH4 and (b) CO2 in amorphous polyethylene
from MD simulations (open symbols). Where error bars are not shown, they are smaller
than the symbol size.
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Figure 6: Sorption isotherms for the mixture of CH4 and CO2 in amorphous polyethy-
lene from MD simulations (symbols) and calculated using the PC-SAFT EoS (lines).
(a), (b), and (c) show sorption isotherms of CH4 at mole fraction yCH4 = 0.75, 0.5, and
0.25, respectively. (d), (e), and (f) show sorption isotherms of CO2 at mole fraction
yCH4 = 0.75, 0.5, and 0.25, respectively.
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Figure 7: Self-di�usion coe�cients for the CH4/CO2 mixture in amorphous polyethy-
lene from MD simulations (symbols). (a), (b), and (c) show the self-di�usion coe�-
cients of CH4 at mole fraction yCH4 = 0.75, 0.5, and 0.25, respectively. (d), (e), and
(f) show the self-di�usion coe�cients of CO2 at mole fraction yCH4 = 0.75, 0.5, and
0.25, respectively. In addition, the lines denote the corresponding simulation results
for pure CH4 and pure CO2 in amorphous polyethylene.
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Figure 8: Membrane selectivity of CO2/CH4 in amorphous polyethylene from MD
simulations: (a) yCH4 = 0.75, (b) 0.5, and (c) 0.25.
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