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Diffusion and sorption of five gases (H2, N2, O2, CO2, CH4) in hydrogenated nitrile butadiene rubber (HNBR)

and ethylene–propylene–diene rubber (EPDM) have been investigated by molecular dynamics (MD) and

grand canonical Monte Carlo (GCMC) simulations. The diffusion coefficients of gas molecules in HNBR

and EPDM are well correlated with the effective penetrant diameter except for CO2. CO2 shows a lower

diffusion coefficient due to its linear shape. Additionally, the favorable interaction between CO2 and

HNBR is another factor for its lower diffusion coefficient in HNBR. HNBR shows lower diffusion

coefficients than EPDM. This is because the polar –CN groups in HNBR chains increase interchain

cohesion and result in tight intermolecular packing, low free volume and poor chain mobility, which

decreases the diffusion coefficients of HNBR. The solubility coefficients of CH4, O2, N2 and H2 in HNBR

are lower than those in EPDM, which is a result of the weak HNBR–penetrant interactions and low free

volume of HNBR. However, the solubility coefficient of CO2 in HNBR is higher than in EPDM. This is

attributed to the strong interaction between CO2 and HNBR. H2, O2, N2 and CH4 show lower

permeability coefficients in HNBR than in EPDM, while CO2 has higher permeability coefficients in HNBR.

These molecular details provide critical information for the understanding of structures and gas transport

between HNBR and EPDM.
1. Introduction

Due to the excellent elasticity and resilience, elastomer seals
have widespread use as sealing components, such as hoses,
gaskets, O-rings, and so forth, in the gas and oil industry.1

Ethylene–propylene–diene (EPDM) rubber and hydrogenated
nitrile butadiene rubber (HNBR) are two of the most common
elastomer materials used in the sealing industry. EPDM elas-
tomer has become a barrier sealing material of signicant
commercial importance due to its superior resistance to
thermal, oxidative, and radiation degradation coupled with its
ability to accommodate high volume fractions of ller and
liquid plasticizer.2,3 HNBR is prepared by saturated the carbon–
carbon double bonds in the backbone of nitrile butadiene
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rubber (NBR) with hydrogen, which is widely used for applica-
tions in the oil and gas industry due to its oil resistance, heat
aging and low-temperature exibility.4,5

As sealing components, one of their key roles is to protect
sensitive monitoring equipment from contamination by gases
and uids. The permeation of certain gases through the seals
will lead to corrosion of the electronic components that are
intended to be protected. Hence, the study of gas permeation
behavior of elastomer materials plays an important role in the
design of high performance sealing materials, the prediction of
the internal atmosphere of the sealed devices and the assess-
ment of the device life. Experimental and computational
researches on diffusion and sorption of small molecules in
polymeric materials are essential due to the important appli-
cations of polymeric materials as barriers or membranes. In
order to understand the mechanisms of gas transport in the
various polymers of interest, it is useful to relate the chemical
composition of the polymer and its morphology to the sorption
isotherms and diffusivities of penetrants within it. In this
respect, molecular simulations have signicant benets in
understanding the sorption and diffusion phenomena in poly-
mers at the molecular scale.

Molecular dynamics (MD) simulations have been extensively
used in order to investigate the permeation of gas molecules in
glassy and rubbery polymers.6,7 The studied rubbery polymers
RSC Adv., 2020, 10, 12475–12484 | 12475
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include silicon rubber,8,9 styrene–butadiene rubber (SBR),10,11

polyisobutylene,12,13 natural rubber,14 EPDM,15 NBR,11,16,17 and
poly(butadiene).18 No previous studies have been undertaken to
investigate the diffusion and solubility of different gases in
HNBR via MD simulations. The diffusion and solubility coeffi-
cients of small diffusant in EPDMmatrice have been studied by
MD simulations and experiment;15 however, the relationship
between polymer structures and gas transport is not researched.
In this study, the diffusion and solubility of small diffusant in
HNBR and EPDM are investigated on a molecular basis by MD
simulations. Furthermore, the relationship between polymer
structures and gas transport are discussed.

Firstly, MD and grand canonical Monte Carlo (GCMC)
simulations are utilized to determine the diffusivity and solu-
bility of ve gases (H2, N2, O2, CO2, CH4) in HNBR and EPDM.
The predicted values for solubility and diffusivity are compared
with available experimental values in the literatures. Next the
effects of free volume, chain packing, local chain mobility and
polymer–gas interactions on gas transport properties of HNBR
and EPDM matrices are discussed.
2. Simulation details
2.1 Construction of polymer microstructures

All simulations in this study were performed with Biovia
Materials Studio soware using the COMPASS (Condensed-
phase Optimized Molecular Potentials for Atomistic Simula-
tion Studies) forceeld.19,20 Molecular structures of HNBR and
EPDM are shown in Scheme 1. HNBR chains contain acryloni-
trile (ACN, 36 wt%), three types of butadiene repeat units (1 wt%
in total): trans-1,4, cis-1,4, and 1,2 butadiene, and saturated 1,4
(55 wt%) and 1,2 butadiene (8 wt%). EPDM chains have ethylene
(54 wt%), propylene (38 wt%) and 5-ethylidene norbornene
(ENB, 8 wt%). The non-bonded force eld parameters for HNBR
and EPDM are presented in ESI Table S1.† In the following, the
generation of HNBR and EPDM cells and their equilibration are
summarized. Initially, polymer chains were built using the
random copolymer option and geometry optimization was
performed using the Forcite Module. In order to ensure that the
number of atoms in the HNBR and EPDM simulation boxes
were similar, single HNBR and EPDM chain contained 40 and
50 monomer units, respectively. Then, A periodic model of the
copolymer, comprising of 8 polymer chains in each cubic unit
cell (simulation box), was constructed. Annealing was per-
formed by the NVT dynamics procedure through heating and
Scheme 1 The chemical structures of HNBR and EPDM.

12476 | RSC Adv., 2020, 10, 12475–12484
cooling the system at 1 atm in the temperature range of 300 to
600 K in steps of 50 K. The time of dynamics was 10 000 ps at
each temperature, and the integration step was 10�3 ps. Inter-
actions of nonbond, van derWaals and electrostatic forces, were
calculated using an atom-based summation method and Ewald
summation method, respectively.21 The annealed cell was later
put through a stage-wise equilibration procedure. First the cell
was heated to 600 K, and then the temperature was decreased in
several stages to 400 K in steps of 50 K. Aer this, the temper-
ature was decreased in several stages to 300 K in steps of 25 K.
Each stage consisted of two consecutive runs in the following
order: (i) an NVT run at a specic temperature, and (ii) an NPT
run at 1 atm and a specic temperature. Each of the two
consecutive runs in all stages was applied for 1000 ps and the
integration step was 10�3 ps. The aim of the procedure was to
obtain a rened system that would relax at the experimental
density of the amorphous polymer at 1 atm and 300 K. Finally,
the cell was relaxed by consecutive NVT (at 300 K) and NPT
dynamics (at 1 atm and 298 K) to ensure that a constant density
has been reached. This nal equilibration step was carried out
for 1000 ps using 10�3 ps time steps. A density versus time
prole was obtained, and the average density of the last 100
frames was calculated. Two criteria were used to determine the
equilibrium of the system: (1) the density and cell length of the
system remained stable for a long time; (2) the uctuation of
energy was lower than 10%.22 The plots of density, cell length
and energy versus simulation time in the NPT for EPDM and
HNBR are shown in ESI Fig. S1 and S2.† Fig. S1 and S2† show
that the EPDM and HNBR systems have reached equilibrium
states.

In all runs, Nosé method was used for temperature control.23

In NPT runs, the pressure was controlled by Berendsen's
method. During these simulations, the cutoff for the
nonbonded interactions was taken as 15.5 Å both for HNBR and
EPDM. The spline and buffer widths were 1 and 0.5 Å.
2.2 Glass transition temperature

The glass transition temperatures, Tg, of HNBR and EPDM were
determined from the plot of specic volume (the reciprocal of
density) versus temperature.24 NPT simulations were performed
to determine polymer density over the range of 50 to 500 K at 50
K intervals. Each NPT simulation was performed for 500 ps. The
glass transition temperature was determined as the tempera-
ture at which there was a change of slope in the specic volume
versus temperature plot using a segmented regression
analysis.24
2.3 Solubility parameter

The solubility parameters, d, of HNBR and EPDM were calcu-
lated using the van der Waals and coulombic energy of inter-
actions (EvdW and Ecoul, respectively) and the molar volume, V,
which is the ratio of the average molecular weight and the
density of the polymer (obtained using the procedure described
in Section 2.1).24 The dispersion and polar components of
d were calculated using
This journal is © The Royal Society of Chemistry 2020
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dd ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
|EvdW|

V

r
(1)

and

dp ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
|Ecoul|

V

r
(2)

respectively, and the total solubility parameter, d, was obtained
from

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dd

2 þ dp
2

q
(3)

The atom-based summation and Ewald summationmethods
were used to calculate the above EvdW and Ecoul interaction
energies, respectively. The average solubility parameter was
calculated from the last 100 equilibrated frames.

2.4 Free volume

The free volume and occupied volume of HNBR and EPDM cells
were calculated using the Connolly task. The simulated fractional
free volumes (FFV) of the polymers are dependent on the chosen
Connolly radius since these are used as the probe particles. The
void distribution was estimated by a method previously used for
micro-crystalline materials.25,26 Specically, the simulation cell was
divided into three-dimensional ne grids with a size of approxi-
mately 0.1 Å. The void size at a grid was determined as the
diameter of the maximum cavity that encloses the grid and addi-
tionally has no overlap with any polymer atom.

2.5 Determination of local mobility of polymer chains

A segmental vectorial autocorrelation function (VACF) was used
to investigate both main-chain and side-chain exibility. By
dening a vector, u(t0), that represents the orientation of a chain
segment (backbone or side chain) at a given time, t0, the angle
by which the orientation changes over time, t, is given as27

m(t) ¼ hu(t0)u(t0 + t)i (4)

Ensemble averages were computed over 1000 ps of NVE
dynamics. The main-chain vector was chosen as extending from
C(i) to C(i + 1) in themain chains. For the side chain, the vector was
chosen to extend from C(i) to the nitrogen atom of the –CN group
attached to C(i) (i.e.C(i)–C–N) inHNBR and fromC(i) to the carbon
atom of the methyl group attached to C(i) (i.e. C(i)–C) in EPDM.

2.6 MD simulation for diffusion coefficients

Ten molecules of the diffusing species (that is, the penetrant
molecules, H2, N2, O2, CH4 or CO2) were placed into the equil-
ibrated simulation box (as described in Section 2.1). This was
followed by minimization of the potential energy of the
penetrant/polymer system using ‘‘smart minimizing method’’
run for 50 000 steps.28 Then, annealing was performed by the
NVT dynamics procedure through heating and cooling the
system at 1 atm in the temperature range of 300 to 600 K in
steps of 50 K. The time of dynamics was 8000 ps at each
temperature. The resulting structure was then equilibrated by
This journal is © The Royal Society of Chemistry 2020
NVT and NPT simulations at 298 K in order to ensure that its
minimized total energy remained approximately constant with
respect to the simulation time.

Diffusion coefficients of penetrant in the equilibrated poly-
mer structure were determined from MD simulations. An NVE
simulation of the system was performed for 10 000 ps. A time
step of 10�3 ps was used. The diffusion coefficients can be
calculated by means of the Einstein relation29,30

D ¼ 1

6N
lim
t/N

d

dt

*XN
i

|riðtÞ � rið0Þ|2
+

(5)

where N is the number of penetrants, ri(0) and ri(t) are the initial
and nal positions of the center of mass of penetrant i over the
time interval t, and h|ri(t) � ri(0)|

2i is the averaged mean-square
displacement (MSD) of the penetrant. The diffusion coefficient
was determined from the slope of MSD versus time data. In this
work, MSD of H2, O2, N2, CO2 and CH4 were calculated from the
trajectories of ten penetrant molecules in the rubber
microstructures.

2.7 Grand canonical Monte Carlo (GCMC) simulation for
sorption isotherm

The equilibrated cell was used for GCMC simulations employing
the standard Metropolis algorithm using the “Sorption Isotherm”

module.31 Both the polymer framework and the penetrant mole-
cules were treated as rigid bodies. The degrees of freedom of the
system were accordingly specied by the center-of-mass position
and orientation of the molecules. Metropolis sampling was used
for inserting or deleting permeant molecules as well as accepting
or rejecting their translational and rotational congurational
moves. The COMPASS force eld and force eld assigned partial
charges on atoms were used. The Ewald summation method was
used for electrostatic interactions, and atom-based summation
was used for van der Waals interactions. A VTm simulation was
performed at each xed pressure and 298 K. The pressure of the
penetrant gas was varied from 10 to 160 kPa. For each pressure
value, 105 equilibration steps wererst performed to ensure proper
relaxation of the polymer chains in response to the insertion of the
penetrant molecule, following which 106 steps of production run
were carried out. The simulation output was the number of
penetrant molecules present in the simulation cell at equilibrium.
The sorption isotherm can be obtained in the form of a plot of the
concentration of sorbed gas, C, as a function of pressure at
constant temperature. The solubility coefficient, S, is then ob-
tained from the limiting slope of the sorption isotherm at zero
pressure as32

S ¼ lim
p/0

ðC=pÞ (6)

where C is in units of cm3 (STP) cm�3 (polymer) and p is
pressure.

3. Results and discussion
3.1 Validation of simulation models

The computed densities (r), glass transition temperatures (Tg)
and solubility parameters (d) of HNBR and EPDM are shown in
RSC Adv., 2020, 10, 12475–12484 | 12477
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Table 1. The experimental values in the literatures are also
shown for comparison. The data obtained fromMD simulations
in this work match closely to experimental values reported in
the literature, with the errors less than 8%. The density, glass
transition temperature and solubility parameter of HNBR are
higher than those of EPDM. This is due to the strong interac-
tions of polar –CN groups in the HNBRmolecular chains, which
improve the packing density of polymer chains and the inter-
chain cohesion. Based on these data, we can say that the
equilibrated EPDM and HNBR cells reasonably represent their
structures.
Fig. 1 Mean-square displacement of penetrant molecules in (a) HNBR
and (b) EPDM as a function of time. The thin dashed lines are fitted to
diffusion data in the Einstein region.
3.2 Gas diffusion

Fig. 1(a) and (b) present the log–log plot for MSD of different gas
molecules (H2, N2, O2, CO2, CH4) in HNBR and EPDM as
a function of time, respectively. The thin dashed lines in Fig. 1
represent the transition from the nonEinstein (anomalous)
diffusion regime to the Einstein diffusion regime. The nearly
unit slope of log(MSD) versus log(t) plot indicates that a normal
(Einstein) diffusion regime is attained.34 The diffusion coeffi-
cients at 298 K obtained from the MSD plots (Einstein diffusion
regime) for the ve gases in HNBR and EPDM are shown in
Table 2. Teplyakov and Meares have developed the following
correlation between the diffusion coefficients of penetrant
gases and their effective diameters.37

log D ¼ K1 � K2deff
2 (7)

Here, deff is the effective penetrant diameter. The correlation
coefficients K1 and K2 depend on the chemical and physical
properties of the polymer matrices. This correlation holds for
both glassy and rubbery polymers, as well as for homopolymers
and copolymers.38

The logarithms of D are plotted against deff
2 of the penetrant

gases for HNBR and EPDM in Fig. 2. The effective diameters
used for the plot in Fig. 2 are those tabulated by Teplyakov and
Meares from a comparison of the diffusion coefficients of
various gases with those for inert gases in different polymers.39

In Fig. 2 and Table 2, the diffusion coefficients for HNBR and
EPDM in this work are also compared with the available
experimental data of NBR and EPDM,15,40 reported in the liter-
atures. It can be seen that the diffusion coefficients of pene-
trants in HNBR and EPDM, calculated using the MD
simulations of the present study, show similar trends as the
Table 1 Estimated and experimental values of densities, Tg and
solubility parameters for HNBR and EPDM

Rubber r (g cm�3) Tg (K) d (MPa1/2)

HNBR This work 0.93 � 0.02 243 � 5 18.2 � 0.2
Experimenta 0.95 248 19.7

EPDM This work 0.88 � 0.02 219 � 5 15.1 � 0.3
Experimentb 0.86 218 16–16.5

a Experimental values are obtained from ref. 33. b Experimental values
are obtained from ref. 34–36.

12478 | RSC Adv., 2020, 10, 12475–12484
experimental values reported in the literatures. However, they
are about one order of magnitude higher than the respective
experimental values. Higher simulated diffusion coefficients for
HNBR compared to experimental values are also reported by
Krishnan.17 The higher D may be attributed to the fact that the
MD simulations are for uncross-linked chains of rubber,
whereas the experimental values are for crosslinked rubbers.
The diffusion coefficients are evidently lower in a cross-linked
polymer than in the analogous low-molecular weight un-cross-
linked copolymer of identical composition.17 The simulated
D(CO2) (5.2 � 10�7 cm2 s�1) for HNBR in this work agrees well
with the simulated D(CO2) (3.7 � 10�7 cm2 s�1) for HNBR re-
ported by Krishnan.17

The line in Fig. 2 represent the least squares t of the
simulated data for HNBR and EPDM in this work according to
eqn (7). It can be seen that the simulated data for HNBR and
EPDM in this work conform reasonably well to the correlation
given by eqn (7). The results show that K2 (HNBR) > K2 (EPDM).
Teplyakov and Meares have reported that K2 increases as the
cohesive energy density (CED ¼ d2) of the polymer matrices
increase.37 Our results are consistent with this trend. The gas
diffusion coefficients in HNBR and EPDM follow the same order
D(H2) > D(O2) > D(N2) > D(CH4) > D(CO2), while the effective
diameter order is H2 < O2 < CO2 < N2 < CH4. The prediction of
diffusivity based on the effective diameter values for the CO2 is
anomalous. Obviously, the D(CO2) value is lower compared with
those of N2 and CH4, which is not associated with their effective
This journal is © The Royal Society of Chemistry 2020
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Table 2 Simulated and experimental diffusion coefficients, solubility coefficients and permeability for penetrant molecules in HNBR and EPDM

Gas

Da Sb Pc

HNBR EPDM HNBR EPDM HNBR EPDM

Simulated results
H2 76.1 � 1 87.4 � 2 0.34 � 0.01 0.68 � 0.01 25.87 � 1 59.43 � 2
O2 1.58 � 0.02 2.5 � 0.01 1.63 � 0.01 3.90 � 0.02 2.58 � 0.1 9.75 � 0.5
N2 0.72 � 0.001 2.3 � 0.01 0.49 � 0.01 1.71 � 0.01 0.35 � 0.01 3.93 � 0.1
CH4 0.61 � 0.001 1.8 � 0.01 0.82 � 0.01 5.31 � 0.01 0.50 � 0.01 9.56 � 0.1
CO2 0.52 � 0.001 0.75 � 0.002 39.0 � 0.5 13.4 � 0.5 20.28 � 0.5 10.1 � 0.5

Experimental resultsd

H2 2.430 8.0 0.217 0.394 0.535 3.15
O2 0.136 0.65 0.533 1.03 0.072 0.66
N2 0.064 0.55 0.276 0.691 0.018 0.38
CH4 0.23 3.10 0.71
CO2 0.038 0.36 14.70 11.1 0.559 4.00

a Units of (10�6 cm2 s�1). b Units of (10�6 cm3 (STP) cm�3 pa�1). c Units of (10�12 cm2 cm3 (STP) cm�3 s�1 pa�1). d The experimental data of EPDM
and NBR are obtained from ref. 15 and 40.
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diameter. This is due to the linear shape of CO2 that takes more
time to travel through the cavities in the polymer matrix.41 In
the case of HNBR, the more polar CO2 has favorable interaction
with the polar –CN groups in the HNBR chains, which binds
itself with the HNBR matrix.42 This type of interaction is not
present among CH4, N2, O2 and H2 with the HNBR. The above
two factors lead to the decrease of D(CO2) in HNBR and EPDM.

The gas diffusion coefficients of HNBR are lower than EPDM
and the differences between the diffusion coefficients of the two
rubbers increase as the effective penetrant diameter increases.
In the following, the effect of free volume, chain packing and
local chain mobility on gas diffusivity properties of EPDM and
HNBR matrices will be discussed.

3.2.1 Free volume. The size and distribution of free volume
in polymer membranes play a substantially important role in
diffusion and sorption of gas species. The morphology of free
volume in HNBR and EPDM, including size, shape, and
connectivity, are shown in Fig. 3. The free volumes, denoted by
Fig. 2 Experimental and simulated diffusion coefficients as a function
of the squared effective penetrant diameter (deff

2) for HNBR, NBR and
EPDM. The experimental data for EPDM and NBR are obtained from
ref. 15 and 40, respectively. (:) Simulated and (O) experimental
diffusion coefficients for EPDM; (C) simulated diffusion coefficients
for HNBR and (B) experimental diffusion coefficients for NBR.

This journal is © The Royal Society of Chemistry 2020
the blue regions, were estimated for a probe of radius 0.5 Å. We
can quantitatively correlate free volume morphology with gas
diffusivity of polymer membranes. HNBR contains more
smaller and discontinuous voids and shows low gas diffusivity.
The polar –CN groups in HNBR increase the interchain cohe-
sion, resulting in the tight packing of the polymer chains. As
a result, the gas diffusivity decreases. Compared with HNBR,
EPDM has the more large voids and well-connected network.
This is mainly attributed to the presence of norbornene in
Fig. 3 Free volume morphologies in (a) HNBR and (b) EPDM matrices
estimated for a probe radius of 0.5 Å.

RSC Adv., 2020, 10, 12475–12484 | 12479
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Fig. 4 Distributions of void radius in HNBR and EPDM matrices.
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EPDM, which reduces the chains packing and leads to high gas
diffusivity.

A detail analysis for the distribution of void size is shown in
Fig. 4. It is already established that the free volume distribu-
tions in amorphous polymers are an important aspect of their
transport behavior toward small and medium-sized penetrant
molecules.43 The gure shows the monomodal size distribution
with maximum opportunity at free volume radius of approxi-
mately 0–1.4 Å, which indicates the total extension of an inter-
connected free volume region.44 It is signicant to note that
compared with EPDM, HNBR has more voids with radius < 1.3 Å
but less voids with radius > 1.3 Å. The number of voids with
a volume larger than the diameter of gas molecules has
a substantial inuence on diffusivity. In comparison to EPDM,
HNBR has less large voids, which leads to low gas diffusivity. It
is shown before that the differences between the diffusion
coefficients of HNBR and EPDM increase as the effective
penetrant diameter increases. This is also due to the less large
voids in HNBR. The dependence of fractional free volume (FFV)
on the size of a spherical probe molecule is shown in Fig. 5. As
expected, the FFV shows a steep decrease when the probe size is
increased. For reference, the effective radii reported by Teplya-
kov and Meares for the ve gases (H2, O2, N2, CO2 and CH4)
considered in this study are indicated on the gure. It is evident
that the volumes for these gases in HNBR are lower than those
in EPDM, which results in lower gas diffusion coefficients of
HNBR.
Fig. 5 Fractional free volume (FFV) of HNBR and EPDM as a function
of probe radius. The effective radii of five gases are indicated by vertical
lines.

12480 | RSC Adv., 2020, 10, 12475–12484
3.2.2 Pair correlation functions. To obtain further insights
about chain packing, the pair correlation function, g(r), is
calculated for HNBR and EPDM. The g(r) refers to a measure of
the probability that, given the presence of an atom at the origin
of an arbitrary reference frame, there will be an atom with its
center located in a spherical shell of innitesimal thickness at
a distance r from the reference atom. The g(r) is calculated by
the average of the static relationship of every given pair of
particles AB using the following equation:

gABðrÞ ¼ hnABðrÞi
4pr2DrAB

where hnAB(r)i is the average number of atom pairs between r
and r + Dr, and DrAB is the density of atom pairs of type AB.
Fig. 6(a) and (b) show the intermolecular pair correlation
functions for the main chain atoms and for the side chain
atoms, respectively. Here the main chains intermolecular g(r)
refers to the interactions of the carbon atoms of the main chain
with carbon atoms on the other main chain. The side chains
intermolecular g(r) involves the interactions of the nitrogen
atoms in the –CN for HNBR and the carbon atoms in the methyl
for EPDM. The g(r) is averaged over 4000 snapshots between
0 and 4 ns. From Fig. 6(a), it can be seen that the intermolecular
g(r) shows a peak around 5.4 Å for HNBR and EPDM. The
magnitude of g(r) at this peak for HNBR is higher than that for
EPDM, which is consistent with the order of the CED of the two
rubbers. A larger value of g(r) indicates that the number of
nearest neighbors within a distance r from a central atom is
bigger. This means that the main chains are more closely
Fig. 6 Pair correlation functions: (a) chain–chain intermolecular g(r)
for HNBR and EPDM; (b) intermolecular g(r) for side chains of HNBR
and EPDM.

This journal is © The Royal Society of Chemistry 2020
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packed in HNBR compared to EPDM, which agrees with the free
volume results. Furthermore, in Fig. 6(b) g(r) for side chains of
HNBR and EPDM are compared. Here, it is also seen that the
side chains are more closely packed in HNBR. In summary,
Fig. 6 indicates that the molecular packing of the polymer
chains is tighter in HNBR than EPDM, a fact that is related to
the higher CED in HNBR and that may at the same time
contribute to the lower diffusivity in HNBR.

3.2.3 Local mobility of polymer chains. Plots of main-chain
and side-chain VACFs ofHNBR and EPDMare shown in Fig. 7. The
curves show a continual decay, which is a typical characteristic of
rubbery polymers. In comparison to EPDM, HNBR exhibits much
slower relaxations of the main and side chain vectors, which
means the chain mobility of HNBR is poorer than that of EPDM.
This is also a reason for the slower gas diffusion observed in
HNBR. The channel formation for the gas molecules to permeate
is dependent on the mobility of the polymer chains.45 The polar
–CN groups in HNBR increase the interchain cohesion, thus
resulting in poor chain mobility. The decreased chain mobility in
HNBR decreased the extent of channel formation for gas diffusion,
leading to the slower gas diffusion. The side-chain mobility is
lower than main-chain in HNBR. This indicates that mobility of
the side chain of HNBR is restricted, which is also due to the
interaction between polar –CN groups in HNBR.
Fig. 8 Pressure dependence of the concentration of gases in (a) HNBR
and (b) EPDM.
3.3 Gas solubility

The sorption isotherms for penetrant gases in HNBR and EPDM
obtained from GCMC simulations are shown in Fig. 8. The
isotherms of H2, N2, O2 and CH4 in HNBR and EPDM appear to be
linear within the pressure range shown, indicating equilibrium
conforming to Henry's law. The sorption isotherm of CO2 in EPDM
is linear; however, that in HNBR is concave to the pressure axis.
Sorption isotherms in rubbery polymers oen exhibit linearity
(Henry's law behavior) or an upward concavity (concavity with
respect to the ordinate axis).46 Concavity with reference to the
abscissa (pressure) axis is generally observed for gas sorption in
amorphous glassy polymers having pre-existing microvoids and is
characterized using the Langmuir adsorption or the dual sorption
models.47 The downward concavity of sorption isotherms for CO2

indicates adsorption of gas molecules at specic sites on the
polymer chains. Similar downward concavity was reported by
Fig. 7 Plots of the main-chain and side-chain vectorial autocorrela-
tion function (VACF) for HNBR and EPDM.

This journal is © The Royal Society of Chemistry 2020
Krishnan17 and Nunes et al.48 for the sorption of CO2 in uorinated
HNBR and natural rubber–cellulose composites, respectively. The
sorption isotherm of CO2 inHNBR conformswell to the dualmode
sorption model, and the other sorption isotherms (H2, N2, O2 and
CH4) t well to Henry's model. The curves in Fig. 8 represent the t
lines. Solubility coefficients obtained from the isotherms are listed
in Table 2.

The solubility of a gas in a certain polymeric membrane
depends on several factors including the condensability of the
gas, the polymer–penetrant interactions, and the available free
volume. The critical temperature, boiling point and effective
Lennard-Jones interaction constant (3/k) are usually used to
measure the condensibility of gases. Teplyakov and Meares re-
ported a correlation between effective Lennard-Jones interac-
tion constant and solubility as follows:37

log S ¼ K3 + K4(3/k) (8)

where K3 and K4 are polymer-specic.
Values of solubility coefficients for ve gases (H2, O2, N2,

CO2, and CH4) in HNBR and EPDM obtained from GCMC
simulation are plotted against 3/k in Fig. 9. In Fig. 9 and Table 2,
the solubility coefficients for HNBR and EPDM in this work are
compared with the available experimental data, reported in the
literatures.15,40 The solubility coefficients for HNBR and EPDM
in the present study show similar trends as the experimental
values. However, they are about 1.1–3.7 times higher than the
respective experimental values. The simulated S(CO2) (3.9 �
10�5cm3 (STP) cm�3 pa�1) for HNBR in this work shows good
RSC Adv., 2020, 10, 12475–12484 | 12481
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Fig. 9 Experimental and simulated solubility coefficients as a function
of effective Lennard-Jones interaction constants for HNBR and EPDM.
The experimental data for EPDM andNBR are obtained from ref. 15 and
40, respectively.

Table 3 Solubility parameters and interaction parameters of HNBR,
EPDM and gases at 298 K and 1 atm

Gas dd
a dp

a d �VA
b c(HNBR–gas) c(EPDM–gas)

H2 5.1 0 5.1 28 2.435 1.413
N2 11.9 0 11.9 35 1.375 0.467
O2 14.7 0 14.7 28 0.949 0.345
CH4 14.0 0 14.0 38 1.218 0.357
CO2 15.7 8.5 17.9 46 0.399 1.490
HNBR 16.8 7.1 18.2
EPDM 14.8 0.7 14.8

a The dispersion and polar components of solubility parameter for
gases are obtained from ref. 51. b The partial molar volume of gases
are obtained from ref. 52.
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agreement with the simulated S(CO2) (3.0 � 10�5 cm3 (STP)
cm�3 pa�1) for HNBR reported by Krishnan.17 Khawaja et al.
also reported that the simulated solubilities of He and CO2 in
NBR were overestimated with respect to experimental values by
a factor of between 2 and 5.16 The higher simulated solubility
coefficients compared with experimental values may be due to
the following two factors. As discussed before, one factor is that
the HNBR chains in simulation are un-cross-linked, whereas
those in experiment are crosslinked. Another factor may be the
sampling issues in these simulations. It may be the case that in
reality the length scale over which the polymer is homogeneous
is longer than the typical dimensions of a molecular simulation,
for example, due to the presence of submicroscopic voids.49

The lines in Fig. 9 represent a least squares t of the simu-
lated data for HNBR and EPDM in this work according to eqn
(8). The K4 values increase in the order: K4 (HNBR) > K4 (EPDM).
Teplyakov and Meares have reported that the polar matrices
have higher K4 values.37 Our results are in conformity with this
trend. The effective Lennard-Jones interaction constants (3/k) of
gases decrease in the order CO2 > CH4 > O2 > N2 > H2, and the
solubility coefficients follow the order S(CO2) > S(O2) > S(CH4) >
S(N2) > S(H2) for HNBR and S(CO2) > S(CH4) > S(O2) > S(N2) >
S(H2) for EPDM. It can be seen that the trend of solubility
coefficients of gases in EPDM is consistent with that of gases
condensibility. However, the S(CH4) is lower than S(O2) in
HNBR, which is not associated with their condensibility. The
solubility coefficients of CH4, O2, N2 and H2 in HNBR are lower
than those in EPDM, while S(CO2) of HNBR is higher than
EPDM. This may be related to the polymer–penetrant interac-
tions, which will be discussed in the following section.

The Flory interaction parameter, c, that characterizes the
interaction energy between penetrant molecules, A, with the
polymer can be estimated using eqn (9) based on the regular
solution theory:

c ¼ cs þ
VA

RT

h
ðDddÞ2 þ

�
Ddp

�2i
(9)

wherein cs is the entropic contribution to the interaction param-
eter, approximately 0.34 according to Blanks and Prausnitz,50 Ddd
12482 | RSC Adv., 2020, 10, 12475–12484
is the difference in the values of the dispersion components of the
penetrant and polymer solubility parameters, and Ddp is the
difference in the polar components of the penetrant and polymer
solubility parameters. �VA is the partial molar volume of the per-
meant molecules in the polymer matrix, R is the gas constant, and
T is the absolute temperature. Table 3 gives the dispersion and
polar components, dd and dp, respectively, of the solubility
parameter, d, of EPDM and HNBR, along with the solubility
parameters51 and partial molar volume52 of ve gases. Separate
polar and hydrogen bonding components were reported by Han-
sen,51 but a combined value is reported as dp in Table 3 (because
hydrogen bonding is included in the electrostatic potential energy
term, computed using partial atomic charges, in the COMPASS
force eld used in the present study).

The Flory interaction parameters, c, calculated through eqn (9)
are shown in Table 3. It can be seen that the Flory interaction
parameters between gas molecules (CH4, O2, N2 and H2) with the
HNBR are higher than those of EPDM. It is known that the higher
c is, the less compatible are the two components and the less
satisfactorily does the gas dissolve.40 Hence, the lower solubility
coefficients of CH4, O2, N2 and H2 in HNBR compared with those
in EPDM may be due to the high c, i.e. weak interaction between
gases (CH4, O2, N2 and H2) with HNBR. In addition, the low FFV
and less large free volume elements of HNBR in comparison with
EPDM also contribute to the lower solubility coefficients of CH4,
O2, N2 and H2 in HNBR. This is because that the size and number
of cavities in HNBR is lower, which make it has fewer sites for the
sorption of gases. The Flory interaction parameter between CO2

and HNBR is greatly lower than that of EPDM, which means the
strong interaction between CO2 with HNBR. Carbon dioxide,
which does not have a permanent dipole moment, does have
a large quadrupole moment.53 The electrostatic interactions
between CO2 and ACNmonomer of HNBR favor the dissolution of
CO2,42 leading to the high S(CO2) in HNBR. Compared with free
volume, the polymer–penetrant interactions have a greater inu-
ence on the dissolution of CO2 in HNBR and EPDM.
3.4 Permeability

The permeability coefficient (P) can be given by the product of
the diffusion coefficient and solubility coefficient as P ¼ D � S.
This journal is © The Royal Society of Chemistry 2020
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Table 2 and Fig. S3† present the permeability coefficients and
selectivity of penetrant molecules in HNBR and EPDM. The
selectivity of gas pairs was estimated by the ratio of permeability
coefficients. It can be seen that the permeability increase in the
same order P(H2) > P(CO2) > P(O2) > P(CH4) > P(N2) for HNBR
and EPDM. The highest P(H2) in HNBR and EPDM ismainly due
to its high diffusion coefficient, which is a result of the small
molecular size of H2. The higher P(CO2) is mostly attributed to
its high solubility coefficient. Except for CO2, all the other gases
(H2, O2, N2 and CH4) show lower permeability coefficients in
HNBR than those in EPDM. This is because that both the
diffusion coefficients and solubility coefficients of H2, O2, N2

and CH4 in HNBR are lower than those in EPDM. Although the
D(CO2) in HNBR is lower than that in EPDM, the S(CO2) in
HNBR is much higher than that in EPDM, which results in the
higher P(CO2) in HNBR. The high S(CO2) in HNBR is a result of
the high compressibility of CO2 and strong interaction between
CO2 and HNBR. From Fig. S3,† it can be seen that HNBR shows
higher a(H2/N2), a(CO2/N2), a(CO2/CH4) and a(O2/N2) than
EPDM.
4. Conclusions

Molecular dynamics and grand canonical Monte Carlo (GCMC)
simulations were performed to study the diffusion and sorption
of ve gases (H2, N2, O2, CO2, CH4) in HNBR and EPDM. The
relation between the diffusion coefficients and the effective
penetrant diameter is conrmed by the results in HNBR and
EPDM. The diffusion coefficients of ve gases in HNBR are
lower than EPDM. The presence of polar –CN groups in HNBR
chains increases interchain cohesion and results in tight
intermolecular packing, low free volume and poor chain
mobility, which leads to the lower diffusion coefficients in
HNBR. The solubility coefficients of CH4, O2, N2 and H2 in
HNBR are lower, but that of CO2 in HNBR is higher than EPDM.
The weak HNBR–penetrant interactions and low free volume of
HNBR lead to the lower solubility coefficients of CH4, O2, N2 and
H2 in HNBR, while the strong interaction between CO2 and
HNBR contributes to the higher solubility coefficient of CO2 in
HNBR. Except for CO2, all the other gases (H2, O2, N2 and CH4)
show lower permeability coefficients in HNBR than those in
EPDM. These molecular simulations provide important
molecular-level details for the understanding of structures and
gas transport properties between HNBR and EPDM.
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