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Abstract Molecular dynamics (MD) and grand canonical
Monte Carlo (GCMC) simulations were conducted to investi-
gate the transport properties of carbon dioxide, methane, ni-
trogen, and oxygen through pure and mixed matrix mem-
branes (MMM s) based on polymers of intrinsic microporosity
(PIM-1). For this purpose, first, 0.5 to 3 wt% of pristine single-
walled carbon nanotube (p-SWCNT) and multi-walled carbon
nanotube (p-MWCNT) were embedded into the pure PIM-1,
and then for better dispersion of CNT particles into the poly-
mer matrix and to improve the performance of the resulting
MMM, polyethylene glycol (PEG) functionalized SWCNT
and MWCNT (~SWCNT and f~MWCNT, respectively) were
loaded. The characterization of the obtained MMMs was car-
ried out by using density, glass transition temperature, X-ray
pattern, and fractional free volume calculations. Comparing
the obtained results with the available reported experimental
data, indicate the authenticity of the applied simulation ap-
proach. The simulation results exhibit that the pristine and
PEG-functionalized CNT particles improve the transport
properties such as diffusivity, solubility, and permeability of
the PIM-1 membranes, without sacrificing their selectivity.
Also, the MMM s incorporated with 2 wt% of the functional-
ized CNT particles indicate better performance for the CO,
separation from other gases. According to the calculated re-
sults, the highest permeability and diffusivity for CO, are
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observed in the [PIM-1/£~SWCNT] MMM among the other
membranes which represent that the loading of the FSWCNTs
can enhance the CO, separation performance of PIM-1 more
than other CNTs studied in this work.
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Introduction

It is known that carbon dioxide (CO,) is not only the main
greenhouse gas but also an important potential carbon source,
therefore, the capture and separation of CO, has attracted
worldwide attention [1, 2]. Compared with other methods
used for CO, separation, such as absorption (including chem-
ical and physical absorption) [3, 4], adsorption [5, 6] and
cryogenic separation [7], membrane separation is more attrac-
tive owing to low cost, low energy consumption, and high
flexibility [8—10].

The two types of membranes which are generally used in
gas separation include polymeric and inorganic membranes
[L1, 12]. The polymeric membranes have the following ad-
vantages: favorable mechanical flexibility, simple processing
ability, and economical cost productivity as well as having
effective separation properties such as diffusivity, solubility,
and permeability for various gas mixtures [7]. However, de-
spite these advantages and progresses, the performance of
pure polymeric membranes is generally restricted by the
trade-off limitation between gas permeability and selectivity
which is the so-called Robeson upper bound [13, 14]. To
overcome this limitation, some modifications on polymers
are usually needed. In recent years, mixed matrix membranes
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(MMMs) which are synergistic combination of organic poly-
mers with inorganic nanofillers (permeable, as well as imper-
meable) were suggested [5, 15]. In MMMs, nanofillers are
dispersed into the polymeric matrix and as a result by incor-
porating the desirable mechanical and processing properties of
polymeric matrix with useful molecular sieving properties of
inorganic nanofiller, the trade-off problem of pure polymeric
membranes in gas separation process will be resolved [16, 17].
Since the permeability of polymeric membranes is mainly
related to the chain mobility and the fractional free volume
of the polymer structure, the loading of rigid nanofillers with
particle size close to the characteristic size of the macromole-
cules, by hindering molecular chain packing and increasing
free volume, improves the gas permeability of the produced
selective nanocomposite polymeric membranes [6, 18].

In the development of MMM, the appropriate material se-
lection for both the polymer matrix and the nanofiller as an
inorganic disperse phase is important. A novel type of polymers
with relatively high gas permeability and moderate selectivity
was described as polybenzodioxanes by McKeown et al. [19]
and McKeown and Maksheed [20] for the first time. These
polymers which were termed polymers of intrinsic microporos-
ity (PIMs) are a class of high fractional free volume (~0.20),
large apparent surface area (~800 m?/g), glassy (the glass tran-
sition temperature is higher than 400 °C) and ladder type poly-
mers with very rigid and contorted backbone [4, 21-23].
Among the PIMs, the most interesting member of this class is
PIM-1 which is synthesized by the polycondensation reaction of
5,5,6,6-tetrahydroxy-3,3,3,3-tetramethyl-1,1’-spirobisindane
with tetra-fluorophathalonitrile (see Fig. 1) [24]. PIM-1, due to
containing the contorted angled spirobisindane unit, is able to
optimize permeability and selectivity by changing the polymer
chain packing, and also has the relative ease of synthesizing the
high molecular weight of PIM-1 while having suitable thermal
and chemical stabilities [4, 21, 25-28]; in this work, the PIM-1
was selected as matrix in studied membranes.

Some different fillers such as zeolites [29], carbon molec-
ular sieves [30], metal organic frameworks [31], activated
carbons [32], silica [21], and carbon nanotubes (CNTs) [5,
33-37] have been extensively used in MMMs fabrication. In
comparison to the other fillers, CNTs due to their outstanding
properties including superior gas separation, inherent smooth-
ness, hydrophobic graphitic walls, extremely high aspect
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Fig. 1 The chemical reaction for preparing the pure PIM-1
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ratios, and mechanical properties have been most proposed
as the best candidate fillers for gas separation in MMM [5,
12, 13, 38, 39]. CNTs with tubular structure and nanoscale
diameter were observed by lijima for the first time, and were
synthesized by rolling up cylinders of graphite sheets as sin-
gular tubes or several concentric graphitic shells which were
called single-walled carbon nanotubes (SWCNTSs) and multi-
walled carbon nanotubes (MWCNTSs), respectively [9, 12, 17,
40-45]. When CNTs are embedded into the polymers, due to
inherent smoothness of CNTs and changing the chain packing
of the resulting MMM s in effect of polymer chains-CNT par-
ticles interactions, the permeability is significantly enhanced
by increasing diffusivity [28, 36, 46]. Therefore, in this work,
among several inorganic nanofillers, the CNTs were chosen as
an inorganic disperse phase into the PIM-1 matrix.

On the other hand, to achieve the more appropriate gas trans-
port properties in [polymer/CNT] MMMs, the CNT particles
should be smoothly distributed into the polymeric matrix [13,
15]. For this purpose and to enhance the CNT adhesion to the
polymer chain, some functionalization methods such as grafting
chemical agents (surface oxidation groups, hydrophilic groups,
polar groups, etc.) to the surface of the CNT particles and non-
covalent surface coating with surfactants and polymer chains
have been widely applied [13]. There are some advantages
and disadvantages for these methods. In the functionalization
method with chemical agents, the distribution of CNTs was
appropriately done but structure and original properties of
CNT particles may be destroyed. However, in the non-
covalent functionalization method, due to relatively mild reac-
tion conditions, the graphitic structure and pristine properties of
CNTs could be maintained but their dispersion is not very
smooth [40, 47]. Therefore, in this work, to facilitate CNTs
dispersion into the PIM-1 matrix in uniform format and as a
result increase the performance of studied MMM, the surface
of used CNTs was functionalized with poly(ethylene glycol)
(PEQG) as a spacer (see Fig. 2) [13].

In this work, five distinguished types (17 samples) of PIM-
1 (hereafter abbreviated to PIM) membranes were simulated
by Materials Studio 6.0 (MS) software [48]. All the simulated
membranes had PIM as their matrix but the type and the
amounts of the added CNT particles to their matrix were dif-
ferent. In the first type of membranes, pure PIM was used
without adding CNT particles as the nanofillers. In the second
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Fig. 2 The chemical structure of PEG repeating unit
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type of membranes, the pristine single-walled carbon nano-
tubes (p-SWCNTs) were added as the nanofillers to the PIM
matrix to obtain the MMMSs which were abbreviated as [PIM/
p-SWCNT] MMMs. In the third type of membranes, the PEG-
functionalized single-walled carbon nanotubes (~SWCNTSs)
were added as the nanofillers to the PIM matrix to obtain
[PIM//~SWCNT] MMMs. In the fourth type ofmembranes,
the pristine multi-walled carbon nanotubes (p-MWCNTs)
were added as the nanofillers to the PIM matrix to obtain
[PIM/p-MWCNT] MMMs. In the fifth type of membranes,
the PEG-functionalized multi-walled carbon nanotubes (f-
MWCNTs) were added to PIM matrix to obtain [PIM/f-
MWCNT] MMMs. In all the MMM s the amounts of pristine
and functionalized CNT particles (SWCNT and MWCNT)
were 0.5 to 3 wt%. The abbreviations used to refer to the
simulated membranes are presented in Table 1. To characterize
the simulated membranes, the physical properties of the mem-
branes including density, glass transition temperature, X-ray
diffraction pattern, and fractional free volume were calculated.
In addition, the transport properties of CO,, CHy, N», and O,
through these membranes which included the diffusivity, sol-
ubility, and permeability of each gas, as well as, the membrane
selectivity for their binary mixtures (CO,/CHy), (CO,/N»),
(CO,/0,), (CH4/N,), (CH4/O,), and (N,/O,) were evaluated.
Several experimental [1-3, 8, 9, 11, 12, 21, 23, 40, 49] and
simulation [18, 41, 50-54] studies investigated the relationship
between structure and properties of pure and mixed matrix
membranes. However, our literature research indicates that
there is not an experimental or simulation work which has fully
understood the physical and transport properties of pure PIM
and its mixed matrix membranes which were filled by pristine
and chemically functionalized SWCNT and MWCNT parti-
cles. So, the structure—properties relationships of these mem-
branes as well as their mechanism of gas separation are yet
unknown. Therefore, the main goal of this work is to achieve
detailed information about physical and gas transport proper-
ties of pure and mixed matrix membranes based on PIM and
CNT particles by using molecular dynamics (MD) and grand
canonical Monte Carlo (GCMC) simulations.

Methods

The initialization in the MD simulation consists of two major
stages, constructing the polymeric membranes in the simulation

Table 1 The list of abbreviations for the simulated pure PIM
membrane and its MMMSs with their matrix, CNT types, and wt% of
CNTs

Abbreviation Membrane
Matrix CNT type ~ wt% of CNT

Pure PIM -)? -)?
[PIM/p-SWCNT(0.5%)] MMM p-SWCNT 0.5
[PIM/p-SWCNT(1%)] MMM 1
[PIM/p-SWCNT(2%)] MMM 2
[PIM/p-SWCNT((3%)] MMM 3
[PIM//~SSWCNT(0.5%)] MMM SWCNT 0.5
[PIM//~SSWCNT(1%)] MMM 1
[PIM//~SSWCNT(2%)] MMM 2
[PIM//~SSWCNT(3%)] MMM PIM-1 3
[PIM/p-MWCNT(0.5%)] MMM pP-MWCNT 0.5
[PIM/p-MWCNT(1%)] MMM 1
[PIM/p-MWCNT(2%)] MMM 2
[PIM/p-MWCNT(3%)] MMM 3
[PIM/AMWCNT(0.5%)] MMM FMWCNT 0.5
[PIM/MWCNT(1%)] MMM 1
[PIM/MWCNT(2%)] MMM 2
[PIM/AMWCNT(3%)] MMM 3

? without CNTs

cells and choosing the appropriate force field for calculating the
interactions between atoms in the simulation cells.

Constructing the polymeric membranes

All the MD simulations were carried out by using MS soft-
ware. The monomers of PIM and PEG were built by
‘Homopolymer Builder Module’ of this software [18, 50,
51]. The initial configurations of the repeating units (as shown
in Fig. 3(a and c)) and randomly generated polymeric chains,
with 100 repeating unites for PIM and three for PEG (as shown
in Fig. 3(b and d)) were constructed by using “Homopolymer
Builder Module’ of the MS software. This module is only
capable of creating polymer chains with single backbone
whereas PIM is a ladder polymer and has two backbones.
Therefore, to construct the ladder PIM chain, the procedure
of Heuchel et al. [24] was applied. The geometry optimization
and energy minimization of the initial polymer chain structures
were performed by using the ‘Forcite Module’ and the ‘Smart
Minimizer’ function of ‘Discover Module’ of MS software
[18, 50, 51, 53]. In the minimization procedure, to accelerate
the computational procedure in an appropriate simulation time,
the steepest-descent method was consecutively switched to the
conjugated gradient and then to the Newton methods to reduce
the required energy derivatives and to eliminate all the close
contacts to obtain accurate results in 20,000 steps [50, 55-57].
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Fig. 3 The initial molecular
configurations of repeating units
for: (a) PIM and (¢) PEG; the
initial randomly generated
polymeric chain configurations
with 100 degree of
polymerization for (b) PIM and 3
degree of polymerization for (d)
PEG; (e) molecular
configurations of p-SWCNT; (f)
molecular configurations of
FSWCNT; (g) molecular
configurations of p-MWCNT,
and (h) molecular configurations
of FMWCNT. The atoms in
repeating units, polymeric chains
and CNT configurations are
shown by color balls: C (gray), H
(white), N (blue), and O (red)

The structures of SWCNT and MWCNT in pristine form
with same length (4.92 A) and different diameters (6.78 A for
SWCNT and 13.56 A for MWCNT) were constructed using
‘Nanostructure Builder Module’ of MS software [18, 50, 51,
55]. Then, a single 3-mer PEG chain was grafted to the pris-
tine SWCNT and MWCNT to build PEG-functionalized
SWCNT and MWCNT and on the resulting structures the
geometry optimization and energy minimization, as described
above, were performed. The final molecular configurations of
p-SWCNT, f~SWCNT, p-MWCNT, and ~-MWCNT are repre-
sented respectively in Fig. 3(e, f, g, and h).

To construct amorphous cells containing pure PIM and its
MMMs, the following procedure was conducted. At the first
stage, a predetermined number of polymer chains and CNT
particles (as presented in Table 2) were embedded in the

@ Springer

(b)

© (h)

simulation cell by applying the periodic boundary conditions
(pbc) [18, 50, 51, 55] and by using the ‘Amorphous Cell
Module’ of the MS software [18, 29]. The number of polymer
chains and CNT particles were changed so that the weight
percent of CNT particles in the MMMs, expressed as
([CNT/(PIM + CNT)]%), matched with the experimental
values [58]. The initial density of these cells was set to 0.1
(g/cm?). This allowed the systems to fluctuate continuously in
the course of simulation [18, 49-52, 57, 59] and finally attain
the real cell configuration by matching the density with the
experimental value (as reported in Table 3). After this stage,
the initially generated amorphous pbc cells were subjected to
energy minimization for 20,000 iterations to achieve relaxa-
tion. Then, on the relaxed amorphous cells containing pure
PIM or its MMMs, NPT (constant number of atoms in the
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Table 2 The number of polymer chains for PIM and PEG and CNT particles in simulated pure PIM membrane and its MMMs along with weight

percent of CNT particles in each membrane

Membranes Number of polymer chains and CNTs [CNT/(CNT + PIM)]%
PIM PEG  p-SWCNT  f£SWCNT  p-MWCNT  £AMWCNT
Pure PIM 4 0 0 0 0 0 0.00
[PIM/p-SWCNT(0.5%)] MMM 4 0 2 0 0 0 0.51
[PIM/p-SWCNT(1%)] MMM 4 0 4 0 0 0 1.02
[PIM/p-SWCNT(2%)] MMM 4 0 8 0 0 0 2.03
[PIM/p-SWCNT(3%)] MMM 4 0 12 0 0 0 3.01
[PIM/f~SWCNT(0.5%)] MMM 6 3 0 3 0 0 0.51
[PIM/f~SWCNT(1%)] MMM 6 6 0 6 0 0 1.01
[PIM/f~SWCNT(2%)] MMM 6 12 0 12 0 0 1.98
[PIM/f~SWCNT(3%)] MMM 6 19 0 19 0 0 3.06
[PIM/p-MWCNT(0.5%)] MMM 10 0 0 0 1 0 0.51
[PIM/p-MWCNT(1%)] MMM 10 0 0 0 2 0 1.02
[PIM/p-MWCNT(2%)] MMM 10 0 0 0 4 0 2.03
[PIM/p-MWCNT(3%)] MMM 10 0 0 0 6 0 3.01
[PIM/-MWCNT(0.5%)] MMM 12 1 0 0 0 1 0.47
[PIM/-MWCNT(1%)] MMM 12 2 0 0 0 2 0.95
[PIM/-MWCNT(2%)] MMM 12 5 0 0 0 5 2.09
[PIM/-MWCNT@3%)] MMM 12 7 0 0 0 7 298

simulation cell, at 2 bar pressure and 30 °C temperature) MD
simulations for a period of 5 ns were performed using
‘Discover Module’ of MS software [49, 52] at a time step of
1 fs, to eliminate the local stresses and to obtain the equilibrat-
ed simulation cells with realistic density and with the lowest
potential energy [18, 50, 57] (as shown in Table 4).

To achieve further relaxation of the simulation cells, the resid-
ual internal energy of the constructed membranes was removed
by applying the annealing process [50, 59]. This process was
performed by using the temperature cycle protocol in the
‘Forcite Module’ of MS software [52, 57] where each simulation
cell was heated at 40 °C intervals from 200 to 600 °C. It should

Table 3 The simulation results

and the available experimental Membranes PCFF DERIDING COMPASS

data for density (g/cm3) of the

simulated pure PIM membrane Pure PIM 1.124 (1.117% 1.325 1.231

and its MMM by using the force  [PIM/p-SWCNT(0.5%)] MMM 1.128 1.330 1.235

fields [PIM/p-SWCNT(1%)] MMM 1.132 1334 1239
[PIM/p-SWCNT(2%)] MMM 1.140 1.343 1.248
[PIM/p-SWCNT(3%)] MMM 1.147 1.352 1256
[PIM/£ASWCNT(0.5%)] MMM 1.127 1.328 1.234
[PIM/£-SWCNT(1%)] MMM 1.130 1332 1237
[PIM/-SWCNT(2%)] MMM 1.135 1338 1.243
[PIM/-.SWCNT(3%)] MMM 1.141 1.345 1.250
[PIM/p-MWCNT(0.5%)] MMM 1.129 1331 1236
[PIM/p-MWCNT(1%)] MMM 1.134 1337 1242
[PIM/p-MWCNT(2%)] MMM 1.144 1.348 1252
[PIM/p-MWCNT(3%)] MMM 1.153 1.360 1.263
[PIM/~MWCNT(0.5%)] MMM 1.129 1330 1.236
[PIM/AMWCNT(1%)] MMM 1.133 1336 1.241
[PIM/AMWCNT(2%)] MMM 1.142 1.346 1251
[PIM/AMWCNT(3%)] MMM 1.151 1.357 1.261

#is the experimental value from [60]
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Table 4 The evaluated potential

energies (average + standard Membranes PCFF DERIDING COMPASS

deviation) in 10° kcal mol™ for

the simulated pure PIM Pure PIM —5.54+£0.06 -9.54+£0.23 —8.46+0.18

membrane and its MMMs by [PIM/p-SWCNT(0.5%)] MMM —4.24 +0.05 -7.30+0.12 -6.47+0.24

using the force fields [PIM/p-SWCNT(1%)] MMM ~4.110.11 ~7.08 £0.15 ~6.28 035
[PIM/p-SWCNT(2%)] MMM -3.87 +0.04 —6.66 + 0.08 -5.91+0.14
[PIM/p-SWCNT(3%)] MMM -3.02 £ 0.06 -520+0.12 —4.61 043
[PIM/.SWCNT(0.5%)] MMM —4.18 + 0.09 ~720+0.16 -6.38+0.26
[PIM/:.SWCNT(1%)] MMM -3.97+0.12 —6.84+0.19 —-6.06+0.15
[PIM/£SWCNT(2%)] MMM -3.56 +0.07 —6.13+0.34 ~5.44 £ 0.09
[PIM/£SWCNT(3%)] MMM -2.95+0.11 —5.08 +0.47 -4.50 = 0.36
[PIM/p-MWCNT(0.5%)] MMM -2.56+0.14 —4.41+0.15 -3.91+0.16
[PIM/p-MWCNT(1%)] MMM -2.31+0.06 —3.98 +0.54 —3.53+0.33
[PIM/p-MWCNT(2%)] MMM -2.01+0.04 —3.46+0.18 -3.07+027
[PIM/p-MWCNT(3%)] MMM ~1.93 +0.08 -332+023 ~2.95+0.53
[PIM/~MWCNT(0.5%)] MMM ~-1.54+0.11 —2.65+042 —235+042
[PIM/~MWCNT(1%)] MMM -123+0.15 -2.12+0.12 ~1.88+0.17
[PIM/~MWCNT(2%)] MMM -1.11+0.10 -1.91+033 -1.70+0.29
[PIM/~MWCNT(3%)] MMM -1.02 + 0.09 -1.76 £ 0.55 ~1.56+0.13

be noted that, the higher temperature (600 °C) was set well above
the glass transition temperature () of the studied polymeric
membranes (T, ~430 °C). Then the simulation cells were cooled
down to the initial temperature (200 °C) at the intervals of 40 °C,
where at each temperature, 1000 ps NPT MD simulations were
performed. After this stage, an additional 5 ns NVT (constant
number of atoms in the simulation cell, volume, and temperature
at 30 °C) MD simulation was performed to achieve the final
equilibrium molecular structures of the studied membranes cor-
responding to the experimentally reported physical properties
such as density [50], glass transition temperature [18], X-ray
diffraction pattern [29, 57], and fractional free volume [59]. At
this stage of the MD simulation the atomic trajectories were
saved every 1000 ps to be used in subsequent analysis and ex-
amination of the membrane properties.

The force filed

In atomistic simulation study of multi-particle systems, the ap-
propriate force field should be capable of calculating the impor-
tant interactions accurately, and thereby reduces the simulation
time [18, 59]. The force fields which are commonly used in the
MD simulations are: condensed-phase optimized molecular po-
tential for atomistic simulation studies (COMPASS) force field
[18, 41, 55, 57], polymer-consistent force field (PCFF) [24],
and DREIDING force field [61, 62]. Preliminary investigations
in the initialization stage of this work, in accord with previous
reports [24], indicated that the PCFF force field is the most
appropriate force field, since in this force field the rotational
angles in the repeating units of the studied PIMs are properly
parameterized and therefore, by its application accurate values

@ Springer

for a number of physical properties such as density and poten-
tial energy with minimum fluctuations can be obtained. The
simulated results for the density of the studied polymeric mem-
branes by application of above mentioned force fields, com-
pared with the available experimental data, are presented in
Table 3, which indicates that the PCFF force field is the most
suitable for these MD simulations. This point is also confirmed
by considering the reported results in Table 4, where lower
calculated potential energies with smaller fluctuations have
been obtained by application of this force field.

In this work, by using PCFF force field, the electrostatic
and van der Waals interactions were respectively evaluated by
the Ewald summation method (with the accuracy of 0.001 kcal
mol™ [57]) and by the Lennard—Jones 6—12 function [63]. The
values of Lenard-Jones interaction (¢/k) and size (o) param-
eters along with the critical temperature (7;.) of the studied
gases (CO,, CHy, N», and O,) are presented in Table 5.

The equations of motion were integrated by the velocity
Verlet algorithm [18, 51] with a time step of 1 fs. To proceed
with the simulation procedure in a reasonable time and obtain
accurate results, the cut-off distance to calculate the non-bond
interactions was taken as less than half of the simulation cell
length [18, 51]. The simulation cell lengths along with cut-off
distances with a spline width of 0.1 A and a buffer width of
0.05 A [39] for all the simulated membranes are reported in
Table 6.

The thermostat and barostat

To select the best thermostat and barostat for regulating tem-
perature (at 30 °C) and pressure (at 2 bar) during NPT and
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Table 5 Critical

temperature (T,), Lenard- ~ Gas T. (K) e/kg (K) o A)

Jones interaction (g/kp),

and size (o) parameters CO, 3042 213.4 3.5

of CO,, CHy, Ny, and O, CH, 190.7 154.7 3.8

gases [50, 52] N, 1262 830 36
O, 154.4 112.7 34

NVT MD simulation procedures, three thermostats (Nose-
Hoover [39], Berendson [41], and Anderson [29]) and three
barostats (Anderson [56], Berendson [18], and Parrinello [39])
were examined. Table 7 shows the evaluated average regulat-
ing temperature and pressure with their standard deviations by
using various thermostats and barostats. It is seen in Table 7
that the Nose-Hoover thermostat (with a Q ratio of 0.005 and
relaxation time of 0.1 ps [18, 39, 50, 51]) and also, the
Anderson barostat (with a decay of 0.5 ps [14]) are more
accurate than the others. Therefore, they were used throughout
the NPT and NVT MD simulations to regulate the temperature
and pressure.

Results and discussion
Equilibrium validation

The attainment of the equilibrium in the constructed simulation
cells can be validated by using NPT ensemble (at 2 bar and
30 °C) for 5 ns of MD simulation and by considering the
occurrence of small fluctuations in the potential energy and

Table 6  The equilibrium cell length / (A) and the cut-off distance (A)
for the simulated pure PIM membrane and its MMMs

Membranes [ (A) Cut-off distance (A)
Pure PIM 64.99 32
[PIM/p-SWCNT(0.5%)] MMM 65.03 33
[PIM/p-SWCNT(1%)] MMM 65.06
[PIM/p-SWCNT(2%)] MMM 65.14
[PIM/p-SWCNT(3%)] MMM 65.21
[PIM//~SSWCNT(0.5%)] MMM 74.60 37
[PIM//~SSWCNT(1%)] MMM 74.81
[PIM//~SSWCNT(2%)] MMM 75.21
[PIM//~SSWCNT(3%)] MMM 75.70
[PIM/p-MWCNT(0.5%)] MMM 88.23 44
[PIM/p-MWCNT(1%)] MMM 88.25
[PIM/p-MWCNT(2%)] MMM 88.30
[PIM/p-MWCNT(3%)] MMM 88.35
[PIM/fAMWCNT(0.5%)] MMM 93.77 47
[PIM/-MWCNT(1%)] MMM 93.81
[PIM/AMWCNT(2%)] MMM 94.05
[PIM/AMWCNT(3%)] MMM 94.12

temperature and also obtaining densities for the simulation
cells in agreement with the experimental values. Figure 1S(a,
b, and c) shows three examples for the equilibrium attainment
of the simulation cells for the potential energy, temperature,
and density, respectively for the MMMs including [PIM/p-
SWCNT(0.5%)], [PIM/f~SWCNT(0.5%)], and [PIM/p-
MWCNT(0.5%)]. It is observed that both the potential energy
and temperature have very small fluctuations and have been
stabilized in the course of MD simulations which in turn, prove
that the equilibration in all of the simulation cells has been
attained. Also, as shown in Fig. 1S(c), the simulated densities
approach a constant value after 2000 ps, which indicates that
the simulation time adjustment at 5000 ps (5 ns) suffices for
calculating the desired properties of the studied membranes.

The final molecular configurations of the simulated structure
of pure PIM and its MMM at equilibrium state are presented as
snapshots in Fig. 4. As seen in Fig. 4(a), in the membrane
consisting of pure PIM, the polymer chains have folded and
packed together smoothly filling all space of the simulation cell.
However, as shown in Fig. 4(b to q) for the [PIM/CNT]
MMM, the interactions between the polymer chains of PIM
and the CNTs prevent the chain packing. Therefore, the PIM
chains are separated from each other by the CNT particles lo-
cated between them and distributed in the polymeric matrix of
the MMMs. Also, Fig. 4(b, ¢, d, f, g, h, j, k, 1, n, o, and p) shows
a smooth distribution of pristine and functionalized CNT parti-
cles at the loading of 0.5 to 2 wt%, whereas at 3 wt% loading,
the agglomeration is observed (see Fig. 4(e, i, m, and q)).
Therefore, there must be a threshold for addition of CNT parti-
cles into the polymer matrix to prevent the CNT particles ag-
glomeration which can be explained by considering the molec-
ular interactions. That is, the stronger molecular interactions
between polymer-polymer chains and CNT-CNT particles
compared with those of polymer chains and CNT particles,
would cause packing of polymer chains and the agglomeration
of CNT particles. This seems to occur at 3 wt% CNT particles.

Also on comparing the snapshots presented for the pristine
CNT patrticles (Fig. 4(b, ¢, d, ¢, j, k, 1, and m)) with those of the
functionalized ones (Fig. 4(f, g, h, i, n, o, p, and q)), it is seen that
the functionalized CNT particles are distributed more smoothly
among the PIM chains. This can be attributed to presence of PEG
chains which act as the spacers and by the separating the CNT
particles, weakening their interactions. This enables the polymer
chains to drag the functionalized CNT particles inside the folded
polymer chains and as a result make them more smoothly dis-
tributed into the polymeric matrix. Figure 4 shows that the oc-
currence of agglomeration in [PIM/p--MWCNT] and [PIM/f-
MWCNT] MMMs is more severe than [PIM/p-SWCNT] and
[PIM//ASWCNT] MMMs which arises due to stronger interac-
tions between MWCNTs (either pristine or functionalized
MWCNTs) than those of the corresponding SWCNTs.

Further confirmation for the obtained final molecular con-
figurations of the simulated membranes can be presented by
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Table 7 Comparison of capability of the thermostats and barostats to
regulate the temperature at 30 °C (obtained average temperature by
thermostat + standard deviation) and the pressure at 2 bar (obtained

average by barostat + standard deviation) in MD and GCMC
simulations for simulated pure PIM membrane and its MMMs

Membranes Thermostat (°C) Barostat (bar)
Nose-Hoover Berendson Anderson Anderson Berendson Parrinello

Pure PIM 29.46 +0.34 35.87+0.76 34.76 +0.48 2.04 +£0.58 2.57+0.36 2.84+0.37
[PIM/p-SWCNT(0.5%)] MMM 30.97 £0.12 36.74 £ 0.52 35.57+0.45 2.06 +0.42 2.77 +0.47 2.61+0.86
[PIM/p-SWCNT(1%)] MMM 31.64 +£0.23 33.67 £ 0.47 33.56 +0.66 2.12+0.78 2.69 +£0.90 2.63+£043
[PIM/p-SWCNT(2%)] MMM 31.86 +£0.25 32.68 £ 0.58 34.78 £0.24 2.08 £0.55 2.84 £0.87 2.70 £0.56
[PIM/p-SWCNT((3%)] MMM 30.67 £0.32 36.89 +0.53 35.79 £ 0.67 2.07+£0.35 2.84 +0.45 2.70+0.84
[PIM//~SSWCNT(0.5%)] MMM 30.04 +£0.58 33.57+0.12 31.78 £0.78 2.11+£0.78 2.68 £0.34 2.88 +£0.67
[PIM//~SSWCNT(1%)] MMM 30.57 £0.33 34.70 £ 0.37 34.78 £0.22 2.05+0.32 2.72 £0.56 2.76 £ 0.34
[PIM//~SSWCNT(2%)] MMM 32.78 £0.45 38.75+0.79 38.54 +£0.34 2.08 £0.68 2.49 £0.78 2.91+0.56
[PIM//~SSWCNT(3%)] MMM 31.63 £0.21 34.67 £0.53 34.80 + 0.66 2.03+0.57 2.86+0.22 3.01 £0.88
[PIM/p-MWCNT(0.5%)] MMM 30.38 £0.22 36.78 = 0.68 36.86 = 0.88 2.15+0.78 2.78 £0.68 2.68 £0.43
[PIM/p-MWCNT(1%)] MMM 31.97 £0.32 37.64 £0.32 31.57+043 2.18+0.22 2.73 £0.96 248 +£0.45
[PIM/p-MWCNT(2%)] MMM 32.78 £0.35 30.64 +0.78 38.35+£0.78 2.09 +£0.57 2.87+0.43 2.51+0.78
[PIM/p-MWCNT(3%)] MMM 30.55 +0.31 32.68 £ 0.46 33.89+0.54 2.11+046 2.51 +£0.56 2.80+0.44
[PIM/-MWCNT(0.5%)] MMM 31.79 £0.36 36.89 £0.78 35.79£0.23 2.08 +0.89 2.69 + 0.86 2.92+0.36
[PIM/AMWCNT(1%)] MMM 33.45 +0.31 36.78 = 0.33 3238 +£0.68 2.13+£0.32 2.49 £0.32 3.05+0.58
[PIM/AMWCNT(2%)] MMM 31.97 +£0.23 34.78 £ 0.57 31.78 £0.79 2.09 +£0.67 2.58 £0.46 2.90+0.53
[PIM/AMWCNT(3%)] MMM 30.45 +0.46 34.95 +0.36 37.57+0.84 2.15+0.56 2.87 +0.89 247 +0.57

investigating the molecular interactions between PIM chains
and CNT particles. For this purpose, the radial distribution
function (RDF) for molecular interaction of PIM chain and p-
SWCNT, f~SWCNT, p-MWCNT, and MWCNT particles in
[PIM/p-SWCNT(2%)], [PIM/f~-SWCNT((2%)], [PIM/p-
MWCNT(2%)], and [PIM/-MWCNT(2%)] MMMs was re-
spectively evaluated by using the ‘Discover Module’ of MS
software [50, 54] and the results are represented in Fig. 5. As
seen in Fig. 5, the intensity of RDF peaks for the molecular
interaction of PIM chains with the CNT particles is in the order
of: FSWCNT > p-SWCNT > ~AMWCNT > p-MWCNT, which
indicates that the SWCNT particles have stronger interaction
with PIM chain compared with those of MWCNT particles.
Also, by functionalizing the CNT particles with PEG, these
interactions will be intensified significantly. The RDF results
also indicate that the SWCNT particles have higher affinity to
interact with PIM chains and as a result, instead of agglomer-
ation, they are smoothly distributed between the PIM chains.
Whereas the MWCNT particles have lower affinity to interact
with polymer chains and then they are partially agglomerated,
as mentioned above and seen in Fig. 5. These results are con-
sistent with those obtained by SEM study [13].

Therefore, by comparing the simulation cells as presented
in Fig. 4, it can be stated that addition of pristine and function-
alized CNT particles affects the chain packing of PIM matrix,
and thereby changes the physical properties of the membrane
such as density, glass transition temperature, X-ray pattern,

@ Springer

and fractional free volume as well as gas transport properties
including diffusivity, solubility, permeability, and selectivity.

Physical characteristics
Glass transition temperature

The glass transition temperature (7}) is a characteristic which
indicates the chain flexibility and consequently affects the
transport properties of the membranes. The procedure for cal-
culating T, has been explained in previous publications [18,
50, 51, 56]. Figure 6 shows the simulation results, as an ex-
ample, for determination of 7, by evaluating the specific vol-
ume of [PIM/~AMWCNT(0.5%)] MMM versus temperature. It
is seen from this figure that on temperature increase, the spe-
cific volume of MMM rises linearly, with an abrupt change in
the slopes; 0.001 cm?/g °C and 0.0034 cm®/g °C respectively
for the temperature ranges (200 to 400 °C) and (440 to
600 °C), where the evaluated linear correlation coefficients
(R%s) are presented in Fig. 6. Therefore, by extrapolating the
linear plots, the 7, of [PIM/-MWCNT(0.5%)] MMM was
calculated at the intersection as 434.58 °C. The calculated
Tgs for pure PIM and its MMMs are reported in Table 8.
Since the matrix of the studied MMMs is PIM which is a
ladder type glassy polymer with high free volume and with
rigid backbone, it would not experience any rotational mobil-
ity in its backbone even at high temperature (> 400 °C), so it
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Fig. 4 The final molecular configuration of amorphous cells, after 5 ns
NVT MD simulations at 30 °C and 2 bar for (a) Pure PIM, (b) [PIM/p-
SWCNT(0.5%)], (c) [PIM/p-SWCNT(1%)], (d) [PIM/p-SWCNT(2%)],
(e) [PIM/p-SWCNT(3%)], (f) [PIM/f~SWCNT(0.5%)], (g) [PIM/f-
SWCNT(1%)], (h) [PIM/f~SSWCNT(2%)], (i) [PIM//~SWCNT(3%)], (§)
[PIM/p-MWCNT(0.5%)], (k) [PIM/p-MWCNT(1%)], (I) [PIM/p-

MWCNT(2%)], (m) [PIM/p-MWCNT(3%)], (n) [PIM/f-
MWCNT(0.5%)], (o) [PIM/f~-MWCNT(1%)], (p) [PIM/f-
MWCNT(2%)] and (q) [PIM/-MWCNT(3%)] MMMs. The atoms in
repeating units, polymeric chains and CNT configurations are shown by
color balls: C (gray), H (white), N (blue), and O (red)
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Fig. 5 The RDF curves for molecular interaction of PIM chains and p-
SWCNT, f~SWCNT, p-MWCNT, and fMWCNT particles in [PIM/p-
SWCNTQ2%)], [PIM/~SWCNT(2%)], [PIM/p-MWCNT((2%)], and
[PIM/AMWCNT(2%)] MMM, respectively

has been explained in several experimental studies [8, 9, 43,
44, 65], it is experimentally difficult to measure a 7, for this
polymer before degradation. However, based on some experi-
mental studies a 7}, for pure PIM has been suggested to be higher
than 400 °C [58, 66] and it seems to correspond with the report-
ed T, by [64] at 436 °C. Our simulation results on PIM as pure
and MMM s indicated that on increasing the temperature above
the calculated 7, (434.58 °C) up to 600 °C no degradation
occurred then the evaluated 7, for pure PIM is considered in
agreement with the reported experimental 7, by [64].

On the other hand, the obtained simulation results (Table 8)
indicate that by adding CNT particles into the pure PIM, the
Ts of MMM increases. This can be attributed to temperature
resistance of CNT particles which in turn cause thermal sta-
bility in the PIM matrix. As seen in Table 8, on addition of /-
SWCNT or fFMWCNT into the PIM matrix, the T,s of the
resulting MMMs increase compared with those of p-
SWCNT or p-MWCNT. This phenomenon can be ascribed
to stronger molecular interaction of functionalized CNT par-
ticles with the polymer chains in comparison to the pristine
CNT particles and also, it is due to existence of higher free
volumes (according to free volume results in Free volume
characteristic) created by loading of functionalized CNT

2.0

1.8

1.6

1.44 T, =434.58°C

1.2 9 =0.0017+0.870

Specific Volume (cm?/g)

1.0+

0.8 T T T T T T T T T T T
160 200 240 280 320 360 400 440 480 3520 3560 600 640
Temperature (°C)

Fig. 6 Specific volume as a function of temperature for calculating 7, of
[PIM/EMWCNT(0.5%)] MMM
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Table 8 The simulation results and the available experimental data of
T, at the temperature range (200-600 °C) for the simulated pure PIM
membrane and its MMMs

Membranes T, (°O)
Pure PIM 428.47 (436%
[PIM/p-SWCNT(0.5%)] MMM 436.59
[PIM/p-SWCNT(1%)] MMM 437.46
[PIM/p-SWCNT(2%)] MMM 438.83
[PIM/p-SWCNT(3%)] MMM 436.82
[PIM//~SSWCNT(0.5%)] MMM 442.36
[PIM/ASWCNT(1%)] MMM 443.79
[PIM//~SSWCNT(2%)] MMM 444.90
[PIM/~SSWCNT(3%)] MMM 443.41
[PIM/p-MWCNT(0.5%)] MMM 432.32
[PIM/p-MWCNT(1%)] MMM 433.00
[PIM/p-MWCNT(2%)] MMM 433.84
[PIM/p-MWCNT(3%)] MMM 432.68
[PIM/AMWCNT(0.5%)] MMM 434.58
[PIM/EMWCNT(1%)] MMM 435.79
[PIM/AMWCNT(2%)] MMM 436.48
[PIM/FMWCNT((3%)] MMM 43531

*is the experimental value from [64]

particles into the PIM matrix. The T, results (in Table 8) for
either pristine or functionalized [PIM/SWCNT] MMMs have
higher values than those of [PIM/MWCNT] MMMs. The rea-
son for this difference can be explained by considering the fact
that, in the same weight percent ratio (as seen in Table 2) of
[CNT/(CNT + PIM)] for the [PIM/SWCNT] and [PIM/
MWCNT] MMMs, the mass of MWCNT particles is much
higher than that of the SWCNT particles therefore, the number
density of SWNCT particles in the simulation cell is actually
much higher than that of MWCNT particles. On the other
hand, considering the RDF results presented in Fig. 5, it is
seen that: the molecular interactions between PIM chains
and SWCNT particles are stronger than MWCNT particles,
and as a result the restriction on the chain mobility of PIM in
[PIM/SWCNT] MMMs is more than [PIM/MWCNT]
MMMs. The overall effect of these differences including the
number density and molecular interaction between PIM
chains and CNT (SWCNT and MWCNT) particles causes an
increase in T, values of [PIM/SWCNT] MMMs compared
with those of [PIM/MWCNT] MMMs. It should be noted that,
in all MMMs, due to thermal stability of the added CNT par-
ticles on increasing the CNTs content up to 2 wt%, the Tgs
increase (Table 8), whereas at 3 wt% the T, decreases. This
behavior can be explained by the presence of defects due to
agglomeration of CNT particles and reduction in the thermal
stability of the MMMs which cause a decrease of interfacial
interactions between CNT particles and PIM chains [13, 15,
16].
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Free volume characteristic

In the structure of polymeric membranes two main phases are
generally observed which include a solid phase polymer and a
free volume [54, 57]. The free volume is due to chain packing
which creates cavities and voids between the polymer chains in
pure membranes and nano-gaps on the polymer/nanofillers
interface in MMMs. The free volume provides diffusion paths
for gas passage through the membranes [36, 39, 60, 67, 68] and
therefore, affects the transport properties of the membranes.
The fractional free volume (FFV) is defined as [18, 50]:

V-Vo Vg

FFV =
Vv Vv

(1)

In Eq. 1, Vis the simulation cell volume and V,, is the cell
volume occupied by the membrane, which is defined as
Vo= 1.3 V, 4w where V, ,y represents the van der Waals volume
of the polymer chains and V- the free volume is expressed as:
Vir=V-V,[18, 50]. In this study, the simulation cell volume (V)
for the desired membranes was obtained by utilizing the
‘Amorphous Module’ of the MS software [54]. In this module,
the interaction between the membranes’ components at the re-
quired fixed weight percent ratio, namely pure PIM chains or
PIM chains and CNT particles, are taken into account by the
proper force field as explained in The force filed, to construct
and provide the simulation cell with the minimum space to
accommodate the membrane, corresponding to its experimental

density, by employing 5 ns NPT MD simulation. It should be
noted that in constructing simulation cell two factors are in-
volved; the molecular size of components and their molecular
interactions. The calculated values of V, Vy, Viyws Vi and FFV
for the studied membranes are reported in Table 9. The FFV
values in this table are in good agreement with the reported
experimental data [13]. In Fig. 7, the final molecular configura-
tions of the simulation cells which show in blue color, the pres-
ence of free volume in the membranes, are clearly seen. The
simulated results in Table 9 and Fig. 7 indicate an increment
of FFVof'the MMM s have occurred as a result of CNT particles
loading into the PIM matrix which can be attributed to chain
separations increase as well as chains packing disruption [13,
15]. This increment in the FFV values (in Table 9) for [PIM/
SWCNT] MMMs is greater than [PIM/MWCNT] MMMs. The
reason for this increment can be explained, as mentioned above,
by considering two effective factors; the molecular size and
molecular interaction. The size of MWCNT particles (inner
diameter = 13.56 A) is bigger than SWCNT particles (inner
diameter = 6.78 A) [48]. Also, the molecular interactions be-
tween PIM chains and MWCNT particles is weaker than those
between PIM and SWCNT particles, as explained by consider-
ing the RDF results, presented in Fig. 5. Therefore, in the [PIM/
MWCNT] MMM, due to the larger size of MWCNT particles
and the weaker interaction between PIM chains and MWCNT
particles the values of Vand V- are greater than those of [PIM/
SWCNT] MMMs. However, FFV as an intensive property is a

Table 9  The simulation cell volume (V), occupied volume (Vp), van der Waals volume (V,4y), and free volume (V) as well as the fractional free
volume (FFV) of the simulated pure PIM membrane and its MMMs along with the available experimental data for FFV

Membranes V(A% Vo (A% Viaw (A3 Vi (A%) FFV (%)
Pure PIM 274,510.07 216,313.94 166,395.33 58,196.13 21.20 (23.20°, 22.80°, 22.00°)
[PIM/p-SWCNT(0.5%)] MMM 274,980.44 203,952.99 156,886.92 71,027.45 25.83
[PIM/p-SWCNT(1%)] MMM 275,447.58 203,996.48 156,920.37 71,451.10 25.94
[PIM/p-SWCNT(2%)] MMM 276,372.32 202,498.00 155,767.69 73,874.32 26.73
[PIM/p-SWCNT(3%)] MMM 277.284.55 206,410.62 158,777.40 70,873.93 25.56
[PIM/~SWCNT(0.5%)] MMM 41522195 303,610.29 233,546.38 111,611.66 26.88
[PIM/ASWCNT(1%)] MMM 418,661.54 305,915.98 235,319.99 112,745.55 26.93
[PIM/ASWCNT(2%)] MMM 425,489.45 308,777.69 237,521.30 116,711.75 2743
[PIM/£SWCNT(3%)] MMM 433,727.14 316,447.32 243.421.02 117,279.82 27.04
[PIM/p-MWCNT(0.5%)] MMM 686,842.13 530,448.17 408,037.06 156,393.95 22.77
[PIM/p-MWCNT(1%)] MMM 687,404.19 524,626.88 403,559.14 162,777.31 23.68
[PIM/p-MWCNT(2%)] MMM 688,513.94 521,962.42 401,509.55 166,551.52 24.19
[PIM/p-MWCNT(3%)] MMM 689,604.90 524,513.49 403,471.91 165,091.41 23.94
[PIM/AMWCNT(0.5%)] MMM 824,538.49 619,310.86 476,392.97 205,227.63 24.89
[PIM/AMWCNT(1%)] MMM 825,538.68 619,071.46 476,208.81 206,467.22 25.01
[PIM/AMWCNT(2%)] MMM 831,784.94 619,513.42 476,548.79 212,271.52 25.52
[PIM/AMWCNT(3%)] MMM 833,696.62 624,272.03 480,209.25 209,424.59 25.12

%is the experimental value from [55]
®is the experimental value from [63]

¢is the experimental value from [60]
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Fig.7 Simulation cells of (a) Pure PIM, (b) [PIM/p-SWCNT(0.5%)], (¢) MWCNT(2%)], (m) [PIM/p-MWCNT(3%)], (n) [PIM/f-
[PIM/p-SWCNT(1%)], (d) [PIM/p-SWCNT(2%)], (e) [PIM/p- MWCNT(0.5%)], (o) [PIM/f-MWCNT(1%)], (p) [PIM/f-
SWCNT(3%)], () [PIM/SWCNT(0.5%)], () [PIM/ASWCNT(1%)],  MWCNT(Q%)], and (q) [PIM/AMWCNT(3%)] MMM with their free
(h) [PIM/ASWCNT(2%)], (i) [PIM/-SWCNT(3%)], (j) [PIM/p-  volume

MWCNT(0.5%)], (k) [PIM/p-MWCNT(1%)], (1) [PIM/p-
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commonly accepted criterion to judge the structural character-
istics of the membrane, instead of Vand V which are extensive
properties. These structural characteristics include presence of
spacing and voids between the components in the membrane
which can provide pathways for diffusion and penetration of
gas molecules into the membrane. Therefore, considering the
results in Table 9, it is seen that as expected the obtained FFV
values for all types of the studied MMM s are in the following
order; FFViprwiswent) mmm > FFVipvmwent] mvme Also,
the FFV values in Table 9, for both pristine and functionalized
MMMs indicate that they are in the following order; FFVppz
swent] Mvm > FEVipvp-swent) mvv and FEVeppivyemwent
v > FFVpivp-mwent) mvme This order can be explained by
considering the fact that; the functionalized CNT particles dis-
perse more smoothly in the PIM matrix, due to their stronger
interactions with the PIM chains compared with those of pris-
tine CNT particles. Therefore, the higher FFV values as report-
ed in Table 9 for the MMMs containing functionalized CNT
particles can be attributed to the presence of more voids be-
tween PIM chains and more nano-gaps at PIM/CNT interfaces,
as observed experimentally by other researchers [13, 15, 46].
On the other hand, the addition of CNT particles from 0.5 to
2 wt% would increase the FFVof the resulting MMMs (Table 9
and Fig. 7) as a result of chains’ packing distortion in the PIM
matrix. However, by loading more than 3 wt% of pristine or
functionalized CNT particles, due to their tendency for agglom-
eration at higher weight percent (as explained in Equilibrium
validation), they are not smoothly distributed among the PIM
chains and as a result the voids between PIM chains and nano-
gaps at PIM/CNT interfaces have reduced which are manifested
by decreasing the FFV values as presented in Table 9.

X-ray diffraction pattern

To investigate the crystalline properties of pure PIM and its
MMMs, the X-ray diffraction (XRD) pattern of all simulated
membranes were obtained by calculating the scattering inten-
sity curve, 1(Q), through a Fourier transform operation of the
radial distribution function as presented by the following Eq.
[18, 50, 51]:

Sk (snQ 1
Q) =YLy~ (s 74) (2)

7K O 7k
where the magnitude of the scattering angle, O, is given by
[18,51]:

4 m sinf
- — 3
0="5 ()
In this equation, 6 is the scattering angle and ) is the X-ray
wavelength. The indices j and k range over all the atoms in the
molecule [18, 50, 51]. Generally, considering the maximum
peak in the diffraction pattern is important. Since by using it

along with the Bragg equation,d = /2 sin 6, the corresponding
d-spacing (d) values which indicate the intersegmental dis-
tances between the polymer backbones can be calculated. By
applying the ‘Forcite Modules’ of the MS software [18], the
XRDs of pure membrane and its MMMs were evaluated. The
calculated intensity of XRD pattern versus X-ray incident angle
(0) at 30 °C temperature for the [PIM/p-SWCNT(1%)] MMM,
as an example, is represented in Fig. 8. The obtained XRD
results for other simulated membranes are summarized in
Table 10. In Fig. 8, three different main broad peaks are ob-
served which are due to the amorphous nature of the [PIM/p-
SWCNT(1%)] MMM. The XRD results for pure PIM mem-
brane in Table 10 indicate three characteristic peaks at 26, =
12.84°, 20, = 19.03°, and 205 = 23.84° which respectively cor-
respond to d-spacing of: d, = 6.89 A, d, =4.66 A and d; =3.73
A. The first peak probably is assigned to the inefficient packing
of PIM chains which originated from the sites of contortion in
polymer backbone [28, 60]. The second peak results from the
densely packed amorphous chains of PIM [28, 42, 60], and the
third peak refers to the aromatic rings in the PIM structure [28,
42, 60]. By comparing the XRD results of MMMs with pure
PIM, it is found that no significant change occurred in the first
and third peaks, whereas the second amorphous broad peak for
MMMs has shifted slightly left, which represents an increase in
d, (d-spacing of the second peak). It means that by adding CNT
particles into the PIM matrix, the intersegmental distance be-
tween PIM chains has increased. The increase in the interseg-
mental distance of PIM chains which caused an increase in the
free volume (V) of MMMs (as reported in Table 9) was as-
cribed to the larger inner diameter of MWCNT particles com-
pared to SWCNT particles and now in terms of d-spacing, it can
> dzPIM/_SWCNT MMM * AISO’ the
results in Table 10 indicate that, the d-spacing of functionalized
CNT particles enhances, since PEG chains act as a spacer be-
tween PIM chains [13, 15].

Finally, by comparing the simulation results for 7, Vy and
XRD, it can be stated that, in addition to the existence of good
agreement between simulation results and available experi-
mental data [13], a high matching between different simula-
tion results as obtained in this work are observed for pure PIM
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Fig. 8 The X-ray patterns of [PIM/p-SWCNT(1%)] MMM
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membrane and its MMMs. For example, by comparison of the
results for [PIM/AMWCNT(2%)] and [PIM/-SWCNT(2%)]
MMMs in Tables 8, 9, and 10, it can be seen that: the T, values
(Table 8) for the [PIM//-MWCNT(2%)] MMM are lower than
[PIM/f~-SWCNT(2%)] MMM, Vvalues (Table 9) for [PIM/f-
MWCNT(2%)] MMM are higher than for [PIM/f-
SWCNT(2%)]) MMM, and finally, d, values (Table 10) for
[PIM/fFMWCNT((2%)] MMM are higher than for [PIM/f-
SWCNT(2%)]) MMM.

In the following section, we discuss the effect of physical
properties (7, V4 and d-spacing) of the membranes, as obtain-
ed so far in this work, on their transport properties by evalu-
ating diffusivity, solubility, and permeability of pure gases
(CO,, CHy, N, and O,) as well as the membranes’ selectivity
for the binary mixtures of these gases.

Transport properties

Diffusivity

In the MD simulation, the diffusivity (D, cm?/s) of a penetrant
gas can be calculated by using the Einstein relationship which

is in the following form [52, 57]:

p—_L nmit (ir(0-rOF) (4)

where N is the number of diffusing atoms 7,  is the position
vector of a gas molecule and (|r(¢) — r(O)\z) represents the en-
semble average of the mean square displacement (MSD) of the
gas molecule trajectory in the simulation cell over the time
interval ¢. The gas molecule trajectory was calculated by ap-
plying NVT MD simulation and by using the ‘Discover
Module’ of MS software [48, 54] in a simulation time of
5 ns. The Einstein relationship (Eq. 4) assumes a random walk
for the diffusing gas molecules. However, in the first stage of
diffusion and in the short time intervals, when the gas mole-
cules diffuse slowly the anomalous diffusion regime is ob-
served and is characterized by [18, 49, 59]:

(r (0O )" (5)

where n for anomalous regime is less than unity (n4 < 1). If the
simulation time is longer than the hydrodynamic limit and is
sufficiently long, a transition from anomalous to Einstein dif-
fusion regime may be observed which is manifested by a
linear relationship between MSD and ¢, and the value of  in
Eq. 5 goes to unity (nz ~ 1) [18].

To calculate the diffusivity of CO,, CHy, N,, and O, gases
in the simulated pure PIM and its MMM, at the first stage,
the geometry optimization, energy minimization, and 500 ps
NPT MD run were performed on each pure gas molecule, to

Table 10  The simulation results and the available experimental data for X-ray diffraction (XRD) patterns of the simulated pure PIM membrane and its

MMMs
Membranes 260(°) d-spacing (A)
20, 26, 265 d, d> ds
Pure PIM 12.84 (13.00%, 13.10°%) 19.03 (18.30% 18.20%) 23.84(22.60°) 6.89(6.50%,6.70°) 4.66 (4.84%,4.90°) 3.73 (3.90°)
[PIM/p-SWCNT(0.5%)] MMM 12.69 18.62 272 6.97 476 3.91
[PIM/p-SWCNT(1%)] MMM 1324 18.42 24.58 6.68 481 3.62
[PIM/p-SWCNT(2%)] MMM 12.95 18.02 23.40 6.83 492 3.80
[PIM/p-SWCNT(3%)] MMM 12.80 18.15 23.65 6.91 488 3.76
[PIM/ASWCNT(0.5%)] MMM 12.95 17.99 22.68 6.83 493 3.92
[PIM/ASWCNT(1%)] MMM 12.59 17.93 2261 7.03 4.94 3.93
[PIM/ASWCNTQ2%)] MMM 1271 17.47 23.46 6.96 5.07 3.79
[PIM/ASWCNT(3%)] MMM 12.85 17.83 23.89 6.88 497 3.72
[PIM/p-MWCNT(0.5%)] 12.71 17.14 23.13 6.96 5.17 3.84
MMM

[PIM/p-MWCNT(1%)] MMM 12.76 17.09 23.19 6.93 5.18 3.83
[PIM/p-MWCNT(2%)] MMM 13.09 17.08 23.40 6.76 5.19 3.80
[PIM/p-MWCNT(3%)] MMM 13.05 17.34 23.63 6.78 5.11 3.76
[PIM/AMWCNT(0.5%)] MMM 1276 16.87 22.89 6.93 525 3.88
[PIM/AMWCNT(1%)] MMM 13.10 16.76 23.42 6.75 5.29 3.80
[PIM/AMWCNT(2%)] MMM 13.08 16.53 23.59 6.76 5.36 3.77
[PIM/AMWCNT(3%)| MMM 12.98 16.53 23.79 6.82 5.36 3.74

#is the experimental value from [28]

®is the experimental value from [60]
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make them achieve their equilibrium state. Then five mole-
cules of each studied gas (CO,, CHy, N, or O,) were embed-
dedin the studied simulation cells containing either pure PIM
or MMMs. The MSD of each pure penetrating gas molecule
into the simulated membranes were calculated from their
trajectories in the simulation cells. The average of five cal-
culated diffusivity results was evaluated, for each pure gas by
using Eq. 4, and is reported in Table 11. Also as an example,
the MSD values versus simulation time for the studied gases
(CO,, CH4, N>, and O5) in the constructed simulation cell of
[PIM/p-MWCNT(1%)] MMM at 30 °C and 2 bar are shown
in Fig. 9. To confirm that all the diffusivity results were cal-
culated in the Einstein diffusion regime (i.e, nz>1) and to
ensure that the adjusted simulation time at 5000 ps was suf-
ficientto pass from the anomalous diffusion regime (i.e, ny <

1) tothe Einstein diffusion regime (i.e, nz > 1), the values ofn
for the studied gases in the simulated cells along with the
transition simulation time from anomalous diffusion regime
to Einstein diffusion regime (¢,) are presented in Table 12.
This table exhibits that for all the studied gases in the simu-
lation cells nz = 1 for ¢, < 3600 ps. Therefore, it can be stated
that the calculated diffusivity results satisfy the Einstein dif-
fusion regime and are reliable. It should be noted that the
diffusivity results as reported in Table 11 are in agreement
with the experimental data [13]. Also, the evaluated diffusiv-
ity results for the studied gases in pure PIM membrane and its

MMMs areinthe order of: Do, > Dco, > Dy, > Dcn,. This
order of diffusivity results are in accord with the molecular
size (o) of the penetrated gases (Table 5). Previous investi-
gations indicate that the diffusivity of gases through the poly-
meric membranes depends on two main factors, which are 7,
and FFV[4, 67]. Comparing the results for T, F/FVand D, as
respectively reported in Tables 8, 9, and 11, indicates that the
D values are highly dependent on FF'Vrather than T, values.
The reason for this can be explained by considering the fact
that due to high T, values of the studied membranes
(Tg>400 °C) and as a result, the restriction in the segmental
rotations of PIM chains insufficiently large pathways are
created between the chains by thermal motion to facilitate
the gas diffusion through the simulated membranes [4, 25,
26,28, 69, 70].

As an example, the trajectories of the studied gas molecules
diffusing into the [PIM/p-MWCNT(1%)] MMM are present-
ed in Fig. 10. Similar figures can be obtained for other studied
membranes in this work. Figure 10 indicates that the gas mol-
ecules while diffusing into the membrane pass through created
voids between the polymer chains as a result of polymer chain
thermal motions. Due to this thermal motion the proper path-
ways for easy passage of gas molecules into the membranes
are opened. The gas molecules entering into a void will oscil-
late. If the oscillation energy of the molecule is sufficient it
will jump from one void to the neighboring one, otherwise it

Table 11  The simulation results (Sim.) and available experimental data (Exp. [13]) of diffusivity 10’ cmz/s) for CO,, CHy4, N, and O, in the simulated
pure PIM membrane and its MMM s at 30 °C temperature and 2 bar pressure
Membranes CO, CH, N, O,

Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp.
Pure PIM 8.34+1.09 791 2.44 £0.35 2.31 7.54+1.25 7.15 24.14+4.16 22.90

[PIM/p-SWCNT(0.5%)] MMM
[PIM/p-SWCNT(1%)] MMM
[PIM/p-SWCNT(2%)] MMM
[PIM/p-SWCNT(3%)] MMM
[PIM/£SWCNT(0.5%)] MMM
[PIM/£SWCNT(1%)] MMM
[PIM/£SWCNT(2%)] MMM
[PIM/£SWCNT(3%)] MMM
[PIM/p-MWCNT(0.5%)] MMM
[PIM/p-MWCNT(1%)] MMM
[PIM/p-MWCNT(2%)] MMM
[PIM/p-MWCNT(3%)] MMM

1943 +£2.12 na
21.87+2.23 na
23.76 +3.21 na
7.65+1.25 na
20.04 +3.76 na
2223 +3.43 na
2476 +4.78 na
8.54 +1.38 na
8.59+1.90 na
8.67+1.54 na
10.54 £1.57 na
6.98 +1.87 na

5.67+0.79 na
6.39+0.75 na
6.94 +0.45 na
2.23+0.62 na
5.85+045 na
6.49 +£0.67 na
7.23 £0.09 na
249+0.76 na
249 +0.35 na
2.53+0.79 na
3.08 £0.75 na
2.04 £0.31 na

17.56 £2.68 na
19.77 £2.96 na
2148 +3.35 na
691 £ 1.60 na
18.11£1.73 na
20.09 £2.12 na
2238 +2.34 na
7.72 £0.56 na
7.86 +1.75 na
8.04 £0.43 na
9.53 +£147 na
6.31+1.77 na

56.25+5.34 na
63.32 £ 6.57 na
68.79 + 7.64 na
22.15+3.37 na
58.02 £6.42 na
64.36 +7.38 na
71.68 +7.64 na
24.72 +3.23 na
24.17 £4.35 na
25.67+5.78 na
30.51 £6.88 na
20.21 £3.43 na

[PIM/FMWCNT(0.5%)] MMM 10.54 + 1.68 9.45 3.08 £ 0.58 2.35 9.53 £1.63 8.68 30.51 +£4.47 26.20
[PIM/AMWCNT(1%)] MMM 11.97 £ 1.90 13.70 3.50 +0.62 5.56 10.82 £2.21 12.80 34.65 +4.84 31.30
[PIM/AFMWCNT(2%)] MMM 18.23 £2.54 19.40 5.32+048 10.30 16.48 £2.25 21.20 52.78 £5.32 46.40
[PIM/AMWCNT(3%)] MMM 8.36 £ 1.56 6.72 2.44 +0.90 1.71 7.56 +£1.78 5.18 24.20 +3.35 17.80

na: experimental data, not available
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Fig.9 The mean squared displacement (MSD) of CO,, CHy, N», and O,
after 5 ns NVT MD simulations at 30 °C and 2 bar for [PIM/p-
MWCNT(1%)] MMM versus simulation time

will remain trapped in the void. Considering Fig. 10, a large
displacement indicates a jumping motion of a molecule from a
void to a neighboring void, whereas a short displacement in-
dicates an oscillating motion of a gas molecule in the void.
This pattern of gas molecule diffusion is consistent with the
proposed hopping mechanism for penetration of gases into the
polymeric membranes. On comparing the gas displacement
represented in Fig. 10, for the studied gases, it is seen that they
are in the same order as their diffusivity results presented in
Table 11 and discussed above in this section.

According to the diffusivity results for the studied MMMs
(in Table 11), it is seen that the [PIM/SWCNT] MMMs have
higher diffusivity in comparison to [PIM/MWCNT] MMMs.
The higher diffusivity of [PIM/SWCNT] MMM is due to
stronger interactions between PIM chains and the added
SWCNT partilces as the nanofiller which would disrupt the
polymer chain packing and create voids and nanoscale defects
at the polymer/nanofillers interface. This behavior is manifest-
ed by higher FFV values of the MMMs and as a result facil-
itates the gas molecule passage through the created FFV by
diffusion. However, functionalizing CNT particles by PEG
does not increase the FFV of MMMs significantly (see
Table 9). Therefore, the results indicate that functionalizing
CNT particles enhances the diffusion of the studied gases into
the functionalized membranes compared to pristine mem-
branes but not significantly. It should be noted that after load-
ing of 0.5 to 2 wt% CNT partilces, in all the MMMs, the
diffusivity results of the studied gases increases which is due
to the existence of continuous interface between CNT parti-
cles and polymer chains at lower CNTs loading [13].
However, at 3 wt% CNT particles loading, the diffusivities
of gases decrease which is due to discontinuity of nano-gaps
between CNTs and polymer chains as created by agglomera-
tion of CNTs in between the PIM chains and as a result im-
poses a resistance to diffusion of gases into the MMMs [13,
15]. It seems that, this discontinuity does not occur when the
CNT weight percent of is less than 3%.

@ Springer

Solubility

By applying the grand canonical Monte Carlo simulation
(GCMC) and ‘Sorption Module’ of the MS software, accord-
ing to the previously explained procedure [18, 50, 51], the
solubility of pure CO,, CHy, Ny, and O, in the pure PIM
membrane and its MMMs was calculated. The characteristics
of the simulation cell are the same as used in MD simulations
and are presented in Tables 2, 6, and 7. To perform the GCMC
simulation calculations, the pure gas molecules were random-
ly embedded in the simulation cells. To simulate the solubility
in the membrane, a gas molecule can be translated, rotated,
created, and destroyed at random probabilities [51]. The basic
equations for expressing the probabilities in the solubility cal-
culations by using GCMC simulation are in the following
form [18]:

Pcc(0ld—new) = min {l;exp <— AE In (Ni + D ks T)} (6)

ks T v

where P, represents the acceptance criterion as evaluated by
minimization of the right hand side of the above equation,
according to the well-known Metropolis algorithm [18]. In
Eq. 6, AE is the energy change due to converting an old
configuration to a new one as a result of gas penetration into
the membrane. Also, in this equation, kz is the Boltzmann
constant and 7 is the Kelvin temperature. Also, in Eq. 6, f;
and N, are respectively the fugacity and the number molecules
of component i (CO,, CHy, N», and O,) in the gas phase and V
is the volume of the simulation cell. The solubility of a gas i in
the membrane, S; (cm® gas (STP)/cm’ polymer cmHg), is
evaluated by using the following Eq. [18, 50]:

m (5) ™

S; = lim

where C; (cm® gas (STP)/cm® polymer), is the concentration
ofthe gas i, and p is the total pressure (cmHg). For the sake of
comparison the pressure (0 to 760 cmHg) and temperature
(30 °C) of the GCMC simulation in the solubility calculations
were adjusted according to the reported experimental results
[13]. At each pressure, 1,000,000 steps of GCMC calculations
were performed to achieve the equilibration at a period of
100,000 steps. As an example, the calculated solubility results
(C;) according to Eq. 7 of the studied gases in the [PIM/f-
MWCNT(1%)] MMM versus pressure variation (p) are plot-
ted in Fig. 11. For other membranes the solubility results are
reported in Table 13. Inspecting these results indicates that, the
order of solubility of the studied gases in the simulated mem-
branes is:Sco, > Scu, > So, > Sy, which is in good agree-
ment with the reported experimental data [13]. From Fig. 11 it
is evident that the concentration of pure gases (CO,, CHy, O,
and N,) in the membranes increases with pressure and reaches
equilibrium at higher pressure. This is consistent with
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Fig. 10 The displacement of CO,, CHy, N,, and O, in [PIM/p-
MWCNT(1%)] MMM versus simulation time at 30 °C and 2 bar

Langmuir and Henry’s law sorption models which as a com-
bination are known as the dual sorption model [52, 65].
However, as seen in Fig. 11, the increment of CO, concentra-
tion is a strong convex curve, whereas for CHy, N», and O,
this is a smooth convex curve. The reason for this difference
can be explained by considering the condensability of the
studied gases [52]. The condensability of a gas is generally
related to its critical temperature (7,) and Lenard-Jones inter-
action parameter (¢/k) [52, 65]. The values of 7. and ¢/x 3 for
the studied gases (CO,, CHy, N,, and O,) are presented in
Table 5 which indicate that, they are in the same order of
magnitude as those of solubility results. It is evident that
CO; has the highest condensability (highest 7, ande/kp) and
therefore highest solubility in all the simulated membranes,
whereas N, has the lowest condensability and then lowest
solubility.

In addition to the condensability of gases which governs
the gas solubility there are two other factors which may
affect the gas solubility into the membranes, namely (i)
the interactions between gas molecules and polymer chains
as manifested by adsorption energy distribution and (i7) the
interaction between gas molecules and the adsorption sites
in the membrane matrix, manifested by adsorption density
distribution of gases in the membrane matrix [23, 65, 66].
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Fig. 11 The concentration of studied gases (CO,, CHy, N,, and O,) in
[PIM/AMWCNT(1%)] MMM at 30 °C and 0-760 cmHg
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These two factors can be evaluated only by theoretical
means such as GCMC simulation by using Eq. 6. The in-
teraction energy of adsorption in GCMC simulation is de-
fined as the accepted interaction energy of a gas molecule
with the adsorbent matrix (PIM + CNTs) as represented in
Eq. 6, where AE =En,,, — Egiq. If AE < 0, the calculated
Eye,, will be accepted and saved (as interaction energy of
adsorption) by the “Sorption Module” of MS software [54]
in the course of GCMC simulation. Figures 12 and 13 show
respectively the calculated adsorption energy distribution
and adsorption density distribution of CO,, CHy4, N», and
O, in [PIM/AMWCNT(1%)] MMM by GCMC simula-
tions. As seen in Fig. 12 there are four peaks at —19.86,
—9.98, —3.89, and —4.90 kcal mol respectively for CO,,
CHy, N,, and O,. These adsorption energy values reveal
that, due to the higher interaction of CO, with [PIM/f-
MWCNT(1%)] MMM, the affinity for the adsorption of
this gas in the MMM is higher than the other studied gases
(CHy4, N», and O,), and as a result, it has higher solubility.
These results are in agreement with those obtained by
GCMC simulation method for solubility of CO, and CHy4
in pure SWCNT, where it was found that due to stronger
interaction between CO, and pure SWCNT it had higher
solubility compared with that of CH, [71]. In Fig. 13 the
red points represent the density distribution of the gases on
the adsorption sites of the simulation cell of [PIM/f-
MWCNT(1%)] MMM. As seen in this figure the number
of the adsorption sites in this membrane is in the order of:
CO; > CH,4 > O, > N, which is consistent with the calcu-
lated polymer-gas interaction energy as shown in Fig. 12.

Comparing the simulated solubility results of pure PIM
membrane with those obtained for MMM s indicates no sig-
nificant difference. However, by functionalizing the CNT par-
ticles with PEG, the CO, solubility increases gradually at the
loadings of 0.5-3 wt%. The reason for this can be explained
by considering the affinity of the resulting functionalized
MMMs for adsorption of quadrupolar CO, molecules due to
the presence of polar hydroxyl group of PEG [13, 15].
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Fig. 12 Adsorption energy distribution of studied gases (CO,, CHy, Ny,
and O,) in [PIM/AMWCNT(1%)] MMM at 30 °C and 0—760 cmHg
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Table 13 The simulation results (Sim.) and available experimental data (Exp. [13]) of solubility (103 cm3(STP)/cm3(polymer) cmHg) for CO,, CHy,

N, and O, in the simulated pure PIM membrane and its MMMs at 30 °C temperature and 2 bar

Membranes CO, CH, N> O,
Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp.

Pure PIM 735.65+13245 78521 167.43 +£23.65 173.59  30.64+234 39.02 3293+135 40.52
[PIM/p-SWCNT(0.5%)] MMM 737.87 +98.43 na 168.12+2897 na 30.77+5.76  na 33.07+4.56 na
[PIM/p-SWCNT(1%)] MMM 742.65+110.32 na 170.89 +4535 na 3127+534 na 3361543 na
[PIM/p-SWCNT(2%)] MMM 746.85 + 67.97 na 175.87 +£25.67 na 32.18+5.78 na 3459 +£336 na
[PIM/p-SWCNT(3%)] MMM 74998 £109.86  na 167.55+35.78 na 30.66+2.34 na 3295+1.87 na
[PIM/f~SWCNT(0.5%)] MMM 73945+ 14586 na 189.56 £ 17.45 na 34.69+3.78 na 3728 £2.75 na
[PIM/f~SSWCNT(1%)] MMM 741.54+£112.34  na 199.56 +48.69  na 36.52+3.43 na 39.25+3.78 na
[PIM/f~SSWCNT(2%)] MMM 789.54 + 89.43 na 203.65+21.98 na 3727+4.67 na 40.05+523 na
[PIM//~SWCNT(3%)] MMM 795.34 + 56.89 na 176.54 +34.69 na 3231+3.76 na 3472+1.86 na
[PIM/p-MWCNT(0.5%)] MMM 736.76 £ 173.75  na 166.87 +£23.65 na 30.54+235 na 32.82+147 na
[PIM/p-MWCNT(1%)] MMM 74134 +£126.78 na 168.67 +34.67 na 30.87+1.78 na 33.17+2.76 na
[PIM/p-MWCNT(2%)] MMM 743.67 + 68.96 na 17135+ 6532 na 3136+235 na 33.70+£2.58 na
[PIM/p-MWCNT(3%)] MMM 74545+ 129.64 na 165.35+2345 na 3026+ 1.54 na 32.52+424 na
[PIM/-MWCNT(0.5%)] MMM 736.86 + 114.79  797.35 18743 +£56.85  297.02 3430+245 3629 3686+198 3798
[PIM/-MWCNT(1%)] MMM 738.54+£176.53  570.29 196.46 +32.45 141.19  3595+256 3258  38.64+345 33.67
[PIM/-MWCNT(2%)] MMM 764.43 +57.89 632.68  200.36 + 67.54 14398  36.67+2.57 33.63 3941 +£432  36.21
[PIM/-MWCNT@3%)] MMM 773.87£109.46  716.67 176.80 + 34.56 173.10  3235+£145 41.89 3477+3.63  44.89

na: experimental data, not available

Permeability

After evaluating the diffusivity (Table 11) and solubility
(Table 13) of gases in the constructed polymeric membranes,
the permeability (P, Barrer) of the studied gases into the mem-
branes, as an important transport property of membranes,
should be considered. The permeability is expressed by the
following Eq. [2, 4, 36, 67, 72-74]:

P=DxS (8)

The calculated permeability results for the studied gases are
presented in Table 14 which are in the order of Pcp, > Po,
> Pcy, > Py, for all simulated membranes. This table shows
that the simulated results are in good agreement with the avail-
able experimental data [13] and this can be considered as strong
evidence that MD and GCMC simulation techniques used re-
spectively for evaluating the diffusivity and solubility of the
studied gases are accurate and reliable methods. The simulated
permeability results (in Table 14) reveal that by incorporating
pristine and functionalized CNT particles with the PIM matrix,
the permeability of the resulting membrane enhances and this
can be due to disruption of the polymer chains packing as a
result of interaction between the CNT particles and the PIM
chains which increases the FFV of the MMMs. Also,
functionalizing CNT particles with PEG, increases the interseg-
mental distance between PIM chains and enhances the gas per-
meability. Comparison of the permeability results in Table 14

for [PIM/SWCNT] and [PIM/MWCNT] MMMs indicates that
despite lower T, values of the former MMM s the permeability
of the later MMM are higher. This difference can be ascribed
to higher FFV of [PIM/SWCNT] MMMs (Table 9). This point
can be substantiated by considering Fig. 4(b-i) which indicates
a smooth distribution of the SWCNT particles in the PIM ma-
trix compared with Fig. 4(j-q) which indicate agglomeration of
MWCNT particles. The results in Table 14 show that, the load-
ing of 0.5 to 2 wt% CNT particles, increases the permeability of
gases into the studied membranes. This behavior, as explained
carlier for diffusivity results (Diffusivity), can be explained by
the presence of continuous interface between CNT particles and
PIM chains [13, 15, 16]. However, at 3 wt% loading of CNT
particles, the permeability of all gases decreases, and this is due
to the presence of nano-gaps between CNT particles and poly-
mer chains which cause discontinuity in the PIM matrix struc-
ture and consequently increase the resistance to the gas perme-
ation through the membranes [13, 15, 46].

Selectivity

The selectivity (au/p) is defined as [2-5, 29, 52, 73]:
a3 = Pa/Ps 9)

where P is the permeability expressed in Barrer (Eq. 8) for gases
A and B in the membranes. The obtained results for the selectivity
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Fig. 13 Adsorption density
distribution of (a) CO,, (b) CHy,,
(¢) N, and (d) O, in [PIM/f-
MWCNT(1%)] MMM at 30 °C
and 0-760 cmHg

as represented in Table 15 indicate that for the binary gas mix-
tures (CO,/CHy), (COy/N,), and (CO,/O,) penetration into the
studied membranes, the selectivity results are greater than unity,

(c)

(d)

which means that by using these membranes, CO, can be sepa-
rated from CHy4, N5, and O,. However, since for the (CH4/N>),
(CH4/0O,), and (N,/O,), the selectivity is close to unity, the

Table 14  The simulation results (Sim.) and available experimental data (Exp. [13]) of permeability (Barrer) for CO,, CHy, N», and O, in the simulated
pure PIM membrane and MMM s at 30 °C temperature and 2 bar pressure

Membranes CO, CH,4 N, 0,

Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp.
Pure PIM 6135.32 + 1325.66 6211 407.79 + 137.43 401 248.25 +32.53 279 739.80 + 143.67 928
[PIM/p-SWCNT(0.5%)] MMM 14,336.81 +£2364.76  na 953.95 +236.86 na 580.74 + 43.68 na 1730.64 +453.78  na
[PIM/p-SWCNT(1%)] MMM 16,241.76 + 3754.78 15,721 1091.44 + 348.88 1820  664.44 £ 56.74 949 1980.07 +432.86 2305
[PIM/p-SWCNT(2%)] MMM 17,745.16 £ 237497  na 1220.32 +£348.75 na 742.89 £126.64 na 2213.87 £567.53 na
[PIM/p-SWCNT(3%)] MMM 5737.34 + 528.65 na 374.32 + 142.78 na 227.87 +13.68 na 679.08 +£47.76 na
[PIM/£~SWCNT(0.5%)] MMM 14,818.58 + 2748.67 na 1109.38 +£325.89  na 67536 £109.45 na 2012.61 £135.75 na
[PIM//~SWCNT(1%)] MMM 16,484.43 + 3267.64 na 1295.53 +£532.78 na 788.68 £112.45 na 2350.32 £+ 68532 na
[PIM//~SWCNT(2%)] MMM 19,549.01 +2747.78 na 1472.55 +238.64 na 896.44 £132.67 na 2671.47 £472.68 na
[PIM/f~SWCNT((3%)] MMM 6792.20 + 1634.66 na 440.29 + 34.78 na 268.03 £ 14545 na 798.76 £45.78 na
[PIM/p-MWCNT(0.5%)] MMM 6328.76 + 1343.56 na 415.43 +98.65 na 240.04 +23.8 na 793.26 + 43.88 na
[PIM/p-MWCNT(1%)] MMM 6427.42 + 945.78 6219 427.06 + 32.78 757 248.19 + 87.57 361 851.47 £36.78 957
[PIM/p-MWCNT(2%)] MMM 7838.24 + 1238.53 na 527.42 +£109.64 na 321.08 £ 13597 na 956.84 + 32.68 na
[PIM/p-MWCNT((3%)] MMM 5203.24 +458.21 na 337.05 £ 111.56 na 205.19 +93.55 na 611.47 £51.77 na
[PIM/AMWCNT(0.5%)] MMM 7766.50 + 845.89 7535 576.92 + 134.78 698 351.21 £ 32.78 315 1046.63 + 658.89 995
[PIM/AFMWCNT(1%)] MMM 8840.32 + 1743.89 7813 686.76 = 23.67 785 418.08 +55.97 417 1245.90 + 542.78 1054
[PIM/AFMWCNT(2%)] MMM 13,935.56 + 782.88 12,274 1066.68 £ 137.75 1483  649.36 £ 168.85 713 1935.14 +532.78 1680
[PIM/AFMWCNT(3%)] MMM 6469.55 + 792.46 4816 431.64 + 120.97 296 262.77 £136.79 217 783.07 £ 43.89 799

na: experimental data, not available
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constructed membranes are not suitable for separation of CHy
from O, or N, and also separation of N, from O,. Table 15 shows
that the order of selectivity of the membranes is:appgr— pwenr

MMM > OP[M]p — SWCNT MMM > CPIM/p — MWCNT MMM > CLPIM/f—
SswenT v > Qppy Which means that the MMM consisting of
[PIM/AMWCNT] MMM has the highest selectivity for separa-
tion of CO, from CHy4, N,, and O,. However, the permeability
results represented in Permeability indicate that [PIM//~SWCNT]
MMM has the highest permeability for CO,. Therefore, by con-
sidering the effect of permeability-selectivity trade-off, it can be
stated that the best choice is [PIM/£ASWCNT] MMM, for sepa-
ration of CO, from CHy4, N», and O,, among the studied MMMs.

Conclusions

In this work, five distinguished types (17 samples) of polymers
of intrinsic microporosity (PIM) membranes were simulated by
Materials Studio software. All the simulated membranes had
PIM as their matrix but the type and the amounts of the added
CNT particles to their matrix, were different. The abbreviations
used to refer to the simulated membranes are presented in
Table 1. To characterize the simulated membranes, the physical
properties including density, glass transition temperature (7y),
X-ray diffraction pattern (XRD) and fractional free volume
(FFV) were calculated. Then, the gas transport properties of
the membranes such as diffusivity (D), solubility (S), and per-
meability (P) of pure gases (CO,, CHy, Ny, and O,) as well as,
the selectivity (cv) of their binary mixtures (CO,/CHy), (CO,/
N»), (CO,/O,), (CH4/N»), (CH4/O,), and (N,/O,) were evaluat-
ed which were consistent with the available experimental data.
The results indicated that the transport properties for the pene-
trant gases through the studied pure PIM membrane and its
mixed matrix membranes (MMMs), were in the following or-
deI':D()2 > DCO2 > DN2 > DCH4, SC02 > SCH4 > S02 > SN2
and Pco, > Po, > Pcr, > Py,. These results were interpreted
and discussed in terms of molecular size and condensability of
gases and the physical properties of the membranes, such as 7,
FFV, and XRD. Considering the overall results indicated that the
diffusivity and permeability of gases through the membranes for
[PIM/SWCNT] MMMs were higher than [PIM/MWCNT]
MMMs. Also, these properties for [PIM//ASWCNT] MMMs
and [PIM/AMWCNT] MMMs were higher than [PIM/p-
SWCNT] MMMs and [PIM/p-MWCNT] MMM:s. It was found
that the diffusivity and permeability of each membrane in-
creased with the weight percent of CNT particles up to 2 wt%
and then they started to decrease. However, the solubility results
did not change by increasing CNT particles. The selectivity (a)
results revealed that on addition of CNT particles, either pristine
or functionalized, to the PIM matrix to obtain the MMMs, the
ability of resulting membranes to separate quadrupolar gas
(CO,) from non-polar gases (CHy, N,, and O,) in the binary

@ Springer

gas mixtures increased in the following order: cvppgr— pwent

MMM > CPIMp — SWCNT MMM > CPIM/p — MWCNT MMM > CPIM|f—
SWCNT M > ppyy Which means that the MMM consisting of
[PIM/AMWCNT] MMM has the highest selectivity for separa-
tion of CO, from CHy, N, and O,. However, the permeability
results indicate that [PIM/~SWCNT] MMM has the highest
permeability for CO,. Therefore, by considering the effect of
permeability-selectivity trade-off, it can be stated that the best
choice is [PIM/~SWCNT] MMM, for separation of CO, from
CHy, N, and O,, among the studied MMMs.

[, Simulation cell length (A); C, Concentration of gas mol-
ecules in the simulation cell (cm® gas (STP)/cm® polymer); D,
Diffusivity (cm*/s); E, Energy of configuration (kcal mol™);
FFV, Fractional free volume; f;, Fugacity of component 7 in the
gas phase (bar); kp, Boltzmann constant (bar m*/K); n,
Proportionality coefficient; n,, Proportionality coefficient at
anomalous diffusion regime; nz Proportionality coefficient
at Einstein diffusion regime; N, Current number of compo-
nent i molecules in the membrane cell; p, Total pressure (bar);
P, Permeability (Barrer, 1 Barrer =10~'° cm*(STP) cm/em? s
cmHg); P,.., Acceptance probability; r(¢), Final position vec-
tors of the center of mass of the gas molecules over the time
interval ¢ (A); 7(0), Initial position vectors of the center of mass
of the gas molecules (A); S, Solubility (em® gas (STP)/em’®
polymer cmHg); 7, Simulation time (ps); 7, Temperature (K);
T, Glass transition temperature (K); 7, Critical temperature
(K); V. Volume of membrane cell (A%); V, Occupied volume
of the polymer chains (A); V, sy van der Waals volume of the
polymer chains (A%); V5 Free volume (A%)

Qup, Selectivity; € kg, Lenard-Jones interaction parameter
(K); o, Lenard-Jones size parameter (A)

PIM-1, Polymers of intrinsic microporosity; PEG,
Polyethylene glycol; CNT, Carbon nanotube; SWCNT,
Single-walled carbon nanotube; p-SWCNT, Pristine single-
walled carbon nanotube; fSWCNT, Functionalized single-
walled carbon nanotube; MWCNT, Multi-walled carbon
nanotube; p-MWCNT, Pristine multi-walled carbon nanotube;
JFMWCNT, Functionalized multi-walled carbon nanotube
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