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ABSTRACT: This study employs molecular dynamics (MD) simulations to
fundamentally provide insight into the role of cross-link density in the CO, separation
properties of interfacially polymerized polyamide (PA) membranes. For this purpose,
two atomistic models of pure polyamide membranes with different cross-link densities
are constructed by MD simulations to conceptually determine how the fractional free 121
volume of polyamide affects the gas separation performance of the membrane. The PA  ¢®
membrane with a lower cross-link density (LCPA) shows a higher gas diffusion 08
coeflicient, a lower gas solubility coeflicient, and a higher gas permeability than the PA
membrane with a higher cross-link density (HCPA). Moreover, the pristine and 04
modified silicate nanotubes (SNTs) as the fast gas transport channels are incorporated

into the polyamide membranes to assess the effect of the SNT/PA interface chemistry 00
on the CO, separation properties of the membranes. SNTs are systematically modified

by three modifying agents with different CO,-philic groups and different interfacial
interaction energies with the polyamide matrix. The results of MD simulations demonstrate that the incorporation of silicate
nanotubes into the PA matrix increases the gas diffusivity and permeability and decreases the CO,/gas selectivity. Moreover, the
membranes containing modified SNTs possessing high CO,-philicity and high SNTs/PA interfacial interactions show a high CO,
separation performance.

Article Recommendations

2.0

1.6 4

T
10 15 20
r(A)

1. INTRODUCTION

The global warming by greenhouse gases and the rising demand

rapid gas transport pathways such as carbon nanotubes
(CNTs)"*™"* and silicate nanotubes (SNTs)."¢™*!

for natural gas have motivated researchers to find novel materials
and new methods to separate carbon dioxide (CO,) from fuel
gas and natural gas, respectively.' " Among various kinds of gas
separation methods, polymeric membranes have attracted
tremendous attention due to their low cost and easy fabrication
process.”® However, the most important point about polymeric
membranes is the trade-off between selectivity and permeability
that limits the gas separation performance.””

To overcome the trade-off challenge and improve the gas
separation performance, inorganic nanoparticles (NPs) can be
incorporated into polymeric membranes, known as mixed
matrix membranes (MMMs). There are many types of
nanoparticles that can be successfully utilized to prepare
MMMs with a considerable enhancement in the CO, separation
performance.” ' Nanoparticles used in MMM:s are classified
into two distinct groups. Nanoparticles in the first group are
intrinsically selective nanoparticles with small-sized pores such
as zeolite”'’ and carbon molecular sieves (CMSs),""'* which
enhance the CO, selectivity of MMMs. Nanoparticles in the
second group are porous nanoparticles with large-sized pores
that mostly increase the gas permeability of MMMs due to their
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Among different types of nanoparticles, SNTs have
demonstrated a significant ability to be utilized in MMMs for
gas transport due to their special nanostructural character-
istics.'~>' Embedding SNTs in a less permeable and dense
matrix such as cross-linked polyamide, one expects to create
rapid gas transport pathways, through the inside of nanotubes, in
the membrane. Moreover, SNTs can be modified by different
functional groups such as CO,-philic groups to provide unique
features for the adsorption of CO, molecules. The modification
of the SNT surface with CO,-philic groups on the one hand
facilitates the CO, transport through MMMs and on the other
hand enhances the SNTs/PA interfacial compatibility. There-
fore, the surface modification improves the dispersion of SNTs
in the polyamide matrix by enhancing the strength of the
interfacial interactions between SNT's and the polyamide.
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The experimental methods for evaluating the gas separation
performance of MMM:s and interfacial interactions between
NPs and the 2polymer matrix are often costly, difficult, and time-
consuming.””** To address this problem, molecular dynamics
(MD) simulations at a molecular level can offer valuable
opportunities to explore a connection between macroscopic
properties and microscopic structure.”*™>" The molecular
dynamics simulations have been considered as a promising
way to provide useful information about the interfacial
interactions between NPs and polymer matrix as well as the
gas separation properties of mixed matrix membranes.”*™*°
However, there is no systematic theoretical investigation in the
literature about the effects of different surface modifications of
nanoparticles on the NPs/polymer interfacial interactions and
gas separation properties of MMM:s.

In this work, we study two atomistic models of pure
polyamide membranes with different cross-link densities by
MD simulations to determine how the fractional free volume of
polyamide affects the gas separation properties of membranes.
Moreover, systematic theoretical simulations are performed to
evaluate the CO, separation performance of MMMs containing
SNTs with different surface modifications. Furthermore, the
SNTs/PA interfacial interactions are quantitatively investigated
by MD simulations to assess the effect of the dispersion of
different SNTs in the polyamide matrix on the CO, separation
performance of MMMs.

The nanosized silicate nanotube, SNT, is a type of natural
silicate that has the chemical composition of Al,(OH),Si,Ox-
nH,0. The inner diameter, outer diameter, and length of SNT's
are around 20, 70 nm, and 0.1 um, respectively.31 Figure la,b

Figure 1. Schematic of silicate nanotubes (SNTs): (a) top view and (b)
side view. Red, violet, and yellow atoms are oxygen, aluminum, and
silicon, respectively.

exhibits the molecular scheme of the top view and side view of
SNTs, respectively. The presence of functional groups on the
inner and outer surfaces of SNTs, i.e., aluminol (Al-OH) and
siloxane (Si—O—S8i),>*™>* respectively, makes SNTs able to
modify using the CO,-philic modifying agents such as silane
compounds for CO, separation applications.

In this study, three different modifying agents are utilized to
simulate the surface modification of SNTs including (i)
trimethoxy octyl silane (TOS), (ii) aminoethyl aminopropyl

trimethoxysilane (AEAPTS), and (iii) methacryloxy propyl
trimethoxysilane (MPTS) (Table 1). The modified SN'Ts by the
abovementioned modifying agents are named TOS-SNT,
AEAPTS-SNT, and MPTS-SNT, respectively.

2. SIMULATION DETAILS

The MD simulations are performed to theoretically investigate
different properties of cross-linked polyamide membranes using
the Materials Studio software package (version 6.0) published
by Accelrys Inc.’”> In addition, the condensed phase
optimization molecular potentials for atomistic simulation
studies (COMPASS) force field are used to generate the

simulations.”® The total potential energy of a system is simulated

using the COMPASS force field, which consists of three
3636
parts™

E E + E

‘cross-term

+ Enonbond ( 1 )

total — Lvalence

where Evalence! Ecrossfterm) and Enonbond are valence energy, Cross-

term energy, and nonbond energy, respectively, which are
3636

defined as follows

Evalence = Ebond + Eangle + Etorsion + Eoop + EUB (2)
Ecross—term = Ebond—bond + Eangle—angle + Ebond—angle (3)
Enonbond = Evch + ECoulomb + EH-bond (4)

The valence energy (Eyence) has five terms including Eyong,
Engler Erorsion Eoopr and Eyp, which are bond stretching, bond
angle, bond torsion, out-of-plane interaction, and Urey—
Bradley, respectively. The cross-term energy (E os.term) includes
Ebond—bond) Eangle—angle) and Ebond—angle) which are bond—bond
stretching, two-angle interaction, and bond—angle interaction,
respectively. The nonbond energy (E, ombong) is the sum of
hydrogen bond energy (Eipona), van der Waals energy (Eyqw),
and the Coulomb electrostatic energy (Ecouiomb)-

2.1. Molecular Models. The cross-linked polyamide
membranes are constructed by the interfacial polymerization
(IP) of an organic monomer, trimesoyl chloride (TMC) and an
aqueous monomer, triethylenetetramine (TETA). The simu-
lated chemical structure of constructed cross-linked polyamide
using TETA and TMC is shown in Figure 2. It should be noted
that the chlorine atoms of the TMC monomers in the polyamide
structure may be hydrolyzed to carboxylic acid in the vicinity of
the aqueous phase.

2.2. Generation of Cross-Linked Polyamide Mem-
branes. The cross-linked polyamide membranes are generated
by interfacial polymerization reaction according to the following
procedure: First, TETA and TMC monomers at the atomic level
are energetically minimized to obtain reasonable structures.
Next, certain amounts of both monomers are packed into a
simulation cell using the Amorphous Cell module. The periodic
boundary conditions in three dimensions are applied to avoid
unwanted boundary terms in the simulation of the membranes.
Based on data available in the literature, the density of typical
aromatic polyamide prepared by interfacial polymerization is
around 1.0 g/cm>.*”*® Therefore, we set 1.0 g/cm? as the target
density of cross-linked polyamide during the simulations. Then,
the simulation cell is energetically minimized and geometrically
optimized by Discover and Forcite modules, respectively. After
the minimization and optimization, the reactive atoms of
aqueous and organic monomers are placed in close proximity to
each other. The hydrogen atoms of amine groups of TETA
monomers and chlorine atoms of TMC monomers are then

https://doi.org/10.1021/acsomega.3c10108
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Table 1. Chemical Compositions of the Modifying Agents

Modifying agents

Molecular structure

Chemical formula

HC—0

Hﬁc—o\ /\/\/\/\
TOS Si

CH;3(CH,);Si(OCH3);

H,C—0
H,C—0 \
AEAPTS HJC_OXSi/\/\ E/\/ 2 (CH;0):Si(CH;);NHCH,CH,NH,
ch—o/
H,C—0 o

H,C—0,
MPTS ’ lSi/\/\o

H,C=C(CH;)CO,(CH,);Si(OCH;);

H,C—O0
J Interfacial
© O polymerization

Figure 2. Schematic of the interfacial polymerization process of TETA and TMC monomers for the preparation of cross-linked polyamide. White,
blue, red, gray, and green atoms are hydrogen, nitrogen, oxygen, carbon, and chlorine, respectively.

removed. According to the IP reaction, the monomers are
artificially cross-linked by bridging nitrogen atoms of TETA
monomers and carbon atoms of acyl chloride groups of TMC
monomers to construct the cross-linked polyamide network.
After that, 2000 steps of energy minimization are conducted on
the initial cross-linked polyamide network to give the most
stable structure. Finally, the molecular dynamics simulations are
conducted in the NVT ensemble (which is a constant number of
particles, volume, and temperature) with the time step of 100 ps
to eliminate the hot spots and the undesirable contact such as
overlapping. For achieving a more equilibrated system, the
cross-linked polyamide network is further conducted by MD
simulations in NPT ensemble with the time step of 1000 ps. In
the NPT ensemble, the number of molecules, N, pressure, P, and
the temperature, T, of the system are kept constant. To control
the pressure (at 1 atm) and temperature (at 298.15 K) of the
system, the Andersen barostat and Berendsen thermostat are
utilized.” The Coulombic interactions are calculated by the
Ewald method with the accuracy of 0.001 kcal/mol, and the van
der Waals interactions are approximated by the atom-based
summation method with a cutoff distance of 12.5 A (with a
spline width of 1 A and a buffer width of 0.5 A), where this range

of cutoff distance is less than half of the cell length (around L, =
263 A,L,=263A,and L, =263 A).

The additional MD simulations with the NVT ensemble with
the time step of 1000 ps are also carried out to relax the final
simulated models. According to the explained procedure, two
simulated polyamide membranes with different cross-link
densities are constructed. The cross-link densities (percentage
of part m in Figure 2) of low cross-link density polyamide
membrane (LCPA) and high cross-link density polyamide
membrane (HCPA) are intended to be 20 and 80%,
respectively, by varying the ratio of TETA/TMC (22/20 and
28/20, respectively). Therefore, in the first model, the LCPA
membrane is composed of 20 TMC monomers and 22 TETA
monomers. While 20 TMC monomers and 28 TETA monomers
are packed in the simulation cell of the second model (HCPA
membrane). Moreover, MMMs are simulated by embedding the
pristine and modified SNT's in the LCPA membrane, during the
interfacial polymerization of TETA and TMC, based on the
procedure described above. The simulation cells including
polyamide, different SNT's, and gas molecules are of almost fixed
volume with around L, = 20 A, L,=20 Ajand L, =20 A.

https://doi.org/10.1021/acsomega.3c10108
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3. RESULTS AND DISCUSSION

3.1. Fractional Free Volume (FFV). The interfacially
polymerized LCPA and HCPA membranes have cross-linked
structures with different cross-link densities. The mobility of
polymer chains is constrained by cross-linking points.”*~** The
cross-link density determines the free volume of polyamide
membranes and thus governs the chain mobility and diffusivity
of gas molecules through the membranes.

The fractional free volume (FFV) of the polyamide can be
theoretically estimated by the MD simulation technique from
the Connolly task simulation using different probe diame-

43,4443,44
ters
FFV — ‘/free
Vfree + ‘/occupy (5)
where Vi, and V., are the occupied volume and the free

volume of polyamide, respectively. Figure 3a demonstrates the
fractional free volume (FFV) of the simulated LCPA and HCPA
membranes. As expected, FFV of LCPA is higher than that of
HCPA due to the lower cross-link density of LCPA.
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Figure 3. (a) Fractional free volume and (b) pore size distributions of

LCPA and HCPA.

In addition, the pore size distribution (PSD) patterns of two
simulated polyamide membranes are obtained by differentiating
FFV over the radius of probes (Figure 3b). PSD of the HCPA
membrane is narrower than that of the LCPA membrane and is
slightly shifted toward lower pore diameters as a result of higher
cross-link density. The PSD patterns in Figure 3b reveal that
both HCPA and LCPA membranes are dense with the mean
pore size around 0.65 and 0.70 A, respectively, which are lower
than the kinetic diameters of CO,, CH,, and N,,.

Figure 4 shows the morphology maps of two different cross-
linked membranes (LCPA and HCPA). The blue color regions
in morphology maps present the free volume of membranes. It is
clear from Figure 4a,b that the free volume (blue color regions)
in LCPA is higher than that in HCPA, which is in agreement
with the results shown in Figure 3a.

Figure 4. Morphology maps of the free volume in (a) LCPA and (b)
HCPA membranes in simulation cells.
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3.2. Gas Transport Properties. 3.2.1. Gas Diffusivity. The
diftusion coefficients of CO,, CH,, and N, molecules through
the cross-linked polyamide membranes (HCPA and LCPA) are
calculated by analyzing the mean square displacement (MSD)
using the molecular dynamics simulations. After equilibration of
the simulation cell of the polyamide membrane using different
steps of energy minimizing by NVT and NPT ensemble as
described in Section 2.2, three molecules of each gas (N,, CH,,
and CO,) are inserted into the simulation cell. Again, 1000,000
steps of NPT and NVT dynamics are performed to reach the
final equilibrium structure. The gas diffusion coefficient is
obtained by the slope of MSD of gas molecules plotted against
the time of simulation according to the Einstein relation as
Follows™* 5464546

d n
D, = —lim— [R(0) — Ri(f)]z
A dt Zl: ( ) (6)

where R(0) is the position of atom i at time 0 and R(#) is the
position of atom i at time £, and the average is taken over the
whole time period and over all molecules packed in the
simulation cell.

Figure S presents the MSD curves for N,, CH,, and CO,
diffusion through the simulated interfacially polymerized
polyamide membranes during the 1000 ps simulation time.
The diftusion coefficients of different gases through the HCPA
and LCPA membranes are calculated using the slope of MSD
curves (i.e.,, eq 6) and summarized in Table 2. The gas diffusion
coefficients through the cross-linked polyamide membranes vary
in the order N, > CH, > CO,. The diffusion coeflicient of gas
molecules through a dense membrane is governed by the kinetic
diameter of penetrant gas. The kinetic diameter of different
gases decreases in the sequence CH, > N, > CO,. "% 1t is
expected that the smaller penetrant gas shows a higher diffusion
coefficient through the dense membrane. Although the CO,
molecule has a smaller kinetic diameter than CH, and N,, the
lowest simulated diffusivity is observed for CO,. This difference
between the trend of kinetic diameters and gas diffusion
coeflicients obtained by MD simulation can be explained as
follows. The CO, molecules have a higher affinity toward the
polyamide than N, and CH, molecules because of the strong
interactions between CO, and CO,-philic groups of the
polyamide such as —COOH, —NH—, and —NHCO-— groups.
This affinity restricts the diffusion of CO, molecules through the
simulated polyamide membranes. To confirm this hypothesis,
binding energies of penetrant gases to the LCPA membrane are
calculated using the COMPASS force field based on eqs 1—4.
The results demonstrate that the binding energies are decreased
in the order of LCPA-CO, (—5276.32 kcal/mol) > LCPA-CH,
(—4924 kcal/mol) > LCPA-N, (—4823.76 kcal/mol), in
agreement with the diffusivity results. A similar observation
can also be found in the reported works in the literature.””' On
the other hand, N, has lower interactions with polyamide
membranes than CO, and CH, and shows the highest simulated
diftusivity through the polyamide membranes.

Moreover, the diffusivity coeflicients of N,, CH,, and CO,
molecules through the LCPA membrane are higher than those
through the HCPA membrane due to the higher free volume
available for gas diffusion in the LCPA membrane. The MD
simulations confirm that the LCPA membrane with lower cross-
link density and higher free volume than the HCPA membrane
shows higher gas diffusivity.
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Figure S. MSD curves of CO,, N,, and CH, molecules through (a)
LCPA and (b) HCPA membranes.

Table 2. Diffusion Coefficients of Different Gases through
Polyamide Membranes and MMMs

diffusivity (X107 cm?/s)

membranes N, CH, CO,
HCPA 0.94 0.68 0.59
LCPA 1.38 1.11 1.01
LCPA-SNT 4.30 225 2.08
LCPA-TOS-SNT 4.17 2.71 2.25
LCPA-AEAPTS-SNT 4.08 2.23 1.60
LCPA-MPTS-SNT 3.12 2.15 1.53

Table 2 also exhibits that the diffusivity of CO,, N,, and CH,
molecules increases with the addition of the pristine and
modified SNTs to the LCPA membrane. SNTs provide rapid
transport pathways for gas molecules in MMMs. The CO,
diffusivity of MMMs increases in the order LCPA-TOS-SNT >
LCPA-SNT > LCPA-AEAPTS-SNT > LCPA-MPTS-SNT. It is
again evident that the strong interactions between CO, and
CO,-philic groups such as AEAPTS and MPTS in modified
SNTs restrict CO, diffusion.

Therefore, in addition to the transport properties of the
polyamide matrix, gas diffusion through SNT's has a crucial role
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in determining the final gas diffusion coefficient of MMMs. To
evaluate the effect of SNT's on the gas diffusion of MMMs, the
gas diffusion mechanisms through SNTSs should be accurately
ascertained. The gas diffusion through SN'T's mainly obeys three
mechanisms including Knudsen diffusion, molecular diffusion,
and viscous flow.”” The gas diffusion mechanisms through SNTs
are based on the geometry of nanotubes, intrinsic characteristics
of gas molecules, and operating conditions such as pressure and
temperature. In this case, the inner diameter of SNTs as well as
the kinetic diameter of gas molecules mainly determine the
dominant gas diffusion mechanism. If the inner diameter of
SNTs is smaller than the mean free path (1) of molecules of gas,
the Knudsen diffusion is the dominant mechanism of gas
diftusion. The mean free path of molecules of gas is expressed

52
as

kyT
V270’p (7)

where kg, T, p, and o are the Boltzmann constant (J/K), the
absolute temperature (K), the pressure (Pa), and the kinetic
diameter of the gas molecule (m), respectively. In the Knudsen
diffusion mechanism, collisions between the gas molecules
inside SNTs are less frequent than those between the gas
molecules and the inner wall of SNTs. The gas diffusion based
on the Knudsen diffusion mechanism is described as’”

d (SRT ]"'5

1=

K73 (8)

where d, R, and M are the inner diameter of SNTs (m), the gas
constant (8.314 Pa:m’/mol'K), and the molecular weight of
penetrant gas (kg/mol), respectively. While the inner diameter
of SNTs is larger than the mean free path of gas molecules, gas
diffusion is governed by molecular diffusion mechanism®***

b - 3 (kBT )0-5
M 8c2n\ om

™

€)

where n is the density of molecule number (1/m?®) and m is the
gas molecule mass (kg). Moreover, the viscous flow mechanism
is important when the SNT diameter is very large or significant

. . 52
pressure is applied between two ends of nanotubes.”™ The gas
diftusion through SNT's by viscous flow mechanism is calculated
based on the Poiseuille equation®***

_dp
) (10)

where y is the viscosity of penetrant gas (Pa‘s) and p is the
pressure (Pa). The overall gas diffusivity through SNTs is
obtained by the combination of three mechanisms based on the
dusty gas model****
DyD, +DyDy +Dy Dy
Dy + Dy (11)

\%

Dyr =

SNTs with an inner diameter of 20 nm render the gas
diffusivity (Dyr) as high as 1 X 107 cm?/s at a pressure of 2 bar
and can significantly increase the overall diffusivity of MMMs.
Therefore, the presence of dispersed SNTs in the polyamide
matrix has a significant role in increasing the gas diffusion
through MMMs.

3.2.2. Gas Solubility. Another important parameter in the gas
transport process through polymeric membranes is the solubility
of gas molecules in the membranes. The solubility parameter is

proportional to the concentration of adsorbed gas species in the
membranes. The concentration of the gas molecules in a
polymer is given by the dual-mode sorption (DMS) model. The
DMS model describes the equilibrium concentration of
adsorbed gas molecules in the polymer, which includes two
terms. The first term is related to the dissolution of gas
molecules in the dense regions of the polymer (Henry law), and
the second term is devoted to the filling of the free volume in the
polymer with gas molecules (Langmuir sorption theor!). The
dual-mode sorption (DMS) model is as follows>*>*>*

Cbp
1+ bp (12)

C=Cy+ Cp=kyp +

where C; is the total concentration of gas i adsorbed in the
polymer, Cy; presents the Henry sorption, Cy; is the Langmuir
sorption, ky; is the Henry law solubility coeflicient, C'y; is the
Langmuir capacity sorption parameter, b; is the Langmuir
affinity parameter, and p is the pressure.

The concentration of gas molecules adsorbed in the
polyamide membrane is obtained using the 10° steps of the
Grand Canonical Monte Carlo (GCMC) method in the
Sorption module, where the chemical potential, volume, and
temperature are fixed.”® Figure 6 demonstrates the simulated
adsorption isotherms of different gases in two cross-linked
polyamide membranes at the temperature of 298.15 K and in the
pressure ranging from 0 to 30 atm. At each pressure, 100,000
steps of GCMC calculations are performed with the initial
equilibration period of 10,000 steps.

For both HCPA and LCPA membranes, the concentrations of
N,, CH,, and CO, are linear at low pressures and then deviate
from the linear behavior when the pressure increases. The
adjustable parameters of eq 12 (ky, C', and b) are calculated by
fitting the DMS model to the concentration—pressure data
(Figure 6) using the Levenberg—Marquardt nonlinear regres-
sion algorithm and are collected in Table 3.

In both LCPA and HCPA membranes, the capacity of the
Langmuir sorption, C'y, parameter follows the order N, < CH, <
CO,. As can be seen, the C’| parameter in LCPA is higher than
that in HCPA for all penetrant gases. It is mainly attributed to
the lower cross-link density and higher free volume available for
the adsorption of gas molecules in the LCPA membrane
compared with the HCPA membrane. On the other hand, since
the Henry law solubility coeflicient, kg, is attributed to the
dissolution of gas molecules in the dense regions of the
membrane, this parameter is higher for the HCPA membrane
than the LCPA membrane for all penetrant gases. It is interesting
to note that the ky parameter of the CO, adsorption has the
highest value for both LCPA and HCPA membranes in
comparison to the N, and CH, adsorption. These observations
are in agreement with the condensability of different gases in a
polymer, which is varied in the order N, < CH, < CO,.”’

The solubility coefficients (S) of CO,, CH,, and N, molecules
in the polyamide membranes can be calculated by the slope of
simulated adsorbed gas concentration against the pressure at
zero pressure limit>*>®

S = lim—
po0p (13)

where C; is the gas concentration and p is the pressure. The
solubility coefficients of different gases in each membrane
(LCPA and HCPA) are obtained using the slope of the curves in
Figure 6 at zero pressure and shown in Table 4. The solubility
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Figure 6. Adsorption isotherms of molecules of CO,, CH,, and N, in
(a) LCPA and (b) HCPA polyamide membranes. The dotted lines
represent the model of dual-mode sorption fitted to the data from the
GCMC method.

Table 3. Adjustable Parameters of the DMS Model for N,,
CH,, and CO, in LCPA and HCPA Membranes

ky (cm® (STP)/cm®  C'y (em® (STP)/ b
membranes  gas polymer atm) cm?® polymer) (atm™)
HCPA N, 0.37 4.60 0.22
CH, 0.41 16.37 0.14
CO, 0.43 48.08 0.31
LCPA N, 0.14 20.90 0.07
CH, 0.16 31.64 0.11
co, 0.17 64.11 029

coefficients of different gases in LCPA and HCPA membranes
vary in the order N, < CH, < CO,, which is in agreement with
the increase in the condensability of gas molecules.”” The
solubility of all gases in HCPA is higher than that in LCPA.
Therefore, it is further confirmed that the Henry law mechanism
is the dominant mechanism of gas solubility in cross-linked
polyamide membranes.

The gas solubility coeflicients of MMM:s containing pristine
and modified SNTs are also presented in Table 4. The solubility

Table 4. Solubility Coeflicients of Different Gases in
Polyamide Membranes and MMMs

solubility (cm® (STP)/cm? polymer atm)

membranes N, CH, CO,
HCPA 1.37 3.16 13.19
LCPA 1.14 2.33 10.68
LCPA-SNT 4.51 10.12 29.92
LCPA-TOS-SNT 4.70 10.44 35.26
LCPA-AEAPTS-SNT 4.86 12.43 52.96
LCPA-MPTS-SNT 4.71 10.61 5§3.25

coefficients of all gases in MMMs are increased by embedding
the pristine and modified SNTs in the order LCPA < LCPA-
SNT < LCPA-TOS-SNT < LCPA-AEAPTS-SNT < LCPA-
MPTS-SNT. To understand the effect of the incorporation of
pristine and modified SNT's into the polyamide matrix on the gas
solubility of MMMs, the gas adsorption in pristine and modified
SNTs is investigated. The concentration of gas molecules
adsorbed in the inner and outer surfaces of pristine and modified
SNTs is calculated by 10° steps using the Grand Canonical
Monte Carlo (GCMC) method in the Sorption module. Figure
7 demonstrates the gas uptake of the pristine and modified SNT's
for CO,, N,, and CH, gases at room temperature and in the
pressure range of 0—30 atm. The adsorption isotherms of all
gases linearly increase with the pressure at low pressures and
then asymptotically approach a limit at high pressures. For
modeling the gas adsorption in inorganic particles such as SNTs,
the Langmuir model is used”>”

1, Kup iy

q = ——— original form

1+ Kip (14)
where g is the volume of adsorbed gas molecules per specific
mass of SNTs (cm?/g) at pressure p (atm), g, is the required
volume of gas molecules to form a monolayer on the SNT
surface (cm’/g), and K is the Langmuir equilibrium or affinity
constant (atm™"). By linearizing eq 14 and plotting p/q against p,
the parameters g, and K; can be obtained

r 1 1

= —— 4+ —p linearized form
9 Kg, 4, (15)

Figure 7 also shows the best-fitted curves of the Langmuir
model eq 14 to the adsorption isotherms (gas uptake) of N,,
CH,, and CO, for the pristine and modified SNTs. The
adjustable parameters in eq 14, i.e., g, and Ky, for N,, CH,, and
CO,, are given in Table 5. As expected, the g, parameter is
higher for CO, than CH,; and N, due to the higher
condensability of CO, molecules.”” In addition, the larger
affinity parameter (K ) for CO, presumably reflects the stronger
interactions of CO, and SNT's in comparison to the interactions
of N, and CH,, with SNTs.

To deeply analyze the effect of surface modification of SNTs
on CO, adsorption, the CO, uptake of different SN'T's must be
investigated at low pressures. The slope of CO, uptake versus
pressure at low pressures is a quantitative measure of CO,
adsorption. Figure 8 shows the CO, uptake of pristine and
modified SNTs at low pressures (<1.2 atm). The adsorption of
CO, by different SNTs increases in the order pristine SNT <
TOS-SNT < AEAPTS-SNT < MPTS-SNT. It means that the
surface modification increases the affinity of SNTs toward CO,
molecules. The amine groups in the AEAPTS modifier and
oxygen-containing groups in the MPTS modifier are the
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Figure 7. Adsorption isotherm data of different gases in (a) pristine SNT, (b) TOS-SNT, (c) AEAPTS-SNT, and (d) MPTS-SNT using the GCMC
method. The dotted lines represent the Langmuir model fitted to the data.

Table S. Fitting Parameters of the Langmuir Model for the
Adsorption of Different Gases in Pristine and Modified SNTs

nanotubes

pristine SNT

TOS-SNT

AEAPTS-SNT

MPTS-SNT

gas
N,
CH,
co,
N,
CH,
co,
N,
CH,
co,
N,
CH,
co,

Ky, (atm™)
1.50 X 1072
2.20 X 1072
2.60 X 1072
1.60 x 1072
290 X 1072
450 x 1072
3.10 X 1072
430 x 1072
4.50 x 1072
1.60 x 1072
2.90 x 1072
5.60 X 1072

18
15 ot ,/'/
z 1 ' P
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preferential adsorption sites for the CO, molecules. The

increasing trend of solubility coefficients in MMMSs (Table 4)
is in a positive direction, with the increasing trend of CO, uptake

by the pristine or modified SNTs.

low pressures.
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Figure 8. CO, adsorption isotherms of pristine and modified SNT's at
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To gain deeper insight into the interactions between CO, and
interfacially polymerized polyamide, the radial distribution
function is calculated using molecular dynamics simulations.
The probability of finding a pair of atoms in a distance r from
each other relative to the probability for a random distribution is
presented by the radial distribution function (RDF), g(r) as®>*

L

M.
Z 2 ANij(r — 1, + 6r)

a=1 b=1

R

pl.].l\Tij4irr2L

g;(r) =
(16)

where Nj; is the number of all atoms (i and j) in the simulation
cell. In addition, L, dr, ANij, and pjjare the number of time steps,
the distance interval, the number of j (or i) atoms between r and
r + Sraround an i (or j) atom, and the density of polymer bulk,
respectively.

The radial distribution functions (RDF) between the CO,
molecules and different atoms of the polyamide, g(r), are shown

in Figure 9. The position of each peak in g(r) gives the
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Figure 9. Radial distribution functions g(r) between CO, and different
atoms of the polyamide membrane.

interaction interval between the nearest pairs of atoms in the
system. Figure 9 exhibits the g(r) related to the CO, interactions
with four different atoms in the structure of the cross-linked
polyamide including the nitrogen, carbon, and oxygen atoms of
the amide group (named N1, CP, and OP, respectively) and
nitrogen atoms in the backbone of polyamide (N2) (see the
inset of Figure 9). The highest peak appears at 3.11 A, which
corresponds to the interactions of CO, molecules with oxygen
atoms of amide groups (OP). This observation indicates that the

oxygen atoms in the polyamide structure have the most
attractive interactions with the CO, molecules.

In addition, the CO,—CP, CO,—N1, and CO,—N2 peaks
have been located at 4.07, 493, and S5.09 A, respectively.
Therefore, the energies of interactions between the CO,
molecules and different atoms in the polyamide structure
increase in the order N2 < N1 < CP < OP. Therefore, the atoms
of amide groups in the polyamide membrane are the preferential
sites for the adsorption of CO, molecules.

3.2.3. Gas Permeability. The gas permeability through the
dense polyamide membranes is described by the solution—
diffusion model.’" The gas permeability through the membrane
is calculated by the product of the diffusion coeflicient and
solubility coefficient as follows®***

P=DXS (17)

where the gas permeability of the membrane (P) is expressed in
the Barrer unit (1 Barrer = 7.6 X 10™° cm® (STP) cm/cm?
polymer atm). Also, S (cm® (STP)/cm?® polymer atm) and D
(cm?/s) are the solubility coefficient and diffusivity coefficient,
respectively. In addition, selectivity is defined as the relative
permeability of the gas species.

The simulated gas permeabilities through the polyamide
membranes for CO,, CH,, and N, are shown in Table 6. The gas
permeability values of all gases in the LCPA membrane are
higher than those in the HCPA membrane. The reason for this
behavior is the lower cross-link density and higher free volume of
LCPA in comparison to HCPA. The gas permeabilities through
the polyamide membranes for different gases are increased in the
order CO, > CH, > N,. Although the diffusivity of CO, is the
lowest among other gases, the higher value of the CO, solubility
is responsible for the higher value of the CO, permeability.

Moreover, the gas permeability values of LCPA-based MMM:s
are investigated to elucidate the effects of pristine and modified
SNTs on the gas permeation of MMMs. The permeability values
of N,, CH,, and CO, through LCPA MMMs containing the
pristine and modified SNTs are calculated using eq 17 and
shown in Table 6. The gas permeability values of all MMMs are
higher than that of the pure LCPA membrane due to the
presence of rapid transport pathways through pristine and
modified SNTs. The CO, permeability of MMMs is increased in
the order LCPA-SNT < LCPA-TOS-SNT < LCPA-MPTS-SNT
< LCPA-AEAPTS-SNT. The grafting of MPTS and AEAPTS
modifying agents on the surface of SNTs increases the CO,
permeability of MMMs more than grafting of the TOS
modifying agent on the surface of SNTs due to the high CO,-
philicity of MPTS and AEAPTS modifying agents. Although the
CO, adsorption of MPTS-SNT is higher than that of AEAPTS-
SNT (Figure 8), the higher CO, permeability of LCPA-
AEAPTS-SNT than that of LCPA-MPTS-SNT is due to the
better dispersion of AEAPTS-SNTs in the polyamide matrix,

Table 6. Permeability of Different Gases through Polyamide Membranes and MMM:s

permeability (Barrer)

membranes N, CH,
HCPA 1.69 2.81
LCPA 2.08 3.39
LCPA-SNT 25.60 30.00
LCPA-TOS-SNT 25.79 37.30
LCPA-AEAPTS-SNT 26.10 36.40
LCPA-MPTS-SNT 19.40 30.10

33433

selectivity

CO, CO,/N, CO,/CH,

10.18 6.02 3.62

14.24 6.85 4.20

81.90 3.20 2.73
104.00 4.03 2.79
112.00 4.29 3.08
107.00 5.52 3.55
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Figure 10. Simulation models of MMMs containing (a) pristine SNTs, (b) TOS-SNTs, (c) AEAPTS-SNTs, and (d) MPTS-SNTs.

Table 7. Interaction Energies between the Polyamide and SNTs in MMMs

interaction energy (kcal/mol) SNT/PA TOS-SNT/PA MPTS-SNT/PA AEAPTS-SNT/PA
total energy —83.86 —3121.66 —12,413.11 —21,787.83
valence energy —1.64 256.35 1264.47 2283.55
cross terms —27.34 -15.13 -9.18 —15.32
nonbond energy —54.78 —3362.79 —13,668.41 —24,056.06

which is described in the next section. Therefore, the gas
permeation of mixed matrix membranes is dependent not only
on the properties of the polyamide matrix and SNT character-
istics but also on the CO,-philicity of modifying agents and
interfacial interactions at the SN'T's/PA interface.

In addition, the CO,/N, and CO,/CH, selectivities of
MMMs containing the pristine and modified SNT's increase in
the order LCPA-SNT < LCPA-TOS-SNT < LCPA-AEAPTS-
SNT < LCPA-MPTS-SNT. The highest CO,/gas selectivity of
LCPA-MPTS-SNT is related to the higher CO, adsorption at
the MPTS-SNT/PA interface.

3.3. SNTs/PA Interfacial Interactions. To analyze the
interfacial interactions between the polyamide matrix, molecular
dynamics simulations are also employed between the polyamide
matrix prepared by interfacial polymerization and the pristine or
modified SNTs. The interaction energy, AE, between the
polyamide (PA) and SNTs is calculated as follows***®

AE = Egnrypa — (Epa + Egnr) (18)

where Egyr/pa is the total potential energy of SNTs/PA MMM.
In addition, Egyy and Ep, are the potential energies of SNT's and
polyamide, respectively. Figure 10 schematically exhibits four
simulation models of MMMs containing pristine and modified
SNTs with different surface modifications. It is important to
note that a slice of SNTs in the vicinity of the polyamide is
shown in Figure 10.

The SNTs/PA interfacial interaction energies of simulation
models are obtained by COMPASS force field based on eqs 1—4
and the results are summarized in Table 7. The interfacial
interaction energy values of modified SN'T's/PA are significantly
higher than that of pristine SNT/PA and increase in the order
pristine SNT/PA < TOS-SNT/PA < MPTS-SNT/PA <
AEAPTS-SNT/PA. The modifying agents at the SNTs/PA

interface increase the compatibility of SNT's with the PA matrix.
The high interfacial interaction energy in MPTS-SNT/PA is
mainly due to the formed hydrogen bonds between oxygen-
containing groups of MPTS and the amine groups of polyamide.
In addition, the substantially high value of AEAPTS-SNT/PA
interfacial interaction energy might be due to the formation of
covalent bonds between amine groups of AEAPTS and acyl
chloride groups of TMC monomers in the organic phase prior to
the interfacial polymerization process.”*®° The higher interfacial
interaction energy leads to the stronger adhesion between the
polyamide and modified SNTs and, therefore, the better
dispersion of modified SNT's within the polyamide matrix.

4. CONCLUSIONS

In this study, two interfacially polymerized membranes with
different cross-link densities were generated using molecular
dynamics simulations. The membrane with the lower cross-link
density (LCPA) possessed a higher fractional free volume
(FFV) than the membrane with the higher cross-link density
(HCPA). Therefore, the LCPA membrane with higher FFV
showed a higher gas diffusion coefficient, lower gas solubility
coefficient, and higher gas permeability than the HCPA
membrane. Moreover, MMMs were simulated by embedding
pristine and modified silicate nanotubes (SNTs) in the LCPA
membrane. The results of MD simulations exhibit that the
presence of silicate nanotubes in the PA matrix increases the gas
diffusivity coefficient. The presence of pristine and modified
SNTs increased the CO, permeability through MMMs in the
order LCPA-SNT < LCPA-TOS-SNT < LCPA-MPTS-SNT <
LCPA-AEAPTS-SNT. However, the presence of large-diameter
SNTs decreases the CO,/gas selectivity values due to an
increase of FFV in the membranes. Furthermore, MMM
containing MPTS-SNTs shows the highest CO,/gas selectivity
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due to the high CO, adsorption at the MPTS-SNT/PA
interface. This fact shows that the grafting of different side
groups able to specific interactions with CO, to the surface of
SNT does not result in a sufficient increase of CO, solubility to
overcome the effect of diffusion selectivity decrease.

The results of MD simulations demonstrated that the oxygen
atoms of amide groups in the structure of polyamide chains have
the most attractive interactions with the CO, molecules. The
MD simulations also showed that the grafting of modifying
agents on the SNT surface improves the SNTs/PA interfacial
compatibility. In addition, the SN'Ts/PA interfacial interaction
energy values in different MMMs increased in the order pristine
SNT/PA < TOS-SNT/PA < MPTS-SNT/PA < AEAPTS-
SNT/PA.
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