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Abstract

Molecular simulations were performed to consider the structural and transport properties of chitosan/3-
aminopropyltriethoxysilane (APTEOS) mixed matrix membranes (MMMs). In order to consider the presence of APTEOS
content on the performances of membrane, various amounts of APTEOS were added to the polymeric matrix as a cross-linker.
Structural characterizations such as radial distribution function (RDF), fractional free volume (FFV) and X-ray diffraction (XRD)
were carried out on the simulated cells. Self-diffusivity and solubility of membranes were calculated using mean square dis-
placement (MSD) and adsorption isotherms, respectively. Additionally, permeability and permselectivity of CO, and N, gases
were calculated by grand canonical Monte Carlo and molecular dynamics methods. The system temperature was set to 298 K
using a Nose-Hoover thermostat. According to the results, upon increasing APTEOS loading, CO, permeability increases until
10 wt.% loading. Then, by adding 20 wt.% of APTEOS, CO, permeability decreases, which could be related to higher crystal-
linity. XRD graphs indicated that the crystallinity decreased when adding 10 wt.% APTEOS, while higher APTEOS content (up
to 20 wt.%) led to higher crystallinity percentage, consistent with permeability results. Compared to literature reports, the present
simulation indicated higher accuracy for defining the structural and transport properties of APTEOS cross-linked chitosan
MMMs.

Keywords Molecular simulation - APTEOS cross-linked chitosan - Grand canonical Monte Carlo (GCMC) - Molecular dynamics
(MD) - Gas separation

Introduction

Membrane gas separation exploiting several types of poly-
mers has recently attracted substantial attention because of
low maintenance costs, low energy consumption, high effi-
ciency and also compact procedures [1].

Gas separation using polymeric membrane is a promising
industrial process that can be used in a variety of industrial
fields such as natural gas sweetening (removal of H,S and
CO.), separation of hydrogen from ammonia, biogas refine-
ment and separation of oxygen from nitrogen in an airstream.
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The crucial factor in increasing the efficiency and applicability
of polymeric membranes is a good knowledge of how to en-
hance the structural and separation properties of polymers.
The separation of gas mixtures by polymeric membranes has
been scrutinized widely in recent years, with cellulose acetate
[2], polysulfone, poly(arylene ether) [3], polyimides [4], being
the materials most commonly used.

Knowing the weaknesses and strengths of such processes
helps eliminate some of the drawbacks. These membranes
suffer from a lack of high separation selectivity and/or
permeance and some of them have weak temperature stability.
When membrane gas permeance increases, it leads to lower
cost of membrane fabrication as it requires less membrane
area to separate the same amount of gas, while high selectivity
increases the purity of the permeate gas. So, higher gas selec-
tivity and permeability are desirable qualities in the fabrication
of polymeric membranes. Polymeric membranes using
solution-diffusion mechanisms have indicated a trade-off be-
tween permeability and selectivity.
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In the field of CO, separation, apart from poly(vinyl alco-
hol) blend membrane, researchers have dedicated their full
attention to chitosan (CS), another thermally stable biopoly-
mer. A natural semi-crystal polymer, CS is made from chitin.
However, CS polymer exhibits low gas permeability due to its
unique structure [5]. The molecular weight of CS and degree
of deacetylation are 2 x 10° and 90%, respectively [6].
Additionally, it is a biodegradable, flexible, non-toxic and
linear amino polysaccharide with a high nitrogen content,
which indicates good chemical resistance [7, 8]. CS is a favor-
able material for improving the mechanical properties of poly-
mers [9]; positive charges exist in the polymeric chain of CS
(amino groups), and negative charge comes from other resi-
dues in the macromolecule [10]. CS polymer can form inter-
molecular hydrogen bonds due to its highly reactive groups
and rigid D-glucosamine structure [11]. Also, CS demonstrates
high hydrophilicity, crystallinity, thin film formation ability
and acts as an adhesion material for the isolation of
biomolecules.

Xiao et al. [12] studied the permeation of pure CO, and N,
gas through CS membranes cross-linked with trimesoyl chlo-
ride, and reported an ideal separation factor of 42. Also, it was
pointed out that CO, permeability was around 163 Barrer at
room temperature. Martinez-Camacho et al. [10] investigated
the structural and mechanical properties of CS using sorbitol.
They proved that Fourier-transform-infrared (FT-IR) spectra
of CS films (see below) show the emergence of a broad peak
between 3200 cm ' and 3570 ¢cm ', attributed to stretching of
OH bonds in the molecule. On the other hand, Despond et al.
[13] indicated that humidity affects gas permeation through
CS polymer significantly. Moreover, the water permeability
coefficient increased greatly with the relative pressure. From
another point of view, cellulose, as a competitor of CS, is a
mobile low-cost natural polymer. Its facility for structural
chemical modification by reaction with available hydroxyl
groups make cellulose applicable in a vast range of processes
[14]; however, its unique structural and mechanical features
allows it to sorb CO, gas. When using CS, cross-linking is one
of the most important ways of reducing crystallinity and im-
proving ionic transport [15].

The latest novelty in enhancement of membrane morphol-
ogy to provide sufficient potential for future applications is
production of mixed matrix membranes (MMM), which com-
bine the advantages of both organic polymers and inorganic
nanoparticles. The two materials chosen for preparation of
MMM should be selective, and the inorganic nanoparticle
should provide superior selectivity compared with the pristine
polymer. Experimental results in the literature confirm that
separation characteristics of membranes can be significantly
improved by incorporation of only a small percentage of in-
organic nanoparticles into the polymeric matrix [16].

One of the most advantageous and useful ways to attain
higher permeability and rigidity is the loading of
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nanomaterials like metal oxides, metal organic frameworks
(MOFs), zeolites, carbon nanotubes and other nanomaterials
as filler [17]. In this regard, mesoporous materials, MOFs,
polymeric and inorganic membranes, activated carbon,
poly(ionic liquids) such as the subclass of polyelectrolytes
with ionic repeating unit, silica nanoparticles and covalent
organic frameworks (COFs) are some of the typical sorbents
used deliberately for CO, capture [18-21]. In this wide variety
of nanomaterials, zeolite can be considered as one of the most
advantageous modifiers, and is utilized extensively in poly-
meric gas separation. In MMM, a solution-diffusion mecha-
nism controls the permeability (P) as a combined factor stem-
ming from solubility and kinetic diffusivity coefficients.
Therefore, gas separation using polymeric membranes is
achievable by calculating solubility and diffusivity factors.

The gas selectivity of membranes could be enhanced by
using silica nanoparticles, which have a constructive effect
on polymeric membranes; silica nanoparticles can effectively
increase the selectivity and the solubility of the polar gases
through membranes. Furthermore, SiO, nanoparticles can di-
minish the plasticization effect of polymeric membranes by
enhancement of polymeric chain interactions and decreasing
the thermal motions of chains [22].

Thus 3-aminopropyltriethoxysilane (APTEOS) with 3-
aminopropyl and three ethoxysilane groups, or TEOS with
four Si-O-C,H;s groups, can be applied as a highly efficient
additive for cross-linking of CS [23].

Today, thanks to some significant progress in computer
hardware and algorithms, molecular simulations can provide
accurate understanding of the microscopic mechanisms that
affect material performance, and even quantitatively predict
desirable properties for complex materials systems of imme-
diate industrial interest.

In recent years, molecular dynamics (MD) simulation has
become known as a promising and useful software to estimate
the structural characteristics and gas transport properties of
systems at a molecular scale [24]. Nowadays, the transport
mechanisms of gases within MMMs, and different points of
these properties like glass transition temperature (Tg), frac-
tional free volume (FFV), self-diffusivity and solubility coef-
ficients, and X-ray diffraction, have been considered in re-
markable detail by means of MD simulation [25]. To the best
of our knowledge, MD simulations of CS membranes loaded
with APTEOS for gas separation processes have not yet been
extensively investigated.

In the current work, CS/APTEOS periodic cells were sim-
ulated using Materials Studio 6 software. Structural features,
like X-ray diffraction (XRD) and radial distribution function
(RDF), and gas separation properties like self-diffusivity
(MSD) and solubility (isothermal adsorption), were also in-
vestigated. Hence, the consistency of molecular simulation
(MS) results and the experimental data of Zargar et al. [26]
have been examined and compared.
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Computational methods
Theory

In present study, MD simulation was employed to peruse the
structural and transport properties of CS/APTEOS mem-
branes. To simulate the constructed membranes, the
COMPASS force field, Grand Canonical Monte Carlo
(GCMC) and MD methods were used [27]. The main purpose
of current investigation was to peruse the gas separation pro-
cess using MMMs from a microscopic aspect. Specifically,
this article pays attention to separation properties such as dif-
fusivity, solubility, permeability and permselectivity, while al-
so considering structural properties like XRD, FFV and RDF
of CS/APTEOS membranes loaded with 0, 5, 10 and 20 wt.%
of APTEOS. Also, this study explores the influence of
APTEOS loading on simulated membrane performance where
the system temperature is set to 298 K.

The Monte Carlo (MC) approach is a stochastic way that
demonstrative configurations can be built by means of statis-
tical methods. In the MC method, a list of ensembles can be
used, such as canonical, isothermal-isobaric, isenthalpic-iso-
baric, micro-GCMC, which can be placed in order as NVT,
NPT, NPH, NVE and puVT [28]. It is worth noting that, having
used realistic and physically unnatural trial moves, the GCMC
method was used to attain the results. These trial moves, in-
cluding rotation, translation, displacement and regrowth, hap-
pen according to the system requirements. The GCMC accept
or reject the trial moves based on the Metropolis Equation (Eq.
1) as presented below:

Puec (0—n) :min<l;exp(—[U(,,)+U<,,)/k3 7)) (1)

where U, kg, Ugny and U, are the potential energy,
Boltzmann’s constant (J/K), the new state potential energy
and old state potential energy, respectively.

Permeability of different gases within the dense mem-
branes loaded with various materials can be enlightened by
solution-diffusion mechanism. In this mechanism, permeabil-
ity of component “I” can be estimated as follow (Eq. 2) [50]:

P; ZDIXS[ (2)

In Eq. 2, P;, D;and S; are the permeability coefficient, dif-
fusivity coefficient and the solubility factor of component “;”
respectively. Furthermore, the permselectivity of a pair of gas-
ses can be computed using Eq. 3:

_ (D X AN X (3)
/g = Dy S5 = 0p X ap

where, o/ hints at the permselectivity of component i over
component 3 by multiplying permdiffusivity () by
permsolubility (ag) [29, 30].

Materials and periodic cells construction
Periodic cell construction

In the first step, CS polymer chains with 20 repeat units and
APTEOS were constructed by Materials Studio 6. Then, using
the Forcite module, the energy and geometry of the structures
were optimized and relaxed. The raw materials of CS chains
and APTEOS are indicated in Fig. 1. Also, CO, and N, gasses
were optimized by geometry optimization to reach their final
and clean configurations, as illustrated in Fig. 1.

To build periodic cells loaded with APTEOS, different
amount of APTEOS were utilized. The amounts of
APTEOS used in each periodic cell are indicated in Table 1.
The periodic cells were constructed with ten output frames.
Initial cell density and temperature were set at 0.8 g/cm® and
298 K, respectively. Table 1 indicates the specific names of
constructed periodic cells.

The lattice type of all constructed periodic cells was cubic.
Subsequently, in order to eliminate local non-equilibrium, all
periodic cells were energy minimized by smart task, while the
convergence level was set to 0.001 kcal mol ' A. Hence, only
one configuration of periodic cells was chosen due to the
lowest level of energy and the best structure to attain highest
performance at the end of simulation. This step accomplished
the annealing process. A 200 ps-NVT MD simulation was
applied to equilibrate the polymer structures. Then, a
1000 ps-NPT MD simulation at pressure=1 atm was per-
formed for all of the constructed periodic cells [31, 32]. The
average densities resulting from the simulation study are listed
in Table 2. The final schematic figures of CS/APTEOS simu-
lated periodic cells are demonstrated in Fig. 1.

Radial distribution function

RDF describes the difference of the particles density as a
function of distance. g®) is formulated in Eq. 4 [33]. RDF
or pair correlation function g®) was applied to peruse alter-
ations in local packing. RDF was also chosen for understand-
ing the distribution of atom in polymers chains built in peri-
odic cells.

p(r)

g(r) = (4)

In this equation, p (r) is the local density at distance r. On
the other hand, (») in MC simulation can be correlated as Eq.
5:

__ AN (rdr+6r)
T pamrzdr

g(r) (5)
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Neat 5wt.% ;

Fractional free volume

Knowledge of free volume helps improve understanding of
the mechanism that dominates the penetration of gas mole-
cules within polymer membranes. So, FFVs have been prog-
nosticated from geometrical aspects. A probe was inserted
randomly into the periodic cells to measure regions where
the probe used has no overlap or contact with any of the fillers
or polymer molecules. The FFV is the free volume discerned
by a probe with a radius of 0 A. FFV is essentially a geometric
measurement, in that the subtraction of the volume occupied
by the polymer chain from the whole cell volume can be
expressed as its definition [34, 35]. It is possible to calculate
the FFV parameter using Eq. 6:

1—1.3V,

§
f==5 ©)

where V; is polymer volume and Vi, presents the van der
Waals volume [36]. The schematic FFV of CS10AP as a sam-
ple is depicted in Fig. 1.

Table 1 Specific names of constructed membranes

Sample Name
Pure chitosan CS
Chitosan +5 wt.% APTEOS CS5AP
Chitosan +10 wt.% APTEOS CS10AP
Chitosan +20 wt.% APTEOS CS20AP

@ Springer
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Fig. 1 Molecular dynamics (MD) structure of chitosan (CS) polymer chain, 3-aminopropyltriethoxysilane (APTEOS), gas molecules and constructed
amorphous cells and schematic figure of fractional free volume (FFV; blue spaces)

X-ray diffraction

In MD simulations, XRD allows structural analysis. XRD of
constructed cells can be measured based on freely equilibrated
structures according to the amount of Cu K(alpha) radiation
[37]. In the present article, XRD patterns of CS/APTEOS
were obtained from the Reflex Module (Powder Diffraction)
in Materials Studio 6.

Diffusion

In MD simulations, particle mobility is evaluated by MSD and
can be considered as follow (Eq. 7) [31]:

1

MSD = N Ar()? (7)

In Eq. 7, N and Ari(t) represent particle number. MSD in
MD simulation can be calculated from the average of the
simulation trajectory. To confirm the MD results, the slope
of log (MSD) graph vs log (t) has to reach unity [38]. The
MSD results calculated for CO, at different loading of
APTEOS at 298 K are recorded in Table 3. As can be clearly
seen, the slopes of the graphs typically approach unity at
around 500 ps, proving the reliability of the simulated results.

Sorption (solubility)
To peruse the sorption coefficient of constructed membranes,

the GCMC approach was used. The Metropolis algorithm
compares the energies of new and existing configurations to
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Table 2
FFV fractional free volume

Molecular dynamics (MD) details of all simulated periodic cells at 1 atm and 298 K. CS Chitosan, APTEOS 3-aminopropyltriethoxysilane,

APTEOS wt.% in constructed periodic cells

Properties CO, N>

0 5 10 20 0 5 10 20
Number of CS chains in cells 20 20 20 20 20 20 20 20
Number of APTEOS 0 7 17 37 0 7 17 37
Cell size (A) 26.74 28.89 32.12 38.19 26.57 28.66 32.09 3797
Average density (g/cm®)-298 K 1.243 1.245 1.246 1.249 1.239 1.241 1.245 1.249
FFV 0.2896 0.3021 0.3298 0.3155 0.2889 0.3059 0.3015 0.3019

calculate the equilibrium configuration. A set of ‘moves’ such
as creation, deletion and displacement or rotation were
attempted in order to choose the best possibility for gas mol-
ecules. Totals of 1,000,000 and 100,000 calculation steps were
employed as the production and equilibrium steps, respective-
ly. The Metropolis method was employed where the probabil-
ity of rejecting or accepting a new configuration could be
determined from Eq. 8 [39]:

-AE i kT
probezmin(lmxp(F:tln]j[ll;)) (8)

In this equation, AE is the difference of Columbic and van
der Waals interactions in two various configurations. Also, k,
V, N; and f; are Boltzmann’s constant (J K1), the membrane
cell volume, number of molecules of component 7 in the sys-
tem and the fugacity. A random molecule absorption was ap-
plied to deeply consider the rotational displacement in the
created membranes. Hence, according to Eq. 9, the sorption
coefficient of every single molecule in constructed membrane
cells is achievable [40].

S — limy_ (%) (9)

where C and P are the gas concentration and the pressure
(fugacity), respectively.

Results and discussion
Equilibrating periodic cell

In order to validate the thermodynamic equilibrium state, the
energy of the constructed cell should be considered. Having
applied a 1000 ps NPT run, a promising periodic unit of mem-
brane cells was simulated (Fig. 1) for each sample (CS,
CS5AP, CS10AP and CS20AP). The total energy (non-
bound energy and potential energy) versus the time step for
the CS10AP at temperatures 298 K is illustrated in Fig. 2a. As
shown herein, the total potential energy at 298 K starts around
7000 kcal mol ! then reduces till 5300 kcal mol *, becoming
constant after 200 ps, while the non-bonded energy became
fixed at around 6200 kcal mol ™' showing that the system has
achieved thermodynamic equilibrium by 1000 ps. Also, the
temperature fluctuation was controlled by Nose thermostat to
achieve the desired temperature (298 K), as can be seen in Fig.
2b.

Radial distribution function

RDF indicates the relevance of gas concentration as a function
of distance ®) from a specific molecule. Hence, the RDF
function was determined in order to peruse the dispersion of
APTEOS materials in periodic cells. Additionally, RDF pat-
terns were itemized by membrane types at specific operating

Table 3 Solubility {10 [cm® (STP) cm > (polymer) cmHg ']}, diffusivity [1077 (cm® s ')], permeability (barrer) and selectivity of simulated
membrane cells at temperature 298 K, 1 atm
APTEOS loading (Wt%) C02 N2 Selectivity PCOZ/PNZ
Solubility Diffusivity Permeability Solubility Diffusivity Permeability
10.12 4.82 48.779 0.89 1.10 0.979 49.825
11.32 5.15 58.298 0.95 1.11 1.054 55.311
10 12.93 5.19 67.106 0.83 1.101 0913 73.500
20 11.69 517 60.437 0.88 1.109 0.959 63.020
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Fig. 2 a Non bonded and potential energy fluctuations through MDs

versus 1000 ps simulation for CSIOAP at 298 K. b Temperature
fluctuation during 1000 ps, ¢ Density diagram of CS/APTEOS for CO,

temperatures. Figure 3a shows the RDF plots of CS mem-
branes. The illustrated patterns for all membranes and ()
are nearly the same. At long distances, the pair correlation
function differences indicate that there is no long-range order.
Hence, all of the simulated configurations can clearly be seen
to reach an amorphous state (these results are consistent in
approach with the XRD results in Fig. 3b).

Among all RDF patterns, three peaks were manifested. The
sharpest and highest peak among the RDF patterns occurs at
around r=2.38 A. This number represents the distance be-
tween carbon and the nearest hydrogen atoms. The other ob-
vious peak is around 2.86 A, which is where the penetrating
atoms are most likely to be found. The other peaks revealed at
around 4 A are linked to the carbon atoms’ separation from the
non-hydrogen atoms, and also the nearest carbon atoms. On
the other hand, the CS10AP (10 wt.%) membrane indicated
somewhat different behavior compared to other constructed
membranes, which could be a key reason behind the differ-
ence in gas separation performance. It is worth noting that all
the RDF patterns tend to be 1.

XRD graphs

Figure 3b presents XRD graphs of CS membranes at the
operating temperatures of 298 K. It is clear that the intensity
of the data presented in the current article displays a regular-
ized form as an angle function. As evidenced by the XRD
graphs, the degree of crystallinity decreases by adding

@ Springer
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(to avoid overlapping, all the graphs were shifted 0, 0.2, 0.4 and 0.6 units
higher in the y-axis). d Cell size diagram (A) versus duration of NPT run
(1000 ps) for CO,

10 wt.% APTEOS in the constructed membranes. Also, by
increasing the APTEOS content up to 20 wt.%, the degree of
crystallinity increases, which is consistent in approach with
the gas permeability results. The wavelength was set to
1.54 A and 20 was in the range of 0° to 45°. There are two
ranges of peaks in 20, which are at <5° and ~10°. The XRD
pattern can be used to decide between amorphous and crys-
talline structures. It can be seen that the CS simulated sam-
ples consist almost exclusively of amorphous structures. As
a consequence, the CS membranes are amorphous, while one
sharp peak shows the crystalline part of membranes, which is
set around 20 < 5°. Additionally, when the 20 wt.%
APTEOS was loaded to membrane, a new peak was created,
which proves the higher crystallinity of the CS20AP
membrane.

Fractional free volume

The van der Waals distances and cell volumes were calculated
for every membrane cell by the means of Connolly surface
with a 0 nm-radius probe [41]. Using Eq. 6, FFV was then
calculated, as listed in Table 2. The results indicated that an
increase in APTEOS content leads to a higher FFV value,
which can be related to greater phase separation and mem-
brane cell mobility. Afterwards, by incorporation of 20 wt.%
APTEOS material, FFV reduces a bit, as proved by the XRD
patterns in Fig. 3b. Therefore, FFV increases with more
APTEOS content up to 10 wt.%, at which point gas separation
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Fig. 3 a Total radial distribution function (RDF) for the hard segment of
CO, at operating temperature of 298 K (in order to eliminate overlapping,
CS with 0%, 5%, 10% and 20% of APTEOS profiles were shifted to 0,
0.2, 0.4 and 0.6 units higher). b X-ray diffraction (XRD) pattern for CS/
APTEOS cells (neat, 5, 10 and 20 wt.%) at operating temperature 298 K
and | atm

properties improved. Hereafter, loading more APTEOS in
polymer matrix up to 20 wt.% caused a reduction in FFV
and gas purification performance.

3 1 7
—CO02 10wt.%

2.5 4

Log (MSD,AN2)

0 05 1 15 2 25 3
Log(t,ps)

—C02 20wt.%

n=0.24

Log (MSD,AN2)
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Log (t,ps)

Log (MSD,AA2)

Density

An example of CS/APTEOS membrane density is shown in
Fig. 2c . As shown, the density of membranes alters during
NPT MD, but, finally, after applying a 1000 ps-NPT run, all
densities become constant. The initial densities of all con-
structed membranes were set at 0.8 g/cm3. As stated earlier,
after 200 ps, the density of membranes turn into constant value
for N, and CO, gases [42]. Besides, having applied an NPT
run, the size of the cells created decreases due to the change of
density. Hence, the final cell sizes are illustrated in Fig. 2d. As
can be seen, the APTEOS augment in constructed membranes
causes greater cell size, where CS20AP has the biggest cell.
Table 2 lists the average density of the constructed periodic
cells containing different amount of APTEOS and CO, or N,
gases. Unfortunately, no experimental data is mentioned in the
literature for CS/APTEOS membrane densities to compare
with simulation results.

Diffusion, sorption, permeability and permselectivity

Having spread ten molecules of CO, and N, gases separately
in constructed and equilibrated membrane cells, the self-
diffusion coefficients (Di) were calculated using Eq. 7 as men-
tioned above. These number of gas molecules inserted to the
periodic cells was obtained from the literature. By use of the
energy minimizer task, the energy of all simulated cells has
been minimized. After removing the positions restriction, a
200-ps NVT run was applied with MD methods (Forcite mod-
ule). The temperature of the system was also controlled by a
Nose—Hoover thermostat. Finally, an average value of Di was
calculated from three different and independent states [43]. A
1000-ps NPT MD simulation run was employed over periodic

37 —C02 5wt.%

N
Non
.

o
[ I
.

o

0 0.5 1 1.5 2 2.5 3
Log (t,ps)
——CO2 NEAT

N
n ow
"

N
+

Log (MSD,AN2)

o
“«

o

0.5 1 1.5 2 2.5 3
Log (t,ps)

o

Fig. 4 Log (MSD, A"2) vs. log (time, ps) plot of CO, for CS/APTEOS mixed matrix membranes (MMMs) with different content of APTEOS
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Fig. 5 a Isothermal adsorption task at 298 K and 20 isotherm point of the CS/APTEOS MMMs, ¢ Adsorption energy distribution of studied

fugacity in the pressures from 0 to100 KPa for CO, and N, gases and all gases (CO,, N») in all membranes at 298 K and 1 atm
simulated membranes. b Schematic adsorption of gas molecules within

cells loaded with different APTEOS content to calculate mean  results obtained are recorded in Table 3. By changing the unit
square displacement (MSD) of simulated periodic cells. The  of MSD charts, their slope and afterwards, Di were calculated
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Fig. 6 a Permeability of all simulated membranes for CO, and N, and its
comparison with experimental data. b Selectivity of all simulated
membranes and comparison with experimental results [15]

for all configurations containing CO, and N, gases [44]. To
confirm the validity of the results obtained, the standard dif-
fusion coefficient was confirmed, together with the slope of
log (MSD) versus log (t) graph, which should achieve unity
[31]. These graphs for all MMMs and CO, gas are presented

Fig. 7 Robeson’s upper bound 1.00E+03 5
plot for CO,/N, [46] for all

simulated membranes

1.00E+02 A

CO2/N2 Selectivity

1.00E+01 A

1.00E+00

in Fig. 4. As revealed, the slopes approach unity for all mem-
branes. Thus, the computed self-diffusion coefficients are re-
liable in this simulation study. As explained before, the trans-
port properties of gas molecules increase by APTEOS loading
up to 10 wt.% and reduce with 20 wt.% loading. Obviously,
the CO, molecule, which is smaller than the N, gas molecule
diffuses through the CS polymer and APTEOS (which are
placed among the polymer chains), while the N, gas molecule
sticks between the polymer chains due to its bigger molecule.

The other important factor for calculating the permeability
of created membranes is solubility, which can be calculated by
the Sorption module where the adsorption isotherm task is
chosen (GCMC method); 20 altered pressures for 20 isotherm
points were fixed. At each fugacity (kPa), 1,000,000 GCMC
steps were completed using 100,000 steps-initial equilibration
period from 0 to 100 bar for all membranes [45]. Figure 5a
shows the graph of isothermal adsorption of N, and CO, gases
from 0 to 100 kPa as fugacity. Solubility coefficients for all
periodic cells were calculated and are listed in Table 2. Also,
the schematic sites of adsorbed gases within the membranes
are depicted in Fig. 5b. As revealed in Fig. 5b, the molecules
adsorbed by CS/APTEOS membranes, were placed nearby
APTEOS. On the other side, the amount of CO, adsorbed
within the membranes is more than N, gas, which proves that
CO, solubility is greater than N, solubility in value.
Concentration and agglomeration of the gas molecules are
not very visible, and agglomeration of gas molecules in these
sites indicates that the APTEOS existence gives rise higher
adsorption. The solubility and diffusivity coefficients of sim-
ulation boxes obtained from simulation study are tabulated in
Table 3. According to Fig. 5a and b, the solubility of CO,
molecules increases by APTEOS loading up to 10 wt.% and

——Robeson's upper bound

—-CS-SIM

—#-CS5AP-SIM

#-CS10AP-SIM
CS20AP-SIM

—4&—CS-EXP

A CS5AP-EXP

—&—CS10AP-EXP

—&—CS20AP-EXP

1.00E+00

1.00E+01

1.00E+02 1.00E+03

CO2 Permeability (barrer)

@ Springer



49 Page 10 of 11

J Mol Model (2019) 25: 49

then reduces a bit for 20 wt.% loading. It also can be perceived
that solubility and diffusivity coefficients for the pair gases are
in this order: CO,>N,. From another aspect, when the CS
membrane was loaded with 10 wt.% APTEOS, N, permeabil-
ity decreased compared to other constructed membranes (CS,
CS5AP and CS20AP). Additionally, the permeability of CO,
did not change greatly. But, according to Eq. 3, CSI0AP
showed a good and reliable permselectivity. Thus, as a result,
transport properties and gas separation features of the mem-
branes were improved by increasing the APTEOS content up
to 10 wt.%. Also, the equilibration of the system became con-
stant. It is worth stating that, because of a 21-point fugacity
diagram, the noise is shown in adsorption isotherm figures.
Therefore, the results are obtained from an equilibrated-sys-
tem, providing accurate and very acceptable adsorption iso-
therm data.

Also, the actual results of Zargar et al. [26] proved that
simulation results are consistent in approach with experiment
results. Hence, the gas separation results of CS10AP mem-
brane have good consistency with the results of the current
study. Figure 6 demonstrates the permeability and
permselectivity of all constructed membranes.

In another aspect, Fig. 5S¢ indicates the adsorption energy
distributions containing two sharp and broad peaks at around
—6 and — 2 kcal mol™' for CO, and N, gases, respectively.
These energy values reveal that the affinity of CO, molecules
to the CS/APTEOS membranes is higher due to the greater
interaction energy of CO, with the CS membrane, and, as a
result, the CO, solubility coefficient is greater.

Robeson’s upper bound

Robeson’s upper bound represents the performance of the
constructed membrane. Regarding membrane permeability
and permselectivity, the membranes whose locations are clos-
er to the Robson’s upper bound or may be above the bound
indicate higher quality. As demonstrated in Fig. 7, all of the
simulated membranes are somehow close to the upper bound,
which indicates their high level of quality. For 10 wt.% of
APTEOS loading, the CS10AP point became the nearest point
to the upper bound graph, which validates this membrane for
industry.

Conclusions

In the current study, using Materials Studio 6, molecular sim-
ulations to predict the structural and gas separation features of
constructed membranes were performed. The COMPASS
force field was also employed to explore the diffusivity and
solubility coefficients of N, and CO, gases and also the CO,/
N, permselectivity in four different CS/APTEOS membranes
loaded with APTEOS contents. Different structural and gas

@ Springer

separation features like RDF, density, FFV and XRD of the
constructed membranes have been investigated to characterize
the microstructure of the CS/APTEOS membranes.

Gas separation properties of CO,/N, pairs were also inves-
tigated in the membrane. X-ray results clearly indicated that
membranes with 10 wt.% APTEOS have larger interchain
distance than other membranes, and membranes became more
amorphous with increasing APTEOS. The membrane with
10 wt.% APTEOS exhibited the best transport properties of
all four membrane configurations. This could be related to the
fact of phase separation by increasing APTEOS content,
where the higher amount of APTEOS causes a wider crystal-
line region, which reduces gas permeability. So, in CS10AP,
more phase separation takes place, which leads to more creat-
ed pathways for permeation. Furthermore, FFV increases with
increasing APTEOS, enhancing membrane transport proper-
ties. Moreover, Robeson’s upper bound depicts that the simu-
lated membranes have good performance and are qualified for
use in industry. This molecular simulation article may provide
anew aspect for designing CS/APTEOS membranes to inves-
tigate transport and structural properties.
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