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and gas transport studies of
ultrathin polysulfone membrane from 298.15 to
328.15 K and 2 to 50 bar: atomistic molecular
simulation and empirical modelling†
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Chung Loong Yiinb and Syed Ali Ammar Taqvic

Elucidation of ultrathin polymeric membrane at the laboratory scale is complicated at different operating

conditions due to limitation of instruments to obtain in situ measurement data of membrane physical

properties. This is essential since their effects are reversible. In addition, tedious experimental work is

required to collect gas transport data at varying operating conditions. Recently, we have proposed

a validated Soft Confining Methodology for Ultrathin Films that can be used to simulate ultrathin polysulfone

(PSF) membranes upon confinement limited to 308.15 K and 2 bars. In industry application, these ultrathin

membranes are operated within 298.15–328.15 K and up to 50 bars. Therefore, our proposed methodology

using computational chemistry has been adapted to circumvent limitation in experimental study by

simulating ultrathin PSF membranes upon confinement at different operating temperatures (298.15 to

328.15 K) and pressures (2 to 50 bar). The effect of operating parameters towards non-bonded and potential

energy, free volume, specific volume and gas transport data (e.g. solubility and diffusivity) for oxygen and

nitrogen of the ultrathin films has been simulated and collected using molecular simulation. Our previous

empirical equations that have been confined to thickness dependent gas transport properties have been

modified to accommodate the effect of operating parameters. The empirical equations are able to provide

a good quantitative characterization with R2 $ 0.99 consistently, and are able to be interpolated to predict

gas transport properties within the range of operating conditions. The modified empirical model can be

utilized in process optimization studies to determine optimal membrane design for typical membrane

specifications and operating parameters used in industrial applications.
1. Introduction

Oxygen enriched combustion has emerged as one of the most
promising combustion technologies over the past decade.1 The
greater combustion prociency through oxygen enriched air
entails minimization in emission of pollutants, typically carbon
dioxide (CO2) and carbon monoxide (CO).1 Based on a review of
existing air separation technologies, e.g. cryogenic distillation
and pressure swing absorption, it is found that there exists
a trade-off between oxygen purity and production volume with
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energy requirement and cost for plant operation. At present,
oxygen separated from membranes has been reported to be
potentially competitive for medium O2 purity (25–40%) and
small scale plants (10–25 tons per day)2 associated with
advantages of being less energy intensive, inheriting lower
capital and operating costs, and being inherently safer.3 Since
air is constituted by merely 21% of O2 and remaining N2 in
abundance, enhancement of a membrane that exhibits good
permeance and selectivity is vital to ensure good O2 recovery
and minimization of heat lost through by-products.4 In order to
be commercially viable in oxygen-enriched combustion appli-
cations, it has been reported that polymeric membranes have to
minimally exhibit an ideal O2/N2 selectivity of 3–6 and optimum
O2 permeance value.5 The excellent gas separation properties
can be achieved via fabrication of a membrane matrix with
ultrathin dimension (<1000 �A)6 to reduce transport resistance
while exhibiting satisfactory separation properties to allow
transport of O2 to the permeate while retaining N2 in the
retentate.
This journal is © The Royal Society of Chemistry 2020
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Nevertheless, the application of ultrathin polymeric
membrane in industrial scale has encountered hindrance for
further expansion to date. The main challenge has been
attributed to departure of behavior and properties of ultrathin
polymeric membrane lm in comparison to its bulky counter-
part.7 By reducing the thickness of a lm appropriately beneath
a particular dimension (i.e., <1000 Å thick), the conformation of
polymeric chains in the membrane is perturbed when it is
located in the vicinity closer to the surface boundary. Under
such circumstance, behavior and properties of ultrathin poly-
meric membrane lm is dependent upon specication of the
active lm, whereby it is commonly known as the thickness
dependent connement.8 The phenomenon is yet to be fully
elucidated and remains an active research area. This has been
due to difficulties to prepare defect free ultrathin membrane
lms at experimental scale that requires specialty instruments
under controlled environment, which are usually expensive and
time consuming, to increase its success rate of fabrication.9 In
addition, in a real experimental set-up, nanolms are typically
grown on support, such as silicon wafer and glass, whereby the
inherent stability and physical properties can be different since
interaction between polymeric lm and support existed.10

Molecular simulation of membrane involves the study of
fundamentals characterizing the interaction between atoms.
The end effect of membrane morphology and properties as
a direct consequence of alteration in operating conditions and
exposure to feed gas that are difficult or impossible to be ob-
tained from in situ measurement can be elucidated directly.11

The challenges have been ascribed to the reversibility of
membrane morphology aer removal of operating conditions
from the membrane. This further shows the importance of
computational tool as an alternative to expensive laboratory
instruments in order to obtain in situ measurement data of
membrane. Furthermore, there are inherent constraints in the
range of working operating parameters of measuring probes
associated with the instruments. Thereby, it is almost impos-
sible to obtain data of morphology and physical property of
membrane at extended operating parameters away from
ambient condition at laboratory scale. In this context, molec-
ular simulation tool can be used to develop empirical equations
that describe intrinsic material properties of ultrathin lms.11

Nonetheless, most of the simulation work has assumed an
idealistic proposition of membrane material with uniform
characteristic through the periodic boundary condition (PBC),
whereby the behaviour is the same in all directions.12 The PBC
assumption is merely valid for bulk polymer and not for ultra-
thin structure, whereby connement that arises from the poly-
mer membrane surface plays an essential role to the chain
relaxation, causing a deviation from its bulk counterpart.13 Over
recent years, published literature has emerged to construct
ultrathin polymer lms adopting different methodologies by
simulating the interaction between the polymer and interfaces.
Baschnagel & his co-workers employed user dened wall
potential, 3, that can be altered to modify dynamics of non-
entangled polymer melts near to surfaces.14–16 In another work
by Torres et al. (2000), they adapted a hard sphere molecular
dynamics methodology via coarse grain agglomeration to
This journal is © The Royal Society of Chemistry 2020
simulate ultrathin polymer system with free and solid surfaces
that involves many atoms.17 Liu et al. adapted inert xenon
crystals as conning layer to condense polymer chain frommelt
to glassy state to create amorphous polymer surfaces.18 It is
suggested that xenon is a promising candidate to form dummy
rigid surfaces, whereby hydrophobicity of polypropylene and
hydrophilicity of cellulose layer have been investigated and
validated with experimental values. In recent work by Nie et al.
(2019), they used dynamic Monte Carlo (MC) to simulate
ultrathin lms by placing non-penetrable substrates on surfaces
of the polymer chains. The simulation model has been used to
elucidate the impact of polymer–substrate interaction on the
localized glass transition temperature (Tg) and segmental
density distribution within ultrathin lm.19 In short, all the
works have been devoted to study the methodology for con-
structing ultrathin lms at a xed dimension and ambient
operating conditions.

Besides, limited study has been conducted to incorporate
gas molecules within the constructed ultrathin lms to eluci-
date gas transport properties upon connement.20,21 Similarly,
the construction of ultrathin lm at xed dimensions has
restrained the elucidation of connement towards thickness-
dependent gas transport properties.20,21 Frentrup et al. (2012)
developed a novel non-equilibrium molecular dynamics
(NEMD) simulation along the thickness of a polymer slice and
demonstrate how permeability and solubility can be reasoned
from a single simulation.20 Tong et al. (2016) simulated 2-
dimensional (2-D) Covalent Organic Framework (COF) ultrathin
membranes through computational study in layers to explore
the gas separation of such structures.22 Ozcan et al. (2017) pre-
sented a concentration gradient driven MD (CGD-MD), whereby
the permeation driving force is based upon concentration
gradient for pure and binary gas mixtures through ultrathin
membranes.23 In recent work by Liu et al. (2019), they propose
a novel molecular simulation procedure for ultrathin polymer
slices to simulate effect of swelling and permeabilities of
organic solvent in nanoltration, in which it has been validated
via good agreement with experimental data.24 Based on review
of the published literatures, most of the research have been
conned to study of gas permeability in the membrane at
ambient operating conditions, while the study of individual
contributions of gas solubility and diffusivity to permeance
under varying operating temperatures and pressures typically
for ultrathin polymeric lms have received less scrutiny. The
thickness upon connement towards gas transport properties
under varying operating conditions has also not been described
through empirical equations to provide quantitative elucidation
towards the phenomenon.

Based on the motivation, the objective of this study is to
simulate ultrathin PSF polymeric membranes upon nano-
connement at varying operating temperatures and pressures.
This will help to provide insight into the morphological change
from molecular level while enable physical property to be
elucidated to circumvent limitation of experimental scale
instruments. In this context, the So Conning Methodology
for Ultrathin Films (SCMUF) proposed in our previous works to
simulate ultrathin PSF lms of varying specications (<1000�A)25
RSC Adv., 2020, 10, 32370–32392 | 32371



Table 1 Chemical compounds and models

Chemical name Chemical or linear formula CAS number Model

Oxygen 7782-44-7 Materials Studioa

Nitrogen 7727-37-9 Materials Studioa

Polysulfone 25135-51-7 Materials Studioa (SCMUF)b

a Interaction parameters using COMPASS force eld given in ESI (S1) to (S4). b Methodology to simulate the ultrathin structure has been given in
Fig. S.1 of ESI.
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has been employed, but has been further improved through
incorporation of operating condition effects to the molecular
simulation framework. Subsequently, gas transport properties
(solubility, diffusivity and permeance) at a specic lm thick-
ness under varying operating temperatures and pressures have
been elucidated. The novelty of our work has also been high-
lighted with regards to extension of our previous empirical
equations26 that originally only address the effect of thickness-
dependent gas transport properties upon connement for
ultrathin lm via incorporation of thermodynamic parameters
obtained from the constructed molecular structures to simulate
effect of operating temperature and pressure. The improved
empirical equations with incorporation of effect of operating
parameters in ultrathin PSF membranes has been validated
through close compliance between interpolated model predic-
tion and published experimental data. The good validity has
been used to predict gas solubility, diffusivity and permeance
for ultrathin lms of varying thicknesses (�100–5000 Å),27

operating temperatures (298.15 to 328.15 K)28,29 and pressures (2
to 50 bar).30,31
2. Methodology

This section describes the molecular simulation methodology
that has been adapted to simulate ultrathin PSF lms at varying
operating conditions. The physical property studies that have
been employed to elucidate morphological alterations associ-
ated with changes in the aforementioned variables have also
been studied in this section. Subsequently, the methodology to
determine gas solubility, diffusivity and permeance in the
constructed ultrathin PSF of a particular dimension has been
outlined. Finally, the modelling work that has been conducted
to revise empirical equations from our previously published
works that characterize the mere effect of thickness upon
connement towards O2 and N2 gas transport behavior has also
32372 | RSC Adv., 2020, 10, 32370–32392
been elaborated in order to extend its functionality at varying
operating parameters. Summary of the chemical compounds
used in this study and their associated models have been
provided in Table 1.
2.1 So conning methodology for ultrathin lms at
different operating conditions

Details of the molecular simulation to simulate ultrathin PSF
lms at vary thicknesses upon connement have been outlined
in our earlier works.25 Biova Materials Studio version 8.0 (ref. 32)
has been adapted in present work with Condensed-phase
Optimized Molecular Potentials for Atomistic Simulation
Studies (COMPASS) since it has been reported to be able to
generate a PSF membrane that exhibits physical properties with
a close agreement to experimental observations.33 In this work,
the electronic interactions have been characterized using the
Ewald method (accuracy 0.001 kcal mol�1), while the Lennard-
Jones-9-6 function has been employed to describe the van der
Waals association.34 The cut-off distances have been set to be
45–500 Å respectively (spine width ¼ 0.1 nm; buffer width ¼
0.05 nm), which is reliant on the specication of the ultrathin
lm of interest.

Briey, the methodology has utilized xenon crystals as
compacting layer to conne polymeric chains into 2-dimen-
sional molecular model at different lm specications.18

However, the simulation methodology has been extended to
varying operating temperatures and pressures in the present
study. The operating temperature has been altered at distinct
values, which are 298.15, 308.15, 318.15 and 328.15 K, since
they are within the temperature range most commonly
employed for polymeric membranes in industrial applica-
tion.28,29 Parameter sensitivity of pressure effect has also been
conducted by altering the operating pressure within the range 2,
10, 20, 30, 40 and 50 bars. Pressure of up to 50 bars has been
proposed to be the suitable range for study in O2/N2 gas
This journal is © The Royal Society of Chemistry 2020
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separation using membrane in previous published litera-
tures.30,31 Temperature has been maintained throughout the
course of molecular simulation using Nose thermostat with Q
ratio of 0.01. On the other hand, operating pressure is regulated
at the designated condition employing the Berendsen barostat
with a decay constant of 0.1 ps. Overall workow of the simu-
lation has been summarized in Fig. S.1 in ESI.† The procedural
works in which simulation parameter is required to be regu-
lated at the respective operating conditions have also been
highlighted in the gure.

In general, assumptions and limitations that are associated
with the simulation methodology are provided as follow:

i. Mobility of atoms within the simulation system can be
described sufficiently using Newton's law of motion.

ii. Empirical potential function parameters embedded in
Materials Studio can be used to quantify molecular interaction
among atoms over the range of temperature and pressure being
studied.33

iii. The cutoff distance of half the simulated cell lengths is
adequate to capture the important interactions in the system.
The basis have been established by other published molecular
simulation work to be the adequate cut off distances to hinder
particle from interacting with its own image, while minimizing
any unnecessary and costly computational time.35,36

iv. Effect of membrane plasticization is negligible since
oxygen and nitrogen are non condensable gases.6

v. Isothermal operation at designated temperature37–39 by
assuming negligible Joule–Thomson (JT) temperature drop. It
has been reported that JT cooling is less apparent in O2/N2

separation40 while being majorly signicant in application
involving feed gas with a high CO2 contaminant content41–43

vi. Both O2 (TC ¼ 154.55 K; PC ¼ 50.5 bar) and N2 (TC ¼
126.15 K; PC ¼ 34 bar) demonstrate characteristic of gas
molecules in the range of operating temperature from 298.15
to 328.15 K and pressure from 2 to 50 bars. The assumption
has been veried through gas–liquid phase tabulation from
Plank–Riedel equation as shown in Fig. S.2,† in which the limit
of operating temperature and pressure is found to be located
within the vicinity of gas-like behavior.44–46 In addition, pub-
lished literatures devoted to study of gas separation involving
nitrogen species have commonly been operated above its
critical pressure, which further justify the range of operating
conditions selected.47–52 In particular, study by Kamiya et al.
(1986) that have studied the transport behavior of N2 in bulk
PSF membrane has been operated up to 50 bars at 308.15 K,
which further veries applicability of the operating pressure
for membrane separation.53
2.2 Physical property analysis

Varying physical properties of the constructed ultrathin poly-
meric lms have been elaborated based upon the methodolo-
gies and basis outlined in this section.

2.2.1 Specic volume. Under all circumstances, the
molecular simulation procedure, as summarized in Fig. S.1,†
has been conducted for all PSF ultrathin lms by regulating the
operating parameters at the designated specication,
This journal is © The Royal Society of Chemistry 2020
temperature and pressure. During the molecular dynamics
treatment, the structure congurations, such as polymeric
chain packing, molecular arrangement and interaction ener-
gies, are continuously revised in the expedition of generating
the most feasible polymeric membrane lm. Since the molec-
ular dynamics procedure for all ultrathin lms has been initi-
ated from a smaller than expected density structure without
setting any restrictions throughout the treatment process, the
alteration in property of the simulations cells towards constant
values provide the support that the polymeric lms have
reached the most probable conguration. The properties that
will be observed during the process include density, energy and
specications. Therefore, through comparison between phys-
ical property value of the attained molecular cell and experi-
mentally reported data or empirical equation that quanties
thickness upon connement effect, accuracy of the simulation
methodology for ultrathin polymeric lm at different operating
parameters can be sufficiently validated.

The specic volume of polymer lm, vg, has been reported by
Shishatskii et al. (1996)54 to be a limiting function for lm
thickness, such as that depicted in (1), whereby it has been
deduced from actual experimental observation. Applicability of
the equation to characterize thickness-dependent specic
volume has been further reaffirmed in the study by Chen et al.
(2012).55

vg ¼ 1

r0
� b

l
(1)

In eqn (1), r0 is the limiting density of PSF bulk polymer while
b corresponds to a material constant that describes the sensi-
tivity of thickness upon connement to relaxation of the PSF
polymeric lm. The specic volume obtained from molecular
simulation has been tted against the empirical equation to
validate applicability of the simulated structure.

2.2.2 Fractional free volume. As highlighted in our
previous study,25 a polymeric membrane is typically made up of
two different segments. They are a solid phase that is taken up
by polymeric chains and a free volume region that is contrib-
uted by void channels between the chains. It is essential to
elucidate this physical property of polymeric membrane since it
affects the transport characteristic of gas molecules. In this
context, the free space acts as a site for sorption of gas pene-
trants and forms route for channelling of gas molecules within
the polymeric membrane. The fractional free volume (FFV) has
been calculated to quantify the amount of free space, which is
dened in (2).

FFV ¼ vg � vo

vg
(2)

In (2), vg is specic volume of the polymeric glass at a specic
operating temperature while vo is occupied volume of the
polymer chain.

The Connolly surface function, which has been readily
available in Materials Studio simulation soware as build-in
capability, has been employed to determine the phases con-
sisting of solid and free volume, respectively. The medium grid
resolution with 0.4 Å grid intervals and Connolly probe radius of
RSC Adv., 2020, 10, 32370–32392 | 32373
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1.3 Å, which corresponds to the kinetic size of gas helium, has
been employed. The kinetic radius of helium has been used
since it exhibits the smallest size among all penetrants that
enables all void spaces in the polymeric lm to be captured.

In addition, the FFV (Bondi) variable has been calculated based
on Bondi's group contribution methodology, as shown in (3).56

vo ¼ 1:3
Xn
k¼1

ðvwÞk (3)

In expression (3), n is the total number of functional groups in
which repeat unit of a polymer is subdivided, while (vw)k is van
der Waals volume of the group proposed by Van Krevelen.57 The
specic volume of the PSF polymer lms of varying thicknesses
has been computed based on reciprocal of the simulated density
from molecular dynamic simulation, while vo ¼ 0.6903 cm3 g�1

has been employed consistently in present study.
2.3 Gas transport properties

Similarly, the methodology that has been employed to elucidate
gas transport properties within the 500 Å ultrathin PSF lms,
which comprises of gas diffusivity, gas solubility and gas per-
meance, has been elaborated in our previous works.26 In
summary, gas diffusivity has been determined via random inser-
tion of gas O2 or N2 within supercell of the simulated cell, followed
by successive 1000 ps NPT-500 ps NVT MD to relax the molecular
system at the particular operating temperature and pressure. The
consecutive NPT–NVT procedure is continued until uctuations
observed in the physical properties and energies of the structure
are within predened tolerance.26 Subsequently, an additional
5000 ps NVT MD has been executed to track mean square
displacement (MSD) of the O2 or N2 gas molecules. The tasks have
been completed through employment of Forcite module in
Materials Studio. Finally, according to Einstein correlation, the
diffusivity coefficient can be read from 1/6 slope of theMSD versus
time curve.58 With regards to the gas solubility, Sorption module
of the simulation soware has been adapted using build-in
adsorption isotherm task.26 Grand canonical Monte Carlo
ensemble (GCME) has been used that involves constant temper-
ature and pressure at the designated operating conditions and
volume of the simulation cell of interest with merely change in
energy and number of sorbed particles allowed.26 The probability
of inserting the sorbed molecules have been based upon
Metropolis methodology, whereby the probability of inclusion are
computed from energy alteration between successive congura-
tions with degree of freedom in gas orientations and amount.59

Consequently, slope of gas concentration versus fugacity isotherm
at region close to the origin (0 to 1 atm) can be used to calculate
the solubility coefficient.26 Ultimately, gas permeance is obtained
via product of gas diffusivity and solubility normalized by active
lm thickness of the ultrathin lm.60
r0 ¼
ð0:8051þ 1:756� 10�4TÞ 1� 0:089

�
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2.4 Empirical modeling of gas transport behavior of
ultrathin lms upon connement at varying operating
conditions

In our previous work, empirical equations that have been
developed to characterize the effect of thickness upon
connement, l, towards gas diffusivity, Di(l), solubility, Si(l), and
permeance, PiðlÞ, have been summarized in (4), (5) and (6),
respectively.

DiðlÞ ¼ Ai exp

�
� Biðl � r0 � bÞ

l � r0 � b� vo � r0 � l

�
(4)

SiðlÞ ¼ kDi þ 22 414veq

vovi

bi

1þ bifi

�
l � r0 � b� vo � r0 � l

l � r0 � b

�

� 22 414
�
veq � vo

�
vovi

bi

1þ bifi
(5)

PiðlÞ½GPU� ¼ 1014

l

�
Ai exp

� �Biðl � r0 � bÞ
l � r0 � b� vo � r0 � l

�

�
�
1

76
kDi þ 22 414veq

76vovi

bi

1þ bifi

�
l � r0 � b� vo � r0 � l

l � r0 � b

�

� 22 414
�
veq � vo

�
76vovi

bi

1þ bifi

�	
(6)

In (4)–(6), Ai and Bi, are pre-exponential constant and variable
that characterize the minimum volume of uctuation needed
for diffusion jump respectively, whereby these two parameters
are dependent merely on the gas penetrants and polymer in
which they are transported. In addition, r0 and b are the
limiting density and material relaxation variable as explained in
(1), vo is occupied volume of the polymer as elaborated in (3)
while vi corresponds to value of gas penetrants in liquid form. In
the present work, the vi value of gas penetrants in liquid form
has been adopted from Prausnitz & Shair thermodynamic work
(vO2

¼ 33 cm3 mol�1; vN2
¼ 32.4 cm3 mol�1).61 Subsequently, fi is

fugacity of the gas penetrant while kDi and bi are dual mode
sorption parameters that characterize the ability of penetrant to
dissolve in the polymer matrix at equilibrium (Henry's law
coefficient) and the Langmuir sorption affinity, respectively.

In this work, Tait's empirical equations62 coupled together with
parameter obtained from Zoller's work63,64 have been adapted to
quantify the operating temperature and pressure dependency of
PSF polymer. In Zoller's work, experimental work has been con-
ducted on bulk PSF polymer to determine the correlations for
volume–temperature isotherm at zero pressure and Tait parameter
over a wide range of operating temperatures and pressures
(temperature: 30–300 �C; pressure: 1–2000 bars). The equation has
been utilized to quantify the limiting density, r0, in (1) since it
describes the density of PSF at bulk condition, whereby the
connement levels off and becomes not apparent.
1

4 ln
h
1þ P

4408 expð �1:543� 10�3TÞ
	� (7)

This journal is © The Royal Society of Chemistry 2020
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In (7), T and P characterize the operating temperature and pres-
sure in which the polymeric lm is exposed.

As for parameter b in (1), it is related to relaxation of the PSF
polymeric lm, which has been proposed to be an effect of
operating temperature based upon the Vogel–Fulcher–Tam-
mann (VFT) equation,65 such as that depicted in (8).

sðTÞ ¼ s0 exp

�
4T0

T � T0

�
(8)

In (8), T0 is the Vogel temperature at atmospheric pressure, 4 is the
strength parameter while s0 is the relaxation time at a particular
high operating temperature. In another work by Prevosto et al.
(2003),66 they redened the Adam and Gibbs (AG) theory67 that
relates the relaxation time, s(T), with the decrease in conguration
entropy, Sc, such as that shown in (9), by proposing that it is
possible to separate an isothermal and isobaric contribution since
entropy is a function of state variable. The hypothesis from Pre-
vosto et al. (2003) work has been provided in (10).

sðTÞ ¼ s0 exp

�
scDm

kBTSc

�
(9)

scðT ;PÞ ¼ gT ðPÞ
ðT
TK

DCP



T 0
�

T 0 dT 0 � fPðTÞ
ðP
Patm

D

�
vV

vT

�
P0
dP0

(10)

In (9), sc is the critical entropy of the cooperative rearranging
region (CRR) of polymer, Dm is the free energy barrier (�per
molecule per CRR), while sc characterizes congurational
entropy of the system. As for (10), gT(P) and fP(T) are dimen-
sional positive functions of pressure and temperature that
characterize their contribution towards structural relaxation
respectively, TK is the Kauzmann temperature, DCP(T) (¼Cmelt

P �
Cglass
P ), is the excess heat capacity, and

D

�
vV
vT

�
P0

 
¼ �

��
vV
vT

�melt

P
�
�
vV
vT

�glass

P

�!
describes the excess

molar expansion of melt with respect to the glassy state
polymer.
�
vV

vT

�
P0
¼ �

(�
vV

vT

�

¼ �v

ð0:7644þ 3:419� 10�4T þ 3:126� 10�7T2Þ
�
1

v

0
BB@

þ v

ð0:8051þ 1:756� 10�4TÞ
�
1� 0:0894 ln

�
1þ

4

vT

0
BB@
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Thereby, by explicitly dening that merely TSc parameters in
(9) are changing with operating temperature and simplication
that the excess heat capacity in the temperature integral term of
(10) varies inversely with reciprocal of temperature in accordance

to a constant K (e.g. DCPðTÞ ¼ K
T
),68–70 the Pressure Extended

Adams Gibbs (PEAG) expression that incorporates the effect of
temperature and pressure to relaxation has been proposed, such
as that shown in (11) and (12). The function of DCP(T) as
a reciprocal of operating temperature, which has been originally
proposed in work by Angell & Bressel (1972) by tting the
empirical equation to experimental observation, has been
employed in present work.71 The correlation has been commonly
used to describe the dependency of DCP with respect to T for
a wide variety of materials,68,69,72 which has been further tested
and veried for polymeric system by Prevosto et al. (2004)70 and
exclusively for PSF polymer in work by Zoller (1978).63 The veri-
cation reaffirms its applicability to dene DCP(T) as a function
of temperature in present study.

sðT ;PÞ ¼ s0 exp

 
4T*

0

T � T*
0

!
(11)

T*
0 ¼ T0

1� fPðTÞ
gT ðPÞ

1

SN

ðP
Patm

D

�
vV

vT

�
P0
dP0

(12)

In this work, the temperature and pressure dependent
material parameter, b, is correlated to the reciprocal of relaxa-
tion time, s(T,P), such as that shown in (13), which has been
calculated from (11) and (12), and b0, which is the material
constant at a particular standard operating condition.

b ¼ b0

sðT ;PÞ (13)

The excess molar expansion term, D

�
vV
vT

�
P0
, has been

computed based on Tait's-Zoller expression for PSF polymer, as
shown in (14).
melt

P

�
�
vV

vT

�glass

P

)

� 0:0894 ln

�
1þ P

3731 expð �3:757� 10�3TÞ
	�

T

1
CCA

melt

P

P

408 expð �1:543� 10�3TÞ
	�1
CCA

glass

P

(14)
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In addition, the pre-exponential factor Ai in Doolittle corre-
lation73,74 as shown in (4) as well as dual-mode sorption model
parameters bi and kDi in (5) has been reported to exhibit Hoff–
Arrhenius correlation with operating temperature,75,76 such as
that shown in (15)–(17). This is because it has been commonly
acknowledged that the solubility coefficient is described as an
exponential function of temperature.

Ai ¼ Ai0 exp

��DHA

RT

�
(15)

bi ¼ bi0 exp

��DHb

RT

�
(16)

ki ¼ kDi0 exp

��DHk

RT

�
(17)

In (15)–(17), Ai0, bi0 and kDi0 are constants while DHA, DHb and
DHk are enthalpy change associated with the diffusivity, Lang-
muir and Henry's species due to sorption, respectively. By
incorporating (7), (11)–(17) in (4)–(6), the revised expressions for
diffusivity, solubility and permeance with the incorporation of
effect of operating temperature and pressure towards conne-
ment effect in the ultrathin lm has been obtained in (18)–(20)
respectively.
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In eqn (18)–(20), the denition ofB1 andB2 are summarized in
(21) and (22), respectively.

B1 ¼
�
0:8051þ 1:756� 10�4T

�
�
1� 0:0894 ln

�
1þ P

4408 expð �1:543� 10�3TÞ
	�

(21)
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�
P0
dP0
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(22)
2.5 Model validation

With regards to the prediction of proposed empirical equations
to simulated data, the goodness of t has been quantied using
the coefficient of determination (R2) in (23).

R2 ¼

2
64 Pðxsim � xsimÞðxmodel � xmodelÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðxsim � xsimÞ2
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In (23), xsim is the simulated data from molecular simulation
work, xsim denotes the average of simulated data, xmodel corre-
sponds to the prediction from the empirical equation, while
xmodel represents the average of the model prediction. On the
other hand, in order to demonstrate the accuracy of the simu-
lated data as compared to actual experimental observation,
a metric of mean absolute percentage error (MAPE) has been
used to quantify the deviation between the simulated and
experimental conditions as provided in (24).

MAPE ¼ 1

Nexp

xsim � xexp


xexp

� 100% (24)

In eqn (24), xsim and xexp correspond to simulated data from
molecular simulation work and experimental data, respectively
while Nexp is the number of experimental data.
3. Results and discussion

This section discusses the ndings from present study. Initially
the molecular simulation procedure using SCMUF at varying
operating temperatures, as outlined in Fig. S.1,† has been dis-
cussed.25 In short, xenon crystals have been used as conning
layers on top and bottom surfaces of varying number of PSF
polymeric chains. The increasing number of PSF chains
contributes to increment in ultrathin lm thickness. Subse-
quently, the structure has been subjected to preliminary
molecular treatment to conne the chains towards centre of the
hypothetical box. The vacuum space le behind has been
cropped off with rearrangement of polymer chain within
boundary of the simulation cell prior to second stage molecular
treatment until successive NPT–NVT molecular dynamics are
within predened tolerance. As highlighted earlier, the molec-
ular treatment procedures are controlled at designated oper-
ating temperature and pressure using Nose thermostat and
Berendsen barostat respectively. For lm specication that
exceeds memory constraint of Materials Studio, layer function
of the simulation soware has been adapted to combine
Fig. 1 Evolution change during molecular dynamics simulation for (a) de
in �500 Å PSF at 298.15, 308.15, 318.15 and 328.15 K (example of five c

This journal is © The Royal Society of Chemistry 2020
smaller membrane structure before being subjected to the same
successive NPT–NVT molecular dynamics.

The evolution of energy and specications of the ultrathin
polymeric lm throughout molecular dynamics is initially
observed to ensure the structures have achieved thermody-
namic equilibration state. Subsequently, the validity of the
molecular dynamics simulation procedure to generate ultrathin
polymeric lms at varying operating conditions have been
validated, followed by elucidation of physical properties evolu-
tion accompanying the change in operating temperature and
pressure. Subsequently, gas solubility and diffusivity of ultra-
thin PSF lm at a particular dimension have been studied to
obtain physical parameters of the developed empirical model.
Validity of the developed empirical model will also be demon-
strated through comparison with published experimental data
interpolated at 303.15 K, which has been subsequently
employed to predict gas transport properties over a wide range
of lm specications (100–5000 Å), temperatures (298.15 to
328.15 K) and pressures (2 to 50 bar).
3.1 Molecular simulation of ultrathin polysulfone (PSF)
lms

The effect of operating temperature to the evolution of density,
non-bonded and potential energy, and cell thickness versus time
step for ultrathin PSF membrane lm with a thickness of �500
Å has been explained at 298.15 K, 308.15 K, 318.15 K and 328.15
K to study the impact of temperature towards physical proper-
ties of the lm upon connement as shown in Fig. 1. It is found
that all the parameters converged to a specic value with
decreased noises aer each cycle of successive NPT–NVT
molecular treatment, which indicates that equilibration has
been achieved.

The NPT (isobaric–isothermal) molecular dynamic proce-
dure is conducted by regulating the operating temperature and
pressure at designated values, while volume and energy of the
subjected simulation cell is allowed to vary during the quest of
determining the most probable conguration with the lowest
nsity (b) non bonded energy (c) potential energy and (d) cell dimension
ycles 1000 ps NPT molecular treatment has been provided).
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Fig. 2 Evolution change during molecular dynamics simulation for (a) density (b) non bonded energy (c) potential energy and (d) cell dimension
in �500 Å PSF at 2, 30 and 50 bars (example of five cycles 1000 ps NPT molecular treatment has been provided).

RSC Advances Paper
energy. On the other hand, the NVT (canonical) molecular
dynamics is aimed to relax the simulated structure at the tar-
geted cell specication and operating temperature to a stabi-
lized conguration while removing any internal inherent
inhomogeneities from previous NPT. It is found that the density
experiences a decrement when temperature rises, which is
consistent to observation reported in experimental work for
glassy polymeric membrane.63,64 The observation can be
Fig. 3 Effect of film thickness on the specific volume of the polymeric film
line: prediction by the empirical equation; close data: simulation data fro

32378 | RSC Adv., 2020, 10, 32370–32392
rationalized through higher activation energy,63,64 whereby the
mobility of the polymeric chain is enhanced. In this context, in
the vicinity of greater operating temperature, the higher ener-
getic state allows them to break the attraction force rather than
being bind together. The looser arrangement of polymeric
atoms within the membrane matrix further constitutes
a reduction in density. It is seen from the gure that potential
and non-bonded energy are correlated to the operating
, fitted with empirical eqn (1) at different operating temperatures (solid
m simulation work).

This journal is © The Royal Society of Chemistry 2020



Table 2 Fitted parameters for empirical equation as shown in (1) that
characterizes the effect of thickness upon confinement to a specific
volume of ultrathin PSF film at different operating temperatures

Temperature (K) r0 (g cm�3) b (cm3 �A g�1)

298.15 1.2387 0.3577
303.15 1.2373 0.4775
308.15 1.2360 0.6155
313.15 1.2347 0.7829
318.15 1.2333 0.9690
323.15 1.2320 1.1772
328.15 1.2307 1.4069
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temperature. The PSF structure at the lower operating temper-
ature demonstrates larger negative values in comparison to its
counterpart at the higher temperature. The observation has
been rationalized through lower activation energy for mobility,
which indicates a more stabilized structure. In addition, the
lower energy state also causes the polymeric atoms to be in close
proximity with respect to one another, which consequently
leads to larger attraction energy between them. The claim of the
larger distance between polymeric chains has been reaffirmed
through observation of increment in cell thickness with
enhancement in temperature since a larger simulation box
volume is required to accommodate the chains.

The effect of operating pressure to molecular dynamics
characteristic of �500 Å PSF membrane lm has been investi-
gated, whereby the examples at 2 bars, 30 bars and 50 bars have
been provided in Fig. 2, in order to elucidate the impact of
pressure towards properties of ultrathin structure upon
connement. It is found that aer exhibiting the characteristic
of thermodynamic equilibration demonstrated through
minimal uctuations in the 5th NPT–NVT molecular cycle
treatment, density of the ultrathin PSFmembrane is found to be
increasing with increment with operating pressure, which has
been rationalized through larger connement impact that
suppresses the ultrathin glassy membrane to smaller vicinity.
The observation is consistent with the reported trend that
elucidates the effect of operating pressure on bulk
membrane.63,64,70

The parameters are found to inherit larger negative values
with increment in operating pressure from the aspect of
potential and non-bonded energy. The observation has been
attributed to densication at higher operating pressure, which
constitutes to closer proximity with neighboring atoms, and
therefore stronger interaction energy. In addition, the more
densied structure at higher operating pressure is also ther-
modynamically more stable due to its lower exibility for chain
mobility in the more conned volume, which constitutes to
larger negative values in structure operated at higher pressure.
The cell dimension is found to be smaller in ultrathin polymeric
membranes exposed to higher operating pressure since the
high pressure induces a higher stress77 to compact the lm to
a smaller specication.
3.2 Physical property analysis

Aer determining that the simulated ultrathin polymeric
membranes have attained theoretically reasonable structures
and achieved thermodynamic equilibration state, physical
properties data have been collected based upon the simulated
membranes in order to elucidate morphological changes asso-
ciated to changes in the operating temperatures and pressures.
To demonstrate the applicability of the simulated model for the
study of gas transport behaviour in the subsequent section,
physical properties of the simulated structure has been
compared with published experiment data and empirical
equation characterizing effect of thickness upon connement
towards properties of the ultrathin lm. Structural density is the
parameter being tested since they are the most widely reported
This journal is © The Royal Society of Chemistry 2020
properties that are affected by thickness-dependent conne-
ment in previously published works.54,78
3.3 Specic volume (simulation data validation)

The specic volume of ultrathin PSF polymeric membranes at
varying thicknesses, operating temperatures and pressure of 2
bars have been simulated and tabulated in Fig. 3. The specic
volume as an effect of thickness upon connement has been
tted with the published empirical equation, as shown in (1) to
verify accuracy of the simulation data. The tted parameters
have been summarized in Table 2. The computation of molec-
ular simulation has been performed from 3 initial congura-
tions, and the average value has been reported to ensure
statistical certainty. The specic volume data under varying lm
thicknesses and operating temperatures has been summarized
in Table S.1 of ESI.†

The coefficient of determination (R2), such as that shown in
(23), has been employed to quantify goodness of t to the
correlation in (1). It is found that the empirical equation is able
to provide a satisfactory description of the simulated data over
a broad range of lm thicknesses at different operating
temperatures (0.951 < R2 < 0.998).

In addition, from Fig. 3, it is depicted that specic volume at
all operating temperature exhibit similar behavior, whereby it
increases with thickness due to diminishing of connement.
The contention has been attributed to enhanced mobility of
polymeric chains within the thinner lm when it is located in
the vicinity closer to the free surface boundary since a shorter
distance is travelled for lost of free volume, further promoting
the formation of a more equilibrated and hence denser struc-
ture.79 In accordance with the model prediction and simulated
data, it is found that enhancement in specic volume when lm
specication is increased has been typically perceptible under
condition of thin lm thickness. The observation has been
explained through enhancement in surface effect to relaxation
of polymeric chains attributed to the closer proximity and
shorter distance that enables ease of mobility of free volumes to
the free surface.80 On the other hand, densication effect levels
off when lm thickness increases beneath 1000 �A, whereby
analogous experimental observation has been reported by
Shishatskii et al. (1996).54 In their work, they have measured
density of polymers, e.g. PVTMS and PTMSNB, of varying
RSC Adv., 2020, 10, 32370–32392 | 32379



Table 3 Free volume characteristic of simulated polysulfone membranes with different thicknesses at 318.15 K and 2 bars

Thickness
(Å)

Number of
PSF chains

Number of
atoms

Cell dimensions
(Å3)

Occupied
volume, vo (Å

3)
Free
volume, vf (Å

3)
Total volume,
vg (Å

3)
FFV
(MS)

FFV
(Bondi's)

�100 2 2164 16.12 � 16.12 � 90.55 19 990.03 3539.78 23 529.82 0.1504 0.13704
�200 4 4328 14.89 � 14.89 � 203.37 37 530.68 7558.91 45 089.59 0.1676 0.14271
�300 6 6492 15.73 � 15.73 � 287.99 59 012.96 12 245.25 71 258.20 0.1718 0.14507
�400 8 8656 15.00 � 15.00 � 422.87 78 385.40 16 760.35 95 145.75 0.1762 0.14645
�500 10 10 820 15.18 � 15.18 � 515.90 97 889.47 20 990.61 118 880.08 0.1766 0.14664
�600 12 12 984 15.16 � 15.16 � 621.32 117 386.88 25 408.36 142 795.24 0.1779 0.14720
�700 14 15 148 14.74 � 14.74 � 766.96 136 952.51 29 683.05 166 635.56 0.1781 0.14728
�800 16 17 312 15.00 � 15.00 � 847.11 156 369.54 34 230.21 190 599.75 0.1796 0.14771
�900 18 19 476 15.14 � 15.14 � 933.87 175 587.17 38 474.14 214 061.31 0.1797 0.14774
�1000 20 21 640 15.33 � 15.33 � 1027.11 197 909.98 43 470.01 241 379.99 0.1801 0.14783

Table 4 Free volume characteristic of simulated polysulfone membranes with different thicknesses at 328.15 K and 2 bars

Thickness
(Å)

Number of
PSF chains

Number of
atoms

Cell dimensions
(Å3)

Occupied
volume, vo (Å

3)
Free volume,
vf (Å

3)
Total volume,
vg (Å

3)
FFV
(MS)

FFV
(Bondi's)

�100 2 2164 16.13 � 16.13 � 90.01 20 156.36 3262.16 23 418.52 0.1393 0.13339
�200 4 4328 14.86 � 14.86 � 204.33 37 533.96 7586.11 45 120.07 0.1681 0.14325
�300 6 6492 15.70 � 15.70 � 288.96 58 831.81 12 393.94 71 225.75 0.1740 0.14573
�400 8 8656 14.99 � 14.99 � 423.78 78 329.75 16 893.66 95 223.41 0.1774 0.14698
�500 10 10 820 15.18 � 15.18 � 516.79 97 611.50 21 473.66 119 085.16 0.1803 0.14784
�600 12 12 984 15.15 � 15.15 � 622.34 116 908.71 25 932.32 142 841.03 0.1815 0.14818
�700 14 15 148 14.74 � 14.74 � 767.75 136 471.61 30 335.59 166 807.20 0.1819 0.14826
�800 16 17 312 15.00 � 15.00 � 848.02 156 005.93 34 798.57 190 804.50 0.1824 0.14852
�900 18 19 476 15.15 � 15.15 � 934.87 175 173.80 39 116.73 214 290.53 0.1825 0.14877
�1000 20 21 640 15.33 � 15.33 � 1027.98 196 888.51 44 695.93 241 584.45 0.1850 0.14903
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thicknesses at the laboratory scale and observed a similar trend
with regards to the impact of thickness to polymer density.

With respect to the effect of operating temperature, it is
found that for polymeric membrane >200 �A, specic volume at
higher operating temperature is depicted to demonstrate
a greater value consistently as compared to its counterpart at
a lower temperature, which has been explained through the
higher activation energy for expansion.81 As for ultrathin lm
<200 �A, the opposite trend has been observed, whereby the
specic volume is the highest at 298.15 K and progressively
decreases as the operating temperature is further increased.
The trend has been captured successfully by the empirical
equation. The observation can be rationalized through surface
effect with higher mobility at greater operating temperature,
which further enhances lost of free volume to the surface within
ultrathin PSF lms of small dimension. This surpasses the
effect of higher mobility to break attraction energy between the
PSF polymer atoms at thicker lms and higher operating
temperature. It is also found that the effect of temperature is
apparent within PSF ultrathin PSF lms <200 �A, whereby the
difference converges and then becomes progressively larger
when the thickness of the PSF lm is further enhanced. The
suggestion supports the proposal that higher mobility of free
volume to escape to the lm surface and highmobility to escape
the attractive force between polymeric atoms are two competi-
tive effects at varying operating temperatures, whereby the
32380 | RSC Adv., 2020, 10, 32370–32392
former is dominant within smaller structure, becomes less
apparent when both competitive effects counteract each
another, and switch to dominancy of higher mobility for poly-
meric chains to overcome interaction between polymer chains
when the thickness is further increased.

3.3.1 Free volume. To investigate the effect of operating
temperature towards the free volume and cavity distribution,
the Connolly surface at another two distinct temperatures,
typically 318.15 K and 328.15 K, has been investigated as shown
in Tables 3 and 4 respectively. On the other hand, schematic
representation of a �500�A PSF lms at 308.15 K, 318.15 K and
328.15 K has been provided as reference in Fig. 4. From Tables 3
and 4, it is seen that the MS and Bondi free volume increases
with a remarkably similar trend with increment in the nite size
of the lms, which conrms that the phenomenon of dimin-
ishing densication effect at thicker structures persist under all
operating conditions. It is also found that the free volume at
higher operating temperature is consistently higher than its
counterpart simulated under lower surrounding temperature,
suggesting that polymeric chains are located at a long distance
apart from one another due to the higher activation energy to
overcome intrachain bonding as elaborated earlier. The obser-
vation has been reaffirmed in Fig. 4 with increment in blue to
a grey area, which corresponds to the free to occupied fraction.

Other than total free volume as a whole, it is also observed
from in Fig. 4 that the cavities at higher operating temperature
This journal is © The Royal Society of Chemistry 2020



Fig. 4 2 dimensional views for simulation cells of PSFmembranes (�500 Å) with free volume of (a) 308.15 K (b) 318.15 K and (c) 328.15 K, the grey
indicates the occupied region of polymeric chains while the blue characterizes those of the free space, “In-Cell” view of Materials Studio has been
provided, whereby atoms in the cell are displayed (rather than images in other neighbouring cells), with the simulation box corresponding to
periodic boundary conditions in both the x and y directions, while z-direction characterizes thickness of the polymeric film.

Table 5 Free volume characteristic of simulated polysulfone membranes with different thicknesses at 308.15 K and 30 bars

Thickness
(Å)

Number of PSF
chains

Number of
atoms

Cell
dimensions (Å3)

Occupied
volume, vo (Å

3)
Free
volume, vf (Å

3)
Total
volume, vg (Å

3)
FFV
(MS)

FFV
(Bondi's)

�100 2 2164 16.02 � 16.02 � 91.27 20 066.99 3356.58 23 423.57 0.1433 0.13360
�200 4 4328 14.89 � 14.89 � 202.94 37 793.10 7201.16 44 994.25 0.1600 0.14049
�300 6 6492 15.72 � 15.72 � 287.31 59 239.82 11 759.77 70 999.59 0.1656 0.14208
�400 8 8656 14.99 � 14.99 � 422.13 78 809.60 16 043.05 94 852.65 0.1691 0.14355
�500 10 10 820 15.17 � 15.17 � 515.22 98 409.40 20 157.61 118 567.01 0.1700 0.14404
�600 12 12 984 15.14 � 15.14 � 620.42 117 972.34 24 240.08 142 212.42 0.1704 0.14439
�700 14 15 148 14.73 � 14.73 � 765.96 137 711.71 28 480.85 166 192.56 0.1714 0.14484
�800 16 17 312 14.98 � 14.98 � 847.01 157 358.76 32 710.62 190 069.38 0.1721 0.14504
�900 18 19 476 15.13 � 15.13 � 932.93 176 772.02 36 791.42 213 563.44 0.1723 0.14514
�1000 20 21 640 15.31 � 15.31 � 1026.28 198 943.74 41 612.29 240 556.03 0.1730 0.14540
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are more continuous and bigger in sizes. Consistently, from
Tables 3 and 4, merely the �100 �A PSF structure demonstrates
a decrement in FFVs (MS and Bondi's) with increment in
operating temperature due to dominancy of intrachain bonding
within the conned structure.

Alternatively, the effect of operating pressure to relaxation
behaviour of polymeric chains has been investigated through
the employment of the same Connolly surface assembly, with
the computed data for 30 bars and 50 bars tabulated in Tables 5
and 6 respectively. In addition, the 2-dimensions view of
a �500�A ultrathin PSF lms at different operating pressures of
2 bars, 30 bars and 50 bars has been provided in Fig. 5. It is
found that the free volume decreases with increment in oper-
ating pressure since the polymeric chains are located within
closer proximity when exposed to compression. The difference
This journal is © The Royal Society of Chemistry 2020
is exceptionally perceptible within the thinner structure, which
has been attributed to enhanced connement when the inter-
facial region is closer and occupies a larger fraction of the
ultrathin lm. Viewing from the aspect of the effect of operating
pressure to cavity sizes and distribution within PSF ultrathin
lms as demonstrated in Fig. 5, it is decreasing regardless of
being the ratio of blue to grey ratio or size and continuity of
cavities. The closer vicinity among polymeric chains forms
smaller void channels in between them.
3.4 Gas transport properties

The gas transport properties of O2 and N2 have been simulated
for �500�A PSF ultrathin lm at varying operating temperature
and pressure, which is consisted of gas diffusivity, gas
RSC Adv., 2020, 10, 32370–32392 | 32381



Table 6 Free volume characteristic of simulated polysulfone membranes with different thicknesses at 308.15 K and 50 bars

Thickness
(Å)

Number of
PSF chains

Number of
atoms

Cell
dimensions (Å3)

Occupied
volume, vo (Å

3)
Free
volume, vf (Å

3)
Total
volume, vg (Å

3)
FFV
(MS)

FFV
(Bondi's)

�100 2 2164 16.01 � 16.01 � 90.88 20 197.51 3096.86 23 294.37 0.1329 0.12887
�200 4 4328 14.89 � 14.89 � 202.56 37 966.52 6943.48 44 910.00 0.1546 0.13877
�300 6 6492 15.71 � 15.71 � 287.09 59 450.95 11 404.04 70 854.99 0.1609 0.14079
�400 8 8656 14.96 � 14.96 � 422.83 79 085.97 15 544.06 94 630.03 0.1643 0.14193
�500 10 10 820 15.16 � 15.16 � 514.91 98 613.95 19 725.55 118 339.50 0.1667 0.14276
�600 12 12 984 15.13 � 15.13 � 620.19 118 097.68 23 874.29 141 971.97 0.1682 0.14328
�700 14 15 148 14.72 � 14.72 � 765.47 137 853.03 28 007.78 165 860.81 0.1689 0.14356
�800 16 17 312 14.97 � 14.97 � 846.64 157 588.60 32 141.94 189 730.54 0.1694 0.14381
�900 18 19 476 15.12 � 15.12 � 932.69 177 008.07 36 218.29 213 226.36 0.1699 0.14402
�1000 20 21 640 15.31 � 15.31 � 1025.89 199 515.64 40 948.97 240 464.62 0.1703 0.14429

Fig. 5 2 dimensional views for simulation cells of PSF membranes (�500 Å) with free volume of (a) 2 bars (b) 30 bars and (c) 50 bars, the grey
indicates the occupied region of polymeric chains while the blue characterizes those of the free space, “In-Cell” view of Materials Studio has been
provided, whereby atoms in the cell are displayed (rather than images in other neighbouring cells), with the simulation box corresponding to
periodic boundary conditions in both the x and y directions, while z direction characterizes thickness of the polymeric film.
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solubility, gas permeance and O2/N2 gas selectivity. The gas
transport properties are discussed in this section.

3.4.1 Gas diffusivity. Diffusivity of O2 and N2 has been
investigated by simulating and tracking the trajectory of the gas
molecules under varying operating temperatures and pressures.
Diffusion coefficient of the �500�A PSF ultrathin lm at varying
operating temperature and pressure has been simulated and
tabulated in Fig. 6. In this work, an average of the calculated
diffusivity of each gas molecule is considered as diffusion
coefficient of the studied system in order to increase statistical
certainty of the collected simulation data. Error bar has been
provided in Fig. 6 to demonstrate reproducibility of the diffu-
sivity data collected from different gas molecules. Simulated
diffusivity data of the PSF lm for oxygen and nitrogen have
been summarized in Tables S.2 and S.3 of ESI,† respectively. On
32382 | RSC Adv., 2020, 10, 32370–32392
the other hand, the surface plot represents an empirical equa-
tion based upon expression (18) with the incorporation of the
effect of operating temperature and pressure, while tted
physical parameters are summarized in Table 7. It is found that
the empirical equation is able to provide a good quantitative
characterization of the diffusivity behaviour under varying
operating conditions with a determination coefficient of mini-
mally 0.99 for gas O2 and N2.

Based on the physical parameters summarized in Table 7,
the effect of thickness upon connement towards the gas
diffusivity under different operating temperatures and pres-
sures has been elucidated in Fig. 7 and S.3 given in ESI,†
respectively for O2 and N2. It is found that the gas diffusivity
increases with increment in lm thickness attributed to incre-
ment in void space that forms pathways for the trajectory of gas
This journal is © The Royal Society of Chemistry 2020



Fig. 6 Diffusivity of �500�A ultrathin PSF films under varying operating temperature and pressure for (a) oxygen (R2 ¼ 0.9940) and (b) nitrogen
(R2 ¼ 0.9986), surface plot characterizes empirical equation based upon expression (18) with fitted parameters in Table 7.

Paper RSC Advances
molecules. Consistently, the gas diffusivity decreases with
increment in operating pressure for all lm thickness and
operating temperature, which has been rationalized through
compaction of void spaces at higher pressure, further reducing
the free vicinity for movement of gas molecules.82 The obser-
vation is consistent with published literature that reported
a decrement in diffusivity when operating pressure is increased
for non-plasticizing gas molecules.82 It is found that for lower
operating pressure, the gas diffusivity is consistently higher at
This journal is © The Royal Society of Chemistry 2020
greater operating temperature, which has been realized through
the availability of bigger void channels and intensication of
gas molecules mobility when molecules exhibit higher activa-
tion energy for diffusional jump.83

Nonetheless, it is also found that the reduction in gas
diffusivity attributed to compression of pressure is more
apparent under higher operating temperature, typically at a lm
of smaller dimension. This indicates that the gas diffusivities
span a wider range under higher operating temperature, which
RSC Adv., 2020, 10, 32370–32392 | 32383



Table 7 Values of constants determined from curve fitting with revised Doolittle-thickness empirical equation with the incorporation of
operating conditions effect (eqn (18))

Gas

Parameter of revised Doolittle-thickness model

b0 (ps) T0 (K) s0 (ps) 4

fPðTÞ
gT ðPÞ

1

SN Ai0 (�10�8 cm2 s�1) DHA (J mol�1) Bi

O2 5760 209 70 2.32 11 1.7309 � 106 1.6374 � 104 0.9483
N2 3.2850 � 106 1.9370 � 104 1.0705

Fig. 7 Effect of thickness upon confinement towards O2 diffusivity under varying operating pressures of (a) 298.15 K (b) 308.15 K (c) 318.15 K and
(d) 328.15 K.
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Fig. 8 Solubility of�500�A ultrathin PSF films under varying operating temperature and pressure for (a) oxygen (R2¼ 0.9929) and (b) nitrogen (R2

¼ 0.9978), surface plot characterizes empirical equation based upon expression (19) with fitted parameters in Table 8.

Table 8 Values of physical parameters for solubility-thickness empirical equation with incorporation of effect of operating conditions in eqn (19)

Gas

Parameter of revised solubility-thickness model

b0 (ps) T0 (K) s0 (ps) 4

fPðTÞ
gT ðPÞ

1

SN kDi0 (cm
3 (STP) cm�3 atm�1) DHk (J mol�1) bi0 (atm

�1) DHb (J mol�1)

O2 5760 209 70 2.32 11 6.7431 � 10�6 2.5496 � 104 1.2845 � 10�3 7.1175 � 103

N2 9.8052 � 10�5 1.4143 � 104 3.5457 � 10�4 1.0587 � 104

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 32370–32392 | 32385
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is evident in Fig. 7 for O2. The simulation for N2 diffusivity has
been provided in Fig. S.3 in the ESI† since they have demon-
strated similar behaviour with regards to lm specication,
operating temperature and pressure. For example, in a poly-
meric lm of �100 �A under 50 bar pressure, the gas diffusivity
under an operating temperature of 328.15 K is the lowest in
comparison to its counterpart at smaller operating temperature.
The observation proposes that higher operating temperature
enhances the relaxation during compaction of polymeric chains
at higher operating pressure, further enhancing agglomeration
of polymeric chains into a structure with smaller void channels
and thereby causing a reduction in gas diffusivity.
Fig. 9 Effect of thickness upon confinement towards O2 solubility under
(d) 328.15 K.

32386 | RSC Adv., 2020, 10, 32370–32392
3.4.2 Gas solubility. The solubility of gas molecules in
ultrathin PSF polymeric lms under varying operating condi-
tions has been studied and discussed in this section. Solubility
coefficient of the �500 �A PSF ultrathin polymeric membrane
lm at a wide range of simulated operating temperature and
pressure has been provided in Fig. 8. Under each operating
condition, the solubility coefficient has been determined from 3
GCMC runs using Sorption module. The average values of
solubility coefficient have been reported with error bars
provided in Fig. 8. The average solubility data for oxygen has
been provided in Table S.2† while nitrogen in Table S.3 in ESI.†
Similarly, the surface plot that describes the effect of operating
varying operating pressures of (a) 298.15 K (b) 308.15 K (c) 318.15 K and

This journal is © The Royal Society of Chemistry 2020
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temperature and pressure towards gas solubility based upon
empirical equation in (19) has been provided alongside the
simulated data in the gure. The model is found to give excel-
lent quantication (determination coefficient of 0.99) for the
gas solubility of O2 and N2 under a vast range of operating
parameters, suggesting its applicability for operating tempera-
ture and pressure of ultrathin lms. Fitted physical parameters
towards eqn (19) have been summarized in Table 8.

Based on physical parameters summarized in Table 8, the
effect of operating conditions to gas solubility has been
extended to ultrathin PSF membrane lms of varying thick-
nesses for O2 in Fig. 9, while solubility of N2 in Fig. S.4,†
respectively. It is found that gas solubility increases consistently
with increment in lm thickness and decrement in operating
pressure, which has been rationalized through the availability
of larger void channels that exist within the PSF ultrathin lm
when the effect of densication diminishes. The former has
been attributed to leveling off of connement within thicker
PSF lm while the latter is devoted to less compaction effect
when operating pressure is lowered.82 For the effect of operating
temperature, the gas solubility is found to be decreasing with
increment in operating temperature attributed to the affinity to
remain in a gaseous state. It is also found that the decrement in
gas solubility attributed to operating pressure is progressively
more perceptible under higher operating temperature, typically
for the lm of smaller dimension. The behaviour can be ratio-
nalized through the similar attribute observed in gas diffusivity,
whereby clustering of polymeric chains with stronger intrachain
Fig. 10 Model validation with experimental gas permeance data of oxyg
et al. (2003 & 2004)84,85 (>) at 303.15 K and 2 bars with non ideal (—) an

This journal is © The Royal Society of Chemistry 2020
bonding is further enhanced under the condition of smaller
polymeric lm, higher operating temperature and higher
operating pressure. The condition increases the hindrance for
gas molecules to interfere with the strong intrachain bonding in
the polymeric chains, which ultimately causes a low solubility
coefficient in a whole.

3.4.3 Gas permeance (empirical model validation). In order
to validate accuracy of gas permeance, eqn (20)–(22) as well as
the tted parameters summarized in Tables 7 and 8 has been
employed to interpolate gas transport properties under 303.15 K
and 2 bars, which are further validated with experimental
results by Ismail et al. (2003 & 2004).84,85 The model validation
result has been provided in Fig. 10.

In a similar manner, the prediction of interpolated gas per-
meance at 303.15 K and 2 bars for non ideal and ideal per-
meance with their computed MAPE has been incorporated in
Fig. 11 to demonstrate signicance of the connement effect
studied in this work. The permeance for ideal model has been
obtained by ignoring connement effect within ultrathin
membrane (l / N) in the permeability term as presented
through eqn (20)–(22). This reduces permeance to be merely
a function of operating temperature and pressure.

It can be seen that simulated gas permeance data is able to
give satisfactory accordance to the experimental data by Ismail
et al. (2003 & 2004)84,85 over a wide range of lm thickness, with
percentage error of approximately 18.2% for O2 gas molecules
using the non ideal simulation model. The error can be ratio-
nalized through formation of defects, which is typically
en gas for ultrathin PSF polymeric films of varying thicknesses by Ismail
d ideal (—) simulation predictions.

RSC Adv., 2020, 10, 32370–32392 | 32387



Fig. 11 Effect of thickness upon confinement towards O2 permeance under varying operating pressures of (a) 298.15 K (b) 308.15 K (c) 318.15 K
and (d) 328.15 K.
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encountered within ne membrane lm,86 such as non unifor-
mity or creation of holes that affect gas transport properties.
Nonetheless, the simulation model is able to provide good
qualitative behavior and quantitative representation character-
izing the effect of thickness through direct interpolation at
different operating temperature, which supports accuracy of the
developed empirical model deduced frommolecular simulation
work. The ideal simulation model gives greater percentage error
of approximately 44% for prediction of O2 gas permeance,
whereby the error is typically apparent within thinner ultrathin
polymeric lm. The higher percentage error at smaller dimen-
sion has been explained through the higher dominancy of
32388 | RSC Adv., 2020, 10, 32370–32392
connement effect when the thinner lm is created at thickness
far apart from the bulk structure. The lower percentage error of
non ideal permeance in comparison to the ideal value justies
the importance of incorporating the connement effect to
characterize the separation performance of ultrathin polymeric
lm.

The effect of thickness upon connement towards gas per-
meance of O2 and N2 has been computed based upon expres-
sions (20)–(22) and the tted parameters summarized in Tables
7 and 8 The computed gas permeance for O2 and N2 over a wide
range of operating temperature, operating pressure and lm
thickness have been tabulated in Fig. 11 and S.5,† respectively.
This journal is © The Royal Society of Chemistry 2020
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In an overall, the gas permeance of O2 molecule is higher than
N2 at all operating conditions and membrane specication
attributed to its smaller kinetic diameter and higher critical
temperature that enables ease of sorption and diffusion within
void spaces of the ultrathin PSF membrane lms.

Generally, it is seen that the gas permeance decreases with
increment in membrane thickness, which has been attributed
to increment in permeation resistance with the longer path of
transport. Nonetheless, it is found that beneath a certain
membrane thickness, typically at higher operating temperature
and pressure, the membrane permeance is found to be
increasing with lm specication before embarking to the
Fig. 12 Effect of thickness upon confinement towards O2/N2 ideal selec
318.15 K and (d) 328.15 K.

This journal is © The Royal Society of Chemistry 2020
normal region of decrement with membrane size. The behav-
iour has been attributed to enhanced densication in thinner
structure when the interfacial layer effect dominates, which
reduces the free channel for gas transport to an overall reduc-
tion in gas permeance in a whole. The observation of such
behaviour typically at higher temperature and pressure has
been rationalized through amplied agglomeration of poly-
meric chains when the surface effect is more pronounced at
enhanced operating parameters within ultrathin structure. The
transition from increment to decrement in gas permeance is
found to be shied towards higher lm thickness with oper-
ating temperature and pressure. This is attributed to higher
tivity under varying operating pressures of (a) 298.15 K (b) 308.15 K (c)

RSC Adv., 2020, 10, 32370–32392 | 32389
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dominancy of the densication effect at a higher operating
temperature that persists till thicker ultrathin PSF polymeric
lms.

As for the effect of operating temperature, it is found that the
greater operating temperature contributes to higher activation
energy that enables more diffusional jump within the structure
of higher void spaces, further enhancing the gas permeance.
The observation has been reported in the previously published
literatures that has observed increment in gas permeance with
operating temperature.87 In addition, it is found that the gas
permeance at higher operating temperature span wider values
over the range of membrane thickness attributed to the domi-
nancy of intrachain bonding at the smaller specication to
transition of dominancy of activation energy for a diffusional
jump when the membrane thickness increases that is typically
apparent when the operating temperature is increased. The
enhanced connement at higher operating temperature causes
gas permeance at a smaller thickness to be lower in comparison
to its counterpart typically at higher operating pressure condi-
tion. The observation can be explained through augmented
relaxation contributed by higher operating temperature, which
promotes the agglomeration of polymeric chains to form
structure of lower void space, especially at the condition of
higher operating pressure.

The higher pressure contributes to compaction that
enhances densication within ultrathin PSF lm, which
reduces the free channels for the permeability of gas molecules.
It is found that the decrement in gas permeance is more
prominent at higher operating temperature, which has been
rationalized through the higher energetic state for compaction
and clustering of polymeric chains with increment in operating
pressure, further contributing to formation of structure with
conned free spaces and ultimately an overall reduction in gas
permeance. In addition, it is found that the decrement in
membrane permeance with increment in operating pressure is
most pronounced at thinner polymeric membrane structure,
whereby the decrement among membrane permeance of
varying operating pressure gradually becomes less signicant
with increment in membrane thickness. The observation has
been explained through levelling off of densication effect
when membrane thickness increases, which serves operating
pressure to have a less apparent impact on the relaxation,
structure and gas transport properties of the thicker PSF ultra-
thin polymeric membrane.

3.4.4 Gas selectivity. In addition, the ideal membrane
selectivity of O2 versus N2, aid

O2=N2
, has been plotted in Fig. 12.

Generally, it is found that the membrane selectivity is the
highest at thinner polymeric membrane structure, whereby the
selectivity decreases when membrane thickness is further
increased. The observation has been attributed to smaller void
spaces in thinner polymeric membrane, which increases the
separating capability by allowing less N2 with a bigger size to
surpass the impediments for gas transport. In addition, it is
found that the selectivity also increases with operating pressure
but decreases with increment in operating temperature. The
behaviour has been rationalized through alteration in
membrane-free channel with the aforementioned operating
32390 | RSC Adv., 2020, 10, 32370–32392
condition, whereby it decreases with operating pressure and
increases with operating temperature, which subsequently
affects the separating ability in the same manner. It is found
that the effect of operating pressure on selectivity is more
apparent under the condition of lower operating temperature,
whereby the difference becomes less signicant when the
temperature is increased. The condition has been attributed to
the reason that the membrane reaches a threshold of low
selectivity with increment in operating temperature when void
spaces becomes sufficiently big for passage of both O2 and N2.
Thereby, increment in operating pressure has less impact on
improvement to the membrane selectivity.

4. Conclusion

A So Conning Methodology for Ultrathin Film (SCMUF) has
been conducted in Materials Studio 8.0 soware to incorporate
the non-ideal connement encountered in ultrathin lm at
varying operating temperatures and pressures. The specic
volume and free volume have been simulated to elucidate the
nature of thickness-dependent connement towards charac-
teristic and relaxation of polymeric membranes at varying
operating conditions. At higher operating temperature, there
exists higher activation energy for mobility to overcome intra-
chain bonding between polymeric chains, further contributing
to nal structure that exhibits lower structural density, higher
free volume and greater cavity sizes. Only with the exception at
a low lm thickness of �100 �A, an opposite observation has
been found since intrachain attractive forces are the dominant
factor under such circumstance. For the effect of operating
pressure, it is found that the compression at higher pressure
causes enhanced connement within the ultrathin lm, which
results in higher density, lower free volume fraction and smaller
cavity sizes. Close compliance between simulated data with real
experimental observation and intuitive elucidation that
describes the impact of thickness to behavior of ultrathin
polymeric lms under varying operating temperatures and
pressures have been obtained. This supports that the molecular
simulation methodology is of sufficient reliability, which can be
subsequently applied to study the interaction between the
ultrathin membrane and gas penetrants to capture the
connement phenomenon towards gas transport behaviour.

With regards to operating temperature effect, despite lower
solubility at higher operating temperature, which has been
attributed to greater affinity to maintain in the gaseous state,
the increment in void spaces coupled with higher energy state
for gas mobility and diffusional jump contributes to increment
in diffusivity and ultimately the gas permeance. Only the gas
transport properties at smaller thickness are lower at higher
operating temperature attributed to conned free volume when
intrachain bonding plays a more dominant role within the
ultrathin lm. With regards to the operating pressure, the
diffusivity, solubility and permeability properties of gas pene-
trants reduces with increment in operating pressure, which can
be correlated with the decrement in free channels for gas
transport. Our previous empirical models that are limited to
describe thickness dependent connement have been revised to
This journal is © The Royal Society of Chemistry 2020
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accommodate the effect of operating temperature and pressure,
which is found to be in good compliance with the simulated
data. In addition, applicability of the improved empirical model
has been validated through satisfactory agreement between
interpolated predictions and published experimental results.
The success in using molecular simulation to collect physical
and gas transport property data has the potential to shed light
on how computational tools can be used to circumvent limita-
tion in experimental scale instrument. The developed empirical
model can be used to optimize separation performance for
specic membrane gas separation using multi-scale simulation
via integration in macroscale membrane models within indus-
trial process simulator.

Conflicts of interest

There are no conicts of interest to declare.

Acknowledgements

This work is done with the nancial support from Universiti
Teknologi PETRONAS.

References

1 P. Baskar and A. Senthilkumar, Eng. Sci. Technol. Int. J., 2016,
19, 438–443.

2 R. S. Murali, T. Sankarshana and S. Sridhar, Sep. Purif. Rev.,
2013, 42, 130–186.

3 J. Fischer and L. J. Burnett, Membrane oxygen enrichment cost
and application evaluation, California, 1979.

4 S. S. M. Lock, K. K. Lau, A. M. Shariff, Y. F. Yeong, Z. H. Ban
and W. H. Tay, J. Chem. Technol. Biotechnol., 2019, 94, 2844–
2868.

5 H. Lin, M. Zhou, J. Ly, J. Vu, J. G. Wijmans, T. C. Merkel,
J. Jin, A. Haldeman, E. H. Wagener and D. Rue, Ind. Eng.
Chem. Res., 2013, 52, 10820–10834.

6 R. W. Baker, Ind. Eng. Chem. Res., 2002, 41, 1393–1411.
7 X.-Y. Zhang and Y.-H. Ding, RSC Adv., 2014, 4, 44214–44222.
8 L. Singh, P. J. Ludovice and C. L. Henderson, Thin Solid
Films, 2004, 449, 231–241.

9 D. Wang, Z. Wang, L. Wang, L. Hu and J. Jin,Nanoscale, 2015,
7, 17649–17652.

10 S. M. Kozlov, I. Demiroglu, K. M. Neyman and S. T. Bromley,
Nanoscale, 2015, 7, 4361–4366.

11 C. Mottet, in Mechanical Stress on the Nanoscale: Simulation,
Material Systems and Characterization Techniques, ed. M.
Hanbücken, P. Müller and R. B. Wehrspohn, Wiley-VCH
Verlag GmbH & Co. KGaA, 2011.

12 R. Lu, Z. Meng, D. Rao, Y. Wang, Q. Shi, Y. Zhang, E. Kan,
C. Xiao and K. Deng, Nanoscale, 2014, 6, 9960–9964.

13 J. A. Forrest, K. Dalnoki-Veress, J. R. Stevens and
J. R. Dutcher, Phys. Rev. Lett., 1996, 77, 2002–2005.

14 K. Binder, A. Milchev and J. Baschnagel, Annu. Rev. Mater.
Sci., 1996, 26, 107–134.

15 J. Baschnagel, C. Mischler and K. Binder, J. Phys., 2000, 10,
Pr7-9–Pr7-14.
This journal is © The Royal Society of Chemistry 2020
16 C. Mischler, J. Baschnagel, S. Dasgupta and K. Binder,
Polymer, 2002, 43, 467–476.

17 J. A. Torres, P. F. Nealey and J. J. de Pablo, Phys. Rev. Lett.,
2000, 85, 3221–3224.

18 H. Liu, Y. Li, W. E. Krause, O. J. Rojas and M. A. Pasquinelli,
J. Phys. Chem. B, 2012, 116, 1570–1578.

19 Y. Nie, Z. Zhou, T. Hao, X. Ye andW. Yang,Macromol. Theory
Simul., 2016, 25, 187–195.

20 H. Frentrup, K. E. Hart, C. M. Colina and E. A. Müller,
Membranes, 2015, 5, 99–119.

21 A. Ozcan, C. Perego, M. Salvalaglio, M. Parrinello and
O. Yazaydin, Chem. Sci., 2017, 8, 3858–3865.

22 M. Tong, Q. Yang, Q. Ma, D. Liu and C. Zhong, J. Mater.
Chem. A, 2016, 4, 124–131.

23 A. Ozcan, C. Perego, M. Salvalaglio, M. Parrinello and
O. Yazaydin, Chem. Sci., 2017, 8, 3858–3865.

24 J. Liu, Q. Xu and J. Jiang, J. Membr. Sci., 2019, 573, 639–646.
25 S. S. M. Lock, K. K. Lau, A. M. Shariff, Y. F. Yeong and

A. M. Bustam, RSC Adv., 2017, 7, 44376–44393.
26 S. S. M. Lock, K. K. Lau, A. M. Shariff, Y. F. Yeong and

M. A. Bustam, J. Polym. Sci., Part B: Polym. Phys., 2018, 56,
131–158.

27 S. S. M. Lock, K. K. Lau, A. M. Shariff and Y. F. Yeong, J.
Cleaner Prod., 2017, 162, 914–937.

28 A. Jamil, O. P. Ching and A. M. Shariff, Chem. Eng. Technol.,
2016, 39, 1393–1405.
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