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Elend membranss were prepared bazed on sulfonated poly (ether ether ketone) (SPEEED) and poly {etherimide)
(PEI} using different amounts of multi-wall carbon nanotubes (MWCHTE]) {up to 2 wils). PEEE has bean sulfo-
nated direcdy to reach 70 % degree of sulfonation. The manufactured membranes were examined by N-ray
diffraction (XBI¥), zcanning field emission elecoron microzeopy (FESEM), Pourier oansformed infrared spec-
mogoopy (FTIR)L The effect of the compositdon of SPEEK / PEI on membrane selectivity was investigated under
different feed pressuras (2 to 8 bar) and temperamras (25 o 55 “C) The values of selectivity and gar permeabilicy
weere varied between the valee of the individual polymers, flucmating systematically with SPEEE / PEI content
variation in the blends. TGA and tensile tests result obmined for prepared membranes shown that the hybeid
membrans had good thermal and mechanical properties. The addition of MWCKNTz to the blend led to simal-
tanecusly improve the selectivity and permezbility of the pair gases of C0: and CHs. The permeability of 00, a2
woell as CH,/C0y selectivity for the membrane with the zame weight of SPEEE and PEI, and 1 wtds of MWCNTs
(coded SPRSML) experienced an increasza of about 22 4 compared with the neat membrane. Molecular dynamics
simmlations (MDE) were parformed by employing the COMPASS force fleld to estimate the diffusivity of CH, and
CiDg gzesz through selected membranss. At last, with compared to the cbtained experimetal data, the optimized
nanocomposite membrane, ntegrated with MWCKT: was efficient, which makes it promizing platform to
separate mixed gase flows of 00y and CH, and other related environmental processes.

1. Introduction conzidered a competitive alternative to conventional technologizs of

sbzorption, meluding amine scrubbing (Fochells, 20097 due to its zim-

The separation of gazes by the membrane i= 2 vital umt operstion in
several mdustrial processes and 1= attractmy momentum m o the
mproverment of natural gas (Koros snd Flemng, 1993, the removal of
carbon dicade from combustion gases (Powell and Chso, 2008), the
purification of biogas (Ba=zu ot =, 2010), and landfill gas treatment.
Natursl gas sources with greater CO. concentrations are being explored,
a5 low CO5 natural gas sources sre hmited and nearly exhsusted. CO-
decreases the calonific value of methane gss streams and results
corrosion of equipment snd pipeline (Bhide et 2, 1968); hence COz
removal from natural gas 12 crueizl before uss.

Emploving  polymer-based muembranes for C0; separation 1=

ple design {which may be easily scaled up), higher energy efficiency, and
the hizh surface-to-volume ratio (Simons, 20700,

In order to achieve the favorsble strength and durabilitvy of the
membrane, the polymers utilized for preparing the membranss must
have the following requirements: proper chemiczal and thermal rezis-
tanes, ‘good mechamical properties, resistsnce to plasticization and
tolerance to physical aging (Fowell and Oiso, 2006; Haroon =t al |
2017}, Improving the efficiency of polymer membranes with high
selectivity and permeability 1= one of the essential concerns of re-
searchers (Akbanan =t al | 2012} Mhach research has been carnied out to
enhance gas selectivity and permeability of polymer membranes, with
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an emphsasiz on the relattonship betwesn polymer backbone structure
and gas separabion properbes (Tamyyl and Amen, 2017; Zare et gl
20210 The gas permeation properties of glass polymers are highly
zensitive to the repeating unit's chemieal structure (Matteucer ot =l
2006}, and their chams have linted mobility belowy the tranmifion
temperature of the glass. It has been stated that Imeresssd stiffness of the
spine muproves selectivity by aiding in geses’ molecular sieving with
zimilar solubility cosfficiants (Fos= =t =1 2015). However, it alzo l=ads
to permezkbality reduction. The majonty of the polymers studied tend to
show the genersl tendeney that greatly permeabls polvmers have quite
low selectivity and wvice versa, which 1z known a5 the poomeabilitys
zelechivity compenzation ratio {Robeson, 2008; Robeson, 1991). The
most investgated polymeer clazs for ga= separabon membrane material=
are PEI and poly (ether ether ketone) (PEEE) (Al=nttev =t al | 20007, FEI
and PEEK ars recogmized for high mechamcal and thermal stability.

PEI iz = umque thermoplastic polymer that has been dezigned te
overcome problems of polvimides, including difficulty in shapme or
proceszing. The addition of an ether group to the polvinude backbone
lrads to mprove the thermal and mechanical properiizs. In addition, the
cozt of PEI 15 low 1n companzon with other polymers. PEL like other
polymers, suffers from the trades-off betwesn selechvity and perme-
ability. In order to zolve thiz problem, fillers should be added dunng the
membrans preparation to form a mixed matrix membrane (MMM}, Such
fill=rs prowide voids through the polymer to mmprove gas trensport
property (Algshesm and Alomaiy, 2010; Fhang =t 21, 2015; Goh =t al |
2011; Harcon and Jamjua, 2022).

FEEE iz & polymer with promising gas separatlon properiies; i1z a
modified amorphows PEEK [Jansen ot al | 2005). It has been reported
that sulforic groups in membrane meterials are sffective In mereazsimg
the separation performanes of the membrane (Fhan ot 21 2012; Lo
et al | 2002 Seoane et al | 2013

The mmcorporstion of incrgamc fllers into the polymer mstrx te
achizve & hybrid polyvmer-inorganic membrane has developed =n =ff5-
cient and eazy method to intervenes m the compaction of the polymer
chain and mmprove the characteristics of free volume, particularly when
the size of the filler 1= close to the polymer chain paclang's cheractenshe
zize (Thamg &t al | 2008; Kim and Marand, 2008; Matteues =t al | 2003;
Chong Lua snd Shen, 201 3; Bamezan Sered Acheaf Jampoa et al | 2011}
Therefore, varpus types of fillers such a=s S0, (Ahmedizadezan and
Esmarelezadeh, 2019 Mehboob et 2l |, 2022), mets]l ‘ocade {Thebo ot sl |
2018; Khan et al, 2019; Janjua =t al | 2030}, alurmina (Amen =t =]
2015}, clay {lzmal et 2l |, 201 9), seolite (Zarshenas et sl 2016}, carbon
moleenlar seve (Fhen et =l |, 2019; Hu et al, 201 9; Janjos ot =l | 2027),
and MWCNTs (Aziz et 5l 2017 ) were utilized Among them MWCNTE
have arcussd considersble ressarch mterest (Xue st =l | 2017; Shomeh
and Amen, 201 7; Salahchim Jevanmerdi snd Amers, 2020; Janjua et =l
2023) due to their excellent mechsnical properties and porous structure.
When MWOCNTs mitegrated mto the polymer matrix, the robust inter-
action between the polymer chams and the MWCNT: can promote the
polymer chains packing and conmiderably mmprove the diffumon
behavior of the gases [Izmsil =t gl | 2009,

In the prezent study, PEI and SPEEK were uzed a= a polymer matrx,
and MWCNT was used as fller to prepare gas separation mixed matrix
membranes. The morphology of the membrane and the structare of the
polymer were descnbed and the CO; / CH4 separsfion performances
were explored. Purthermore, = molecular dynamics simulation was
accomplizhed to caleulate diffusion coefficient values in additon to the
selectivity of the gases and in companszon them to experimental records.

2. Experimental
2 1. Materials
PEEK {Molecular weight of 20,200) and PEI (Molecular weight of

35,000) were purchased from Sigms-Aldrich. N-methyl-2-pyrolidinons
[MMF), sulforuc aoid, and mitric acid were utihized az solvents, and
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obtained from Merck. CHy and CO0- gases with 99.990 % punty were
obtained from Foham Gas Company, Iran.

MWCNTz with 53-10 mm mean mternal diameter wers used as
nanofillers and wers obtained from Tecnan (Spain). Raw MWCNTE
matenals were punfied using a 3:1 blend of H,50 4 (92 vol26) and HNO;
(70 vol24) to form open-ended MWCNTs. The blend was shrred at 20 "C
for 4 h, then nnsed with delomized water. The punficstion method's
detailz hawve been provided elsewhers (Shamel and Amen 2017; Sal-
ahehin Javeanrmsedy and Amen, 2020: Ismal ot al |, 2000; Rao ot al |
2008).

22 FPolymer sulforanon

The PEEK sulfonstion procedures were similar to those previously
reported (Li et sl |, 2003; Hoang ot al | 2001 ; Jasfer et 2l 2007) At 100"
Cin 2 vacuum oven [ Memmert, Germany], it was dried overnmight. PEEK
was sulfonated wsing & sulfonating acidic solvent to produce an 1om-
containing polymer with S0z groups. In the present study, the SPEEE
soluton was prepared by muxing PEEK (4.5 g} concentrated Hz50: {100
mL]. After complets dizzolution of the PEEE, we conirolled the tem-
parature at 30 “C | 2 °C and stirred vigorously for 16 h before pouring
the acidic solution into a larees excess ice-water to precipitate the SPEEE.
Then the precipitate rinsed using distilled water to reach a pH close to 7.
In order to obizain the complete removel of the residus] water, SPEEE
waz dried at 707 C in an oven (Shimaz Co., Iran) for 2t least 42 h before
being ready for use (Fig. 1), The degree of sulfonation of SPEEE was
found to be 72 % by tiiration techmique (Xin ot al, 2014).

2.3, Preparation of membranes

At first, in order to remove motstore from the PEI and SPEEE, 1t was
placed =t 80 *C for 6 b in 2 vacuum oven. The zolution casting method
waz used to prepare the membranes

In order to prepare the pure membranes, the polymer solutions of FEI
or SPEEK were prepared at 3 witt concentrations mn NMP with stiming st
&0 "C for & h. Each =zolution was filtered through a steel filter to abtaina
homozeneous and clesr solution, then poursd into 5 Teflon Pty plate,
znd placed st 30 °Cm an oven for 24 b Lastly, the membrane film was
removed from the Petri dizh and dried it further for 5h et 50 "C in the
vacuum oven for removal of residual sclvent m the structurs (Min and
Fim, 20100

In arder to prepare the blend membranss (SPS2, SF55, SP23),
different compositions of PEI and SPEEK polymers consisting of 20/80,
50,50, and 30/20 wilh were separately added mto the NMP =zclution
with 3 wi2é concentration. Then the similar procedurs prezented for the
purs membrane preperation mentionesd n above section was repeated.

In order to prepare the nane composite membranes, the MWCNT:
were dizpersed 1 NMP at the weight concentrations of 0.5, 1, and 2 %,
followed b 3 h of somication (meodel VCLEAN]-L] 3 made by Backer Co.
{=nd a vigorous stirring for an one hour. Next, the polymer/polymers
with 3 wit% concentrsfion {respected to the NMP sclution] were added
to the MWCNT: muxture. After agitabon the mixture for 8 h =t 60 °C, it
poursd into & Teflon Petn plate, and placed at 50 °C in an oven for 24 h
Lastly, the membrans film was removed from the Petn dish and dred it
further for 5 b st 50 °C in the vecuum oven for removsl of residual
zolvent m the soucture. These prepared membranes are coded and
presented an Table 1.

2.4 Orthogonal matrix and experimental perameters

In thas study, the orthogonal design was used, a= 1t was found to be
the most operstional method for studies with several variables two
recognize which varizbles influsnce the obhjective =xperience the most.
In order to achieve the objechve, in the current work, the orthogonal
matrix 120 of the Tagucht method has been taken. Tabls | presents the
varnables and thewr levels for the L20 orthogonal matnx plans.
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Sulfur
@= Oxygen
= carbon

Hydrogen

Sulfonation
Concentrated st"':)‘I
16 Hours

Flg. 1. Sulfonzted poly (ether ether ketone)} [SPEEK] synthesis.

Table 1
Coded membranes according to the experimental mathod of Taguchi

Sample SPEEE FEL MWCINT= Premure Temperadurs
code vt [widt)  (vet36) b’ [ +]
SPEEE 100 a [ 2 25
S3n0.5 100 a 05 4 35
SNl 100 (K] 1 e 45
E3hi2 100 a 2 E 35
SPBZ &0 20 1] 4 45
SPEEMD.5 &0 20 0.3 2 35
SPEENIL E0 20 1 B Pl
SPEENIZ a0 20 '] 6 33
SP55 a0 50 [i] & 35
SPSSM0.5 50 50 0.3 5 45
SPSSMI 30 5 1 2 35
SPS5M2 30 50 2 4 as
SP26 20 B 1] B 35
SP2EMD.S 20 BED 0.5 & Pl
SP2ENI a0 B 1 4 33
SP2ENI2 20 BED 2 2 45
FEI 1] 10 a0 2 5
P30S 0 i) 05 4 35
P L} 100 1 & 45
P32 L] 100 z B 35

The key ztep m thizs method 1= the zslection of parameters for
obtaining relizsble and aceurate resulis. The peresntaze of seed suspen-
zion for sowing media, MWCNT: content, pressure snd temperature
were four chisf factors selected on the basis of previous studies focusad
on prepanng the best membrane regarding the gaz z=parstion perfor-
manes. In order to validats the results and remove the =ffzct of each
wariable, four levelz were chozen for =ach of them by performing 20
experimental tests, 25 presented in Table 1.

2.5 GCharocterization
FTIR spectra were gathered uming an AVATAR FTIR zpecirometer

[Thermo, USA) within 4004000 cm " rangs for functonal groups
enalysiz and determunation of the changes of the chemiczl compozitions

of the polymer made when dissolved in wvarious zclvents. The
morphology of the prepared membranes was studied with a field emis-
sion scanning =lectron mucroscope (FESEM) mstrument (MIRAZ-TES-
CAN). In order to cbtain an obvious view of the cross-sections of the
membranes, the zamples were crvogemeslly fractured m iquid nutrogen
and then vacuumed coated with Au. Aleo, XRD snalysiz was dones uzmg
¥-ray diffrection; Philips PW1730 diffractometer (Metherlands) with
CuKa X-ray radistion in 5-80 range to assesz the membranes” crystsl-
bty The mechanical properties of rectangular membranes (50 = 10
mm)} were determined using a tensile testing machine (Santam STM-50,
Iran) with 20 N load cell and a crosshead speed of 1 mmy/mun at room
temperature (23 + 2 "C). For reproducibility, st least three specimens
were tested for each zample, and the results were aversged. The ther-
mogravimetric anslyziz (TGA) was carmied out using a TA instrument
(TGA 8DT Q&00, UsA).Samples wers heated In argon from 20 °C o
800 "C st 2 ramp of 10 "C/min. TGA anslyziz was performed to deter-
mine thermal stability and the amount of zolvent remained in membrane
zamples.

26 Testz of go= permeation

The expennments of permeation of purs gases of CHy and CO; through
the prepared membranes wers carried out using the constant pressure
variable vohome meathod. Befors the permeation test, the membranes
waz placed In a vecuum oven to remove any adsorbed water. The
operating conditions of these experiments were adjusted to different
temperatures (25, 35, 45, =nd 55 C) and different pressures (2, 4, 6_and
8 bar}. The volumetrie flov: rate of the pameate zas was messured with
a flowmeter of bubbles illustrated schematically in Fiz. 2. After reaching
the equilibrivm state (] h), the permeability values of the two gases
through membranes were determmned according to the BEqg. (1) {Mshdsw
et-al , 209 7):
dasi o=l

Al — i)

In which P iz the parmeability expressed in barrer [1 barrer — 1077

e (5TF) cm am 2z ! cmHz }; ) represents the permeate gas’s fow

(1)
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Flg. 2. Schematic view of the gas separation test’s experimentzl zamip.

rate paszing through the membrans {om®: 1) py and po are feed zide
and pormeate side’s absclute pressures (cmBg), respectively; and A
represents the effective area of the membrane (cm®). In order to mini-
mize possible srvors in the performed experiments, thres membranes of
rach sample were examined, and the mean permeabality values were
reported.

In order to caleulate the idesl selectivity (0a5) of the membranes,
the permieshility for two shrdied gases (Pi and Pg) were used in Eq. (2}
(Flacommeche et sl 2001):

Py

=-= (%
i Pa (2}

2.7, Molecular dynamie sumulaton

Molecular dymamies 15 8 techmique for observing atomic and mo-
lecular mobility at the macroscale (Al et al | 2023). Newton's formula 1=
one of the mathematical models that may be addreszed using MD for the
microscopic movernents of systems having W myvelvng atoms (Ebads-
Dehaghsm =t 2l | 2015).

Fr;
m = = F (3)

Eg. (2} states that the forces (F) are squrvalent to the potential
function (Viin winch r; and t stand for the center-of-masz position
wector related to penetrant 1 and the time, respectively.

v

e (4)

Whetreas thess equations sre being computed, the temperature and
pressure should be maintzmed st prescribed lewels. Each outpur £il='s
coordinstes are caleulsted st regular inbermizsions of a predetermined
length. The path that the system i going to take ezn be deduced from
these coordinates as & function of time. The system undergoes a change
in the stert whils eventuslly arnving at a state of equilibrium, and the
mzjonty of the system’s macroscopie festures, ncluding diffusion, can
be understood by taling an aversge throughout the tme period of an
equilibrivm trajectory (Ebadi-Dehaghsm ot sl | 2015). Caleulating the
diffizzivity of gases via organic solvents and polymers can be done with
the too molecular dynamies simmlstion by providing the mean square
displacement (MSD) for the corresponding gas with mn polymer matrix.
the diffusion coefficient can be detzrmined using the best fitted linear
curve of MDS time graph regarding to the Einstsin squstion (Ebad:-
Dehagham et sl 2015).

- #ﬁmhw% (2:_“[-,{:} — #i{0) |1) (s}

in which (|r{t)-+(0}|) zignifies the movement of pervading gases away
from their initial locations. The diffusion coefficient, denoted by D, can
bz calculzted by locking at the slope of the plot that chows the MSD
bemg plotted versus bime, £

271 Moleculor dynamic simulaton methodology

The rate of diffusion of CHy and CO+ gases in the nanocomposites
[MiCs) was determined constructing an smorphous eell contaming exther
C05 or CHy slemg with the NCz/blend. Following the completion of the
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cell's construction, & molecular dymamics smmilation was run m order to
determine the mean square displacement of the CO; or CHi molecules.
The simulation was done In accordance with Charsti and Stern’z
research (Charsh and Stem, 199280 They employed zilicen polymers az
zubsirates to evaluate the diffusivity of the desired gazes. All the MD
simulstions in thiz study have been performed using DE-Biovia Materials
Studio 2020 Softwarz. The following procedures were carmed out 1n
every zingle modeling =xereize:

1} establishment the bmlding the molecular structures, 2) the for-
mation of an amorphous cell, 3) relaxstion of amorphous eell, 4} the um
of molecular dynamcs simulations snd the analysiz of the results, 3)
caleulstion of the diffusivity using Eq. (5.

The Hrzt thing that has to be done 1= to 1dentify the molecules that
make up the cell. The comstructed amorphous cell has to have the
molecules of C05 or CHy a2z well az imvestigative stracturss added to 1t It
wazs neceszary to assemble the chaims of the polymer molecules before
bepinning the simulation. After that, a cell was construeted that melud=d
ten chains of the polvmer constituents or blends and either four mole-
cules of CO- or CH, insids of it. The target density was et a2 0.95 g/cm®.
When an amorphous cell 1= formed, the molecules that make up the cell
may not be dizpersed evenly across the cell, resulting in the formation of
woid (vacuum) regions. In order to solve this 1zsue & very was cammed out.
Following the completion of the muimimizstion, & brief simulstion of
molecolar dynamics should be undertzken in order to equilibrate the
cell. Belaang the sfructure iz 5 process that invelve: minimazation and
molecular dymamics. Due to the fact that it 1z 2 more efficient enzemble,
the constant-tempersture, constant-volume (VT ensemble was chogen
to bz employed for the purposs of thiz smmlstion. In the MD nuns, the
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trapped are unable to disperse on thiz tme seale, the MSD stope zoing up
or down and contirmes without any changs. Over a longer period of
time, the moleculs moves from the limited reglon to another free volume
location and ezcapes the confines of the arsa. Diffusion iz the motion that
ooours as a consequence of repetifive leaps: it 15 distmguished by a mean
square dizplacement (MSD) that 12 inesr 1n tme (Eq. (5]). The valoe of
the MED 1 Forcite iz detenmimed by talang an average of 2l the mole-
cules’ atoms. In order to caleulste the diffusion cosfficient, the data must
the fited m the diffuzrve regime to & straight line usmg the equation v
ax | b, and then extract the slops "s” from that line ELJ..-'pE“dJII:I: the
umit of the slope. Following directly from the aforementioned defimtion
and {Eg. (5]], D can be follows:

D= afa {6}

3. Results and discussion
3.]. FT-IR spectro analyss

FT-IR analyzis was employed to assess the structural propertizs of the
prepared membranes, snd presence of the MWCNT: in the nano-
composite membranes. The FTIR spectra of the synthesized SPEEE, PEIL
blend and mixed matrix membrane containing 0.5 and 1 wi of
MWCITz are shown n Fig. 3. Also, FTIR peaks and assigned functional

Table 2
FTIF. peaks and corresponding functional grouaps.

svstemstic temperature wes get at 300 K using 8 technique thet Material Wave number (em ™) Functional group
controlled the temperature n a continuous manner (Charat and Sterm, SPEEE 3400 OH zabfonic acid grovps
1908; Hofmem et 2l 2000; Salehn et al, 2018 Onees the energy mthe 1220 mmﬂncmlfcm-: m:l-& Frouns
live update chart document reached a stable state, the NVT ensemble’z 1020 P o mulforic acid graups
5 T PE1 1716 imide carbomyd gronp
svetemn was considersd to have reached a ztate of =quulibrivm. For the et A o
duration of the equilibration process, the velocity-zeals thermostst was 1348 C-N stretrhing
utilized. The sample rate was set to 250 {5, the iteration step was ==t to 7I7 M bending
50.000, and = total of 300 ps traiectories were gathersd for the study. 1585 aramatc i‘mc c
= 4 1232 aromatic HC-0-C)
COD.'].PASS foree fislds were s_v.-j:cb:d threugheout all of the s_'.rsti:m:_;_ Ima TecooH St o & :
relatively short amount of time, the moleculss of the gas mun mto a 1715 C_on . 1
relatively tiny volume that iz free. Becsuse the molecules that are —— e
——S%PEEK ——PEl ——5pPB2 -5P55 ——SPEIM1 —5SP2EBMOS ——MWCNT:
200 -
Tm .M
i b | MAA
E‘ 500 e ™
: W"V\/""‘
2
E 400 =
E
g
| 300 e
— VW
200 S WMN
o T T T T T T ¥
4000 3500 2000 2500 2000 1500 1000 500

Wavenumber (O )

Flg. 3. FIIR specora of the neat and mixed matrix membranes.
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groups clearly indiested in the Table 2. Based on the FTIR studies, the
obzerved broad band =t 3400 em ™ in the SPEEE membrans may be
sttnibuted to the OH vibrstion of the sulforac acid groups which mter-
acted with the water molecular. Morzover, in the SPEEE membrane,
symmetric and asymmetric sulfonic acd groups” stretching vibration
praks wers seen at 1020 e~ and 1220 em ™!, respectively (King =t al
2004; Lz et al, 2009; Rangasamy ot sl 2015; X1 et al | 20150 Ac-
cording to the spectra of the charscteristic PEI membrane, shsorption
peakz are a= flowing: imide group 1716 em ! and 1775 cm - corre-
sponding to symmetric and ssymmstric stretching of carbonyl mide
sroup, CN bending and stretching 737 cm © and 1348 em * respee-
ﬁw:l}, aromatic carbon C — C 1595 em 1, aromstic ether (C-0-C) 1232
! (Rejzgopalan =t al , 2010; Yadav et &1, 2020). As can be zeonin
FJ = 3 (MWCNTs), for pristine MWCKTS, the OH stretching wibrabions
were denoted at 3440 cm " =2z a broad sbsorption band. Moreover, in
thiz Figure, the 1715 em-] absorption peak seems to correzpond to the
— O groupe typical stretching vibration in carboxyl functhonal units.
Alzo, the distinguizhing peak of about 1634 cm* can be attributed to
the € — C aromstic bonds vibration. The broad 1170 cm ™ ? pezk might be
attributed to the slkoxy group’s CO branch (Park et al | 2018].

In Fiz. 3 (SP82M1), the addifion of MWCNT: in the nanocomposite
membranss chowed a novel abzorption peak at weve mumber 1717 cm
which belonged to the carbonyl stretch of the carboxylic acid groups of
MWCNT=. Therefore, it waz certam that the amino acid and sulfonie
groups had been attached to the MWCNT-COOH after reacting with
SPEEEK =nd PEL Similar results of the FTIR spectrum for different
MWCHNT= have been presented in other studies (Reamansthsn et sl
2005 Li et a1, 2018)

3.2 XRD analysis

The prepared membranes were analyzed using XRD to determine the
extent of chain order. Crystalline regions were reprezented by sharp
peaks in the XRD resulis, and small cryetalline regions or disordersd
regions were represented by broed peaks. XRD patterms of purs, com-
posite, and nano-composite membranes are prezented in Fig 4. Senu-
crystalline polvmers, pure SPEEK and PEI membranes exhibaizd a
diffraction pesk at 18.71" which was related to the erystalline zones 1
the pure polymers, and the rest of the peaks dediceted to the remaiming
amorphous zone which showed that the membranes were amorpheous.

Az shown o Fiz. 4, blending of SPEEK and PEI polvmers resulted im a
shift in the sharp pesks and moves them to 18.658". The peaks are alzo
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stronger that 1t refered to a s1zn of strong molecular interaction betvween
the polymers. It is gl=o wimble that by blending the polvmers, the loca-
tion of the peak relsted to the crvstalline phase was reduced, which it
waz 2 sign of increzzed D distance. On the other hand, thiz increaszed D
distance could sxpand the smorphous zone and led to a higher perme
ability. The D distance of the membranes were ealeulsted using Bragg g
equation (Castro-Landines et al | 2021 )

nd — 2dsing 7

In this egquation, n represents the rafrachve mdex associsted wath
mteger values, h represents the incident beam wavelength {Cu Ka, & —
0.15406 nm), 20 represents the diffrachon angle between seattered X-
ray wave vectors and incident and finally, d 1= interlayer spacing related
to the lattice planes.

Moreover, XRD resultz can be used to determime the eryetallimity
degree. In thiz method, the aress under the pesks of the crystailization
region are separated mnbo an overall sum of the areas under the amor-
phous and cryetalline regions. Table 3 summanzes d-sparng data and
crystallimity. Data represented in Teble 3, showed thet blending the
polymers with different proportions results in 2.5 degrees less crystal-
bty compared to that for pure polymers.

Az a rezult; it could be led to an enhancement in permesbility in the
blend membranss. Fig. 4 (small mmage} dizplays an XRD patiem for
WMWCNT=-COOH. Typical MWCHT peakes (002 and 100]) are observed =t
) of 26° and 43°, respecovely, which iz similar to the previous rezults
{Mie et 21, 2015 Allmohsmmady ef al, 2019). By addibion 1 wi% of
MWCIT tu the polyvmer mm EP33M1, a new pesk was formed at 26°
which proved the presence of carbon nanotubes in the flled membranes.
Incressing crystsllinity by addition MWCHT up to 1 % can enhance
permeability and selectivity in nanocompesite membranes (Sadek ot al |

Table 3

D-sparcing data and cry=tallinity for prepared membranes (according to xxd
razalts),

Sammpls Positian (260 d-S‘pa.l:i:n@'ﬁ;l) Cryetallinity {35}
EPEEE 3.3 3E 25

PRI 233 as 23

P55 19.6 46 265

SPEZ 196 46 315

SP2EMNIDD 218 3.3 27

SPEIIT 187 - 26 47 -33 34

~EPSAAE

— T T

Pusigon "2 Theu]

Flg. 4. Nanocomposite membranes XRD pattern.

&
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2018; Yang ct 8l , 2016; Wang <t al , 2014).

3.3. FESEM analysiz

Fizg 5 {A, B, C, and D} depict the cross-sectional image of pure PEI
=nd SPEEE membranes, snd SPEEE, PEI compostte membranss without
the sddition of MWCNTE. The evident image of the thin and denze layer
makes it poszible to measure thiz layer's thickness. FESEM images pre-
zented In Fig 5 revealed that the prepared membranes were non-porous.
Fig. 5 (E and F) demonstrates cross-sectional tmages of SPEEE/FEIL/
MWCHTs membranes. Based on Fig. 5 (E and F), MWCNT = agglomer-
ation was carried out with s leading of 0.5 wi?h and ] w26 of MWCITs,
and 1t was more obeerved m a membrane wath higher MWCHNT content.
Az depicted 1n Fig. 5 (E, F}, MWCNT= shown in the cross-gectional view
of the composite membranes demonstrated an effective mterconnection
between MWCNT: and the polymer matrix, increazing the efficisney of

Archion Journal of Cherdnery 17 (2004} 105400

membrane performance. Thiz was possibly owing to an interachon be-
twieen the SPEEK' s zulfonic arid groups and the MWCNT s cxyzen sroup
through hvdrogen bonding. In addition, integration of MWCHT mn the
nanocomposite with 0.5 wi%, led to create zome holes m the depth of
the membrane. It may be ccourred due to iIncompatibility between the
polymer and MWCNT: in the membrans. However, the presence of holes
i the depth of the membrane can play an important role in reducing the
masz transfer resistance through i, and conzequently obtaiming
mereased fhoees, while it will not have a negstive effect on the selechvity
mn the upper part of the membrans.

3.4. Tenszile praopertics

To assess the sffect of the integrated MWCNT= on the mechamieal
propertizs of the membranes, the uniaxial tensile test was performed for
both SPE2 and SpB3M] membranes, at a strain rate of ] mm min~!. The

wiew Seid {0 pm  Detsgminr

L L LRI

AT T RS AN

AR TR A

Flg. 5. FESEM crocs-zectional images of compozite membranesz, (A) PEI (B) SPEEE (C} SPEE (D 5P82 (E) SP2EMO.S (F) SPESMI (G) SP28M0.5 (500 kx) (H)

SPEEML (o000 k.
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results are shown m Fiz. 6. The values of the determined parameters of
elastic modulus, tensile strength st bresk, and =longstion at bresk for
the studied membranes are listed in Table 4. A significant intensification
for both the elastic moduluz =5 well az the tenzile strength st bresk was
found for SPS2M], az compared to that for the SPS2. By integration the
MWCHNTz into the SPE2 membrans, the slastic moduliuz was tmproved
from 3 MPa to 3.14 MPa, and the tenzile strength at break was increased
from 4.5] MPa to 7.25 MPa. Thiz =ffect was most hkely du= to the
favorable phyzical mieraction between MWCNT:z and the polymer
chains, crestimg additional entsmglements at 1 wi. Furthermors,
elongstion at break was mereased by integration of MWCNT: into the
SPS2 from 9.4 to 52.4 corresponding to an ncreazs of 43 % Thiz zug-
gested that the imnteraction between the MWCNT= and the polymer ma-
trix was very strong; therefors, the nanocomposites exhibited higher
strength compared to the unfilled membrane. In this regard, improve-
ment of mechanical performance by increasing CIWNT: mbto membrane
waz reported in other works (Bin et al | 2006; Mz st al | 2010; Lim et al |
2005).

3.5. TGA analysiz

Fig. 7 shows the TGA sraph of SP82 and SPE2M1 membranes by
heating from 120 “C to 800 °C under mitrogen atmosphere. Az obzerved
m Fig. 7, three steps of weight loss were indicated for the SPS2 and
SPE2M] membranes. The first step weight loss stage was attributed to
the zolvent losz in SP82 and SPE2MI membranes. The next lozs in the
masz of the membranes observed at nearly 283 °C was dus to the py-
rolyziz of the functional group {(S0-H] within the membrane's matnx
(Eham et 2l |, 2016; Kham et =1, 2016). The last step at aroumd 550 °C was
happened due to the decompoesition of backbone of the polymer. From
Fig. 7, it could be observed that the SPE22M]1 membrans mmitisted to
decomposs at higher temperstures compared with that for the unfill=d
SPS2 membrans. With an enhaneemeant in the conteant of MWCNTs in the
mixed matrix membrane, the thermal propertizs of the polymer mem-
brane was improved to some extent. It might be related to the excellent
temperature stability and stable structure of the filled membrane, and it
was also dus to the strong mferachion between the polymer and the
MWCNT. The strong mteraction reasoned the polymer chaim to become
rigid at the interface of the polvmer- MWCNTs, therefor; extra heat 1=
required to decomposze the nigid polymer cham. In conclusion, the
empirical data shown thet the hybrid membrane had good thermal
properiies.
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Table 4
Mechanical properties of the SPE2 and SPE2M1 membranes.
Elastie moduliag Tensile strength at break Elongation at break
(MPa) (hPa) [94)
3 4351 .4
314 7a5 524

3.6, Analysis of pure gas permeation

3.6.1. Permeability study

The effect of the addition of MWCKNT: on the CHy and CO, gas
permeability for vanous prepared membranss 1z shown m Fig. 8. As
zhown in Fiz 2, the parmeabihity of C0O; molecules was grester than that
of CHy molseules for all prepared membranes. The srester permesbility
obtained for CO- moleculzs was attnbuted to 1t larger condenzstion
capacity, and the geadrupole-dipole interachon between functiomal
groups m the blend membranes (OH and/or amine groups) and C0;
molecules (Shamesabadi ot 21, 2013). Morsover, the moreasing perme-
asbility of CO; zas with enhenced MWCNT content may be attributed to
the COz sorption on MWCNTs owing to the affimity betvween COz gaz and
WIWCNT=. It iz worth to mention that for the functionalized MWCNTS,
the major group of carboxy] group l=d to grester interscton between the
membrane and the CO: molecules that caused finally an intense the CO2
permeability through the membrane {zze Fig. 20

Results alzo showed that the obtained values for permeability of both
CO- and CHj gazes was improved with the increasing MWCNTE content
of the PEI and SPEEK membranes. The presence of MWCNTE n the
membrans improved the diffusivity of the gases for two poszible reasons:
the MWCNT: embedded m the polymers modified the packing of the
polymer chain and incressed the free volume On the other hand,
nanofillers navigate the spatial dismbubion of polymeric chains and
consequently their orientation in the bulk mstrix, leading to enhance
free volume (formation of voids at the mterface) {(Janalaram et al |
2018). In sddition, gases are transported guickly nsde the nanotubes
becamse of carbon nanotubes” highly smooth mtermal surfaes. So that,
enlarged permeshility for CO; and CH; gass: was obtained, =3 the
WWCNTs content mmereazed m the membrane.

Mor=over, for the SP55 and SPE2 membranes, CO,; permesbility of
the nanocomposites with 0.5 % and 1 % MWCNT loeding was greater
than that of membranes with 2 % MWCNT loading. As presented in
Fig. 5 {F), zome bundles and agglomerates of MWCNT have formed mn

—5P82 —5P82M1

Stress (MPa)
= = Pt (5] E=13 (¥4} L=y ) o

0 10 20 30

" Ll L] L L}

40 50 &0 70 80

Strain (%)

Flg. 6. Stresz-gtrain curves of the SPB2 and SPE2M] membranes.
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Fig. 7. TGA curves of 5PE2 and SPBIMI1 membranes.
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Fig. 8. MWCHTz' effect on (a) CHs and (b) C0z permeability in different mixed matrix membranes.
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Fig. 9. Schematic of interactions the membrane and the gaz molscules.
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the PELSPEEK membrane, which can reduce the total free volume and
mcrease the tortuosity of the agglomerated MWCNTS resulting in slight
deterioration of permeation. The permeability and selectivity of the
different MMMz are displayed in Tahle 5. As obzerved in Table 5, the
zelectivity of the membranes prepared in thi= work was lower than that
mn similar works. It may be dues to the size of mean internsl diameter
(510 mm) of MWCNTs and its structure used az nanofillers, which
facilitated the permestion of both C0; and CHy melecules gases. The
diameter of the pores of nanotubes 1= much larger than the zize of CO-
and CH4 molecules gazes; In this way, gasss could more sasily transfer
through the path created inside the nanotubes than the path preasented
between the polymer chains. But in the other works mentioned in
Table 5, the filler uzed in the membrane did not have the tube srecture,
and az obssrved, the permeability values had lower valus then that
obtamned m thiz work. Therefore, the created chanmel by the mntegration
of nenotubes through the membrane mereaszed the diffusion of both CO-
=nd CHy molecules gazes. Az a result, with compere to that reported 1
related researches, high permestion rates of CO5 and CHy were ach-
ieved, and the sel=ctivity values were consequently decreaszsd.

3.6.2. Selectity study

The megmtudes of the selectivity for the prepared membranes are
presented mn Fiz. 10, Compared to the unloaded membrans, incorpora-
tion of MWCNT showed a substantizl moprovement in C0; permesbility
and a trivisl ineresse in C05/CH, selectivity at hagh loads. Integration of
fill=r into the membrane, was causing a substantial advantage whach 1=
generally due to 1tz polar groups such as OH whach leads to form the
bonding between the MIWCNT and the €05 molecules. Furthermore, a=
reported on FTIR results, the pressnes of the carbosylic group on the
surface of MWCHNT reazoned more Interaction between the filler and CO-
molecules. Therefors, a good interachion between the ©0; moleculs and
pelar groups in MWCNT enlarged the dissolution of CO: molecules in
the polymer cham. Az a result, lagh permeabihity of CO: was attamed
due to superior interaction of ©0s moleculss with polar groups m the
nano composite membrans, and itz low kmetic diameter, too. This
obzervation was reported with our previows works, which showed that
the polymer chains displayved more mobility and fHexibility =t higher
nano particles content, leading to incressed transportztion through
membrans separation (Shameh and Amen, 2017).

At last &z resulted in Fiz. 10, the selectraty achieved for the SPSSM]
membrans wers clearly higher i comparizon with other preparsd
membranes, which iz mamly dues to the iInteraction between the CO-
molzculez and abundsnt amine, OH, and carboxylic groups in the
membrans that had moore facilitated sites and slevated the possibality of
collisions.

3.6.3. Effect of pressire in permeabilicy

A=z Fiz 11 shows, the permeability of the CO; and CHy gases 1=
mereased with supply pressure increment from 2 to 8 bars both in SPEEK
and PEI neat membranes and the PEL/SPEEE MWCNT: {Vinoba =t al |
2017). The mmpact of the feed prezsure on the gas permeability of the
prepared membranes depends on the gas type and the compozition of the
polymer (ze= Fig. 11). Light nonpolar gases {such as CH4) permeshbality
remains constant with pressure change. Though regarding condensable
gases, their permesbility is increased with elevating levels of pressure.
Thiz permeability enhancement for gases zuch a= CO:; reporied
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elsewhere (Samm et al | 202]).
3.6.4. Effect of temperature in permeability
An illustration of the effect of operating tempersture on gas perme-
ability of the SPEEK and PEI membranes can be found in Fis. 12,
Aecording to Fig. 12, CH; and COy, gases become more permesble az
temperature was incressed. The gas molecules diffuse through the free
volumes in the polymeric membranes. Durng thermsl motions related
to the polymer chains i amorphous regions, free volumes are formed
randomly. Az operating tempersture were mcreased, polymer chsins
became more flexable, permitting more fres volume cavities within the
membrane, which facilitated gas diffusion (Fhan <t 21, 2001).

3.7. Robezon uper It

Robezon upper bound line between sel=ctivity of COz /CH4 and CO2
permeability, for PEIL, SPEEK, SPEEK / PEL and SPEEE / PEI-MWCIT
membranes are shown in Fig. 13. As shown in Fig. 13, the properties
of the studied membrane were closer to or beyond the Robezon upper
bound line, indicating the membrans sxhibited a more desirable per-
formance for €0 /CH: scparstion. Fig. 13, also shows that the perme-
shility properfies of the dense membrane contsining MWCNT additives
(1 wi%) were nearer to the Fobeson upper lmmit and provided better
permeability (Fobezon, 2008; Robezon, 1901).

3.8 Analysiz of MD simrdation

The mean sguars displacement (MED) of CHy and CO5 levels over
time 1z shown n Fig. 14 for SPS5M]1 and SP28MO0.5 blends. On the bami=
of Equation (5, the diffusion cosfficient can be derived from the slope of
the trend line if the dats follow a linesr trend. In a2 svstem with W
mwvolving atoms, the displacement of the penstrant from itz starting
locsheon [r;t}-r(0]] can be used to study the dymamic movement outline
of penetrant gazes 1n the host polymer. Thiz can be done by comparing
the original position of the penetrant to itz current postion.

The graphs of the MSD are indicated In Fiz. 15 in terms of time. At
that ime, the value of the linear cosfficient “a", which 1= the slope of the
fit line, haz to be divided by 6 (Equation {6)] in order to got the diffusion
coefficient in ﬂl_»"ps, and the value that 1z obtained then nesds to be
translated to the further intermutually unit of cm®/s.

Bazed on the simulstion of MSD results obtained for 2 bme span of
0-300 pe, the l=ast square approach was used to extract snd treat the
results without discretionsry lesving out any data. Considering the
correlation cosfficients of all plots, the hneanty relation of the MSD
plots versus simulation fime was investigated and confirmed. Thus, the
smnulation of MSD results was consistent with the requiremesnts related
to Einstein's regime. For thiz resson, they can be applied in Equation (5]
to evaluate the suitable diffusion coefficient for the Investigated gases,
which diffused m polymernic membranes. Table & shows the evaluation
of diffusion cosfficients, and as can be ss=en, 1n the case of the side branch
of SPSSM], they are in order OO = DCHy, which 1z similar to the
experimental results. The walidity of the diffusion coefficients can be
confirmed by the agreement between the trend of the simulated rezult=
and the trend of sxperimental vabaes.

These differences were happened becsuse the diffusion coefficient
determined by Einstein'z spproach is a self-diffusion cosfficient. Since

Table 5

Selectivity and permezbility of pure polymer membranes znd loaded M=,
Polymer Fillers Loading (wt. b6} B0, (Barrer) BC0yCH, {Barver)
SPEEE/FEI (5050 MSCNT= 1 45 15 Pure gas, 25 °C, 4 bax Thiz work
Matrimid /P-5FEEK (50,30} - = 20 33 Mixzed gas, 25 "C,10 bar il et ml | 2003
SPEEE S0gH-MICn-4L 30 Fa 29 Pure gaz, 25 °C, 10 bar (B
SPEEE LaL-1021Cx) 40 31 37 Pure gaz, 30 °C, 1 bar (X al i,
EPEEE phogphats alts 10 17 36 Pure gaz, 25 °C, 4 bar (FHnmng et al | 20003
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Flg. 10. Selectivity in the different mixed maoix membranes.
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Fig. 11. Feed preszsure'z effect on (a) CHy and (b} CO; permeability In prepared membranes.

the chemicsl potential difference across the membrane isn't taken into
account when evalusting the self-diffusion, the computed diffusion co-
efficient differs from the expermmental values {Everett, 1072). However,
the simulated results’ ordsr related to SPSSMI1 and SP2EMO0.5 mem-
branes msatches the experimentsl results, ezpecially selectivity (COg/
CH.) of SP35M] iz nesr to experimental value.

Polvmer morphology and gss mole=colar size mnfluence the gas
diffusion rate through polymer membranes. The van der Waals volume
and surfsce ares of gases are prezented in Teble 7 to analyze the effect of
molecalar size on diffusion cosfficients.

MMoreover, CO; has a smaller lanetic diameter compared to CHg4, but
1t also has & lower diffusion coefficient. The affimty between the poly-
mer matrix and OO0 molecules can explain thiz phenomenon. Az = result

11

of partial charge diztnbution on CCz, the affimity between the polymer
matrrx and 0z molecules depends on their mteraction. Thus, CO0z, vath
itz strong slectrostatic attraction by the polymer matyix, will cawsze an
mcrease 0 resistance to diffuse through the membrane. Dnffusion co-
efficients for CO; =nd CH. molecules penetrating through the studied
membranes are lllustrated n Fig. 16. It iz evident from Fig 16 that
diffusion cosfficient schieved for COs molecules was higher then that for
CH. with larger diameter. This 15 becsuse that these gases possess strong
electroststic interactions with the polymer chains that comprize the
membrane. The compect packing of polymer chams would be disturbed
by the presence of MWCNTz. Therefore, more cavitizs would be formed
and larger pores would appear betwesn the polymer chains. As a result,
gas molecules would be able to diffuse through the membrans over a
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Fig. 12, Feed temperature's effact on (a) CHy and (b) C0y permeability in the different mixed matrix membranes.
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Fig. 13. Fobeson upper bound line between selectvity of COy /CH, and C0y permezbility.

wider diffusion path (Holewinska et sl 2017; Pavel and Shanks, 2005;

Harayianmiz ct 2l | 2004).

4. Gonclusions
Membranesz were sueccessfully prepered using PEI andfor SPEEE

polymers, and modified MWCNT az filler wath different content. The ga=
separstion performance of the membranes was mwvestigated at varous

12
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Fig. 14. Various stages during molecular dynamics simulation: 2) PEI and b) SPEEK chains’ initial eonfigurations construeted from 20 iterating units; the amorphows
cellz to caleulats the diffusion coefficient of ¢} CH,, d) C0g ower and done with SPEEAIL; the amorphous cells to caleulare the diffuzsion coefficient of e) CH, ) C0y
over and done with SPZEMOLE.
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00 00
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Fig. 15. The MSD variation versus fme for varioes gases flowing in the membranes wmder stody: (a) SPEEMI {(b) SP28MOGE.
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Table &
Values of simulated diffuzsion coefficients (x 107 em?/%) related to the COy and
CH, gazes in 5PSSMI and SP2SMO.5. the experimental data are provided in
parenthezes.

Membranss o0, CH, Selacriving (00 /CH,)
SPS5SMI 25 3 2.4
EP2ENI0.S 122 62 29
{EXP. SP550M1) 115 a7 21
{EXP. EP23080.5) 103 14 7o
Table 7
Gag moleculas’ molecular size (Amand et al | 2014).
L0 3358 SLET 3.30
CH, 2B 44 4754 38D
1000 ® 5PS5M1 & SP2EMO.S
E
. L]
E 100 L
g L]
o
‘E 10
£
[=1 (€] [CH,]
1
3.2 i3 34 3.5 3.6 3.7 38 39

Kinetic diameter (&)

Fig. 16. A comparison between the diffusion coefficients of gases into SPEEM1
and SP2ER0.E and their kinetic diamaters.

operating temperatures and feed pressures. Modifed MWCNT incorpo-
ration into the MMMs rezulted In an improsvement in the selectivity of
CO; 4 CHy at 2 bar and 35 "C, while = further increas= in pressure
resulted ™ an inerease in the selectivaty. The performance of gas s=pa-
ration of the prepared membranss was highly dependent on the pene-
treting gas molecules propertiez and the operating pressure and
temperature. Begarding the separatiom of the CO; /CH., the dense
membrans permeability properties for SPSSM ] wers nearey to the upper
it of Robezon and demonstrated better permeability. Molecular dy-
namics simulztons showed =2 good correlstion to the permeshility
wvalues for different compeositions. The MD simulshion can be applied a=
anntenss tool for evaluation and prediction of zas parmreability through
pure polymers, blends and itz nanocomposites.
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