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Abstract—Owing to the potential of polymeric and nanocomposite membranes for industrial application in CO, capturing
and gas separation processes, permeation properties of CO,, N, and O, through the polymer matrix have been an object of
extensive research. We measured the permeation rates of gases (pure and mixed gas) within a novel nanocomposite mem-
brane composed of poly tetramethyleneglycol (PTMG), hexamethylene diisocyanate (HDI), and diamine chain extender, 4,4-
methylenebis(2-chloroaniline) (MOCA) at various silica loadings and operating conditions. The novel polyurethane was pre-
pared by a two-step bulk polymerization technique based on the molar ratios of the used constituents 1:3:2 for PTMG:
HDI: MOCA, respectively. The FTIR spectra indicated that the extent of phase separation decreased by increase in the SiO,
content. From the DSC and XRD analyses, the existence of small crystalline areas within the soft and hard segments of matrix
was proved. High thermal stability of new nanocomposites was authenticated by a 90 °C increase in the decomposition tem-
perature upon including the SiO, particles into the polymer matrix. By providing a longer diffusion path, a reduction in the
permeation of penetrants occurred after the incorporation of SiO, content. By raising the temperature from 25 to 45 °C, the
gas permeation value of CO,, O, and N, rose steeply: 35, 54 and 81% in neat PU and 49, 64 and 137% in PU containing
15 wt%, respectively. Conversely, the obtained results for increasing the feed gas pressure from 6 to 10 bar revealed that the
penetration of non-condensable gases, O, and N,, decreased while the permeation rate of CO, polar gas surged dramatically.
Nevertheless, a simultaneous increment in the selectivity amounts of both gas pairs was revealed. For the gaseous mixtures,
the trend of changes in permeability and selectivity values were almost identical with those of pure gas: decrease in perme-
ation, and vice versa increase in gas pair selectivity. Eventually; the separation results of the prepared membranes indicated a

strong tendency to move towards Robesons line by incorporation of SiO, nanoparticles into the matrix of membranes.
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INTRODUCTION

Global warming is mainly the result of CO, levels rising in the
Earths atmosphere, and both atmospheric CO, and climate change
are accelerating [1]. Climate scientists say we have years, not decades,
to stabilize CO, and other greenhouse gases. As a consequence,
the earth’s climate is changing in such a way that Surface tempera-
tures in the 21st century have been notably higher than tempera-
tures in the middle and late 20th century. According to a 2015
report, BP released its annual energy outlook predicting a 37% in-
crease in global demand for energy; as a result, carbon dioxide emis-
sions would likely rise by 25% by 2035. Distinctively, due to the
global greenhouse gas (GHG) emissions, the exceeding trend of
global warming has been directed into various problems and proper
solutions should be taken. Meanwhile, membrane separation pro-
cesses, due to their potential energy saving capacity, lower operat-
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ing and maintenance cost, ease of processing and also the least
impact on the environment, have become one of the emerging tech-
nologies which have undergone a massive growth during the past
few decades [2-4]. It is crystal clear that separation is fulfilled due
to differences in the diffusion rates of feed constituent elements;
therefore the high permeation rate of each gas is the underlying
cause of utilizing membrane for industrial applications. Moreover,
gas pair selectivity is another key factor for separation. Clearly; ideal
selectivity owing to economic appraisal is of the utmost importance
but increase in permeability leads to decrease of selectivity. Thus,
establishing a delicate balance between them would result in a desired
separation, particularly for commercial purposes.

A major question that often arises with the application of mate-
rials is how to find the most promising structures for a given appli-
cation in the diverse pool of existing materials. In this regard, rubbery
polymers and some glassy types with high free volume have been
extensively applied to exploit the potential of their high permeabil-
ity, which simultaneously expresses fairly acceptable selectivity val-
ues. Given the results of other researchers, glassy polymers have
revealed tremendous values of permeance. Among those, substi-
tuted polyacetylenes [5-8], perfluoropolymers [9,10], addition-type
polynorbornene [11,12] and polymers of intrinsic microporosity
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(PIMs) [13-16] have vividly shown prodigious degrees of permea-
bility; however some of them, such as poly(4-methyl-1-pentene)
(TPX) [3,17,18] and few PIMS, have presented a fine-tuned per-
formance. Under this circumstance, there has been an increasing
tendency for investigators and research groups to scrutinize thor-
oughly rubbery polymers which exhibit high permeation rate as
well as adequate selectivity for gas pairs [19-23] along with high
chain mobility;, superior thermal stability and entirely compatible
for blending with other polymers.

Among rubbery polymers, polyurethanes (PU) are one of a dis-
tinguished species of polymers that have profoundly shifted all the
attention to themselves because of their excellent physical and ther-
momechanical properties, considerable degree of elasticity; high ten-
sile strength, tolerable dimensional stability; good chemical resistance,
relatively good biocompatibility, wide applicability [24,25] and mod-
erate permselectivity [26,27]. By the virtue of their tailorable prop-
erties, PUs have expressed a rich diversity of applications such as
coatings, adhesives, sealants, foams (flexible or rigid), paints, var-
nishes, leathers, rubbers, fibers, films, biomimetic materials and many
more [28,29]. In addition, the expansive applicability of PU coatings
is assigned to versatility in selection of monomeric substances from
a comprehensive list of macrodiols, diisocyanates and chain extender.
Nonetheless, its unique properties can be enormously reinforced
by incorporating nanoparticles into PU matrix or blending with
other polymer, whether glassy or rubbery. Thus, the possibility of
fabricating the novel materials with high potential for new applica-
tions would be easily achievable upon the addition of nanoparti-
cles into polymer structure. The inclusion of inorganic nanoparticles
into organic polymers leads to change in the polymer structure [30],
which enhances permeation of gases, in particular smaller molecules
like CO,. In addition, change in physical features such as thermal,
mechanical, dielectric and magnetic properties [24,31-33] is another
extraordinary influence of nanoscale particles on polymeric mem-
branes in such a way that boosts their performance substantially.

A large number of gas transport properties of PU nanocompos-
ite membranes have been studied in the literature. Recently, Afarani
et al. examined the optimization of operating parameters includ-
ing pressure, temperature and filler content that influenced on the
gases permeation rate through PU-zeolite hybrid membranes using
the response surface method software [34]. The influence of embed-
ded MWCNTs particles into PU membrane for CO,/CH, separa-
tion was examined to improve the performance of fabricated nano-
composite membranes. MWCNTS were functionalized with tetra-
ethylene pentamine (TEPA) and then incorporated into polymer
structure. The results indicated that the permeation rate of CO,

Table 1. Description of chemical materials used in this work

experiences a dramatic enhancement from 198.4 to 396.5 barrer at
10 wt% of filler content. Surprisingly, it was two-times more than
the pure PU sample. Nonetheless, they reported just 9.6% increase
for CO,/CH, selectivity [35]. Karimi and Hassanajlili studied gas
separation properties by short fiber/PU composite membrane. To
do this, short glass wool fiber (SGWF) was applied as a polar micro
size reinforcement. Their results detected a simultaneous increment
in CO, permeability and CO,/CH, selectivity values. For example,
just by incorporation of 1 wt% of SGWF into PU matrix, the per-
meability of CO, and CO,/CH, selectivity significantly rose from
27.88 to 34.8 barrer and 7.20 to 13.19, respectively [36].

Sadeghi et al. investigated the gas permeation properties of a poly-
caprolactone composite membrane including 1,4-butandiol (BDO)
as chain extender. The gas permeability of membranes decreased as
the amount of silica nanoparticles increased, while the selectivity of
CO,/N,, CO,/CH, and O,/N, gas pairs went up markedly [37]. As
the chain extender can change the properties of hard segment of PU
matrix and subsequently affect the bandings between soft and hard
segments, a new diamine extender was substituted in the structure of
PU. Diamine chain extenders are able to establish a stronger hydro-
gen bonding than diol extenders, and thus the separation properties
would change. On the other hand, silica nanoparticles are highly
promising for industrial applications owing to their excellent com-
patibility; thermal stability; facile synthetic route, large-scale synthetic
availability, and more importantly revealing strong tendency toward
CO, due to its - OH group in its structure. The particle size, crystal-
linity, porosity;, and shape can be precisely manipulated, enabling the
silica nanoparticles for various applications. Therefore, here, a novel
nanocomposite membrane by MOCA chain extender and embed-
ding an inorganic nanoparticle in the structure of PU were fabri-
cated to find the MOCA effects on membrane permselectivity.

The gas transport properties of fabricated nanocomposite mem-
branes were appraised via pure CO,, O, and N, and also CO,/N,
and O,/N, mixed gas permeation. Further, the impacts of increas-
ing the filler content and operating conditions (e.g., temperature
and pressure) on each gas permeability and gas pairs selectivity
were analyzed in great depth aiming to give guidance for selection
suitable polymers for efficient gas separation/capture. Finally, the
permeation behavior of the PU nanocomposite membranes was
compered to Robeson's upper bound limit.

MATERIALS AND METHODES

1. Materials
Table 1 illustrates the constituents of urethane, applied gases, sol-

Chemical name Chemical formula CAS Abbreviation Purity Supplier
Polytetramethylene glycol (C4-Hy-O)n-H,-O 25190-06-1 PTMG >98 APC, Iran
hexamethylene diisocyanate CH,N,0, 822-06-0 HDI >98 Merck, Germany
4,4-methylene-bis(2-chloroaniline) C;H,,CLN, 101-14-4 MOCA >98 Aldrich, USA
Dibutyltin dilaurate Cs2Hs4045n 77-58-7 DBTDL 95 Merck, Germany
N-Methyl-pyrrolidone C;Hy,NO 872-50-4 NMP =99 Merck, Germany
Silicon dioxide (Silica) Sio, 7631-86-9 Sio, 99.5 Tecknon, Spain
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vents and nanoparticle that were used. Polytetramethylene glycol
(PTMG, M,,=2,000 g-mol ') was placed in a vacuum oven for 24 h
at 85°C in order for the process of removing the residual water.
However, diisocyanates were used without any pretreatment. Dib-
utyltin dilaurate (DBTDL) and N-Methyl-2-pyrrolidone (NMP)
were used as a catalyst to advance the process of polyurethane syn-
thesis and PU solvent, respectively. Silica (SiO,) nanoparticles, manu-
factured by Tecknon Company; were used as an inorganic additive.
The additional specifications and sources of the chemicals used in
this work are summarized in Table 1.

2. Polyurethane Synthesis Reaction

Polyurethanes included PTMG/HDI/MOCA (polyol/DI/chain
extender). For PU sample synthesis, a two-step bulk polymeriza-
tion method was applied. In the first step, PTMG and HDI were
added to the reaction container and the reaction continued until
HDI was exhausted. In this step, a pre-polymer with high molecu-
lar weight was ready. Due to a deep deficiency in mechanical proper-
ties, the pre-polymer was sent to the second step in which the
prepared pre-polymer with the chain extender entered the reaction
container. In this stage with extending the chain, the PU with desir-
able properties was fabricated.

Regarding bringing the reaction to completion, DBTDL cata-
lyst was added to the mixture of PTMG and HDI. The mixture
was incubated for 3 h at 85-90 °C under nitrogen atmosphere to
form a macrodiisocyanate pre-polymer. Then, the chain extension
of the pre-polymer was carried out by addition of MOCA at room
temperature for 5 minutes. The prepared polymer was taken from
the container and placed in the oven for 24 h at 95°C to obtain
complete reaction. To attain a linear polymer, the molar ratio of
NCO :NH, was kept at 1: 1. Furthermore, the molar ratios of the
used constituents, PTMG: HDI: MOCA, were 1:3:2, respectively.
The two-step reaction technique of polyurethane synthesis and molec-
ular structure of PU-urea is shown in Fig. 1. As can be seen, the
presence of MOCA diamine chain extender leads to urea linkages.

HO—{~CHy—CH;—CH,;—-CH,—O—-H +
n

PTMG

R;
0
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Table 2. Solution composition of synthesized membranes

Polymer (10 wt%) Solvent (wt%)
Membrane

PU Si0, NMP
PETU 100 0 90
PETU5 95 5 90
PETU10 90 10 90
PETUI15 85 15 90

3. Preparation of Membranes

Neat membrane was fabricated via solution casting method by
dissolving 10 wt% of PU in NMP and stirring for 2 h at 80 °C. After
filtering, the prepared solution was cast in a Teflon glass petri dish
and heated in a convection oven for 24 h at 80 °C. Then, to pre-
pare a largely homogeneous membrane, it was placed in a vac-
uum oven at 80 °C for another 3 h to remove residual solvent. For
nanocomposite membranes, the membrane preparation process
was exactly analogous to pure PU with the previous step of silica
distribution in NMP solvent. To obtain uniform dispersion of par-
ticles, the SiO, solution was exposed to ultrasonic waves for 50
min. Next, PU was added to the solution and stirred for 2h at 80°C.
In subsequent steps, the mixture was again placed in an ultrasonic
bath for another 10 min. After casting, it was left for 24 h at 80 °C
in an oven and also 3 h at 80 °C under vacuum condition. Eventu-
ally, the thickness of the synthesized membranes was measured
around 100 um using a micrometer caliper. Table 2 presents the
all membranes prepared via casting solution with corresponding
codes.
4. Characterization
4-1. FTIR Spectroscopy

To indicate the distinctive features of the prepared polyurethane
membranes, such as the chemical structure of PU and the level of
polar groups as well as the created bonds, a 27 Tensor FTIR spec-
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Fig. 1. Molecular structure of the fabricated polyurethane.
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trometer (ATR, Bruker) was utilized. The range of scanning fre-
quency was 4,000-600 cm .
4-2. Scanning Electron Microscopy (SEM)

To probe exactly the morphological features of the fabricated
membranes in the presence of silica contents and also the accu-
mulation and distribution of silica particles within the PU matrix,
scanning electron microscopy (SEM) (KYKY-EM 3200) was used.
4-3. Thermal Analysis

Thermal behavior of synthesized membranes was appraised by
differential scanning calorimetry analysis (DSC) (Mettler Toledo,
DSC822e) through double scanning at heating rate of 10 °C-min ™"
and the temperature range of 100-200 °C. Thermal stability and
degradation temperature of all synthesized membranes were accu-
rately assessed by thermal gravimetric analysis (TGA, Mettler Toledo).
To carry out TGA analysis, a 17 mg of each sample was placed in
a platinum pan and heated to 600 °C (20-600 °C) with a heating
rate of 10 °C/min under nitrogen flow.

4-4. XRD Analysis

The crystal structure of prepared membranes was inspected by
X-ray diffractometer manufactured by Philips, Netherlands (XRD,
PW 3040). The obtained patterns were recorded by monitoring the
diffraction angle 26 from 10-60° at a scan rate of 0.01°/min using
copper radiation under a voltage of 40 kV and a current of 40 mA.
5. Gas Permeability Measurements

To measure the gas transport properties of prepared membranes,
a constant pressure/variable volume set-up system was used. The

typical membrane area placed in the module was 10.75 cm”. The
pressure of input stream (pure CO,, O, and N, gases and mixed
gases of CO,/N, and O,/N, with 50: 50 v/v) was 6, 8 and 10 bar,
while the permeate side was kept at atmospheric pressure. More-
over, the temperature of feed gas increased from 25 to 45 °C. The
right quantity of the permeance of gases was determined by mass
flow meter and the corresponding gas permeability was computed
by the following equation:

L
P=PpyA @

where P is the permeability expressed in barrer (1 barrer=10"" cm’
(STP)-cm-cm s ".cmHg '), Q is flow rate of the permeate gas
passing through the membrane (cm’/s), L is membrane thickness
(cm), P, and P, are the absolute pressures of the feed and perme-
ate sides (cmHg), respectively, and A is the membrane effective
area (cm’). In addition, the ideal permselectivity of A gas than B
gas (o) was counted by dividing the gas permeation as follows:
Py

GuB=p @
B

The gas mixture selectivity was measured by the following equation:
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where y and x are the volumetric fractions of the permeate and
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Fig. 2. (a) ATR-FTIR spectra of PU impregnated with silica nanoparticles, (b) absorption region of carbonyl groups synthesized polyure-

thane membranes.

May, 2019



CO, separation by PU/SiO, nano-composite membrane 767

feed gas, respectively. The permeate gas was analyzed by means of
a gas chromatography apparatus (GC model ACME 6100 Young
Lin Instrument Co., Korea) equipped with a thermal conductivity
detector (TCD) and a Q capillary column was used for permeate
analysis. The carrier gas was also Helium.

RESULTS AND DISCUSSION

1. Membrane Characterization
1-1. FTIR Analysis

Figs. 2(a) and (b) illustrate FT-IR spectra of all fabricated mem-
branes with the effect of SiO, loading on the membrane structure.
The formed bonds and all functional groups are exhaustively ana-
lyzed in Fig. 2(a). Moreover, the absorption results of the carbonyl
groups (C=0 bond) to fully comprehend the phase separation
phenomenon are in Fig. 2(b).

Regarding the FT-IR spectra of SiO, shown in Fig. 2(a), there is
a wide region between 750-1,260 cm™' which can be portrayed as
a superimposition of assorted SiO, peaks, Si-OH bonding and peaks
due to residual organic groups. Clearly, the two absorption bands
at 768 and 1,081 cm™" are the strongest peaks assigned to symmet-
ric and asymmetric vibration of Si-O, respectively. Another peak
arising from asymmetric vibration of Si-OH is revealed at 979 cm ™.
Furthermore, the impact of water content strongly emerges in 3,200-
3,500 cm™" attributed to O-H stretching in H-bonded water The
absorption band at 2,932 cm™ (CH,) and 2,981 cm™" (CH;) can be
asscribed to the presence of unreacted TEOS in the silica particles
(38].

From Fig. 2(a), the FTIR result of neat PU discloses that the
equivalent wave of NCO bond at 2,270 cm ", due to the complete
reaction of isocyanates groups, would be vanished. As can be clearly
seen, the band intensity in the NH includes a broad region in 3,200-
3,400 cm ™", The absorption peak at approximately 3,319 cm™ reveals
the most intensive band ascribed to the N-H stretching vibrations
in hydrogen bond to carbonyl group (hard-hard segment interac-
tions). Furthermore, upon inclusion of silica content into PU matrix,
an additional band at around 3,275 cm ™' can be detected. This di-
rectly corresponds to the N-H stretching vibrations hydrogen bonded
to either oxygen (hard-soft segment interactions) [39]. Although
the urethane-bonded carbonyl group occurs at around 1,678 cm™’,
the waves arising from 1,685-1,740 cm™" show symptoms of free
carbonyl groups. The sharp peak at 1,110 cm™" is assigned to the
anti-symmetric stretching vibrations of the non-associated ether
C-O-C in PETU soft segments. The wave numbers between 2,750-
2,950 cm™" show signs of -CH, stretching bond [40].

The impact of incorporating SiO, particles on PU membranes
is indicated in Fig. 2(a). Obviously; all emerging peaks in the FTIR
spectra of SiO, are observed in the structure of all nanocomposite
membranes. Symmetric and asymmetric vibrations of Si-O-Si
bonds appearing at 768 and 1,081 cm™" can serve as a good exam-
ple. The broadening of the peak at 3,354 cm ™ is a characteristic
absorption band of O-H stretching of silica into fabricated mem-
branes. By means of these, a harmonious blend of polymer and sil-
ica nanoparticles and also the uniform distribution of SiO, particles
into the polymer matrix show up.

The changes in the absorption region of carbonyl group in poly-

urethanes are fundamentally examined and depicted in Fig. 2(b).
As can be observed, an increase in the amount of SiO, content leads
to lower intensity of the C=0 peak with a wider region. Under this
circumstance, the free carbonyl group is relocated to lower frequen-
cies, whereas the urethane-bonded carbonyl group is nearly oblit-
erated. For instance, the peak corresponding to bonded carbonyl
in the PU containing 15 wt% of SiO, comes to be virtually erased.
Absolutely, less formation of hydrogen bonding between the car-
bonyl and N-H groups of urethane causes the bonded C=O to be
broadened and consequently overlapped with the free carbonyl
group. The presence of water agent (the O-H band) on the surface
of SiO, not only induces nanoparticles to interact with the chains
of PU, but also interrupts the hydrogen bands in the hard segments
in such a way that the N-H groups are considerably reduced in num-
ber to be connected to the C=0 groups, and thus the intensity of
the absorption peak corresponding to the bonded C=0 decreases
[41]. It means that a higher proportion of nanoparticles have been
distributed in the hard phase than the soft phase of matrix. It is
crystal clear that this event would be reinforced with increasing the
filler amount so the chance of hard phase formation reduces.

1-2. Morphological Study

To study the morphology of all polyurethane membranes, scan-
ning electron microscopy (SEM) was employed. The SEM images
of the fabricated samples were taken with a magnification of 50 kX
and shown in Fig. 3. The thickness of membranes (cross section
area) and the size of nanoparticles were around 100 um and 30 nm,
respectively. It was also detected a densely prepared surface for all
polyurethane membranes.

According to Fig. 3, the inclusion of SiO, nanoparticles (as an
inorganic additive) within the structure of pure PU caused the
smooth cross sections of nanocomposite membranes to change their
pattern of behavior and lose their unification figures. The cross sec-
tion images of all nanocomposite membranes exhibit appropriate
distribution of filler content in polymeric matrix, which strongly
emerged from the existence of good compatibility among polymeric
and dispersed phases, as prominently displayed on PETU5 and
PETUI10 sections. Regarding to this, two key points were achieved.
First, a uniform pattern without any structural defects in the matrix
of membranes. Second, a good interaction between PU and silica
nanoparticles, which effectively prevented the formation of voids
at the polymer-particles interface and subsequently resulted in
desirable permselectivity.

Although the cross sectional SEM images of the synthesized
membranes expressed consistent and proper distribution of silica
particles inside the PUs matrices, a loose conglomeration can be
seen in some parts of membranes. This agglomeration of style has
been frequently reported by researchers at higher loading of differ-
ent fillers [42-45]. Due to natural affinity of hydroxyl group on the
surface of silica nanoparticles, the particles have inherited a marked
tendency toward each other, so it might lead to fuse together as
one cell. Absolutely, these intermolecular hydrogen bonds would
reduce suitable dispersion of nanoparticles within the matrix of
polymers, specially for high concentration of nanoparticles and di-
rectly affect the performance of nanocomposite membranes.

1-3. Thermal Properties of Membranes
The thermal stability of SiO, nanoparticles and PU/SiO, nano-

Korean J. Chem. Eng.(Vol. 36, No. 5)
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Fig. 3. Cross sectional morphology of PU membranes.
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Fig. 4. TGA analysis of neat PU and PU/silica membranes.

composite membranes was appraised using TGA method and the
results shown in Fig. 4. As can be seen, the weight loss curve of
each sample is composed of three discrete parts: before decompo-
sition (T), decomposition and depletion area and finally damping
zone, around 200, 290-465 and 465-600 °C, respectively. Accord-
ing to TGA curve, neat PU demonstrates proper thermal stability.
From Fig. 4, the neat PU (PETU) allocates the thermal degrada-
tion temperature (T;) of 200 °C, which is related to polymer degra-
dation. Surprisingly; for nanocomposite membranes, the degradation
temperature has enormously increased to 290 °C. The enhance-
ment of T, in fabricated mixed membranes induced by the pres-
ence of SiO, nanoparticles can be assigned to the high thermal
stability of silica nanoparticles which have brilliantly played their

0.4
—PETU
—PETUS
——PETU10
0.2 —PETU15

Endothermic

-0.6

-100 -50 0 50 100 150 200
Temerature (C)

Fig. 5. Heat behavior of nanocomposites of polyurethane/nanopar-
ticles by DSC method.

Table 3. The T,, melting point and crystallinity degree of each PU

membrane
Polymer T, (°C) T, (°C) AH; (J/g™")
PETU -78.1 323 36.6
PETU5 ~76.4 346 341
PETU10 -74.9 364 334
PETUI15 -722 38.2 30.2

role as an additive. It can also be taken into account that the strong
covalent bond among filler and polymer (SiO,- PU) enhances the
rigidity of chains and ultimately increases the required energy for
collapsing the structure of synthesized PU chains. Furthermore,
according to Fig. 4, the remaining weight of synthesized mem-
branes is approximately 2, 5, 10 and 15%wt for PETU, PETUS5,
PETU10 and PETU15, respectively.

DSC curves of the fabricated PUs based on ester are in Fig. 5.
In addition, the glass transition temperature (T,) and the melting
temperature of the soft segment are reported in Table 3. Regard-
ing the DSC graph, there are two main crystalline regions for all
prepared membranes. First is an endothermic peak between 0-
30 °C, which is surely a sign of crystalline area in the soft segment
of matrix. The latter has emerged in 140-180°C, which can be
assigned to the formation of crystals inside hard segments. Beyond
any doubt, emerging crystalline regions in the hard segments explic-
itly assert the phase separation of the soft and hard segments in all
fabricated samples.

According to Table 3, the T, of pure PU and PU containing 15
wt% of silica are found —78.1°C) and —72.2 °C, respectively. As it
is obvious, incorporation of SiO, nanoparticles into the PU matrix
caused the T, of nanocomposites membranes to go up (AT=5.9°C
for the last loading than neat PU). By adding the filler into the
polymer structure, an inevitable interaction and chemical cross-
linking between the OH groups in the surface of nanosilica and
several polar groups of the polymer would occur in such a way
that the molecular movement of polymer chain would be severely
restricted [46,47] and subsequently the T, rises. Generally, change
in the glass transition temperature of the polymers is assuredly
influenced by crystalline area content, the chain stiffness and the
inter-chain interactions (with embedded filler content) [48]. Tal-
akesh et al. pronounced that crystallization in soft segments of
polymers increases these regions’ glass transition temperature [49].
Gheimasi and co-workers declared that increase in the T, of nano-
composite membranes would arise from its matrix polymer chains,
especially those of soft segments, configuration, mobility and rub-
bery state [35].

To determine crystallinity rate of prepared PU membranes com-
posed of the soft and hard segments, Eq. (4) was used:

Xc= Eﬁ )
AH;

where X_. is the crystallinity percent of individual membrane, AH;

is the heat fusion of the polymer when the membrane is in the

state of 100% crystalline structure, and AH; is the heat fusion of

the prepared sample counted by integrating the area under the T,,

peak detected in the DSC thermograms [50]. Clearly, the crystal-
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Fig. 6. XRD patterns of etherified and its nanocomposite membranes.

linity degree of polymer would increase when the portion of peaks
increases.

The surface areas of membranes in Fig. 5 were also computed
by trapezoid method. As it is conspicuous, the crystallinity rate of
nanocomposite membrane has reduced in comparison with neat
PU and decreased further with more loading of silica content. The
amorphous SiO, filler causes widespread disruption in the order
of chains of the PUj; as a result, the crystallinity degree has de-
creased. Moreover, the small size of nanoparticles causes a uniform
dispersion within the matrix of PU and complicates the condi-
tion. Previously, several researchers had observed such behavior in
which the inclusion of filler content led to a shrinkage of the crys-
talline regions of polymeric matrix, and consequently the crystal-
linity degree had decreased [19,34,49,51-53].

1-4. XRD Analysis

The X-ray diffraction of all fabricated membranes is presented
in Fig. 6. A broad peak is detected for the pure PU membrane at
range of 20-25° assigned to the existence of small crystalline area
in the soft and hard segments or the diffraction from large crystals
[54]. Furthermore, there are two other crystalline points in 26=35°
and 45° that indicate the PETU membrane with high crystallinity
rate. This is also under the terms of agreement with the appeared
peaks in DSC diagram.

As can be seen from Fig. 6, there are no dramatic differences
between pure PU and nanocomposites membranes so that all pre-
pared membranes expose relatively the same pattern of behavior.
This incident reasonably refers to an even distribution of SiO, par-
ticles within the matrix of polymer, as previously shown in SEM
images. Nonetheless, incorporating silica content into the neat PU
intensifies above-mentioned peaks to reduce slightly, which indi-
cates a reduction in crystallinity. Distinctively, disrupting the chain
order indispensable for crystallization process is the main reason
behind of this [55]. In fact, due to the inclusion of silica nanoparti-
cles, the possibility of the hydrogen bonding formation decreased,
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Table 4. The gas properties of all penetrants used in this research

Critical temp.  Condensability ~ Kinetic dimeter
Penetrant o o .
('K) ('K) (A)
CO, 304.55 195 3.30
O, 154.581 107 3.46
N, 126.192 71 3.64

and consequently a more amorphous structure with lower crystal-
linity amount was obtained. This was formerly proved by the FTTR
spectra and DSC thermograph.

1-5. Gas Permeation Performance

The permeation capability of all three gases through all fabri-
cated membranes was measured over a range of pressures from 6
to 10 bar and of temperatures from 25 to 45 °C. Properties of pro-
vided gases are summarized in Table 4. The permeability of poly-
meric membranes can be described by means of the solution-
diffusion mechanism. It reveals that the permeation rate of gas is
not only controlled by molecular diffusion, but also it is directly
proportional to the dissolution of molecules through polymeric
membranes. As is plain, diffusivity is a kinetic factor contingent
upon the free space and chain mobility in the polymeric matrix,
whereas gas solubility is a thermodynamic factor determined by
the chemical and physical interactions between the gas molecule
and matrix. Therefore, in the following, we will discuss the influ-
ence of adding silica nanoparticle into the matrix of prepared mem-
branes as well as the impacts of increasing feed pressure and tem-
perature on gas transport properties to provide a better insight into
molecular mechanism through the membrane.

1-6. Effects of SiO, Loading

The permeance rate of synthesized membranes was assessed at
different loading of silica articles (5, 10 and 15 wt%) under the varia-
tion of input pressure up to 10 bar at ambient condition, 25 °C.

Effect of addition of silica nanoparticles on permeability of CO,,
O, and N, gases through PU membranes can be deduced from
the values listed in Table 5 at pressure of 8 bar. As expected and
typical for the permeability of a gas in a rubbery polymer, the
amount of permeated gas decreases with increasing filler content,
ie,, SiO,. Furthermore, CO, is much more penetrable in that par-
ticular PU than O, and N,.

As detected from Table 5, incorporating the silica nanoparticle
into the soft and hard segments of PU causes the permeability val-
ues of all gases to decrease substantially, i.e., N,, and this can be
generalized to all fabricated membranes in this research. It is a

Table 5. Permeability values of synthesized membranes by adding
SiO, content at 8 bar and 25 °C

Membrane Permeability (barrer) Selectivity
samples Pcoz P Py, Qcoun2 Qoanz
PETU 74.05 7.50 2.74 27.03 2.74
PETU5 72.32 7.31 2.60 27.82 2.81
PETU10 70.51 7.11 2.28 30.93 3.12
PETU15 68.01 6.82 1.93 35.24 3.53




CO, separation by PU/SiO, nano-composite membrane 771

common belief that the inclusion of nanomaterial, i.e., nanoparti-
cles, into the matrix of polymer can improve the performance of
membrane by the virtue of changes on the constitutive structure of
polymer, as reported in our previous work [3,18,56,57] and also by
some researchers [58-60]. Nevertheless, in this study adding filler
has decreased the permeation amount of all tested gases. For
instance, at the pressure of 8 bar, the permeability value of CO, has
declined from 74.05 barrer to 68.01 barrer for the pure PU and
PU containing 15 wt% of silica, respectively. One possibility might
be the restriction of polymeric chain motion arising from the
interaction of hydroxyl groups (-OH band) on the surface of SiO,
with the chains of applied PU. Moreover, it would be realized that
impregnating a non-permeable filler; i.e., SiO,, into the structure of
PU polymer, particularly into soft segments, can barricade free
spaces and pores and change the passage areas of gas molecules
through the matrix in such a way that makes the diffusion path a
tortuous one, consequently penetration is reduced [60]. Distinc-
tively, these free volumes in the soft segments, because of their high
mobility, would create plenty of spaces for penetrants to diftuse,
while incorporation of silica particle acts an obstacle and reduces
the accessible free volume and finally leads to permeation of gases
decrease.

A precise investigation of the permeability value in Table 5 reveals
that the CO, gas exhibits markedly better permeation in compari-
son with other provided gases even at higher filler loading, which
can pertain to the smaller kinetic diameter of CO,. More impor-
tantly, the stronger polar interaction, greater condensability and
higher critical temperature remarkably intensify the penetration capa-
bility of CO,. These characteristics clearly differentiate CO, gas from
other gases, such as O,, N,, and play major roles in significant en-
hancement of CO, absorption [61-63].

As mentioned, the permeation process of gases into polymeric
membranes is considered as an absorption of diffusion and disso-
lution. In diffusion, the gas molecules are absorbed in the matrix
of polymer without chemical reaction, and the amounts of gas
permanence are closely connected with the kinematic size of pen-
etrants. According to Table 4, CO, which possesses the smallest
diameter passes easily over the membranes; thus it allocates higher
amount of permeability with respect to O, and N,. But, by adding
SiO, nanoparticle into the matrix, dissolution mechanism would
be powerfully reinforced. As seen in Fig. 7, silica is a hydrophilic
nanoparticle that includes polar hydroxyl groups (-OH groups) on
its surface which have strong inclination toward other polar groups.
Although carbon dioxide is a nonpolar gas, the polarity of the
individual C-O bonds in the molecule provides favorable condi-
tions to interact closely with polar groups of other materials. As a
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Fig.7. Polar interaction of CO, with hydroxyl group (-OH) on the
surface of silica nanoparticle.
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result, CO, is able to take part in hydrogen bonding and acts as
Lewis acid or Lewis base [64,65]. The high polarity of the bonds
in the CO, molecule allows a strong electron interaction with the
highly polar hydroxyl groups in the silica molecules; therefore, this
high mutual affinity causes CO, absorption to facilitate and conse-
quently CO, permeability soars noticeably. To further clarify this
claim, regarding Table 4, the permeation rates of CO, are 9.87,
9.89, 9.73, 9.97 times than O, values and 27.03, 27.82, 30.93, 35.24
times than N, amounts within PETU, PETUS5, PETUI10 and
PETU15, respectively.

On the report of Table 5, the permeation trend of all gases shows
a reduction in the amount of gases with the addition of filler in a
constant temperature, 25 °C. The results show that the sequence of
penetration of gases in PU is as follows:

CO,>>0,>N,

Obviously, this order is a general trend for all fabricated membranes,
but the permeability amounts of gases would decrease than the
former membrane. For example, by increasing the amount of sil-
ica particles from 0 wt% to 5, 5 to 10 wt% and 10 to 15wt% into
the matrix of polymer, the permeation value would reduce based
on below trend (at 8 bar):

PETU/5: CO, (—2.34%)<0, (—2.53%)<N, (—5.11%)
Hcoan) (2-92%)>a(02/1\12) (2.55%)

PETU5/10: CO, (—2.50%) <0, (—2.74%)<N, (—12.31%)
Hcoan) (11-18%)>01(02/N2) (11.03%)

PETU10/15: CO, (—3.55%) <0, (—4.08%)<N, (—15.35%)
Hcoan) (13-93%)>01(02/N2) (13.14%)

As is clear, increasing filler content makes the permeability amounts
of all gases decrease, whereas the selectivity values of both gas pairs
increase sensibly. Evidently, the reduction trends of both CO, and
O, are approximately close, while N, permeability impressively
declines. Undoubtedly, the higher reduction rate of N, respect to
CO, and O, causes the selectivity of both gas pairs to go decidedly
up. However, this increment is slightly greater for CO,/N, com-
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Fig. 8. Comparison of our experimental data and literature data for
the CO, permeability.
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pared to O,/N, gas pairs.

Fig. 8 depicts a comparison of our experimental data and litera-
ture data for the permeability of CO, in some polymeric membrane
impregnated with various types of nanoparticles. Ameri et al. [41]
and Molki et al. [27] studied PU with different particles, ie., ALO;
and NiO, respectively, and found that the incorporation of nano-
particles into the matrix of polymer causes the permeation values
of nanocomposite membranes to decrease, as previously predicted
by Maxwell [66]. Maxwell believed that the existence of nanoparti-
cles increases tortuosity of the polymer matrix which provides a
longer path for diffusion by molecules. Molki et al. stated that the
free volume reduction (diffusion) effect overcomes that of favor-
able CO, interaction (solution); as a result, the overall permeabil-
ity of CO, is reduced [27]. Although exact comparison would not
be made due to the different pressure and temperature range, our
data exhibits similar tendency with their experimental data and
Maxwells prediction. In another study, Gheimasi et al. examined
the influence of carbon nanotubes functionalized with tetraeth-
ylene pentamine on PU matrix (PU/MWCNT/TEPA). Contrary
to expectations, they affirmed that increasing the MWCNT-TEPA
loading leads to enhance the penetration of gases within the syn-
thesized membranes since the gas molecules preferentially pene-
trate through the lower mass transfer resistance region of nanotube

structure of MWCNT-TEPA. They also expressed that some inter-
facial defects such as some voids plus accumulation can provide a
tremendous boost for the permeation rates of gases [35]. Never-
theless, this is typical behavior of glassy polymers as reported by
Moghadam et al. [67] and Abedini et al. [68], with the latter attrib-
uting this augmentation of permeability values to the increase of
free volume by loading of MIL 53 particles, which provides a favor-
able condition for more condensation of CO, in membrane matrix.
Therefore, type of applied polymers, the methods of fabrication,
kind of nanoparticles, operational conditions and even the ambi-
ent of laboratory would affect the experiment. All in all, the inclu-
sion of nanoparticles into the structure of polymers might have
two contradictory consequences. First, it can improve the penetra-
tion of gases caused by widespread disruption in chain packing of
matrix, which is commonly observed in the glassy polymers. Sec-
ond, it acts as a serious impediment, preventing the permeation of
gas molecules within the membrane film by increasing diffusion
path length [68-71].
1-7. Effect of Feed Gas Pressure

Fig. 9 provides the P-p diagrams (i.e., the permeation value ver-
sus the feed pressure) for the systems of gas+PU at different feed
gas pressure from 6 to 10 bar at a fixed room temperature, 25 °C.
Furthermore, Fig. 10 illustrates the permselectivity of gas pairs with
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Fig. 9. Effect of feed pressure on the permeability of (a) N,, (b) O, and (c) CO, gases.
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neat PU and PU/silica membranes.

the variation of pressure. Generally, the permeability data reveals
that as the feed pressure increases from 6 to 10 bar, the CO, per-
meation is sharply escalated, while the values for O, and N, are
decidedly declined.

As is clear, the magnitude of the gas permeability follows this
trend:

CO,>>0O,>N,

Utilizing the specifications of the gases from Table 5, the CO, gas
would show greater permeation value than O, and N, gases be-
cause of its smaller kinematic diameter and higher critical tempera-
ture [72,73]. Thus, the smaller the molecular size, the higher the
critical temperature and, therefore, the higher the permeation rate
through the matrix of polymer. What is more, having high con-
densability amount results in greater gas solubility, which stimu-
lates the constituents of polymer matrix, ie., ether groups, to interact
with CO, and absorb its molecules much more than non-condens-
able gases such as O, and N,.

As one can see from Fig. 9(a) and (b), the permeation amount
of N, and O, gases would decrease under higher pressure at a con-
stant temperature, 6 to 10 bar at 25 °C, which is in complete con-
tradiction to the value of CO, gas (Fig. 9(c)), which ascends steeply
with increasing the pressure. Distinctively, increasing the pressure

provides a facile permeation conditions for the smaller and con-
densable gases, ie., CO,, in such a way that the molecules can eas-
ily pass through the matrix of the polymer. As the case of filler
content, adding nanoparticles into the structure of polymer, the
pressure might have two plausible hypotheses [3,27]:

L. Increase in the pressure of feed gas increases the gas concen-
tration inside the membrane, in turn, increasing the fractional free
volume available into the matrix.

IL. The hydrostatic pressure inside the membrane would increase
as long as the pressure is high enough; as a result, the free volume
contribution would be reduced due to the polymer chain compact-
ness.

Unquestionably; increase of feed gas pressure can radically affect
the gas diffusivity as well the solubility of all penetrants through
the membrane. As is evident from the data available in Fig. 9(c),
the CO, values increase with rising pressure so that we firmly
believe that the first is the reasonable theory here for CO,. It means
that increase in the volume of condensable gas (gas concentra-
tion), i.e., CO,, results in an increase of the plasticity index owing
to the polymer plasticization phenomenon emerging from the
strong enough interaction between polar and condensable mole-
cules of CO, with the chain packing of polymeric matrix. Besides,
the small kinetic size simultaneously assists the molecules of CO,
to go through easily to show highly significant permeability amount.
For instance, the permeation value of CO, is 69.93 barrer (at 6 bar),
while the corresponding amounts for O, and N; stand at just 7.55
and 2.79 barrer, respectively. It discloses strikingly that the value of
CO, is approximately 10 and 25-times the values of O, and N,,
respectively.

The other side of coin is a decrease in the permeation rate of
gases, definitely, the large and non-condensable molecules, i.e., O,
and N,. Failure to interact with the polymer chains and, on the
other hand, a large core diameter causes the gases to permeate
slightly. Undoubtedly, the incapability to overcome the compres-
sion of polymer chains worsens the circumstance and the penetra-
tion of gases keeps falling off substantially by increasing the pressure.
In case of N, gas, the decrement rate is much more than O,, 3.64
versus 3.46 (A), respectively; therefore, the gas pair selectivity of
0,/N, would increase, whereas the CO,/N, selectivity peaks mark-
edly. To shed light on this point, the trend of changes in perme-
ation values through PETU, for increase of pressure from 6 to 10
bar, is in the order of:

CO, (+14.13%)>>0, (- 1.06%)>N, (—2.51%)

Subsequently, the comparison between selectivities value enhance-
ment s as follows:

Kcounny (17.08%)>> 0oy (1.48%)

According to the FTIR, DSC and XRD results, the phase separa-
tion and crystallinity rate decrease, and thus the mixing phase in-
creases in that it would affect the permeation rate of gases in which
the contribution of diffusional selectivity of the polymer becomes
the predominant feature [49]. Fundamentally, the permeability
and permselectivity of penetrants not only are affected by the soft
and hard segment chemical structures and contents, but also by
the phase separation extent between hard and soft segments in
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such materials [74]. Meanwhile, increase of input pressure makes
it clearly highlight in such a way that the polymer function would
be similar to a glassy polymer. By means of this, the permeance
rate of non-condensable gases with large molecular size will lessen
and then the polymer selectivity will move positively up. Regard-
ing the above comparison, the increment rate of gas pair selectivity
for the condensable gas (CO,) with respect to the non-condensable
gas (O,) over the largest non-condensable gas (N,) is relatively 12
times.

From Fig. 9, by inclusion of nanoparticles into the matrix of
polymer, the permeation of SiO,-filled polyurethane is less than
pure PU and the former loading of filler. By way of illustration, the
permeability values of all penetrants through the all prepared mem-
branes would come with the following ranking:

PETU>PETU5>PETU10>PETU15

For instance, the changes in the permeability and permselectivity
of all membranes for provided gases with increasing pressure from
6 to 10 bar, 25 C and different loading of filler are as follows:

PETU: CO, (+14.13%)>>0, (—1.06%)>N, (—2.51%)

Qeervt Koo (17.08%)> opz (1.48%)

PETUS5: CO, (+13.02%)<0, (—1.09%)<N, (—4.92%)
PETU/5: CO, (—7.86%)<0, (—2.83%)<N, (—96.02%)
Cerus: Ocounn (18.85%)> g (3.96%)

Cperuss Acoan) (10-36%)<05(02/Nz) (167.57%)

PETU10: CO, (+12.20%)>>0, (—4.25%)<N, (—9.17%)
PETU/10: CO, (—13.66%) <0, (—300.94%)<N, (—265.34%)
PETU5/10: CO, (—6.30%)<0, (—289.91%)<N, (—86.38%)
Ceruio: Ccouny (23.53%)< Ooun) (5.26%)

Qeerune: Kcounn (37.76%)< Koy (255.41%)

Qeerusne: FKcounz (24-83%)< oy (32.83%)

PETU15: CO, (+10.17%)>>0, (=9.42%)<N, (—15.17%)
PETU/15: CO, (—28.03%) <0, (—788.68%)<N, (—504.38%)
PETU10/15: CO, (—16.64%)<0, (—121.65%)<N, (—65.43%)

OpeTUIs: A(Co2/N2) (29-86%)>(1(02/N2) (6.73%)

Qeeruns: Ocounn) (74.82%) < oo (354.73%)
Qperusyis Gcouny (58.41%)< oy (69.95%)
OpeTU10/15+ KCO2IND) (26-90%)<(1(02/N2) (27.95%)

This reduction in values for gases can be supported that increas-
ing of feed gas pressure makes the polymer chains be packed
closely and, as a result, the free volume of the polymer matrix is
reduced [75]. Furthermore, as the free spaces of the matrix of rub-
bery polymers are much lower compared to glassy polymers, there-
fore, impregnating nanoparticles into the polymer structure would
decrease the contribution of free volume. Assuredly, this circum-
stance deteriorates in higher amount of loading SiO, particles.
With reference to the two above-mentioned elements, diffusion of
all penetrants is reduced.

1-8. Effect of Feed Gas Temperature

The measured experimental data in the form of PT, where P
represents the penetration rate of CO,, O, and N, gases permeated
within the membrane film at the pressure of 10 bar and T, indi-
cates the operation temperature up to about 45 °C, as tabulated in
Tables 6 and 7.

Effect of temperature on permeability of all provided gases
through the fabricated membrane can be deduced from the val-
ues listed in Tables 6 and 7. As expected, and typical for the per-
meation of a gas in a polymeric membrane, the amount of penetrated
gas increases with rising temperature at a constant pressure. Fur-
thermore, CO, is much more permeable in that particular rub-
bery polymer with respect to O, and N,.

Based on the results obtained in this work, the permeability of
all gases (CO,, O, and N,), expressed in barrer scale, within the
PU membranes follows the order: CO,<O,<N,, ie., the permea-
bility increases with increase in the fractional free volume of
matrix of polymer. Talakesh et al. also pointed out this same con-
clusion [49]. Undoubtedly, by increasing the temperature, the flex-
ibility and dynamic of polymeric chains increase in such a way

Table 6. Permeability and selectivity for CO, and N, in PETU/ SiO, membranes at 10 bar

Permeability Permeability Permeability
Selectivity Selectivity Selectivity
Samples 25°C 35°C 45°C
Peop Py Qcounz Peop Py, Qcoanz Pcoa Py Qcoun:
PETU 79.81 2.72 29.34 89.50 371 24.12 107.64 491 21.92
PETUS 75.98 2.51 30.27 87.16 3.54 24.62 104.59 453 23.09
PETU10 73.00 2.18 3349 82.30 3.11 26.46 99.13 413 24.00
PETU15 68.90 1.79 38.49 84.08 2.96 28.41 102.66 424 24.21
Table 7. Permeability and selectivity for O, and N, in PETU/ SiO, membranes at 10 bar
Permeability Permeability Permeability
Selectivity Selectivity Selectivity
Samples 25°C 35°C 45°C
Po, Py Qoaun Po, P Qoan Po, Py, QoyNz
PETU 7.47 2.72 2.75 9.9 3.71 2.67 11.49 491 2.34
PETUS 7.26 2.51 2.89 9.56 3.54 2.70 1091 4.53 241
PETU10 6.98 2.18 3.20 8.58 3.11 2.76 10.24 4.13 248
PETU15 6.54 1.79 3.65 8.70 2.96 2.94 10.68 424 2.52
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that the pattern of movement of the chains would be changed, and
subsequently the fraction of free volume into the matrix decidedly
increases [27]. It is almost tangible that the penetration rate of
large molecules would be facilitated as long as the FV of matrix
increases and, in consequence of that, the contribution of the dif-
fusional selectivity would decrease. Accordingly; the gas which allo-
cates larger molecular size, ie., N,, has greater permeation rate in
comparison with CO, which possesses the lowest kinetic diame-
ter. As a result, the permselectivity of gas pairs would dramatically
plunge with increase of temperature. For example, the amount of
changes in permeation values (Ap) through the individual mem-
brane for increasing the temperature in a range of 25 to 45°C at a
constant gas pressure, 10 bar, is as follows:

PETU: N, (+80.51)>0, (+53.82)>CO, (+34.84)
A02N2) (—17-52%)<a(c02/m) (-33.85%)

PETU5: N, (+73.31)>0, (+50.28)>CO, (+37.65)
A02N2) (—19-91%)<a(c02/m) (-31.10%)

PETUI10: N, (+89.45)>0, (+46.70)>CO, (+35.79)
Q02N2) (—29-03%)<a(c02/m) (=39.54%)

PETU15: N, (+136.87)>0, (+63.30)>CO, (+48.50)
Q02N2) (—44-84%)<a(c02/m) (-58.98%)

Thus, the increased mutation rate (IMR) by dividing the amount
of changes in permeability value of each gas (IMR=A/Ap,) is as a
sequence of:

PETU: N,/CO,=2311, N,/O,=1.460
PETUS: N,/CO,=1.947, N,/O,=1.458
PETU10: N,/CO,=2.499, N,/O,=1.915
PETU15: N,/CO,=2.822, N,/O,=2.162

As illustrated, the permeability value of all gases would sharply
climb with increase of temperature, whereas the selectivity of both
gas pairs would drastically plummet. As can be noticed, CO, gas
with the smallest and N, gas with the largest molecular size exhibit
the lowest and highest penetration amounts through the matrix of
prepared membranes with temperature, which makes the selectivity
values of CO,/N, fall drastically with respect to the O,/N, amounts.
Interestingly, the above results are the complete opposite of the
obtained result of increasing feed pressure, in which the permea-
bility of penetrants was reduced, except CO,, and the selectivity of
gas pairs moved up. However, by increasing the temperature and
amount of SiO, nanoparticles simultaneously, the variation trend
of permeability and selectivity is absolutely identical to that of the
pressure, drop in overall permeability and advance in overall gas
pairs selectivity. For example, at 10 bar and 45 °C, the permeability
values of CO,, O, and N, in PETU decrease from 107.64, 11.49
and 4.91 barrer to 102.66, 10.68 and 4.24 barrer in PETU15, whereas
the gas pairs selectivities of CO,/ N, and O,/N, increase from 21.92
and 2.34 to 24.21 and 2.52 for PET'U and PETU15, respectively.

As described before, the existence of small crystalline area at
range of 20-25° and a narrow and weak peak appearing at 0-30 °C
were confirmed by the XRD and DSC analyses, respectively. Also,
increasing the operation temperature close to the melting point of
such crystals (Table 3) boosts the chain packing of matrix to move
easily out of crystal cells in such a way that the crystalline degree
of soft segment of matrix decreases and consequently an amor-

phous Polymer forms [49]. Since the crystal cells are impermeable
and act as obstacle in the way of the molecules of penetrants, leav-
ing these cells increases significantly the free spaces required for
passing gas through the polymeric film. On the other hand, the
formation of crystals into the soft and hard segments would severely
restrict the mobility of polymer chains, which leads to a reduction
in the diffusion rate of gases. Correspondingly, increasing the tem-
perature would decrease the crystallinity degree of the polymer and
provide more spaces for gases to have a facile permeation within
the structure of polymer. Briefly, the permeation amount of the
penetrants can be raised with the temperature rise factor as a con-
sequence of reducing the degree of crystalline phase to the abso-
lute minimum.

The influence of temperature on the gas permeability is often
elucidated using the van't Hoff-Arrhenius equation [76]:

P= Poexp(_R—l::;) ©)

where P, [barrer] is the temperature-independent pre-exponential
factors, R is the universal gas constant [k]/mol K], T is the absolute
temperature [K], and —E, is the activation energy of permeation
obtained from a logarithmic plot of P versus T, [k]/mol].

Using Eq. (5) and the obtained data in this work, E, and AE,
for all tested gases, ie., CO,, O, and N,, were computed and tabu-
lated in Table 8. From Table 8, the obtained AE, values for both
gas pairs at pressure of 10 bar are in the order of (in units of kJ/mol):

PETU: O,/N, (10.938)<CO,/N, (15.792)
PETUS: O,/N, (11.066)<CO,/N, (15.869)
PETU10: O,/N, (11.318)<CO,/N, (16.119)
PETUI15: O,/N, (11.646)<CO,/N, (16.465)

For gas pairs with higher difference in activation energies (AE,),
the dependence of permselectivity on temperature is stronger. There-
fore, CO,/N, and O,/N, pairs with the highest and lowest differ-
ences in permeation activation energy have the strongest and weakest
temperature dependence of permselectivity, respectively.
1-9. Mixed Gas Permeation

The mixed gas permeation property of fabricated membranes
was investigated through the gas mixtures of CO,/N, and O,/N,
ratios of 50: 50 v/v. After passing of gas mixtures through the mem-
brane matrix, the impermeable flow was removed, while the per-
meable gas flow was carried to a GC system to determine the gas
composition. The obtained results of gas mixtures, at pressure of
10 bar and temperature of 25 °C, are listed in Tables 9 and 10.

According to Tables 9 and 10, the trend of changes in permea-

Table 8. Permeability activation energy (E,) for all penetrants at 25°C

and 10 bar
E, (kJ/mol) AE, (kJ/mol)

Samples

CO, 0, N, CO,/N,  O,/N,
PETU 5.264 10.118  21.056 15.792 10.938
PETU5 5.386 10.189  21.255 15.869 11.066
PETU10 5.485 10.286 21.604 16.119 11.318
PETU15 5.628 10.447 22.093 16.465 11.646

Korean J. Chem. Eng.(Vol. 36, No. 5)



776 M. H. Nematollahi et al.

Table 9. Permeability and selectivity for CO, and N, in PETU/ SiO,

membranes at 10 bar & 25 °C
Permeability Permeability
——— Selectivity ———————— Selectivity

Samples Pure Mixed

Poos Py, Acon2 Peos Py, Acoxn2
PETU 79.81 2.72 29.34 71.19 2.63 27.06
PETU5 7598 2.51 30.27 69.13 246 28.10
PETU10 73.00 2.18 33.49 66.36 2.14 31.00
PETU15 6890 1.79 38.49 62.56 1.78 35.14

Table 10. Permeability and selectivity for O, and N, in PETU/ SiO,

membranes at 10 bar & 25 °C
Samples  Permeability Permeability
Selectivity Selectivity
Pure Mixe
Gas
P, Py [2%57/Y7) Py, Py, QooN2

PETU 747 272 2.75 721  2.63 2.74
PETU5 726 251 2.89 7.08 246 2.87
PETUIO 698 2.18 3.20 6.82 214 3.18
PETU15 6.54 1.79 3.65 637 1.78 3.57

bility and selectivity values in the mixtures was almost identical
with those of pure gas, decrease in permeation, and vice versa in-
crease in gas pair selectivity. For example, the CO, permeability in
the mixture decreased from 71.19 to 62.56 barrer, while the CO,/
N, selectivity was enhanced from 27.06 to 35.14 through PETU
and PETU15, respectively. Also, the permeability of all gases and
the real selectivities were smaller than the relevant values of pure
permeability and ideal selectivity. For instance, the permeation
value for CO, through PETU decreased from 79.81 to 71.19 bar-
rer, and also its selectivity over N, (CO,/N,) dropped from 29.34,
27.06, roughly 10% reduction in the values of both indexes.

The reduction of CO, permeability and the subsequent de-
crease in the selectivity values are due largely to the presence of N,
in the mixture. In fact, the presence of N, in the throughput of
membranes, which occupy the free volume of the polymer, leads
to a reduction in the CO, sorption and condensation [4,17]. This
scenario is also certainly true for O, and N, gas mixture. The gas-
eous mixture results also reveal that CO, gas due to its strong ten-
dency to solubility mechanism underwent massive reduction in
the rate of permeance, whereas other gases, ie., O, and N,, illus-
trated a modest decrement compared to their pure values. Never-
theless, regarding the results presented in Table 9, even though the
interaction between the gases in the gas mixture prevents the pass-
ing of CO, through membrane, the mixed matrix membranes pro-
vide an adequate performance for CO, capture/separation.

1-10. Performance of Nanocomposite Membranes

In this research, for different structures of the polymer, neat PU
(PETU) expressed the highest permeation rate, for instance, up to
almost 108 barrer for CO, while showed the lowest selectivity for
CO,/N,, approximately 22. In conflict with that, PU containing
15wt% (PETU15) delivered a quietly converse performance with
the smallest permeability of 62.54 barrer, but the greatest value for
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Fig. 11. Comparison of experimental data for CO,/N, separation
with Robeson’ upper bound.

CO,/N,, nearly 39. As can be noticed, increase in the permeation
rate makes the selectivity value of gas pair to decline decidedly.
Thus, regarding this serious challenge between the permeability
and selectivity; a strict criterion is vital to be defined based on these
two key parameters for practical purposes and commercialization
[77-79]. Our experimental results from the synthesized PU/SiO,
membranes were compared with the upper bound limit of Robe-
son (Robesor’s 2008) in Fig. 11. As depicted in the figure, the CO,/
N, separation results of the fabricated membranes show a slight
inclination to approach to Robesors line by impregnation of mem-
branes matrix with SiO, nanoparticles. This acceptable behavior
recommends better separation performance for the ideal selectiv-
ity of CO,/N, as well as O,/N, gas pair, whereas the permeability
values decrease in the nanocomposite membranes. Nevertheless,
some other attempts are reasonably required to enhance the ratio
of permeation and selectivity of nanocomposite membranes to
overcome this limit, which is under feasibility study:.

Table 11 offers a comparison of the performance of various
membranes filled with particles for the experimental data obtained
in this work and literature data. As can be detected, the penetra-
tion of gases and also the selectivity of pair gases have been affected
by the operational conditions, i.e, T and B, as well as type of filler
content. According to Table 11, the mixed matrix membranes of
PU express suitable permeability. Moreover, the synthesized mem-
branes based PU almost demonstrate more selectivity with respect
to other polymers. These outcomes firmly corroborate that PU
with new chain extender, MOCA, would be able to act as a versa-
tile polymer with high performance for pragmatic applications in
various processes of industry, such as gas separation.

CONCLUSION
PU/SiO, nanocomposite membranes were prepared and tested

under different operation conditions and loading of filler, and their
various properties were characterized and discussed. The main
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Table 11. A comparison between several selected MMMs and this work for CO,/N, separation
Polymer Filler L((i:igg POFp(eogtmg COTI(EZ:)S Peos Py QAcoann Ref.
PMP ALO; 10 25 4 185.80 271 68.58 [3]
PSF TiO, 15 35 10 13 1.11 14.94 [45]
Matrimid Sio, 15 35 10 11.1 0.79 14.14 [45]
PPO,, Sio, 9 25 0.68 48.40 3.30 14.70 [80]
PU (BDO) NiO 5 30 5 131 3.51 37.32 [27]
PU (BDO) --- 25 6 96.83 312 31.04 [49]
PU (BDO) TiO, 30 25 10 98 2.80 35 [60]
PUU [PPG2700] (EDA) --- 35 5 190 11 17.27 [74]
PUU [Terathane: PEG] (EDA) --- 35 5 150 7.2 20.83 [74]
PU (IPDI) 25 4 61.9 2 3095 [81]
PETU15(MOCA) Sio, 15 25 10 68.90 179 3849 This work

conclusions are as follows:

L. The presence of SiO, nanoparticles was confirmed by FRIT
analysis due to changes in absorption bands and their intensity,
such as the bonded carbonyl group which eventually overlapped
with the free carbonyl group. Also, the smooth cross section struc-
ture of nanocomposite membranes lost its assimilation pattern
owing to incorporating silica into the matrix of polymer.

II. The thermal stability of nanocomposite membranes dramati-
cally increased because of the high thermal stability of SiO, nano-
particles. The glass transition temperature of polymers increased
from —78.1°C to —72.2°C for PETU and PETU15, respectively,
due to increase in phase interference or decrease in phase separa-
tion. Further, the XRD results indicated small crystalline regions
in soft and hard segments in the matrix of PUs membranes.

III. The CO,, O, and N, permeability decreased from 74.05,
7.50 and 2.74 barrer in pure PU to 68.01, 6.82 and 1.93 barrer in
PU containing 15wt% SiO, nanoparticles. Undoubtedly, this dec-
rement in values could be assigned to longer diftusion path and
also decrease in free volume as well as the agglomeration of nano-
particles, which reduced the sorption and diffusion of penetrants
within the matrix of fabricated membranes.

IV. Because of interaction with polymer chains, the CO, perme-
ation went decidedly up with the pressure, whereas a reduction in
permeance values for O, and N, occurred through the membranes
by increasing the feed gas pressure. Nonetheless, the selectivity val-
ues of gas pairs, CO,/N, and O,/N,, increased positively.

V. By increasing the feed gas temperature, the permeability of
all penetrants rose sharply, which was mainly due to the increase
in the fractional free volume of matrix. However, the permselec-
tivity of both gas pairs declined dramatically. The selectivity value
of CO,/N, decreased from 29.34 at 25°C and 10 bar to 21.92 at
45°C in PETU, while the corresponding amount at 45 °C in PETU15
was about 24.21.

Finally, regarding the obtained results, it must be pointed out
that PU with new chain extender named MOCA is a viable alter-
native when aiming at a highly selective polymer for CO,/N, sepa-
ration. Although this novel nanocomposite membrane is attractive
in its acceptable performance, the capacities of this new polymer
for the gas separation process have to be assessed by future research

with applying more selective nanoparticles and crosslinking and
blending with other polymer. In future study; we will focus on new
approaches to obtain more favorable results for process of indus-
trialization.

ABBREVIATIONS
PU : polyurethane
PUU : polyurethane-urea
PETU : polyetherurethane
PTMG : polytetramethylene glycol
DI : diisocyanates
HDI : hexamethylene diisocyanate
MOCA : 44-methylenebis(2-chloroaniline)
DBTDL  :dibutyltin dilaurate
NMP : N-methyl-2-pyrrolidone
PIMs : polymers of intrinsic microporosity
PMP/TPX :poly (4-methyl-1-pentene)
PPO : poly (2,6-dimethyl-1,4-phenylene oxide)
PA : polyamide
PPG : ploy (propylene glycol)
Terathane : poly (tetramethylene ether glycol)
PEG : ploy (ethylene glycol)
BDO : 1,4-butandiol
IPDI : isophorone diisocyanate
EDA : ethylene diamine
OCDA : octanediamine
SGWF : short glass wool fiber
TEPA : tetraethylene pentamine
TiO, : titanium oxide
ALO;, :aluminium oxide (Alumina)
SiO, : silicon dioxide (Silica)
NiO : nickel oxide
Fv : free volume
FFV : fractional free volume
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