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ABSTRACT: Cellulose acetate (CA) is well known glassy polymer used in the fabrication of gas-separation membranes. In this study,
5,11,17,23-tetrakis(N-morpholinomethyl)-25,26,27,28-tetrahydroxycalix[4]arene (CL) was blended with CA to study the gas-
permeation behavior for CO,, N,, and CH, gases. We prepared the pure CA and CA/CL blended membranes by following a
diffusion-induced phase-separation method. Three different concentrations of CL (3, 10, and 30 wt %) were selected for membrane
preparation. The CA/CL blended membranes were then characterized via Fourier transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM), atomic force microscopy (AFM), and X-ray diffraction analysis. The homogeneous blending of CL and
CA was confirmed in the CA/CL blended membranes by both SEM and AFM analysis. In addition to this, the surface roughness of
the CA/CL blended membranes also increased with increasing CL concentration. FTIR analysis described the structural modification
in the CA polymer after it was blended with CL too. Furthermore, CL improved the tensile strength of the CA membrane appreciably
from 0.160 to 1.28 MPa, but this trend was not linear with the increase in the CL concentration. CO,, CHy, and N, gases were used
for gas-permeation experiments at 4 bars. With the permeation experiments, we concluded that permeability of N, was higher in
comparison to those of CO, and CH, through the CA/CL blended membranes. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131,

39985.
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INTRODUCTION

Membrane-separation technology has evolved as a rapidly grow-
ing field during the past few decades, and it has been approved
economically and technically as a favorable and competent sepa-
ration process compared to the other separation techniques in
use'™ because membrane technology offers numerous advan-
tages over other technologies, including a low energy require-
ment, smaller footprint, low capital and operation costs,
environmental friendliness,”'® and flexibility in handling at a
higher flow rate, pressure, and various feed compositions. Mem-
brane gas separation, a relatively young technology, has emerged
in the last 15 years to successfully compete with other well-
established industrial gas-separation processes, such as cryogenic
distillation, absorption, and pressure swing adsorption.'" Com-
mercially, the most widely practiced separations using mem-
branes include the separation of O, and N,; the recovery of H,
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from mixtures with larger components such as N,, CH,, and
CO,; and the removal of CO, from natural gas mixtures.?

In many applications, polymeric membranes are used because
of their processing feasibility and cost. The gas permeation
through polymeric material is influenced by the polarity and
structural characteristics of the polymer and permeate gas. The
structural regularity and compactness in polymeric material
increases the gas selectivity while reducing the permeability. On
the other hand, bulky substituent groups on either the main
chain or side chain of the polymer result in spaces throughout
the whole polymer matrix; this increases the gaseous permeabil-
ity. Thus, according to Robeson’s view for polymeric mem-
branes, a tradeoff exits between the gas permeability and
selectivity."® Therefore, many efforts have focused on improving
the polymer characteristics either by blending with other poly-
mers or through using various inorganic additives.
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In this context, cellulose acetate (CA) was selected as a poly-
meric material in this study to fabricate membranes for gaseous
separation because of its unproblematic availability, low cost,
good strength, and ease of handling.'* To this point, the gas-
separation efficiency of CA has been increased in different ways
by the introduction of zeolites,"” transition-metal complexes,'®
and silicon species'” into its matrix. Furthermore, poly(methyl
methacrylate),'® poly(ethylene glycol),'"® and Si** were also
incorporated into the cellulose polymer to prepare a polymeric
membrane of comparable efficiency. A CA membranes are also
used in facilitated transport by the inclusion of an aqueous car-
bonate solution.”’ However, much work is still needed to make
CA membranes with particular properties.

Recently, prime importance has been attributed toward calixar-
enes, which are supramolecular receptors for ionic and neutral
species. Calixarene exhibits a central cavity surrounded by upper
p-tert butyl and lower —OH rims. Both rims are capable of func-
tionalization, and therefore, a variety of calixarene derivatives has
been synthesized for specific applications up to this point.*”
Hence, the complexation of calixarene with a particular target fol-
lows host—guest relationship because of the cavity along with
functionalized rims. Therefore, it is successfully applied in metal
complexation,” liquid membranes,”>*> and potentiometric and
optical systems.”® Furthermore, the use of calixarene as an
adsorbent for volatile guests, such as CHy, CF,, CF;Br, and CO,,
is a new advancement.””"** Previously, it was believed that gases
flowed around the calixarene crystal without interacting with
them. However, in many new investigations, calixarene has
appeared as a promising material for the absorption of CO, and
CH, from gaseous mixtures. CO, and CH, uptake under standard
temperature and pressure conditions is much greater in compari-
son to many porous materials in use today. It has been established
that on average, two calixarene molecules facing each other in an
offset arrangement generates an hourglass-shaped lattice void. In
this particular arrangement, the host-guest ratio for CO, is 2:1,
and for CH,, it is 1:1.°%*" Although the exact interaction mecha-
nism of seemingly nonporous calixarene with CO, and CHj is still
under investigation and it needs more conclusive experi-
ments,>>>? in addition to this, calixarenes are also used as carriers
in various polymer inclusion membranes based on cellulose tria-
cetate polymers for aqueous applications that show the consider-
able compatibility of calixarene with CA.>*™*'

With all of the previously discussed facts in mind, in this study,
we planned to prepare calixarene-based CA membranes and to
investigate their permeation behavior toward gases. This study
opened up methods for the facile structural modification in the
CA polymeric matrix with different economical calixarene deriva-
tives. In addition to this, the remarkable inclusion ability of calix-
arene for volatile gases was also explored to examine the overall
impact on gaseous permeation. For this purpose, 5,11,17,23-tetra-
kis(N-morpholinomethyl)-25,26,27,28-tetrahydroxycalix[4]arene
(CL; as shown in Figure 1) was selected as a calixarene derivative;
its preparation procedure was reported previously.*> A diffusion-
induced phase-separation (DIPS) method was followed to make
CA/CL blended membranes of different concentrations (3, 10,
and 30 wt %). The blended membranes were characterized with
several analytical methods, including Fourier transform infrared
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Figure 1. p-Morpholinomethylcalix[4]arene.

(FTIR) spectroscopy, scanning electron microscopy (SEM),
atomic force microscopy (AFM), and X-ray diffraction (XRD)
analysis. N,, CO,, and CH, gases were chosen for the permeation
experiments of the CA/CL blended membranes to examine the
specific host—guest interaction of CL with CO, and CH,. The per-
meability of N, through these blended membranes was high com-
pared to CO, and CH,. The preparation of the CA/CL blended
membranes and their gas-permeation properties are reported
here for the first time.

EXPERIMENTAL

Materials

CA (Sigma Aldrich, Munich, Germany), with a degree of acety-
lation of 1.2, was used as membrane-forming material. Acetone
(BDH Laboratory, London) was used as solvent to dissolve CA.
Magnesium perchlorate (Sigma Aldrich, Munich, Germany) was
used as a desiccant. Hexane (Merck, Darmstadt, Germany) was
used to dry the membranes. All of these chemicals were bought
from Shalimar Scientific Stores (Rawalpindi, Pakistan) and were
used without further purification. Pure feed gases were bought
from New Light Corp. (Pakistan).

Fabrication of the CA/CL Membranes

CL was prepared according to the reported procedure.*? For the
CA/CL membranes, 65 wt % dry acetone (with the addition of
10 wt % magnesium perchlorate) was mixed with 25 wt % CA
with constant stirring. Different proportions of CL were soni-
cated and added to the CA mixture along with stirring. The
blended mixture was kept for 2 h to remove bubbles after 24 h
of stirring. The resulting casting solution was cast on a glass
plate, placed in air for 20 s to evaporate the solvent, and gelled
in ice-water for 20 min to complete the phase-separation pro-
cess. The cast membrane was dipped in water at 80°C to sepa-
rate the membrane from the glass surface. For drying purposes,
the fabricated membrane underwent the solvent-exchange
method. The CA/CL membrane was ready after it was heated at
60°C for 2 h. Three different concentrations of CL, that is, 3,
10, and 30 wt %, were blended with CA, apart from the synthe-
sis of pure CA membrane, and these are referred to as M(b),
M(c), M(d), and M(a), respectively.

MEMBRANE CHARACTERIZATION

SEM
The cross-sectional images of the membranes were obtained
from SEM (JSM 6409A, JEOL, Japan) after sputter coating with
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a thin gold film and then attached on brass plates with double-
sided tape.

AFM

The root mean square values of the surface roughness of the
membranes were measured by AFM. The pure and blended
membranes were heated to remove moisture and then mounted
on slab with double-sided tape. The slab containing membranes
were placed in a JSPM-5200 (Japan) to get the surface images.

FTIR Spectroscopy

FTIR spectroscopy (FTIR Spectrum 100 PerkinElmer, MID IR)
was used to obtain the qualitative structural analysis of the pure
and CA/CL blended membrane with 1-cm™' resolution in
transmission mode with wave numbers from 450 to 4000 cm ™ .
The small portion of the pure and CA/CL blended membranes
were cut in circular shapes and placed in a pallet holder. The
holder was then mounted in an FTIR instrument (PerkinElmer).
All of the spectra (subtracted from the background spectra)
were recorded at room temperature.

XRD

The XRD analysis was performed with an STOE Germany
Theta-Theta diffractometer (Germany, software, WinXPoe
X'Pert High Score) with Cu Ko monochromatic radiations
(wavelength = 1.54 A) at a scanning range of 13 to 32° with a
step size of 0.05° and a step time of 1 s. The accelerating voltage
was 30 kW, and the tube current was 20 mA.

Tensile Strength

The tensile strengths of the pure and CA/CL blended membranes
were measured at room temperature with a Shimadzu universal test-
ing machine (AG-XD Plus, Japan). The membranes were cut into a
dumbbell shape with a gauge length of 50 mm and a width of 13
mm. The samples were clamped between two aluminum holders.
One holder was attached to the lower base of UTM, and the other
holder was attached with a force sensor. The time required for the
mounting and testing of all samples was kept constant. Three sam-
ples of each membrane were tested to eliminate random error.

Permeation Experiments

The gas-permeation study of all of the fabricated CA/CL
blended membranes was accomplished with the experimental
setup given in Figure 2. Single gas-permeation experiments were
conducted at 28°C with a pressure difference of 400 KPa. The
setup was placed in a temperature-controlled chamber. Air cir-
culation was also done to maintain the temperature and prevent
condensation of water in the membrane module.

The basic principle of gas permeation through dense mem-
branes was a solution-diffusion mechanism.*> Gas permeation
took place because of the pressure gradient across the mem-
brane. The flow rates and pressures (feed and permeate) were
measured by flow meters and pressure sensors, respectively. The
permeability (P;) of the CO,, CHy, and N, gases were calculated
with eq. (1), derived from Fick’s law of diffusion:
nl
P =
P,-Py

(1

where 71; is the steady state flux of i feed gas [mol (STP)/

m? s], I is the membrane thickness (m), and P; and P,

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

39985 (3 of 9)

CIENCE

Retentate

Permeate
Figure 2. Schematic representation of the experimental setup: (1) flow
meters, (2) gas cylinders, (3) pressure gauges, (4) membrane module, and
(5) pressure sensor.

are the pressures of the permeate and feed side, respectively
(Pa).

RESULTS AND DISCUSSION

DIPS Process

The DIPS technique was used to synthesize CA/CL blended
membranes.** The cast membranes were placed in air to evapo-
rate the solvent and then immersed in distilled water. The dem-
ixing of the solvent and nonsolvent (acetone—water) took place
at this point. CA started to precipitate, and the diffusional mass
exchange caused changes in the confined composition of the
polymer membranes. The CA chains were repelled because of
their low miscibility with water. These chains intertwined and
gelled to form dense structure. After gelling, the dipping of the
CA/CL membranes at 80°C in distilled water caused the
destruction of the microporous structure and converted these in
a nonporous structure. A number of parameters, such as the
rate of solvent and nonsolvent exchange, temperature, relative
humidity, and time delay in the immersion of the membrane in
the nonsolvent, influenced the membrane morphology.*’

FTIR Analysis

The role of spectroscopic analysis is crucial in polymer charac-
terization. The surface characterization of membranes was done
with IR spectroscopy to examine the molecular structure of the
membranes. The FTIR spectra of the pure CA and CA/CL
blended membranes are collectively presented in Figure 3. The
FTIR spectrum of the pure CA membrane was compared with
that of the CA/CL blended membranes. In the spectrum of pure
CA, the peak at 3417 cm™' was attributed to the stretching
vibration of the carboxylic acid group (—COOH). The strong
peak around 1790 cm ™' was assigned to the stretching mode of
the C=0 bond, and another peak at 1370 cm™~ ! showed the
bending of the C—CHj; group. The characteristic peak around
1235 cm ™! was attributed to the asymmetric stretching of the
ether C—O—C vibration. However, in the FTIR spectrum of
CL, a distinctive peak was indicated at 1454 cm ™' for the C—N
stretching vibrations and was followed by a band at 1107 cm ™!,
which showed the stretching vibrations of C—O. The FTIR
spectrum of the CA/CL blended membrane indicated slight
changes in the peaks associated with the carbonyl (C=0) and
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Figure 3. FTIR spectra of the CL, CA, and CA/CL blended membranes.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

carboxylic acid group (—COOH) in comparison to FTIR spec-
trum of the pure CA. Both of the bands in the FTIR spectrum
of the CA/CL blended membrane stretched toward lower fre-
quency and confirmed interaction between CA and CL. So, we
concluded that the CL interacted successfully with the polymer
in the CA/CL blended membranes.

SEM Analysis

The surface morphologies of the pure CA and CA/CL blended
membranes with various concentrations were examined by
SEM. Figure 4 depicts the comparison of the SEM images of
both the pure and CA/CL blended membranes at 5000 and
10,000 X magnifications. The SEM image of the pure CA mem-
brane showed a dense, smooth, and nonporous structure. How-
ever, the CA/CL blended membranes with different
concentrations (3, 10, and 30 wt %) revealed appealing results.
The SEM images of all of the blended membranes at both mag-
nifications were dense but with some granular appearance. This
observation clearly confirmed the homogeneous dispersion of
CL into the CA matrix and, consequently, effective bonding
between them. These results were also supported by the previ-
ously described FTIR results.

AFM Analysis

AFM is a well-recognized and discriminative tool for the surface
topography analysis of membranes. Therefore, the influence of
the CL additive on the pure CA membranes was examined
under AFM in tapping mode. Three-dimensional AFM images
of the top surfaces of all of the membranes with scanning area
of 5 X 5 um? are presented in Figure 5. The surface roughness
parameters, the arithmetic mean roughness (R,) and the square
average roughness (R,), for all of the membranes were gathered
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Figure 4. SEM views of the (a,e) CA, (b,f) CA-3 wt % CL, (c,g) CA-10
wt % CL, and (d,h) CA-30 wt % CL membranes at 5000 and 10,000X
magnifications.

by AFM analysis software and are combined in Table I. The
light regions in the AFM images correspond to height, whereas
the dark regions denote depression. The AFM results were con-
sistent with the SEM findings. From the results, we inferred
that the incorporation of CL at various concentrations somehow
increased the surface roughness with respect to the pure CA
membrane except at the 3 wt % CL concentration. The obvious
interpretation for this behavior was the existence of CL in the
CA matrix, which spread homogeneously but generated some-
what heightened features.

XRD Analysis

The structural features of polymer were mostly investigated by
XRD. It is a well-known and frequently applied technique for
examining the crystallinity and amorphous phases of mem-
branes. In the XRD spectrum, the peak position, peak width,
and peak height are determining parameters in the analysis of

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39985
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Figure 5. AFM scans of the CA, CA-3 wt % CL, CA-10 wt % CL, and CA-30 wt % CL membranes [M(a), M(b), M(c), and M(d), respectively]. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the structure of typical solids. The XRD study of the pure CA
and CA/CL blended membranes was carried out, and the results
are displayed in Figure 6. The ordered pattern in any polymer
creates crystallinity, whereas the reverse is true for the amor-
phous part. Sharp peaks with a high intensity ensure crystallin-
ity, and wide peaks with a low intensity indicate the amorphous CL
part of the polymer. CA is usually considered a semicrystalline
polymer, and pure CA exhibits a diffuse peak at a 20 of 23 with
maximum intensity. The reason for the low crystallinity in CA A—M.MMW—-
is hydrogen bonding between acetyl and hydroxyl groups. How-
ever, as shown in Figure 6, the XRD peaks in the CA/CL
blended membrane were not sharp enough relevant to pure CA,
and they appeared at a low position. The possible explanation
for this behavior was the successful dispersion of CL into the
CA matrix because the CL content disrupted the aforemen-
tioned interaction between acetyl and hydroxyl groups by estab-

CA

Intensity(a.u)

CAICL

Table I. Mean Roughness Values of the Fabricated Membranes l

Fabricated membrane Rq (nm) Rq (nm)

M(a) 3.45 = 0.10 241 = 0.28
Mib) 1.84 + 0.56 1.35 + 0.36 : 4 3 4 . L

15 18 2 24 27 30
M(c) 459 = 0.34 3.52 = 0.63 20

M(d) 8.47 = 0.88 6.26 = 0.51

Figure 6. XRD spectra of the CL, CA, and CA/CL blended membranes.

We calculated the errors by taking the standard deviation of three  [Color figure can be viewed in the online issue, which is available at
samples. wileyonlinelibrary.com.]
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lishing new linkages with them and thus lowered the crystallin-
ity in the CA/CL blended membrane.

Tensile Strength Measurement

Figure 7 depicts the mechanical behavior of the pure and CA/
CL blended membranes. The pure CA membrane was fragile
and broke easily. From the results, it was obvious that CL addi-
tion in CA enhanced its mechanical strength, and the successful
blending of both was proven. A very interesting result was
observed for the CA/10 wt % CL blended membrane. The ten-
sile strength increased and reached 1.28 MPa. The further addi-
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tion of 30 wt % CL in the CA membrane caused a decrease in
the tensile strength, but it was still better than the pure CA
membrane. This phenomenon could be explained by the SEM
images taken after tensile strength measurement.

The SEM micrographs (as shown in Figure 8) revealed that the
CA membrane showed brittle behavior as expected because it
was a glassy polymer. The degree of acetylation was the key fac-
tor in the strength of the CA membrane. The degree of acetyla-
tion was the extent to which the hydroxyl groups were
acetylated in CA. It ranged from 0 (cellulose) to 3 (cellulose tri-
acetate).*® The acetyl groups in CA minimized the intermolecu-
lar hydrogen bonding, which caused flexibility in the polymer’s
* The lower interaction between hydroxyl groups
allowed the polymeric chains to move freely. The flexibility in
polymeric chains resulted in an increase in the tensile
strength.*® In this study, the CA membrane had a low degree of
acetylation (1.2). The acetyl groups were fewer compared to
hydroxyl groups, which interacted more with each other and
reduced the movement of polymeric membranes; therefore, the
membranes exhibited a lower tensile strength value, which was
0.160 MPa. However, the blending of CA with CL [M(b) and
M(c)] augmented the tensile strength. This was probably due to
the interaction between the polymer and CL, which enhanced
the polymeric chain mobility and increased the flexibility.*’
Therefore, M(b), with 3 wt % CL blending, showed a lower
increment in the tensile strength with increasing concentration
(10 wt %) of CL than M(c), which represented a very high ten-
sile strength. This fact was also supported by the dense mor-
phology of both the M(a) and M(b) membranes in the SEM
images (Figure 8) because of the low amount of CL (3 wt %) in

M(b)

M(c)

Figure 8. SEM cross sections of the CA/CL blended membranes after tensile strength testing.
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Table II. Thickness of the Blended Membranes

Fabricated membrane Thickness (um)

M(a) 110 = 0. 05
Mib) 154 = 0.06
M(c) 209 = 0.14
M(d) 287 = 0.10

We calculated the errors by taking standard deviation of three samples.

CA in the M(b) membrane. However, it was more pronounced
in M(c), with a high (10 wt %) CL content. Therefore, the SEM
image of M(c) clearly revealed a change in the CA structure due
to the presence and possible interaction between CL and CA.
Conversely, the tensile strength of M(d) was low for two main
reasons. First, a high CL concentration caused particle agglom-
eration and caused them not to disperse properly; this reduced
the membrane’s elasticity. Second, a high concentration of CL
generated voids in the CA/CL membrane, which provided the
active site for the membrane to fracture at a lower applied
force.”® This caused a decrement in the tensile strength.

The thickness of the membrane also affected the membrane
characteristics and the mechanical strength and, therefore, the
thickness; a comparison of the pure and CA/CL blended mem-
branes is shown in Table II.

Gas-Permeation Experiments

The pure and CA/CL blended flat membranes were cut in a cir-
cular shape with a 4.5-cm radius and placed in a membrane
cell. The membrane cell was evacuated for 4 h before experi-
mentation. The cylinder of particular gas was connected with
the membrane cell through a flow meter and pressure gauge.
Another flow meter and pressure gauge were connected at the
permeate side. The results of the gas permeability experiments
are given in Figure 9 and Table IIL

According to the results, the nitrogen gas was more permeable
through the CA/CL blended membranes than the CO, and CH,
gases. In the pure CA membrane, the permeability of N, was
negligible with respect to the blended membranes. In the CA/30
wt % CL membrane, the permeability of N, gas decreased but
was still better than that of the pure CA membrane. The CO,
permeability of the pure CA membrane was high compared to
those in all of the CA/CL blended membranes. However, when
we compared the CA/CL blended membranes with different

Table III. Permeability Data of CO,, CHy, and N, Gases through the Pure
and Blended Membranes

WILEYONLINELIBRARY.COM/APP

Fabricated

membrane  P(CH4) x 10%  P(CO.) x 10°  P(No) x 10°
M(a) 0.581 0.830 0.232

M(b) 0.298 0.373 1.660

Mc) 0.199 0.456 1.751

M(d) 0.166 0.680 0.996

Permeability units = Barrer. 1 Barrer = 3.4 x 107 mol m m2 st
Pa L.
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Figure 9. Permeability graph of CO,, N,, and CH, gases via the fabricated
membranes. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

concentrations, we observed that at high CL concentration, the
CO, permeability increased but still was lower than that of the
pure CA membrane. Although the CH, permeability trend of
the CA/CL membranes was particularly different from the other
gases, all of the CA/CL membranes exhibited a lower CH, per-
meability than the pure CA membrane.

The gas-permeation results of the CA/CL membranes were quite
interesting. Generally, it is known that the diffusivity of gases
has an inverse relationship to their kinetic diameters.*>' How-
ever, in this study, a distinctive trend was observed. A compari-
son of the kinetic diameters of all three gases is presented in
Table IV. Despite its small kinetic diameter, CO, diffused
through the CA/CL membrane more slowly than N,, which has
a relatively larger kinetic diameter. However, the permeation
behavior of CH, through the CA/CL membrane was in accord-
ance to its kinetic diameter. The possible explanation for this
unique CO, permeation could have been the specific host—guest
interaction between CL and CO,. These experimental findings
were also supported by previously published results, in which
calixarene crystals selectively absorbed CO, among N,, O,, and
air. It was proposed in these articles that two calixarene mole-
cules form a lattice void suitable for CO, and CH, capture by
arranging themselves face to face in an offset manner to give an
hourglass-shaped appearance. However, the ratio of host to
guest for CO, was 2:1, whereas it was 1:1 for CH,, depending
on their molecular dimensions, which fit them into a calixarene
lattice void.”’' Thus, CL in the CA/CL blended membranes
exhibited a remarkable molecular recognition for CO, and CH,.
Therefore, more N, permeated through these membranes rela-
tive to CO, and CH, because, at a high CL concentration, the

Table IV. Kinetic Diameters of the Gases*

Gas Kinetic diameter (A)
Nitrogen 3.6
Carbon dioxide 3.3
Methane 3.8

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39985
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Table V. Performance of the CA-Based Membranes
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Membrane P(CO,) x 10° P(CH,) x 10° P(N2) x 10° Reference
Ethyl cellulose 0.120 0.011 - 17
Ethyl cellulose Si—OCsH5s)4 0.225 0.029 - 17
CA + 10%PEG200 0.004 0.001 0.00091 19
CA + 10% PEG2000 0.006 0.0005 0.00045 19
CA + PPO + PEO + Si 0.012 0.0006 0.00041 20
CA + PPO + Si 0.010 0.0005 0.00036 20
CA + 2NKHCO3 + 0.5N NaAsO» 2.000 = = 21
CA + CL 0.456 0.199 1.751 This study

Units of permeability = Barrer. 1 Barrer = 3.4 x 10" ** molmm™2 s~ Pa~ 1.
Abbreviations: PEG2000: polyethylene glycol 2000, PPO: polypropylene oxide, PEO: polyethylene oxide.

opposite trend was observed for both N, and CO,. Possibly,
this indicated that at this high concentration, the number of
unique lattice voids decreased because of the accumulation of
CL molecules. Conclusively, the CA matrix proved sufficiently
compatible with CL to explore its distinguishing recognition
abilities toward CO, and CH,. This work was at a preliminary
level, and more experiments are needed to fully grasp the blend-
ing chemistry of calixarene derivatives in the CA matrix and
their performance.

Comparison Study

A comparison of the CO,, N,, and CH, permeability of the CA/
CL blended membrane and CA-based membranes is given in
Table V. In a previously reported work, the permeability of gases
was low, particularly that of N, gas. In contrast, the permeabil-
ities of CO,, N,, and CH, through our novel CA/CL mem-
branes were high. This was due to the presence of bulky
substituent CL in the CA polymeric matrix, which resulted in
the movement of polymeric chains to enhance the gas
permeability.>>

CONCLUSIONS

In this article, we described the novel, successful fabrication of
CA/CL blended membranes and their utilization in a gas-
permeation field for the first time. A calix[4]arene derivative
(CL) was homogeneously mixed into the CA matrix to make a
dense membrane. The concentration of CL was varied at 3, 10,
and 30 wt % with respect to CA. The resulting membranes
were analyzed by FTIR spectroscopy, SEM, AFM, and XRD
analysis. Comparison of the FTIR spectra of the pure CL and
CA with the CA/CL dense membrane clearly demonstrated
proper interaction between them. SEM of all of the membranes
revealed a nonporous, smooth, and dense surface layer. These
results were also supported by AFM spectroscopy. The tensile
strength measurement provided interesting observations. The
addition of CL augmented the strength of the CA membrane.
However, it dropped at a 30 wt % CL concentration. The gas
permeation was also examined. The permeability of N, was pro-
nounced compared to those of CO, and CH,. A possible expla-
nation for this fact was the unique interaction of CL with CO,
and CH,, in contrast to that with N,, which created a difference
in their permeation. This study drew paramount attention to
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the fact that calixarene derivatives of a particular functionality
for a specific gas can be synthesized and successfully incorpo-
rated into the CA matrix. This CA-calixarene combination
allowed us to improve the membrane strength along with the
desired permeabilities.
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