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Preparation and Characterization of Hybrid
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2.1 Introduction

In the recent decades, there has been an increased interest in developing materials
for achieving the separation of certain gases of industrial interest such as carbon
dioxide (CO,) and hydrogen sulfide (H,S) from natural gas (CH,) or oxygen (O,)
from nitrogen (N,). Polymer membranes play an important role in gas separation
because of their advantages such as low energy costs, environmental friendliness,
and simplicity compared to conventional methods such as aqueous amine scrubbing,
cryogenic distillation, or pressure swing adsorption [1-4]. However, a major drawback
of polymer-based membranes has been the naturally counteracting permeability and
selectivity. It means that the membranes with high permeability usually present a low
selectivity and vice versa. Therefore, the development of new membrane materi-
als with improved permeability, selectivity, and stability is required to overcome this
drawback and increase the process efficiency for industrial applications.

One strategy for improving membrane selectivity and permeability involves the
introduction of inorganic materials into the polymer matrix [5-7]. A variety of inor-
ganic fillers have been explored such as zeolites, carbon molecular sieves, mesopo-
rous silica, metal oxide, carbon nanotubes, metal organic frameworks, and, more
recently, graphene [8]. The resulting materials, also called mixed matrix membranes
(MMMs), have the advantage of combining the benefits of both phases: thermal
resistance of inorganic fillers with the desirable mechanical properties, low price,
and good processability of polymers. The inorganic fillers which are dispersed in
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polymer matrix change the membrane properties, allowing improved separation
performance, compared to unfilled polymer membrane.

The aim of this work is the preparation of MMMs based on poly(ether-b-amide)
(PEBA) copolymer and mesoporous silica MCM-48 previously modified with
3-aminopropyltrimethoxysilane (APS). PEBA copolymer, best known under the
trademark PEBAX®, is a relatively new family of thermoplastic elastomers with
unique physical and processing properties. The unique nature of these materials has
been attributed to the combination of linear chains of rigid polyamide segments inter-
spaced with flexible polyether segments [9—11]. The high polarity difference between
hard and soft segments and the development of a three-dimensional hydrogen-bonding
network between the amide units lead to a microphase separated morphology [12].
Membranes made from PEBA copolymers exhibit good permselectivity as well as
excellent chemical separation and pervaporation applications because the hard phase
provides high selectivity and mechanical strength and the soft one offers high perme-
ability due to the great chain mobility of the ether linkage (Fig. 2.1) [13].

On the other hand, MCM-48 silica is found to be attractive for potential applica-
tion in membranes for gas separation due to its three-dimensional interconnected
cubic pore structure which is less prone to pore blocking than the unidimensional
hexagonal arrangement in MCM-41 silica. Also, mesoporous silica MCM-48
shows fascinating properties as tunable pore sizes, uniform mesopores, and high
surface area. There are some reports about the preparation of MMMs based on
PEBA copolymers and some fillers such as silica [14, 15], zeolites [16, 17], multi-
walled carbon nanotubes [18, 19], and polyoctahedral oligomeric silsesquioxanes
[20]. However, as far as we know, there is no report about the preparation of MMMs
of PEBA with amine-modified MCM-48 silica. The modification of MCM-48 with
compounds containing amine groups could be useful for either to improve the
filler—polymer interface compatibility or to facilitate the transport of CO, [15, 21,
22]. The motivation of this work is to gain insight into the effect of incorporation of
amine-modified MCM-48 upon the thermal properties, morphology, as well as gas
separation performance of the prepared hybrid membranes. MMMs of PEBA and
APS-modified MCM-48 silica were successfully prepared using the methodology
reported in this work. The previous modification of MCM-48 with the amine
organosilane improved the interaction with the PEBA matrix. The gas separation
performance of pristine PEBA membranes was improved with the addition of the
inorganic material.
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2.2 Experimental Section

2.2.1 Materials

Poly(ether-b-amide) (PEBAX® 2533) in pellet form was obtained from Arkema, and
chloroform 99 % (CH;Cl) from J. T. Baker was used in the preparation of MMMs.
Tetraethylorthosilicate 98 %, TEOS, and cetyltrimethylammonium bromide 98 %,
CTAB, were supplied from Aldrich. Deionized water was obtained from a system of
two ionic interchange columns in a Cole-Parmer Instrument. Ethanol 99 % from J. T.
Baker and aqueous ammonia solution 29 %, NH,OH, from Fermont were used to
prepare mesoporous MCM-48 materials. In addition, 3-aminopropyltrimethoxysilane
(APS) 97 %, APS, (Aldrich), isopropanol 99 % (Aldrich), and toluene 99 % (J. T.
Baker) were used to modify the mesoporous MCM-48 silica.

2.2.2 Synthesis and Functionalization of MCM-48
Mesoporous Silica

MCM-48 was synthesized and functionalized as previously reported by our research
group [23]. Briefly, 6.8 g of TEOS was added to a solution containing 5.2 g of
CTAB, 240 g of H,O, 100 mL of ethanol, and 24 mL of NH,OH. Then, the solid
product was dried at room temperature and further calcined at 540 °C. The modifi-
cation of the calcined MCM-48 silica was carried out by adding the silica material
to a mixture containing APS and toluene. The reaction mixture was vigorously
stirred under reflux for 15 h and then the solid was washed with isopropanol.

2.2.3 Preparation of the APS-MCM-48/PEBA Membranes

Flat PEBA and APS-MCM-48/PEBA membranes were prepared to evaluate its gas
separation performance. To prepare the pristine PEBA membranes, polymeric pel-
lets were dissolved at 35 °C in chloroform (10 wt%) to obtain an appropriate viscos-
ity for casting the solution. To prepare MMMs based on PEBA and APS-MCM-48,
some parameters were evaluated in order to obtain membranes for gas separation
studies. The parameters evaluated were the amount of modified silica, solution vis-
cosity, sonication, and stirring time. Thus, MMMs were fabricated as follows: APS-
MCM-48 silica (2.5-10 wt% with respect to the total content of PEBA) was
dispersed in 1 mL of CHCl; containing a small amount of PEBA (0.02 g) by using
an ultrasonic processor for 5 min and then sonicated in an ultrasonic bath for 10 min.
After that, 3 mL of a PEBA solution (10 wt% polymer in CHCl;) was added under
vigorous stirring to the solution containing dispersed APS-MCM-48 silica, and the
resulting solution was magnetically stirred at 35 °C for 24 h. It is worthy to mention
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that no evaporation of CHCI; was observed during the preparation of polymer
solutions. Before the membrane casting, three intervals of sonication of 15 min
were carried out to ensure a well-dispersed solution. Subsequently, the homoge-
neous solution was poured on a plain glass surface and left overnight covered with
a glass cover at room temperature for natural and slow evaporation. After that,
MMMs were heated at reduced pressure to remove the solvent remaining within the
membrane. The treatment took place in a vacuum oven at intervals of temperature
of 10 °C from 30 to 60 °C for 8 h each. Membrane thicknesses were measured by a
Digimatic Micrometer 0-30 mm (accuracy =1 mm).

2.2.4 Characterization

MCM-48 silica was characterized by X-ray diffraction (XRD) using a SIEMENS
D5000 diffractometer with CuKa radiation. The diffraction data were recorded in the
26 range of 2-10°. Nitrogen adsorption—desorption isotherm was obtained on
Quantachrome AS1Win equipment at —196 °C. Before the experiments, the mesopo-
rous material was degassed under vacuum at 120 °C. The specific surface area of the
sample was calculated using a Brunauer—-Emmett—Teller (BET) method, and the pore
size distribution was calculated using desorption branches of nitrogen isotherms and
a method according to Density Functional Theory (DFT). Transmission electron
microscopy (TEM) was performed using an HRTEM Titan operated at 300 kV.
MMMs were characterized by Fourier transform infrared spectroscopy (FT-IR) by
using a Nicolet Magna 550 spectrophotometer, equipped with a Universal ATR sam-
pling accessory. TGA studies were carried out using a TGA Q500 apparatus (TA
Instruments, New Castle, DE) under nitrogen flow. The morphology of MMMs was
examined using a scanning electron microscope JEOL JSM-7401F.

2.2.5 Permeability Measurements

Gas permeability coefficients for three pure gases, methane (CH,), carbon dioxide
(CO,), and nitrogen (N,), were measured at 35 °C and 2 atm using a variable pres-
sure permeation cell. The permeability (P, Barrer, and 1 Barrer=10"'" cm? (STP)
cm/(cm? s cmHg)) was determined by the time-lag method under steady-state con-
ditions according to the next equation:

P= VIR {M} 2.1
ART Ap

where Vis the inferior volume of the permeation cell (cm?),  is the membrane thickness
(cm), T is the temperature (K), A is the effective membrane area (cm?), Ap is the
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pressure of the superior volume of permeation cell (mmHg), dp/dt is the increase of
the pressure with respect to time (mmHg s™'), RV is the molar volume of gas at con-
stant temperature and pressure (22,415 cm?® (STP) cmHg mol™! K!), and R is the
universal constant of gases (62,634 cm® (STP) cmHg mol~! K™'). Ideal gas separa-
tion factors (o) were calculated from the ratio of pure gas permeability coefficients
using the following equation:

g =P 1B 2.2)

where P, and Py are gas permeability coefficients of the pure gases A and B,
respectively.

2.3 Results and Discussion

2.3.1 Characterization of Amine-Modified MCM-48 Silica

The powder XRD patterns of the pristine and amine-modified mesoporous silica
MCM-48 are shown in Fig. 2.2a. The XRD diffractogram for bare MCM-48 silica
displayed reflection peaks at 26 values of 2.7 (211) and 3.1 (220) and signals between
4.5 and 5.8 corresponding to the planes (321), (400), (420), (332), (422), and (431)
which are characteristics for this silica. After modification with APS, the XRD pat-
terns of MCM-48 did not show significant changes which indicated that the struc-
ture of MCM-48 was preserved after modification. However, the peaks between 4.5
and 5.8 disappeared. This behavior indicated the pore filling of MCM-48 silica by
APS but not changes in the mesostructure [24]. The FT-IR spectra of pristine and
amine-modified MCM-48 are shown in Fig. 2.2b. MCM-48 silica exhibited a signal
at 3741 cm™" assigned to the O-H bond of the silanol groups, a band at 1058 cm™!
due to Si—O-Si stretching vibration, and a peak at 800 cm™" corresponding to the
bending vibration for the bond Si—O-Si. On the other hand, the FT-IR spectrum of
APS-MCM-48 showed a signal at 1560 cm™ assigned to the NH, scissor from APS
[25]. Also, it can be seen that the band of Si—~O-H (3740 cm™) disappeared in the
spectrum of APS-MCM-48 which evidences the covalent grafting of APS on MCM-
48 silica. Figure 2.2¢ shows the pore size distribution of MCM-48 and APS-
MCM-48. The average pore size was estimated to be 2.2 and 1.5 nm for MCM-48
and APS-MCM-48, respectively. After modification, the surface area and pore vol-
ume decreased from 1912 to 450 m?/g and from 0.876 to 0.245 m?/g, respectively,
due to the pore filling effect of APS. Thermogravimetric analysis (TGA) was used to
determine the amount of APS grafted onto the inorganic material (Fig. 2.2d).
Unmodified MCM-48 silica was stable in the temperature range from 30 to 750 °C,
while APS-MCM-48 showed a weight loss of 3 % before 100 °C due to desorption
of moisture. Also, it was observed a small weight loss between 110 and 170 °C
probably due to the loss of NH; from APS and then a main weight loss in the tem-
perature range of 200—600 °C due to chemical decomposition of the grafted APS.
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Fig. 2.2 Characterization of unmodified and modified MCM-48 silica: (a) X-ray powder diffraction
pattern, (b) FT-IR spectroscopy, (¢) particle size distribution, and (d) thermogravimetric study

2.3.2 MMMs Characterization
2.3.2.1 FT-IR Spectroscopy

PEBA copolymer consists of both flexible poly(tetramethylene oxide) (PTMO)
segments and rigid polyamide segments (nylon 12). The FT-IR spectrum of pristine
PEBA showed signals at 3295 and 1645 cm™' due to the stretching vibrations of
the N-H bond and the C=0 bond from polyamide segment, respectively (Fig. 2.3).
The strong bands at 2935 and 2859 cm™! correspond to the stretching vibration of
the C—H bond from methylene groups. In addition, the peaks at 1733 and 1108 cm™!
represent the O—C=0 and C-O-C stretching vibrations, respectively. The FT-IR
spectrum obtained for APS-MCM-48/PEBA hybrid membrane is very similar to
that for the pristine PEBA copolymer. However, it can be observed a weak band at
1160 cm™! probably due to the Si—O-Si from MCM-48 silica.

2.3.2.2 SEM Studies

The morphology of the prepared membranes was investigated using scanning electron
microscopy (SEM). The cross-sectional SEM images of pristine PEBA and APS-
MCM-48/PEBA membranes at different amounts of amine-modified filler are
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Fig. 2.3 FT-IR spectra for:
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shown in Fig. 2.4. Pristine PEBA membrane showed a smooth morphology free of
voids with some small roughness areas. On the other hand, the SEM images for
hybrid membranes showed that the spherical APS-functionalized MCM-48 silica
particles were uniformly dispersed throughout PEBA matrix in a concentration
range of 2.5-10 wt%. The APS-functionalized MCM-48 particles were completely
surrounded by polymer matrix and no voids were formed, as shown in Fig. 2.4b—e,
suggesting that the grafted APS on the external surface of MCM-48 silica enhanced
the filler—polymer interface compatibility.

2.3.2.3 Thermal Properties

The study of the thermal properties, especially the stability and decomposition
processes of the membrane materials, is important for understanding and eventually
improving their gas separation performance. TGA of pristine PEBA membrane
showed that there was no weight loss up to 350 °C indicating that the solvent was
removed with the treatment at 60 °C (Fig. 2.5). Above this temperature, the PEBA
copolymer starts to dramatically decompose until 470 °C due to the main chain scis-
sion. Similar behavior was observed for APS-MCM-48/PEBA membranes at differ-
ent contents of modified silica. However, a slight decrease in the thermal stability
was observed, and it was more evident when the content of silica was increased.
This could be related to a disruption caused by the silica particles in the rigid polyamide
domains. The remaining weight loss allowed the verification of the nominal wt%
loading of the amine-modified MCM-48 present in the corresponding MMM, i.e., 0O,
4.7, and 9.0 wt% residual contents for nominal 0, 5, and 10 wt%, respectively.
DSC studies were carried out in a temperature range of 20-250 °C. The DSC
thermograms of pristine PEBA and hybrid PEBA membranes with different con-
tents of APS-MCM-48 are shown in Fig. 2.6. The DSC thermogram of pristine
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Fig. 2.4 Cross-sectional SEM images for (a) pristine PEBA membrane and MMM s with different
contents of APS-MCM-48: (b) 2.5 %, (¢) 5%, (d) 7.5 %, and (e) 10 %. Magnification x 20,000

PEBA only showed one endothermic transition at 139 °C. This transition is due to
the melting of the polyamide domains [9, 20]. Even after the incorporation of APS-
MCM-48, this peak transition was visible, and its shape remained unchanged.
However, a slight decrease of this transition to lower temperature was observed
with increasing filler loading. This may be due to a disruption caused by the silica
particles in the rigid polyamide domains as it was observed in TGA results.
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2.3.2.4 Pure Gas Permeation Performance

The permeation performance of the pristine PEBA and hybrid membranes with
filler contents of 2.5 and 5 wt% was tested using pure gas (CHy, CO,, and N,) under
dry state. Permeability and ideal selectivity values for the selected membranes are
shown in Table 2.1. Pristine PEBA membranes showed high values of permeability
for CO, which agrees with those reported previously [15, 20]. This behavior was
attributed to the strong affinity between the PTMO units and CO, molecules. On the
other hand, a decrease in permeability values was found for the hybrid membranes.
The CO, permeability decreased from 470 Barrer for pristine PEBA membrane to
347 Barrer for the APS-MCM-48/PEBA membrane with 5 wt% loading. However,
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Table 2.1 Pure gas permeability and ideal selectivity of the PEBA and hybrid membranes at 2 atm
of pressure and 35 °C

Permeability (Barrer) Selectivity
Membrane CO, CH, N, CO,/CH, CO,/N,
PEBA 470.82 97.51 31.80 4.82 14.80
MCM-48-APS (2.5 %)/PEBA 364.90 59.39 19.54 6.14 18.67
MCM-48-APS (5 %)/PEBA 347.87 81.78 28.37 4.25 12.26

in comparison with pristine PEBA membranes, MMM with 2.5 % of APS-MCM-48
exhibited higher ideal CO,/CH, and CO,/N, ideal selectivity, and the increment of
CO,/N, selectivity was higher than CO,/CH, selectivity. The higher selectivity of
MMMs may be due to the presence of amine groups which may effectively enhance
the adsorbent affinity toward CO, [22, 26]. The amine groups in the pore channels
and on the surface of MCM-48 tended to adsorb more CO, molecules, making a
contribution to the increase of selectivity.

2.4 Conclusions

Mixed matrix membranes were prepared by incorporating amine-modified MCM-48
into the PEBA matrix. The modification of MCM-48 with APS not only improved the
filler—polymer interface compatibility but also permitted an appropriated dispersion of
the spherical APS-MCM-48 nanoparticles. The incorporation of APS-MCM-48 modi-
fied slightly the thermal properties of the pristine PEBA membrane. APS-MCM-48
(2.5 %)/PEBA membrane showed an improvement in CO,/CH, and CO,/N, selectiv-
ity. Hence, it can be concluded that APS-MCM-48 may be a suitable nanofiller to
improve the gas separation performance of PEBA copolymer membranes.
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