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Abstract

Novel zeolite SBA-15/carbon nanocomposite membrane using polyetherimide (PEI)

as precursor were successfully prepared by spin coating method for gas transport.

Thermo gravimetric analysis (TGA) and field emission scanning el ectron microscopy

(FESEM) were employed to characterize the nanocomposite membrane structure

properties. In single gas permeation experiments, the zeolite SBA-15/carbon

nanocomposite membrane exhibited excellent carbon dioxide permeance of 49.3

Barrer with ideal separation factor of CO,/N, of 27.4 at room temperature and 2 atm.

Based on TGA and FESEM investigations, the membranes appear more microporous

structure while incorporated with SBA-15 zeolite. These results supported that zeolite

improve gas diffusivity by increasing the micropore volume.

Keywords: carbon membrane; gas separation; polyimide; zeolite; carbonization
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1. Introduction

Membrane separation processes has become one of the emerging technologies,
which have undergone a rapid growth during the last few decades [1-3]. Recently
inorganic membranes such as micro and mesoporous silica membranes [4], zeolite
membranes [5], and carbon molecular sieve (CMS) membranes [6-7] were quickly
developed and they offer outstanding potential such as greater mechanical strength,
chemical inertness, high temperature stability and time-independent performance for
gas separation applications [8].

Among these inorganic membranes, CMS membrane has been recognized as an
altractive gas separation material due to have shown permeation and separation
properties significantly exceeding those of their polymeric precursor membranes
[9-12]. In CMS membrane with pores approaching the molecular diameters of the
gases to be separated (<6A), the main mechanism is molecular sieving. The separation
takes place on the basis of size exclusion and is therefore not dependent on pore
wall-gas molecul e interactions nor on the feed pressure [9].

CMS membrane are usually fabricated by carbonization of suitable polymeric
precursors such as polyimide [13-16], polyacronitrile [17], phenolic resin [18-19]

polyfurfuryl alcohol (PFA) [20-22], Polyetherimide [23], Poly vinylidene chloride
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co-vinyl chloride (PVP) [24]. In genera, polymeric membrane preparation conditions,

pre-treatment of the precursor, pyrolysis conditions, and post-treatment of pyrolysed

membranes are al play important roles on membrane’s pore structure and

consequently results in different gas transport properties.

Though great progress has been made in the field of carbon membranes, it is not

uncommon that a strong trade-off relationship exists between the permeability and

selectivity, i.e. the permeation flux through the carbon membranes is considerably

reduced as the gas selectivity increases because of the disordered pore structure and

diffusion resistance membranes. To tackle this challenging issue, almost all the efforts

to control micropores in carbon membrane have been directed toward the production

of miroporous molecular sieving carbon (MSC), or synthesis of composite membranes

by incorporating some nano-scaled materials such as Ag-nanocluster [9], palladium

nano-particles [25], zeolite [26-28], metal oxides [29], carbon nanotubes [30-31] and

silica[10,32-33], but it is till far from satisfactory.

To solve this challenging task, here we proposed a simple strategy to incorporate

zeolite into the membranes that could significantly improve the gas flux without

losing the selectivity of membranes. As a mesoporous zeolite, SBA-15 has a lot of

particular characteristics, such as large surface area, narrow pore distribution, long
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pore diameter, large pore volume, and high mechanical intensity sustained by a thick

wall [34-35], soitisavery ided tailor for pore structure.

In this study, we reported a method for the preparation of SBA-15 zeolite/carbon

nanocomposite membrane. By modifying the carbon matrix with zeolite, we will

show that it is possible to increase the selectivity factor notably as the permeability

increased abundantly for the gas separation compared to their carbon membrane that

were not modified. All these membranes are characterized by FE-SEM and TGA

analysis to evaluate the surface morphology and thermal stability of prepared

nanocomposite molecular sieve membranes.

2. Experimental

2.1. Preparation of CMS membranes

Preparation of the zeolite-incorporated composite CMS membrane involved

three steps. The first step is to prepare the zeolite, siliceous SBA-15, which has been

described in detail elsewhere [36]. Pluronic P123 (an amphiphilic triblock copolymer

that contains ethylene oxide (EO) and propylene oxide (PO) in the empirical ratio of

EO,0PO70EOy) using as the structure-directing agent was mixed with 2 M HCI under
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vigorous stirring at 313 K for 3 h until a clear solution was formed. TEOS

(tetraethylorthosilicate, 98%, Merck) was added to the solution under stirring. After

0.5 h, the gel was formed and the stirring was continued at 373 K for 24 h, cooled

down to room temperature and filtered under vacuum. It was washed by deionised

water three times and was calcined at 773 K for 6 h in air (at a heating rate of 2

K/min). Fig. 1 represents the porous structure and surface image of zeolite. The

results of TEM and SEM measurements confirm that the highly ordered mesostructure

of SBA-15 can be obtained.

The second step is to prepare the incorporated matrix coating suspension. The

coating suspension was prepared by dispersing some zeolite with a media particle size

of 1-2 um into 15 % n-methyl-2-pyrolidone (NMP) solution of PEI. Generally, about

0.2-0.4 g of zeolite particles were used in the 100 ml solution. To disperse the zeolite

homogeneoudly in the solution, a high-intensity ultrasonic processor was used to

sonicate the coating suspension for about 30 min. This sonication step provided

powerful shearing of the zeolite particles breaking up aggregates of particles and

enhancing homogeneity during the intense agitation. After sonication, the coating

suspension was alowed to stand for about 6 h to let larger zeolite particles settle to

the bottom of avial.
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The third step was to prepare SBA-15/carbon molecular sieve composite
membrane (denoted as SBA-15/CMS composite membrane) through spin coating,
curing and carbonization. The curing and carbonization trgectory used here was
followed the TGA results (see next paragraph). In these processes, the incorporated
matrix coating suspension was spread on the macro-porous a-alumina support disk
(average pore size: 0.14 um, diameter: 2.3 mm, porosity: 40-48%) by spin coating
technique, resulting in a thin film of the polymer on the support. After coating, the
membranes were kept in an isopropyl acohol-water (1:1 ratio) coagulating bath for 2
h. Then the membranes (denoted as SBA-15/PEI polymeric membrane) were dried in
air overnight. Then the polymeric membrane was cured in a tubular furnace under air
gas stream from room temperature up to 150 °C with a heating rate of 0.5 °C/min and
held at this temperature for 1 h. After curing, the membrane was carbonized in inert
gas stream from 150 °C to 500 °C with a heating rate of 5 °C/min and kept at this
temperature for 1 h. The membranes were carefully taken out from the quartz tube in

the furnace and eventually stored in a desiccator containing silicagel.

2.2. Characteristics of polymeric and carbonized membranes
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The microstructure images of zeolite XAB-15 were recorded with transmission
electron microscopy (TEM) analysis. The images were recorded using a JEOL
JSF-2000FX transmission electron microscopy (JEOL, Inc., Kyoto, Japan) at an
excitation voltage of 200 kV.

The thermal stability, i.e. carbon yield, defined as the weight relative to the initial
precursor weight, was evaluated by TGA. The TGA experiments were carried out
using a Seiko SSC 5000 with a nitrogen atmosphere and flow rates of 50 ml/min. The
heating was 10 °C/min, and the sample was heated to 700 °C.

The distribution of zeolite in the SBA-15/CMS composite membrane was
investigated with field-emission scanning electron microscopy (FESEM). The SEM
was used to look at both the cross-section and surface of the membranes. The
micrographs were obtained using a JEOL JSM-6700F, OXFORD INCA ENERGY

400 for magnifications up to 50,000 ratios.

2.3. Permeation test

To analyze the permeation characteristics of the membrane, different gases were

selected: CO, (3.3 A), O, (346 A), and N, (3.64 A). The values in brackets

correspond to the kinetic diameter of each gas. The gas permeation properties of the
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PEl-based CMS membrane and SBA-15/CMS membrane were investigated using a
standard vacuum time-lag method at room temperature and a feed pressure of 152
cmHg [32-33]. Before permeation test, the membrane samples were masked using
impermeable aluminum tape with a predetermined area (4 cm?), and then epoxy
sealant was carefully applied at the interface between the tape and the CMS
membranes to prevent any gas leak. As shown in Fig. 2, the CMS membrane was
attached to a permeation cell (25-mm disc filters, Millipore, Billerica, MA, USA), and
degasses by exposing both sides of the membrane to vacuum. After degassing,
high-purity penetrant supplied from compressed gas cylinders were introduced into
the upstream side of the membrane. The variation of pressure in the downstream was
recorded by using a pressure transducer (MKS Instrumens, Andover, MA, USA) and
digital equipment connected to a computer. The steady-state rate of pressure rise on
the downstream side was used to determine the gas permeance properties. The
permeability coefficients were expressed in Barrer (1 Barrer = 1x10°° cm® (STP) cm

cm? st emHg™). Hence the permeation rate (P) can be calcul ated by:

() VI L "
dt) AAP TP

where V is the volume of gas permeation in unit time (cm®), dp/dt the rate of pressure
rise in the steady state, 4P the pressure difference in the membrane side, A the area of

the membrane (cm?) and L the membrane thickness (cm), P, being 76 cmHg and T,
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being 273 K, and T the measured temperature (K). In the case of pure penetrant gas,
the ideal separation factor of pure gas A/B (aass) IS defined as the ratio of permeation
rate of A to that of B, which can be expressed by:

aap =Pa/Psg )
The apparent diffusion coefficient, D, is determined from the time-lag, 6, as expressed
by:

D=L"/66 3

The apparent solubility coefficient, S, is evaluated as S= P/D.

3. Resaults and discussion

3.1. Thermal stability of the CMS membrane

The typica TGA profiles for the origina PEI precursor, pure PEI polymeric
membrane and composite SBA-15/PEI polymeric membrane were shown in Fig. 3.
The pure PEI precursor shows three obvious thermal degradation stages. The first
thermal degradation stages starts from the temperature of 25-450 °C with the weight
loss ca. 4.5 wit% that is attributed to the minor thermal degradation of branch groups

in PEl molecular chains. The second weight loss stage is between 450-540 °C, which
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corresponds to the degradation of functional groups in the main molecular chains.
When the therma degradation temperature is up to 700 °C the weight loss rate
increased and the weight loss is about 70 wt% of the total weight loss due to the
completely pyrolysis of carbon structure. Compared to original PEI precursor, pure
PEI polymeric membrane shows an additional weight loss stage in the temperature
range of 25-200 °C due to the removal of residua solvent NMP. Fig. 3 also exhibits
the thermal degradation profile of composite PEI membrane after incorporating with
SBA-15. Although SBA-15/PEl polymeric membrane has a similar thermal weight
loss profile as compared to pure PEI polymeric membrane, however, the former
presents higher thermal weight loss during the first stage. The huge weight loss of
composite polymeric membrane after incorporating SBA-15 was about 20 wt%. Note
that this weight loss was significantly higher than the concentration of 2 wt% of the
total precursor mass. Furthermore, dispersing SBA-15 into the polymeric membrane
by extra ultrasonically dispersing method resulted in more weight loss than only
vigorously stirring, which accelerates decomposition of the PEI structure. The results
indicated some catalytic degradation effect of zeolite SBA-15 on polymeric
membrane structure. The catalytic degradation of SBA-15 in the early stage of

pyrolysis procedure would lead to the creation of large amount of micropores in the
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matrix (see next paragraph). As the result, the gas permeability of SBA-15 composite

CMS membrane would be improved.

3.2. Microstructures of the CMS membrane

Fig. 4 shows the photographs of pure PEl-based CMS membrane and

SBA-15/CMS composite membrane. From the FESEM images (Fig. 4 (@),

continuous CMS membrane were formed on the macroporous support by one time

spin coating method. The thickness of the CMS membrane was about 2 um, and the

surface of CMS membrane exhibits a very smooth being ailmost dense structure (Fig.

4 (b)). Compared to the pure CMS membrane, interestingly, the SBA-15/CMS

membrane shows large amount of micropores in the surface structure (Fig. 4(c)) after

pyrolysis at the same condition. The result suggests that the dispersion of zeolite

SBA-15 particle in the polymer precursor may result in catalytic degradation effect of

the SBA-A5 particles on pyrolysis stages and acceleration the rate of decomposition

the PEI structure. Also seen from the FESEM image of SBA-15/CMS composite

membrane (Fig. 4(d)), the white spots are SBA-15 zeolite particle that are dispersed in

the carbon matrix. The enchased SBA-15 zeolite would provide two functions to

improve the gas permeability of the composite carbon membrane: one is providing
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large amount of gas diffusion channels in their interior ordered porous structure; the

other is developing phase gap between the interfaces of SBA-15 and carbon matrix.

By those diffusion channels and interfacial gaps, gases can be more easily permeated

through carbon membrane and high capacity membranes may create [37]. Therefore,

from the SEM images suggest that the incorporation of SBA-15 into the PEIl does

markedly change the microstructure of resulting carbon membranes.

3.3. Gas permeation performance

The gas permeation results for carbon dioxide, oxygen and nitrogen, and the

ideal separation factors of other gases to nitrogen are summarized in Table 1. The

pure gas permeabilities through the SBA-15/CM S composite membrane were almost

higher for all gases than those of pure CMS membranes. In this study, we put

emphasis on the change in the gas permeation properties through the SBA-15/CMS

membranes caused by textural changes in the final carbonized membrane. Although

the pure CMS and SBA-15/CM S membrane used the same polymer as the precursor,

the different pore textural of the porous SBA-15 zeolite greatly influenced the gas

transport behavior of the membranes. From the gas permeation results shown in Table

1, the improvement in gas permeabilities for SBA-15/CMS membrane seems
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attributed to the reduction of gas transport resistance through membranes by providing

additionally microporous channels in SBA-15 and interfacial resistance [37-38].

Furthermore, the gas selectivity of these membranes was not losing after

incorporating SBA-15 into the membrane. As can be seen from previous FESEM

images and XRD patterns, the fina carbon structure form more porous or less

compact structures in the carbon matrix might be responsible for higher gas

permeability without losing selectivity in the SBA-15/CM S membrane.

The gas permeability of SBA-15/CMS composite membrane also follows an

order of CO, > O, > N, which is correlated with their kinetic diameter (CO, (0.33

nm), O, (0.346 nm), and N, (0.364 nm)) instead of the molecular weight of gas

molecules. The higher selectivity than those expected from Knudsen diffusion are

achieved confirms that the gas permeation through the composite carbon membranes

obeys molecular sieving mechanism and some pores of the prepared carbon

membrane are of molecular dimensions. The SBA-15 zeolite size is likely to affect

both the pore size distribution and the micropore volume (selectivity and

permeability).

Further information regarding the gas transport properties of the SBA-15/CMS

membrane was obtained by carrying out permeation experiments with different feed

pressure. The pressure dependence on gas permeability through PEI-based CMS
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membranes and SBA-15/CM S membranes are also showing in Table 1. As shown, it

can be seen that various gas permeabilities hardly changed with different pressure. A

similar behaviour was reported by Wu and Yuan [40]. The result can be of

considerable importance for determining the optimum operating condition and

indicates that this membrane can be operate under high feed pressure for increasing

gas flux without formatting any defect or crack.

The gas diffusion coefficient and the solubility coefficient through pure CMS

membranes and SBA-15/CM S membranes are summarized in Table 2. The CO,, O,

and N diffusion coefficients through the SBA-15/CMS membrane were lower than

those through pure CMS membrane, while the solubility coefficients through the

SBA-15/CMS membrane were higher than those through pure CMS membrane. The

larger solubility coefficients are mainly attributed to the increase in the overall gas

permeability. This implies that the gas transport through these membranes was

favorably achieved through the SBA-15 zeolite, and also that the surface properties of

the SBA-15 zeolite influenced the interacting between gas molecular and zeolite.

However, as shown in Table 3, note that this faster solubility of gases through

SBA-15/CMS membrane decreases the solubility selectivity in comparison with that

of pure CMS membrane. Moreover, SBA-15/CMS membrane was shown to exhibit

diffusivity selectivity 21.7 times greater than CMS membrane for O,/N, separation.
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The higher diffusion selectivity of molecular sieving media is based primarily on the

ability to limit rotational degrees of freedom of bigger gas molecular in the diffusion

transition state while alowing free rotation for the smaller one [39]. SBA-15 zeolite

accomplishes this by the presence of constricted windows to perform precise size

selection of penetrants.

4. Conclusions

In the present work, we have shown that SBA-15 zeolite is a good tailor for

modification the pore structure of carbon membrane, which results a

high-performance membrane for improved gas separation. The selective

SBA-15/carbon domain presents a structure with pores of molecular dimension and

provides an interface improved the interacting between gas molecular and passageway.

Finally, we can say that using SBA-15 zeolite as modifier having a uniform porous

structure and silica composition provides an additional clue to improve CO, gas

permeability by sorption mechanism, while O, gas permeability by diffusion

mechanism.
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361 Fig. 3. Thermal weight loss of pure PEI and SBA-15/PEI polymeric membranes.
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Table 1

Gas permeabilites and selectivities measured at 299 K for the PEI-based CM S and

SBA-15/CM S membrane

Permeability (Barrer)

Ideal separation factor

Feed
pressure
CO, O, N2 CO./N, O,/N>
CMS 1 963 484 121 7.9 4.0
3 743 365 159 4.7 2.3
SBA-15/CMS 1 1271 306 262 4.8 12
3 1144 422 189 6.1 2.3




369 Table2

370 Diffusion coefficient and solubility coefficient of pure CMS and SBA-15/CM S

371  membranes at different feed pressure and 26 °C

Feed Diffusion coefficient Solubility coefficient
pressure P
(108 cm?/s) (LYemHg)
C02 Oz N2 COZ 02 N2

Pure CMS 1 13.6 13.1 15.8 71.0 37.0 7.6

3 43.8 12.1 17.0 17.0 30.2 9.3
SBA-15/CMS 1 1.8 4.0 07 7122 704  394.2

3 1.8 10.1 0.7 6320 414 2825

372
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Table3

Diffusion selectivity and solubility selectivity of pure CMS and SBA-15/CM S

membranes at different feed pressure and 26 °C

Feed Diffusion selectivity

pressure

(10 cm?/s)

Solubility selectivity

(emHg)

D(CO2)/D(N2) D(O2)/D(N2) S(COZ)/S(N2) S(O2)/S(N2)

Pure CMS 1 0.86
3 2.57
SBA-15/CMS 1 2.69
3 2.71

0.83

0.71

6.02

15.26

9.28

1.82

1.80

2.23

4.84

3.25

0.19

0.15
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