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ABSTRACT: Polyether-block-amide (Pebax)/graphene oxide (GO) mixed-matrix membranes (MMMs) were prepared with a solution

casting method, and their gas-separation performance and mechanical properties were investigated. Compared with the pristine Pebax

membrane, the crystallinity of the Pebax/GO MMMs showed a little increase. The incorporation of GO induced an increase in the

elastic modulus, whereas the strain at break and tensile strength decreased. The apparent activation energies (Ep) of CO2, N2, H2, and

CH4 permeation through the Pebax/GO MMMs increased because of the greater difficulty of polymer chain rotation. The Ep value of

CO2 changed from 16.5 kJ/mol of the pristine Pebax to 23.7 kJ/mol of the Pebax/GO MMMs with 3.85 vol % GO. Because of the

impermeable nature of GO, the gas permeabilities of the Pebax/GO MMMs decreased remarkably with increasing GO content, in par-

ticular for the larger gases. The CO2 permeability of the Pebax/GO MMMs with 3.85 vol % GO decreased by about 70% of that of

the pristine Pebax membrane. Rather than the Maxwell model, the permeation properties of the Pebax/GO MMMs could be

described successfully with the Lape model, which considered the influence of the geometrical shape and arrangement pattern of GO

on the gas transport. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42624.
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INTRODUCTION

Membrane-based processes have been used in various applica-

tions, such as chemical processing, energy production, and envi-

ronmental protection. Membranes can be prepared with many

methods. The most applied technique for the preparation of

homogeneous membranes is solution casting.1 For asymmetric

membranes, it includes the dip-coating2 and phase-inversion

techniques.3,4 For different applications, some modifications of

the membrane are usually needed; these include blending, cross-

linking, and grafting. Among these, mixed-matrix membranes

(MMMs), a blend of organic polymers and inorganic fillers,

have drawn considerable attention because they can combine

the advantages of polymers and inorganic materials,5 and they

have been widely researched for the separation of O2/N2,6 CO2/

CH4,1 and so forth.

To improve the membrane performance, some fillers, such as

zeolites, carbon molecular sieves, metal organic frameworks,

and carbon nanotubes, have been used to prepare MMMs.7–10

In addition to these permeable fillers, impermeable fillers, such

as SiO2, TiO2, and C60, have also been investigated.11–13 In

recent years, nanocomposites and MMMs based on flake fillers

such as graphene have attracted more attention. Compared with

traditional molecular-sieving materials, flake fillers usually have

a high aspect ratio (Af), which is favorable for the preparation

of thin MMMs.

Graphene is a two-dimensional carbon monolayer composed of

sp2-hybridized carbons, and graphitic materials of all other

dimensionalities can be built with graphene, such as fullerene

(zero dimensional), carbon nanotubes (one dimensional), and

graphite (three dimensional).14 Graphene has very strong

mechanical properties15 and is impermeable to all gases.16

Nanocomposites containing graphene have been used in a vari-

ety of applications, such as those in electricity,17,18 mechanics,19

separation,17,20 and catalysts.21 It has been pointed out that the

mechanical enhancement of nanocomposites can be achieved

when graphene is dispersed homogeneously in the polymer

matrix and the interfacial interactions between the fillers and

the polymer matrix is strong.19 However, because of the
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intrinsic van der Waal forces, graphene tends to agglomerate;

this can usually weaken the reinforcement of the nanocompo-

sites. The functionalization of graphene, such as oxidation, can

effectively reduce its agglomeration in the polymer matrix. Gra-

phene oxide (GO) can be synthesized from graphite by

Hummer method.18,21 GO is heavily oxygenated, and its

oxygen-containing functional groups include hydroxyls, epox-

ides, diols, ketones, and carboxyls; these can make GO strongly

hydrophilic and give it a good dispersion in water.22 In addi-

tion, the functional groups are also beneficial for the improve-

ment of the interfacial interaction between the fillers and the

polymer matrix.23 Some studies have shown a reinforcement

effect of graphene.19,24,25 Liang et al.19 achieved a 76% increase

in the tensile strength and a 62% improvement in Young’s mod-

ulus for poly(vinyl alcohol)/GO MMMs with 0.7 wt % GO.

Steurer et al.25 found that the Young’s modulus of polyamide 6/

thermally reduced graphite oxides nanocomposites increased by

32%, whereas the strain at break decreased by 94% with 5 wt %

thermally reduced graphite oxide.

The permeation properties are very important for MMMs and

can be affected by the physical and chemical properties of the

fillers. For graphene, because of its impermeability to all gases

and its high surface area, its incorporation into polymers creates

a large barrier effect for gas diffusion.17,26,27 Kim et al.17 modi-

fied polyurethane with thermally reduced graphite oxide via

melting compounding and solvent blending and found that the

N2 permeability decreased by about 50 and 80%, respectively, at

1.6 vol % thermally reduced graphite oxide; this indicated that

solvent blending was more effective. Kim and Macosko27

observed a 47% decrease in the H2 permeability when 6.1 vol %

graphite was added to poly(ethylene-2,6-naphthalate).

Polyether-block-amide (Pebax) is a commercial thermoplastic

elastomer, and it is known for its prior penetration of CO2 over

other light gases, such as H2, N2, and CH4. The general chemi-

cal structure of Pebax is shown in Figure 1, where PA is the

polyamide block [e.g., as nylon 6 (polyamide 6) and nylon 12

(polyamide 12)] and PE is the polyether block [e.g., poly(tetra-

methylene oxide) and poly(ethylene oxide)].28 The gas-

permeation properties of Pebax have been studied,28,29 and

some modifications aimed at improving its permeabilities and

selectivities, have also been made.30–33 The modifiers are mainly

organic materials, such as poly(ethylene glycol) (PEG) and pol-

y(dimethyl siloxane) (PDMS). Car et al.31,32 modified Pebax

with PEG and found that the CO2 permeability and permeation

flux of the Pebax/PEG membrane (50 wt % PEG) increased by

two to three times compared to those of pristine Pebax. Reijer-

kerk et al.30 prepared Pebax/PDMS–PEG blend membranes and

found that the CO2 permeability increased by five times at a 50

wt % PDMS–PEG loading. Recently, the modification of Pebax

with inorganic materials has attracted some attention, but the

research on this area is still limited, and more investigations are

needed.

As mentioned previously, different kinds of fillers, including

permeable/impermeable fillers and organic/inorganic fillers,

have been used for preparing MMMs. So, it is necessary to

describe and explain the influence of different fillers on the

MMMs permeation properties; these can guide and optimize

the separation performance of the MMMs.

In this study, GO was incorporated into the Pebax matrix to

prepare the Pebax/GO MMMs with a solution casting method.

The Pebax/GO MMMs were characterized by X-ray diffraction

(XRD), Fourier transform infrared (FTIR) spectroscopy, scan-

ning electron microscopy, and stress–strain tests. Moreover, the

influence of the GO content on the gas-permeation performance

of the Pebax/GO MMMs was investigated. We determined the

transport properties of the Pebax/GO MMMs by considering

the geometrical shape and arrangement pattern of GO.

THEORY

The widely accepted theory for gas transport in dense mem-

branes is that it is done through a solution–diffusion mecha-

nism.34 Some theoretical models have been developed to predict

the gas permeabilities of MMMs. The steady-state permeabilities

of MMMs can generally be estimated by the Maxwell model,35

shown in eq. (1), which is suitable for the prediction of MMMs

filled with molecular sieves and other polymers, in particular

for those filled with low contents of spherical fillers:

PMMMs

P0

5
Pf 12P022/ðP02Pf Þ
Pf 12P01/ðP02Pf Þ

(1)

PMMMs

P0

5
222/
21/

(2)

PMMMs

P0

5
112/
12/

(3)

where P0 is the permeability of the pristine polymer membrane

(Barrer), PMMMs is the permeability of the MMMs (Barrer), Pf

is the permeability of the fillers (Barrer), and / is the volume

fraction of the fillers. PMMMs/P0 is called the normalized perme-

ability. When the fillers, such as C60, SiO2, are impermeable

(i.e., Pf 5 0), the Maxwell model can be rewritten as eq. (2). If

the fillers are highly permeable, Pf 51 can be assumed, and

the result is shown in eq. (3).

For fillers with special geometries that are significantly different

from a spherical one, the gas permeabilities may deviate from

the predication of eq. (1). For MMMs composed of imperme-

able flakes, the impermeable flakes have a much larger effect on

the gas permeabilities when they are parallel to the membrane

surface. When / of the flakes is small (/ << 1) and Af/> 1,

PMMMs/P0 can be described by the Lape model36 shown in

eq. (4):

PMMMs

P0

5 11
1

4

Af
2/2

12/

� �21

(4)

where Af is used to characterize the geometrical shape of the fil-

ler and is defined as the flake length (d) divided by the thick-

ness (h). This model assumes that the flakes are placed in a

regular array, as shown schematically in Figure 2.

Figure 1. Schematic diagram of Pebax.
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The models mentioned previously do not consider the struc-

tural changes of the membrane induced by the fillers; the inter-

actions among the polymers, fillers, and penetrates; and the

nature of penetrates, such as the gas molecular sizes. According

to eqs. (2–4), the gas selectivities of the MMMs are not affected

by the fillers and are the same as those of the pristine polymer

membranes.

EXPERIMENTAL

Materials

Pebax MH 1657 [Pebax 1657, consisting of 60 wt % poly(ethyl-

ene oxide) and 40 wt % polyamide 6, density 5 1.14 g/cm3] was

purchased from Arkema, Inc. GO (diameter 5 1–5 lm,

thickness 5 0.8–1.2 nm) was purchased from Nanjing XFNANO

Material Tech Co., Ltd. A mixture of ethanol and water (70/30

wt %) was used as a solvent for Pebax. Ethanol (analytical

grade) was provided by Sinopharm Chemical Reagent Co., Ltd.

Pure CO2, CH4, H2, and N2 were supplied by Dalian Gases Co.

All of the materials were used as received.

Membrane Preparation

The membranes were prepared with a solution casting method.

Pebax (1.8 g) was added to the ethanol/water mixture (40 mL)

to prepare the Pebax solution at about 808C under reflux and

with vigorous stirring for 4 h. GO was dispersed in deionized

water and then ultrasonicated for 6–18 h to form a suspension

of GO, and the GO/H2O concentration was 1–3.6 mg/mL. The

mass ratios of GO to Pebax (Y) were 0 : 100–8 : 100, and the

compositions of the Pebax/GO MMMs are denoted as P100G0–

P100G8, accordingly. After the Pebax solution was cooled to

ambient temperature, the Pebax solution and GO aqueous dis-

persion were mixed and stirred slowly for at least 5 h at ambi-

ent temperature. Then, the mixed solution was cast into a

Teflon ring mold, and the solvent was evaporated at about

408C. After the membranes were formed, they were dried in a

vacuum oven at 508C for at least 3 days to remove the residual

solvent, and then, the dried membranes were held in a vacuum

oven at ambient temperature. The membranes thicknesses were

65–85 lm. Here, the density of GO was assumed to be 2.28 g/

cm3,17 so / of GO could be calculated with eq. (5):

/5
mGO=qf

mGO=qf 1mPebax=q0

5
Y=2:28

Y=2:2811=1:14
(5)

where mGO and mPebax are the masses of GO and Pebax, respec-

tively, and qf and q0 are the densities of GO and Pebax,

respectively.

Membrane Characterization

The crystalline properties of the Pebax/GO MMMs were meas-

ured with a wide-angle X-ray diffractometer (X’Pert Pro-1) with

Cu Ka radiation (k 5 1.5406 Å).

The morphologies of the Pebax/GO MMMs were observed with

a field emission scanning electron microscope (Quanta

200FEG). The samples were fractured in liquid nitrogen and

then coated with gold by a sputtering method.

FTIR spectra of GO and Pebax/GO MMMs were obtained in

attenuated total refection mode with an Equinox 55 FTIR

spectrometer.

Stress–Strain Tests

Stress–strain measurements were conducted via a Reger univer-

sal material testing system at room temperature. Specimens

with a gauge length of 20 mm and a width of 5 mm were used,

and the thickness of the specimens was determined with a

thickness tester. The test speed was 10 mm/min. The results are

the average values of several measurements.

Gas-Permeation Measurements

The gas-permeation properties of the Pebax/GO MMMs were

determined with a constant-volume/variable-pressure technique.

The permeate side of the membrane was evacuated before each

test. The permeation properties of the pure N2, CH4, H2, and

CO2 were studied. The gas permeabilities and diffusion coeffi-

cients could be calculated with eqs. (6) and (7):

P5
1

76

273:15

T

V

A

l

Dp

dp

dt
(6)

D5
l2

6h
(7)

where P is the gas permeability [Barrer; 1 Barrer 5 10210

cm3(STP) cm (cm2�s�cmHg)21], V is the downstream volume

(cm3), A is the area of the membrane (cm2), T is the operating

temperature (K), Dp is the transmembrane pressure difference

(cmHg), l is the membrane thickness (cm), dp/dt is the rate of

pressure increase measured by a pressure sensor in the down-

stream chamber (cmHg/s), D is diffusion coefficient (cm2/s),

and h is the diffusion time lag (s). The relative standard devia-

tion of gas permeabilities were calculated by the following equa-

tion, and the relative standard deviation of the gas

permeabilities was within 10%:

DP

jPj5
jDV j

V
1
jDAj

A
1
jDT j

T
1
jDlj

l
1
jDðDpÞj

Dp
1
jDðdp=dtÞj

dp=dt
(8)

The ideal selectivity (a) of one penetrant (subscript A) over

another (subscript B) is given by eq. (9):

aA=B5
PA

PB

(9)

where PA and PB are the permeability of penetrant A and pene-

trant B, respectively.

RESULTS AND DISCUSSION

Physical Properties of the Pebax/GO MMMs

XRD was used to determine the crystalline properties of the

Pebax/GO MMMs, and the results are shown in Figure 3. The

Figure 2. Schematic diagram of the Lape model.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4262442624 (3 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


pristine Pebax membrane (P100G0) was a semicrystalline poly-

mer with diffraction peaks at 14, 17, and 248 of 2h, and the

peak at 2h 5 248 resulted from the crystalline region of the PA

segment by hydrogen bonding.37 All of the Pebax/GO MMMs

showed similar XRD patterns; this proved that GO did not

destroy the semicrystalline structure of Pebax. It has been

reported that the characteristic peak of GO was at a 2h of

118.19,21 However, this was not observed in the Pebax/GO

MMMs, which were similar to the poly(vinyl alcohol)/GO

MMMs observed by Liang et al.19 and Xu et al.24 Exfoliated

GO, in the monolayer form, showed no intensity characteristic

peaks.38 So, the results proved that GO was well exfoliated and

uniformly dispersed in the polymer matrix.19,24 The intensity of

the diffraction peak at 2h 5 248 of the Pebax/GO MMMs was

higher than that of the pristine Pebax membrane; this indicated

that GO acted as a nucleating agent and induced the increase of

crystallinity just like in multiwalled carbon nanotubes.39

The FTIR spectra of GO, P100G0, and P100G8 were detected

and are shown in Figure 4. For GO, the characteristic peaks

around 3265, 1730, 1556, and 1342 cm21 were the stretching

vibrations of OAH, C@O, and C@C and the bending vibrations

of CAOH, respectively;40,41 this suggested that there were at

least some hydroxyl and carboxyl groups in GO. The peak at

1111 cm21 represented the stretching vibrations of CAO.42 The

stretching vibrations at 2872 cm21 suggested the presence of ali-

phatic CAH groups, which was consistent with a nonaromatic

carbon structure in GO.41,42

For the pristine Pebax, the peaks at 3296 and 1097 cm21 repre-

sented the stretching vibrations of NAH and CAO, respec-

tively.37 The peak at 1740 cm21 was assigned to the free C@O,

and the peak at 1641 cm21 indicated the presence of hydrogen-

bonded C@O in HANAC@O.37,43

The characteristic peaks of GO were not shown clearly in the

spectrum of P100G8, which might have been because they were

so weak that they were overlapped by those strong peaks of

Pebax. On the other hand, because some of the Pebax matrix

was present on the surface of GO, the spectrum of GO might

not have been detected, and only that of Pebax was shown.

The morphologies of the Pebax/GO MMMs are shown in Figure

5. Compared with that of P100G3 [Figure 5(b)], the surface of

P100G0 [Figure 5(a)] was much smoother. As shown in Figure

5(b,d), GO was in the form of flakes, and it seemed that GO

was well dispersed in the Pebax matrix. This was consistent

with the XRD analysis. This suggested that the agglomeration of

GO was inhibited with the aids of functionalization and

Figure 3. XRD patterns of Pebax/GO MMMs.

Figure 4. FTIR spectra of GO, P100G0 MMM, and P100G8 MMM.

Figure 5. (a,b) Surface scanning electron microscopy images, (c,d) cross-

sectional scanning electron microscopy images, and (e,f) digital pictures

of Pebax/GO MMMs: (a) P100G0, (b) P100G3, (c) P100G0, (d) P100G3,

(e) P100G3, and (f) P100G8. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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ultrasonic treatment. The color of the Pebax/GO MMMs with

less GO was golden, such as that of P100G3 shown in Figure

5(e). With increasing GO, the Pebax/GO MMMs became darker

in color; for example, P100G8, shown in Figure 5(f), was dark

brown.

Mechanical Properties of the Pebax/GO MMMs

The mechanical properties of the Pebax/GO MMMs were eval-

uated by stress–stain tests, which are shown in Figure 6. As

shown in Figure 6(a), with increasing GO content, the stain at

break decreased, whereas the elasticity modulus increased. For

the Pebax/GO MMMs with 3.85 vol % GO (P100G8), the strain

at break decreased by 98%, and the elasticity modulus increased

by 56%. This suggested that the Pebax/GO MMMs were more

brittle and rigid than the pristine Pebax membrane.44 Because

the elasticity modulus was used to characterize the resistance to

elastic deformation, the higher elasticity modulus of the Pebax/

GO MMMs indicated that the incorporation of GO was benefi-

cial for the improvement of the antideformation capacity of the

Pebax/GO MMMs. The tensile strength decreased by 34% at a

3.85 vol % GO loading [Figure 6(b)]; this suggested that the

incorporation of GO inhibited the molecular rearrangement

and orientation during deformation45 and that the interaction

between GO and Pebax was not strong enough to enhance the

tensile strength.19

Gas-Permeation Properties of the Pebax/GO MMMs

Figure 7 shows the influence of the pressure on the gas perme-

abilities of the P100G4 MMMs. It was clear that the relationship

between the gas permeability and pressure could be expressed

with the following linear equation:46

P5PDp50 11nDpð Þ (10)

where PDp50 is the gas permeability when Dp is 0 (i.e., infinite

dilution permeability) and n is an adjustable constant that char-

acterizes the effect of pressure on gas permeability.

Just as that shown in Figure 7, the CO2 permeability increased

with pressure, so the n value was positive for CO2; this was

induced by plasticization. For H2, CH4, and N2, the permeabil-

ities were influenced little by the pressure, and the n values

were a little negative because of the hydrostatic compression

effect.47 The n values of the Pebax/GO MMMs for CO2, N2, H2,

and CH4 are listed in Table I. Compared with the pristine Pebax

membrane, the n values for CO2 became larger, and the abso-

lute values of n for H2, CH4, and N2 became smaller with

increasing GO content. This suggested that the plasticization of

CO2 increased, whereas the hydrostatic compressive effect of

H2, CH4, and N2 decreased. In fact, the increased crystallinity

and more rigid nature of the Pebax/GO MMMs contributed to

the changes in the n values. The increased crystallinity and the

more rigid nature of the MMMs made the fractional free vol-

ume decrease and resulted in a smaller hydrostatic compressive

effect and subsequently made the absolute values of n for H2,

CH4, and N2 become smaller. For CO2, n was determined by

the plasticization and hydrostatic pressure; a lower hydrostatic

compressive effect made the increase of CO2 with pressure

more obvious. Namely, the plasticization effect became more

obvious.

The influence of the temperature on the gas permeability is

shown in Figure 8. The gas permeabilities increased with tem-

perature. For CO2, its solubility in the rubbery polymer

decreased with increasing temperature; however, for H2 and N2,

the solubility increased with increasing temperature.48 There-

fore, in particular for CO2, the diffusivity made a great

Figure 6. Influence of the GO content on the mechanical properties of

the Pebax/GO MMMs.

Figure 7. Influence of the pressure on the permeabilities of (�) CO2, (�)
H2, (~) CH4, and (!) N2 for P100G2 MMM at 358C.
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contribution to the increase in the gas permeability with tem-

perature. There was a linear relationship between the logarithm

of the gas permeability and the reciprocal of the temperature;

this could be expressed by the Arrhenius equation:

P5Poexp
2Ep

RT

� �
(11)

where P0 is the pre-exponential factor, Ep is the apparent activa-

tion energy for permeation (kJ/mol), R is the gas constant

(8.314 J�K21�mol21), and T is the absolute temperature (K).

Table II lists the Ep values of the Pebax/GO MMMs for CO2,

N2, H2, and CH4. The Ep of CO2 was the smallest; this was con-

tributed by its interaction with the poly(ethylene oxide) segment

and its high condensability, which was characterized by the crit-

ical temperature (the critical temperatures of CO2, N2, H2, and

CH4 were 304.2, 126.2, 33.2, and 190.6 K, respectively). Com-

pared with that of the pristine Pebax membrane, the Ep values

of the Pebax/GO MMMs for CO2, N2, H2, and CH4 increased

with the addition of GO. This might have been because the

polymer chains were more difficult to rotate when GO was

incorporated, and this resulted in a higher activation energy for

diffusion.37

Figure 9 shows the influence of the GO content on the perme-

abilities of CO2, H2, CH4, and N2. With increasing GO content,

the permeabilities of CO2, H2, CH4, and N2 all gradually

decreased. For the Pebax/GO MMMs with 3.85 vol % GO

(P100G8), the permeabilities of CH4, CO2, and N2 decreased by

74, 70, and 69%, respectively, compared to that of the pristine

Pebax membrane. So, the selectivities of CO2/N2 and CO2/CH4

did not change much (shown in Figure 10); this was consistent

with the model prediction from eq. (4). The structural changes

in the membranes, such as the chain flexibility, had a minor

effect on H2 compared to their effects other gases because of

hydrogen’s small size,31 as shown later in Table IV, so the H2

permeability only decreased by about 59% at 3.85 vol % GO

loading. As a result, the CO2/H2 selectivity decreased by 27%,

and the H2/CH4 selectivity increased by 56%. The remarkable

decrease in the gas permeabilities for the Pebax/GO MMMs

illustrated that GO inhibited gas diffusion and formed a diffu-

sion barrier in the polymer matrix.17 First, the addition of

impermeable GO decreased the available diffusion area because

of the replacement of permeable Pebax by impermeable GO.36

Second, the diffusion tortuosity became greater, and the gas dif-

fusion channel was restricted after GO was incorporated.37 The

diffusivities of larger gases decreased to a greater extent than

those of smaller gases,13 and this also illustrated the changes in

the gas selectivities, shown in Figure 10. Meanwhile, the increase

in the crystallinity caused by the incorporation of GO, shown in

Figure 3, also contributed to the decrease in the gas permeabil-

ities. The h of CH4 for the Pebax/GO MMMs are shown in Fig-

ure 11; they clearly explain the gas-diffusion properties of the

Pebax/GO MMMs with different GO contents. As shown in Fig-

ure 11, with increasing GO content, h/l2 l was the membrane

thickness for CH4 increased. According to eq. (7), the gas diffu-

sivity is inversely proportional to h/l2, so the CH4 diffusivity

decreased with increasing GO content. At present, the represen-

tative gas membrane materials mainly include PDMS, cellulose

acetate, polyimide, and so on, and their permeation properties

are listed in Table III for a comparison with the Pebax/GO

MMMs. The Pebax/GO MMMs had high CO2/N2 and CO2/H2

selectivities.

Table I. n Values of the Pebax/GO MMMs for CO2, N2, H2, and CH4 at 358C

P100G0
(0 vol % GO)

P100G2
(0.99 vol % GO)

P100G4
(1.96 vol % GO)

P100G6
(2.91 vol % GO)

P100G8
(3.85 vol % GO)

CO2 0.16 0.16 0.17 0.18 0.18

N2 20.15 20.17 20.11 20.093 20.12

H2 20.052 20.029 20.035 20.025 20.027

CH4 20.058 20.035 20.047 20.022 20.037

The relative standard deviation of n was within 10%.

Figure 8. Influence of the temperature on the permeabilities of (�) CO2,

(�) H2, (~) CH4, and (!) N2 for P100G2 MMM at 0.7 MPa.

Table II. Ep Values of the Pebax/GO MMMs for CO2, N2, H2, and CH4 at

0.7 MPa

P100G0 P100G2 P100G4 P100G5 P100G8

CO2 16.5 16.0 19.8 22.7 23.7

N2 35.6 34.5 42.1 43.3 44.8

H2 30.8 30.4 35.5 36.3 36.7

CH4 34.1 33.2 40.3 42.3 43.0

The relative standard deviation of Ep was within 5%.
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Prediction of the Gas-Permeation Properties for the Pebax/

GO MMMs

Figure 12 shows the experimental and model predicted normal-

ized permeabilities for the Pebax/GO MMMs. GO was imperme-

able to all gases, so the permeation properties of the Pebax/GO

MMMs could be described with eq. (2) or (4). For the Maxwell

model described in eq. (2), the predicted normalized permeabil-

ities almost did not change with increasing GO content from 0

to 4 vol %, and there was a big deviation between the experimen-

tal and predicted values. That is to say, the Maxwell model could

not predict the transport properties of CO2, N2, H2, and CH4 for

the Pebax/GO MMMs. Unlike in the Maxwell model, the geo-

metrical shape of the fillers was considered in the Lape model

with the Af parameter. The experimental values of CO2, N2, H2,

and CH4 were well fitted with the Lape model; this suggested

that the geometrical shape of the filler played an important role

in the transport process of the gases. For the Pebax/GO MMMs,

the values of PMMMs/P0 for different gases and / of GO could be

calculated, so the Af values of CO2, N2, H2, and CH4 could be

regressed with Origin software according to the Lape model. The

values of Af are shown in Table IV, and small deviations for CO2,

N2, H2, and CH4 was observed. Theoretically, Af should have

been a constant value for the Pebax/GO MMMs; this was not rel-

evant to penetrates. However, on the basis of the assumption of a

parallel regular array of the fillers, the Lape model does not con-

sider the size distribution and random orientation of fillers, the

physical properties of the penetrates (e.g., molecular size), and

the interaction among polymers, fillers, and penetrates; these

might have caused some deviation of the Af values for CO2, N2,

H2, and CH4. As shown in Table IV, Af increased with increasing

gas critical volume. Thus, the impermeable GO had a larger inhi-

bition on the transport of larger gases. An average Af of 86 for

CO2, N2, H2, and CH4 was calculated by the regression of the

normalized permeabilities of different gases with the Lape model.

It seemed that the transport properties of the Pebax/GO MMMs

could be described successfully by this model. Obviously, the Af

value from the Lape model (86) was much lower than its theoret-

ical value. The ultrasound destruction, layer misalignment, stack-

ing of the flakes, and random orientation of the flakes might

have led to a lower effective Af.
17,50

To observe the influence of the geometrical shape of the fillers

on the permeation properties of different MMMs, the CO2 nor-

malized permeabilities of the Pebax membranes with different

fillers, such as SAPO-34,51 amino-modified multiwalled carbon

nanotubes (MWNTs-NH2),52 and GO, are shown in Figure 13.

MWNTs-NH2 was highly permeable to gases; thus, Pf 51
could be assumed, and the permeation properties of the Pebax/

MWNTs-NH2 MMMs could be described with eq. (3). As

shown in Figures 12(a) and 13(a1), the experimental PMMMs/P0

values were a little higher than those predicted with eq. (3).

The difference might have been due to the voids between the

tangled MWNTs-NH2s.52 For SAPO-34, its CO2 permeability

was assumed to be 600 Barrer,53 and the permeation properties

of the Pebax/SAPO-34 MMMs could be described with eq. (1).

As shown in Figure 13(b,b1), the experimental PMMMs/P0 values

were lower than the predicted values at low SAPO-34 contents,

and they were higher than the predicted values when the

Figure 9. Influence of the GO content on the permeabilities of (�) CO2,

(�) H2, (~) CH4, and (!) N2 for Pebax/GO MMMs at 358C and 0.7 MPa.

Figure 10. Influence of the GO content on the selectivities of (�) CO2/

N2, (�) CO2/CH4, (!) H2/CH4, and (~) CO2/H2 for the Pebax/GO

MMMs at 358C and 0.7 MPa.

Figure 11. Gas-permeation curves of the Pebax/GO MMMs for CH4 at

358C and 0.7 MPa: pdown was the pressure of downstream chamber, t was

the permeation time.
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SAPO-34 content increased. The difference might have resulted

from the increase in the tortuosity for diffusion at low SAPO-

34 contents, whereas for high SAPO-34 contents, defects occur-

ring in the membranes, such as phase separation, might have

accounted for the difference.51 For GO, unlike MWNTs-NH2

and SAPO-34, the experimental PMMMs/P0 values of the Pebax/

GO MMMs dramatically decreased with increasing GO content.

When Figures 13(c), 13(c1), and 13(c2) are compared, as men-

tioned in Figure 12, the experimental PMMMs/P0 values of the

Pebax/GO MMMs were in good agreement with the Lape model

predictions with Af 5 86 compared to those of the Maxwell

model. With the Maxwell model, the derivation between the

experimental and predicted values of the Pebax/GO MMMs

were much larger than those of the Pebax/MWNTs-NH2

MMMs and Pebax/SAPO-34 MMMs. The big derivation of the

Pebax/GO MMMs could not be explained only by the changes

in the membrane structure, and the geometrical shape of GO

had to be considered. Therefore, the geometrical shape of the

fillers played an important role in their permeation properties.

CONCLUSIONS

Pebax/GO MMMs were prepared with the solution casting

method, and their gas-separation performance and mechanical

properties were investigated. With ultrasonic treatment, GO was

well dispersed in the Pebax matrix, and its incorporation

induced increases in the crystallinity and elasticity modulus for

the Pebax/GO MMMs, whereas the strain at break and tensile

strength decreased. Compared with that in the pristine Pebax

membrane, the plasticization of CO2 in the Pebax/GO MMMs

increased, whereas the hydrostatic compressive effect of H2,

CH4, and N2 decreased. The Ep values of CO2, N2, H2, and CH4

all increased for the Pebax/GO MMMs. Because of the

Table III. Permeation Properties of the Pebax/GO MMMs and Representative Membrane Materials

Polymer Temperature (8C) Pressure (MPa) PCO2 (Barrer) PCO2/PN2 PCO2/PCH4 PCO2/PH2 Reference

PDMS 35 0 3800 9.5 3.2 4.3 47

Cellulose acetate 35 0.03 6.0 25.8 29.2 0.4 49

Matrimid 35 1 4.5 — 34.0 — 1

P100G0 35 0.7 128.6 56.2 16.3 9.6 This study

P100G2 35 0.7 108.0 48.5 16.7 8.9 This study

P100G5 35 0.7 53.7 53.2 18.2 7.8 This study

P100G8 35 0.7 38.3 54.8 18.6 7.0 This study

Table IV. Apparent Af Values Determined from the Fit of the Experimen-

tal Normalized Permeability Curves by the Lape Model

H2 N2 CO2 CH4

Vc (cm3/mol)a 65.1 89.8 93.9 99.2

Af
b 74 (63) 82 (65) 90 (63) 100 (63)

�Af
b 86 (63)

a Vc, critical volume from ref. 47.
b Values in parentheses are standard errors.

Figure 12. Comparison of the experimental values and model predictions

of the normalized permeabilities of (�) H2, (!) N2, (�) CO2, and (~)

CH4 for the Pebax/GO MMMs. The solid curves are regression lines based

on the Lape model [eq. (4)]; the dashed line is a prediction line based on

the Maxwell model [eq. (2)].

Figure 13. Influence of the geometrical shape of the fillers on the CO2-

normalized permeability at 358C and 0.7 MPa (the solid curves were

obtained from experimental values from the laboratory): (a) MWNTs-

NH2 as the filler, (b) SAPO-34 as the filler, and (c) GO as the filler. The

dashed curves were predicted according to models: (a1) predicted by eq.

(3), (b1) predicted by eq. (1) with Pf 5 600 Barrer, (c1) predicted by eq.

(2), and (c2) predicted by eq. (4) with Af 5 86.
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impermeable nature of GO, the gas permeabilities of the Pebax/

GO MMMs remarkably decreased with increasing GO content.

Compared with the pristine Pebax membrane, the CO2 perme-

ability of the Pebax/GO MMMs with 3.85 vol % GO decreased

by about 70%. For the Pebax/GO MMMs, the Maxwell model

could not predict the gas-transport properties because the geo-

metrical shape of GO played an important role in the permea-

tion process. With the introduction of Af, the gas permeabilities

of the Pebax/GO MMMs could be described successfully by the

Lape model with an average Af of 86.
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