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To construct rapid C3H8 transport pathways in polymer matrix, alkyl chain-functionalized graphene oxide (GO) was
prepared via grafting octadecylamine (ODA) molecules and then embedded into polydimethylsiloxane (PDMS) matrix to
obtain high-efficiency mixed matrix membranes (MMMs). The incorporation of alkyl chains contributes to lowering the
surface energy of GO nanosheets and providing higher affinity with PDMS matrix. Additionally, the alkyl chains on the
surface of ODA-functionalized GO nanosheets (ODA-GO) are in favor of C3H8 adsorption, thus conferring continuous
and specific transport pathways for C3H8. The optimized membrane with ODA-GO loading of 0.3 wt% exhibits the C3H8

permeance of 1897 GPU and the C3H8/N2 ideal selectivity of 67, which are 50.2 and 72.5% higher than those of bare
PDMS membrane, respectively. The simultaneous enhancement of C3H8 permeance and C3H8/N2 ideal selectivity indi-
cates that ODA-GO is an effective filler applied in MMMs for C3H8 recovery. VC 2017 American Institute of Chemical

Engineers AIChE J, 00: 000–000, 2017
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Introduction

Propane (C3H8) widely existing in the off-gas of natural gas
processing and petroleum refining has aroused great attentions

due to its dual roles as clean-burning fuel and photochemical
pollutant.1 To avoid resource waste and environmental pollu-

tion, various technologies have been adopted for C3H8 recov-
ery.2 Comparatively, membrane separation technology exhibits

remarkable advantages such as easy operation, low energy con-
sumption, low cost, and environmentally friendly.3 Polymeric

membranes in particular, have been widely studied and applied
in the recovery of C3H8 and other hydrocarbons, attributing to

their excellent hydrocarbon permeance.4 Several glassy poly-
meric membranes, such as poly(1-trimethylsilyl-1-propyne)5

and poly(trimethylsilyl norbornene),6 exhibit great C3H8 perme-
ance due to their rigid polyacetylene backbone and bulky side

groups which can provide a relatively high fractional free vol-
ume. However, their application has been limited because of

the costly crude materials, complex synthetic techniques, and
poor chemical stability. For rubbery polymeric membranes,

which always permeate the larger, more condensable gases over
the smaller, less condensable gases, preferentially,7 polydime-

thylsiloxane (PDMS) has been the most commonly used materi-
al for higher hydrocarbons recovery. Many researches have

been reported on the separation of N2/H2/CO2/CH4 and C3H8

using PDMS membranes.8–11

Although PDMS membrane has achieved relatively high

C3H8 permeance and moderate C3H8 selectivity, the further

improvement of separation performance is still imperative

for practical applications. To enhance the performance of

polymeric membranes, numerous researchers have been

engineering the polymeric membranes through incorporating

other materials, i.e., fabricating mixed matrix membranes

(MMMs).12–14 The separation performance of MMMs mainly

relies on the intrinsic properties of polymer matrix and filler,

as well as the structural changes of membrane after incorporat-

ing filler. For a particular polymeric membrane, the separation

performance can be optimized from two aspects: physical

morphology and chemical composition of filler.15 One-

dimensional (1D) and two-dimensional (2D) nano-materials

such as nanotube,16 nanorod,17 and nanosheet18 have been fre-

quently used as fillers, because their high aspect ratio and high

specific surface area can generally establish a large number of

continuous interface pathways. Three-dimensional (3D) nano-

materials such as metal organic frameworks, especially zeolit-

ic imidazolate frameworks, have been widely investigated as

the fillers owing to its porous structure.12,13 From the aspect of

chemical composition, the functional groups on filler surface

mainly determine the interaction between the fillers and poly-

mer matrix, thus influencing the interfacial compatibility, the

elimination of interfacial voids and the dispersity of fillers.

Additionally, the adsorption capacity of the fillers toward

C3H8 can also be affected by the chemical compositions of
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fillers. Therefore, the physical morphology and chemical com-
position of fillers should be synergistically optimized when
designing high-efficiency membranes.

Graphene oxide (GO), as one of the most important gra-
phene derivatives, has triggered enormous research interest as
a 2D filler in MMMs due to the retained high specific surface
area and high aspect ratio as graphene, as well as the richer
modification ways and better dispersity in many solvents.19–22

Our group23 incorporated GO nanosheets into polyether
block amide matrix, with the assistance of hydrogen bondings
between GO and polymer, the laminar GO nanosheets with
gas-transport channels can be assembled, thus achieving excel-
lent CO2 separation performance. Chung et al. designed alde-
hyde and amine functionalized GO to fabricate membranes for
pervaporation dehydration or heavy metal removal.24,25 Wu
et al.26 prepared dopamine and cysteine, or polyethylene gly-
col monomethyl ether and polyethylenimine modified GO,
which were then introduced into polymer matrix to enhance
CO2 adsorption. Nevertheless, most of the current GO-based
MMMs focus on hydrophilic modification toward the disper-
sion in polar solvents and the preferential separation of polar
molecules. The hydrophobic-functionalized GO suitable for
nonpolar molecules has rarely been investigated as the filler in
MMMs.

Herein, alkyl chain-functionalized GO was incorporated
into PDMS matrix to fabricate MMMs for C3H8 recovery. The
hydrophobic alkyl chains introduced on GO surface via graft-
ing octadecylamine (ODA) are expected to lower the surface
energy of GO nanosheets and impart higher affinity with poly-
mer matrix PDMS. As a result, the dispersion of ODA-
functionalized GO nanosheets (ODA-GO) in PDMS matrix as
well as the interfacial compatibility between PDMS and
ODA-GO can be improved. Additionally, the alkyl chains on
the surface of GO nanosheets are favor of C3H8 adsorption,

thus providing many specific continuous transport pathways
for C3H8. The influence of incorporating alkyl pathways on

membrane separation performance was intensively investigat-
ed with C3H8/N2 as the model gas pair. The effects of opera-
tion conditions such as driving pressure and temperature were
also studied to optimize separation performance.

Experimental

Materials

Graphene oxide (single layer ratio: >99%) prepared by
modified Hummer’s method was purchased from Nanjing
JCNANO Tech Co., Ltd., China. Octadecylamine was pur-
chased from Aladdin Industrial Corporation, China. PDMS
was purchased from GE Toshinba Silicones Co., Ltd., Japan.

N-heptane, tetraethyl orthosilicate (TEOS) and dibutyltin
dilaurate were purchased from Sinopharm Chemical Reagent
Co., Ltd., China. H2, CO2, N2, CH4, and C3H8, with purity of
99.999% were purchased from Nanjing Special Gases Compa-
ny, China. Polyvinylidene fluoride (PVDF) substrate with

average pore size of 450 nm were purchased from Solvay,
America.

Synthesis of functionalized GO

Octadecylamine functionalized GO was prepared via simple
heating method.27 First, GO powder (20 mg) was dispersed in

40 mL ethanol via ultrasonication for 20 min. Then a certain
amount of ODA was added into the GO dispersion. After fur-
ther ultrasonication for 30 min, the mixture was transferred
into a Teflon lined autoclave and held in an oven at 908C for
3 h. The ODA functionalized GO was then collected by centri-

fugation and washing with ethanol and n-heptane, designated
as ODA-GO. The reaction mechanism during the GO func-
tionalization process is displayed in Figure 1a.

Figure 1. (a) Reaction mechanism during the GO functionalization process. (b) Schematic illustration of membrane
preparation process. The inset is the digital photo of PDMS and 0.3ODA-GO/PDMS membranes.

[Color figure can be viewed at wileyonlinelibrary.com]
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Fabrication of MMMs

First, ODA-GO dispersion was prepared with n-heptane as

solvent and ultrasonicated for 30 min. After ultrasonication,

PDMS was added followed by stirring at room temperature for

4 h. Then, a certain amount of cross-linking agent TEOS and

catalyst dibutyltin dilaurate were added into the mixed solu-

tion and stirred at room temperature for 24 h. Subsequently,

the cross-linked solution was casted on PVDF substrates to

fabricate flat composite membranes. It should be noted that

the substrates have been soaked in deionized water and dried

with filter paper before utilization. After that, the obtained

membranes were placed at room temperature for 24 h for sol-

vent evaporation and then dried in vacuum oven at 708C

for 12 h. The ODA-GO loadings in membranes were 0, 0.1,

0.3, 0.5, and 0.7 wt%. The corresponding membranes were

denoted as PDMS, 0.1ODA-GO/PDMS, 0.3ODA-GO/PDMS,

0.5ODA-GO/PDMS, and 0.7ODA-GO/PDMS, respectively.

For comparison, the membrane with pristine GO as filler

or with ODA as additive were also fabricated and named as

P-GO/PDMS and ODA/PDMS, respectively.

Characterization

The functional groups of GO, ODA-GO were analyzed by

Fourier transform infrared (AVATAR-FT-IR-360, Thermo

Nicolet, USA) spectra. The X-ray diffraction (XRD) was used

to characterize the structure of GO and ODA-GO. Raman

spectra of GO and ODA-GO can be recorded with a Raman

microscope (Raman, LabRAM HR, Japan). The chemical
compositions of ODA-GO can be assessed by X-ray photo-
electron spectroscopy (XPS, Thermo ESCALAB 250, USA).
Atomic force microscopy (AFM, XE-100, Park SYSTEMS,
Korea) was employed to observe the size of GO and ODA-GO
nanosheets and the surface morphologies of membranes. The
surface and cross section morphologies of as-prepared mem-
branes were examined by field emission scanning electron
microscopy (FESEM, S4800, Hitachi, Japan). Adsorption
experiments were performed with an absorption apparatus
(ASAP 2020, Micromeritics, USA) to study the gas adsorption
behavior of membranes.

Membrane performance evaluation

The gas permeation performance of as-prepared membranes
was evaluated using the method reported in our previous
works.23,28 The specimen for testing was mounted within a
home-made permeation cell with a certain pressure and vari-
able gas volumes, and the effective surface area was 2.27 cm2.
A bubble flow meter was used to detect the gas flow rates fol-
lowing the order of N2, H2, CH4, C3H8, and CO2.

The gas permeance of membrane is defined as:

P5
1

76
� 273:15

273:151T
� 1
A
� patm

Dp
� dV

dt
(1)

where P is the permeance of the prepared membrane (GPU, 1
GPU 5 1026 cm3 (STP)/(cm2�s�cmHg)), T is the operating
temperature (8C), L is the thickness of membrane (cm), A is

Figure 2. C1s XPS spectra of (a) GO, (b) ODA-GO-3 h, (c) ODA-GO-6 h, and (d) ODA-GO-12 h.

[Color figure can be viewed at wileyonlinelibrary.com]
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the effective area of membrane (cm2), patm is the atmospheric

pressure (atm), Dp is the transmembrane pressure difference

(atm), and dV/dt is the volumetric change rate (cm3/s).
The ideal selectivity of component A and B can be calculat-

ed as:

aA=B5
PA

PB
(2)

where PA and PB are the permeance of pure-gas penetrant

A and B, respectively.

Results and Discussion

Characterizations of ODA-GO

The effects of reaction conditions on chemical composition

of GO can be studied by XPS characterization. Figure 2 shows

the XPS C1s spectra of GO and ODA-GO with various reac-

tion times (3, 6, 12 h). As shown in Figure 2a, the XPS C1s

spectrum of GO is resolved into four peaks: C–C (284.8 eV),

C–O (286.9 eV), C5O (288.4 eV), and –O–C5O (289.4 eV).

After the modification of GO, a new peak appears at about

285.4 eV in the XPS C1s spectra (Figure 2b–d), corresponding

to C–N. The formation of C–N arises from the reaction

between the epoxy group of GO and the amino group of ODA,

thus confirming the successful grafting of alkyl chains onto

GO nanosheets. The relative atomic percentages of functional

groups are obtained based on C1s XPS spectra and listed in
Figure 2. It is shown that the C–O content of GO significantly
decreases after reaction with ODA while the C–C content
increase, which can be ascribed to the consumption of epoxy
groups and the partly deoxidization of GO during reaction.
Furthermore, the long carbon chain of ODA also contributes
to the variation of C–O and C–C content. It is revealed that the
ODA-GO with reaction time of 3 h possesses the highest C–N
content, which reaches 10.47% of the total carbon based func-
tional groups. After that, C–N content decreases and C–C con-
tent increases owing to the instability of amide bond.29 To
ensure the sufficient grafting of alkyl chains and the great
compatibility between ODA-GO and polymer matrix, the reac-
tion time of 3 h was chosen as the optimal condition and uti-
lized in the following experiments.

To further confirm the successful modification of GO, GO,
and ODA-GO were characterized by FT-IR and Raman spec-
trum. Figure 3a displays the FT-IR spectra of GO and ODA-
GO, the characteristic peaks of GO appear at 3216, 1720,
1594, 1414, and 1051 cm21, representing –OH, C5O in car-
bonyl, C5C in aromatic ring, C–OH and C–O–C in epoxy
group, respectively. After ODA modification, the new strong
peaks appearing at 2940 and 2860 cm21, together with the
peak at 726 cm21 are associated with –CH2 stretching vibra-
tion, indicating that alkyl chains were successfully grafted
onto GO nanosheets. Additionally, the peak around
1051 cm21 (C–O–C in epoxy group) is weakened and new

Figure 3. (a) FT-IR spectra of GO and ODA-GO, (b) Raman spectra of GO and ODA-GO, (c) XRD spectra of GO and
ODA-GO, (d) the digital images of original dispersions in PDMS/heptane and those after 12 h.

[Color figure can be viewed at wileyonlinelibrary.com]
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peaks appear at 1581 cm21 (N–H bending of amide) and

1474 cm21 (C–N stretch of amide), suggesting the formation
of C–NH–C bands due to the ring-opening reaction of epoxy

group with amine group. Therefore, the FT-IR results confirm
the covalent grafting of ODA on GO nanosheets. Raman spec-

trum was employed to analyze the reduction degree of GO by
calculating the intensity ratio of D band to G band (ID/IG). As

shown in Figure 3b, after the modification of GO, the ID/IG

decreases from 0.94 to 0.90, the slight decrease revealing the

reduction of GO. The reduction of GO also can be reflected by
the color change of GO dispersion in PDMS/heptane (Figure

3d), which obviously turned to black after modification.
The XRD spectra of GO and ODA-GO are shown in Figure

3c, comparing with the GO diffraction peak appears around

11.5�, the ODA-GO diffraction peak is shifted to the lower
degree around 5.6�, corresponding to an intra-gallery spacing

of 1.6 nm. The enlarged interlayer spacing of GO after modifi-
cation confirms the existence of ODA. The new weak peak
appearing at 20.6� can be ascribed to the restacking of a small

portion of GO nanosheets due to the GO reduction during
modification.

To study the influences of ODA modification on the disper-

sity of GO in polymer solutions, both GO and ODA-GO

nanosheets were added into the PDMS/heptane solutions (with

PDMS concentration of 68.0 mg/mL, and GO/ODA-GO con-

centrations of 0.2 mg/mL), followed by ultrasonication for 20

min (Figure 3d). The color change from brown to black is

owing to the reduction of GO during functionalization process.

After setting the two solutions for 12 h at room temperature,

the GO dispersion precipitated apparently, while the ODA-GO

dispersion exhibited slight precipitation, indicating the better

compatibility of ODA-GO nanosheets with polymer matrix.
Atomic force microscopy was used to characterize the

single-layered GO and ODA-GO nanosheets (Figure 4), both

GO and ODA-GO nanosheets show irregular shapes with the

size of about 0.8 lm. The cross-sectional analyses exhibit the

average thickness of single-layered GO and ODA-GO. As

shown in Figure 4, the thickness of GO nanosheets is about

1 nm, which is in accordance with the reported values. Mean-

while, the ODA-GO thickness increases to 1.5 nm. The results

also confirm the successful grafting of long hydrocarbon
chains onto GO nanosheets.

Morphology of ODA-GO/PDMS MMMs

The morphologies of MMMs were observed by FESEM

directly. Figure 5 displays the cross-section and surface

Figure 4. (a) AFM image of GO nanosheets, (b) corresponding height profile of GO nanosheets along the red line,
(c) AFM images of ODA-GO nanosheets, (d) corresponding height profile of ODA-GO nanosheets along
the red line.

[Color figure can be viewed at wileyonlinelibrary.com]
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images of PDMS membrane and ODA-GO/PDMS membranes
with different ODA-GO loadings. As shown in Figure 5, the
PDMS membrane possesses smooth cross-section and surface.
For the MMMs, with the increasing ODA-GO loading, there
are more and more particles inserted in the homogeneous
matrix as shown in the cross-section images, the surface
images show more and more bulges correspondingly. Never-
theless, there are no obvious interfacial voids, confirming the
great interfacial compatibility between PDMS matrix and
ODA-GO nanosheets. The slight agglomeration of ODA-GO
can be found from both the cross-section and surface at 0.5
wt% ODA-GO loading, and the agglomeration further worsens
when the loading is up to 0.7 wt%.

AFM was applied to investigate the surface roughness of
PDMS and ODA-GO/PDMS membranes. The 3D AFM
images of these membranes are shown in Figure 6. The PDMS

membrane possesses a smooth surface with infinitesimal up-
and-down fluctuation, and the fluctuation becomes more and

more serious with the increasing ODA-GO loading, with the

average surface roughness (Ra) increasing from 0.375 to
8.978 nm. Large peaks emerge at the surface of membranes

with 0.5 and 0.7 wt% ODA-GO loadings, caused by the

agglomeration of ODA-GO in high content.

Separation performance of ODA-GO/PDMS MMMs

The pure gas permeation performance of the bare PDMS

membrane and the ODA-GO/PDMS MMMs were investigated

with a constant pressure of 3 bar and variable gas volumes
under pure gas atmosphere. As shown in Figure 7a, the gas

permeance of all the membranes follows the same order:

C3H8>CO2>CH4>H2>N2. Moreover, with the variation
of ODA-GO content, the C3H8 permeance is significantly

influenced, while the H2, N2, and CH4 permeance almost

keeps no change, and the CO2 permeance just slightly fluctu-
ates. Apparently, the as-prepared membranes display great

C3H8-preferential permeation. To analyze the impacts of

incorporating ODA-GO on membrane performance in depth,
the C3H8 permeance and the ideal selectivity for C3H8/N2 are

calculated and shown in Figure 7b. Both the C3H8 permeance
and C3H8/N2 selectivity of the as-prepared ODA-GO/PDMS

membranes are superior to the bare PDMS membrane. The

C3H8 permeance increases with the ODA-GO loading increas-
ing from 0 to 0.3 wt%, after the ODA-GO loading reaches 0.3

wt%, the permeance decreases. The highest C3H8/N2 selectivi-

ty is 67 at 0.3 wt% ODA-GO loading, which has a great
enhancement of 72.5% compared with that of bare PDMS

membrane, the corresponding permeance was 1897 GPU, with

an increment of 50.2%. The simultaneous enhancement of
C3H8 permeance and the C3H8/N2 ideal selectivity indicates

the ODA-GO a great filler applied in MMMs for C3H8 recov-

ery. The pristine GO also has been taken as a filler for compar-
ison (Figure 7c–d). The P-GO/PDMS membrane exhibits

lower gas permeance and C3H8/X ideal selectivity than bare

PDMS membrane and ODA-GO/PDMS membrane, which can
be ascribed to the low affinity of pristine GO for C3H8 and the

severe agglomeration of GO nanosheets in PDMS matrix. In

addition, the ODA/PDMS membrane also shows slightly low-
er C3H8/N2 separation performance (with C3H8 permeance of

1182 GPU and C3H8/N2 selectivity of 36) compared with bare

PDMS membrane, confirming the functions of GO.

Transport mechanism

The gas separation of polymeric membrane is generally

based on the solution-diffusion mechanism. This well-known
mechanism comprises three steps: the adsorption at the

upstream membrane boundary, the diffusion through the mem-

brane, and the desorption from the downstream boundary.30

Therefore, gas permeance of membranes is determined by

both solubility and diffusivity. The bare PDMS membrane, in

which the permeant solubility plays a more important role
than the diffusivity, prefers to permeate the larger, more con-

densable gases with the order of gas permeance as follows:

C3H8>CO2>CH4>H2>N2,31 in accordance with our work.
Due to the solubility-controlled feature of hydrocarbon

recovery membrane, the interfacial voids in MMMs should be

prevented from forming to decrease transport pathways for

smaller gas molecules. As shown in Figure 7a, the permeance
of smaller gas molecules like H2, N2, and CH4 all virtually

keep unchanged with the increase of ODA-GO loading. Due

Figure 5. Cross-section SEM images of (a) bare PDMS,
(b) 0.1ODA-GO/PDMS, (c) 0.3ODA-GO/PDMS,
(d) 0.5ODA-GO/PDMS and (e) 0.7ODA-GO/
PDMS membranes. (f–j) The corresponding
surface images.

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6. 3D AFM images of (a) bare PDMS, (b) 0.1ODA-GO/PDMS, (c) 0.3ODA-GO/PDMS, (d) 0.5ODA-GO/PDMS,
and (e) 0.7ODA-GO/PDMS membranes.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 7. (a) Effect of ODA-GO loading on the permeance of different gases (T 5 258C, pressure 5 3 bar). (b) Effect
of ODA-GO loading on the C3H8/N2 separation performance of ODA-GO/PDMS MMMs (T 5 258C, pressure 5
3 bar). (c) Gas permeance of bare PDMS, 0.3P-GO/PDMS and 0.3ODA-GO/PDMS membranes. (d) C3H8/X
ideal selectivity of bare PDMS, 0.3P-GO/PDMS and 0.3ODA-GO/PDMS membranes.

[Color figure can be viewed at wileyonlinelibrary.com]
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to the little impacts of the low ODA-GO content on the diffu-
sion process of gas molecules, the almost unchanged gas per-
meance confirms the absence of interfacial voids, which can
be ascribed to the favorable interfacial compatibility between
ODA-GO and PDMS matrix.

Strong specific affinity is in favor of making superior mem-
branes. Figure 8 shows the adsorbed quantity of pure-
component C3H8 and N2 on bare PDMS, P-GO/PDMS, and
ODA-GO/PDMS membranes. The incorporation of P-GO low-
ers the C3H8 affinity, thus leading to the decreased C3H8

adsorption compared with bare PDMS membrane. Neverthe-
less, after incorporating ODA-GO into PDMS matrix, the
C3H8 adsorption is enhanced while the N2 adsorption almost
keeps no change. Therefore, the existence of ODA-GO in the
PDMS matrix can improve both C3H8 permeance and C3H8/
N2 selectivity. Nevertheless, GO is prone to agglomerate due
to its planar morphology, although the modification has
enhanced its dispersion, the ODA-GO still tends to agglomer-
ate in high content. As a result, when the ODA-GO loading
increases to 0.5 wt%, the C3H8 permeance begins to decrease.

To describe the gas transport behavior intuitively, we make
the schematic diagram of the gases transport through the
ODA-GO/PDMS MMMs (Figure 9). C3H8 is first preferential-
ly adsorbed at the upstream membrane boundary, and then

diffuse into membrane. Because of the greater C3H8 adsorp-
tion on ODA-GO nanosheets, C3H8 molecules tend to assem-
ble around the ODA-GO nanosheets, then establishing specific
C3H8 diffusion pathways on the ODA-GO nanosheet surfaces.
Comparatively, owing to the low adsorption of N2, there is no
fast diffusion pathways for N2.

Effects of operation conditions

Operation conditions such as driving pressure and operation
temperature are critical factors for membrane performance. To
explore the optimal operation conditions, in this section, the
impacts of driving pressure and operation temperature on the
gas separation performance of as-prepared membranes were
studied. Meanwhile, the long-term operation was performed to
investigate the membrane stability.

Pressure Effect. To investigate the effect of driving
pressure on gas separation performance, gas permeation
tests of PDMS and 0.3ODA-GO/PDMS membranes were
performed with the pressure ranging from 1 bar to 6 bar at
258C. From the Figure 10, it can be seen that with the
increase of driving pressure, the C3H8 permeance and the
C3H8/N2 ideal selectivity significantly increase for both
PDMS and 0.3ODA-GO/PDMS membranes. This phenom-
enon is due to the facilitated C3H8 adsorption at higher
pressure (according to the Henry’s law) and the greater
increasing rate of C3H8 diffusivity than N2 with the
upstream pressure increases. When the pressure reaches 6
bar, the 0.3ODA-GO/PDMS MMM achieves the highest
performance with the C3H8/N2 ideal selectivity of 114 and
the C3H8 permeance of 3364 GPU. In addition, as clearly
seen from the figure, the 0.3ODA-GO/PDMS MMM shows
higher C3H8 permeance and C3H8/N2 selectivity than the
bare PDMS membrane in the whole pressure range, exhibit-
ing great application prospects.

Temperature Effect. The operation temperature is a key
factor for gas transport behavior across membrane due to its
dual influences on solubility and diffusivity. To investigate
the effect of operation temperature on gas separation perfor-
mance, gas permeation tests of PDMS and 0.3ODA-GO/
PDMS membranes were performed with the operation
temperature ranging from 25 to 608C under the consistent
driving pressure of 3 bar. As shown in Figure 11, both
the PDMS and 0.3ODA-GO/PDMS membranes exhibit
decreased C3H8 permeance and C3H8/N2 selectivity with the
increasing temperature. The similar phenomenon has been

Figure 8. The pure-component C3H8 and N2 adsorption
on bare PDMS, 0.3P-GO/PDMS and 0.3ODA-
GO/PDMS membranes.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 9. Schematic diagram of the gases transport through the ODA-GO/PDMS MMMs.

[Color figure can be viewed at wileyonlinelibrary.com]
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reported in literature.12 It is generally known that higher

temperature is beneficial to gas diffusion, but detrimental to

gas adsorption. The decreased C3H8 permeance confirms the

decisive effect of adsorption step on the permeation process

of C3H8 molecules across the membrane. Owing to the

extremely low adsorption of membranes for N2, the adverse

effect of temperature on N2 permeation can be negligible,

thus leading to the decreased C3H8/N2 selectivity. Therefore,

it can be concluded that lower temperature is more beneficial

to the C3H8 recovery.

Long Term Operation. To study the structural stability of

as-prepared MMMs, long-term operation test up to 100 h was

carried out under pure gas atmosphere at 258C and 3 bar. As

shown in Figure 12, the 0.3ODA-GO/PDMS MMMs exhibit

high and stable C3H8 permeance and C3H8/N2 selectivity dur-

ing the entire test, implying the desirable structural stability of

ODA-GO/PDMS MMMs and their promising potentials for

C3H8 recovery.

Conclusion

In this study, GO was successfully functionalized with
ODA to incorporate alkyl chains on GO surface and then
embedded into PDMS matrix to obtain the ODA-GO/PDMS
MMMs utilized for C3H8/N2 separation. The ODA-GO/PDMS
membranes exhibit much higher performance than bare PDMS
membrane and the MMM utilizing pristine GO as filler (with
the optimal C3H8/N2 ideal selectivity of 67, and C3H8 perme-
ance of 1897 GPU). Such superior performance arises from
two aspects. On one hand, the modification of GO with ODA
improves the dispersity of filler and endows favorable interfa-
cial compatibility, thus avoiding the appearance of nonselec-
tive interfacial voids between filler and polymer matrix. On
the other hand, the high affinity of ODA for C3H8 and the high
aspect ratio of GO facilitate the formation of the continuous
and specific C3H8 transport pathways on ODA-GO surface.
This study provides a useful approach of constructing high-
efficiency membrane for higher hydrocarbon recovery.
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