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Ultrathin (�200 nm) and defect-free carbon molecular sieve (CMS) membranes were successfully

fabricated on the inner surface of hierarchically structured porous supports (g-Al2O3 layer coated a-

Al2O3 tubes) via pyrolysis of a polyimide precursor at 700 �C. The chemical structure of the carbonized

samples was examined in detail by means of Raman spectroscopy and X-ray photoelectron

spectroscopy. From these studies, it was found that the carbonized samples consist of graphitic carbon

layers containing sp3-type defects. The synthesized CMS membranes showed an unprecedentedly high

H2 permeance of up to 1.1 � 10�6 mol m�2 s�1 Pa�1 and ideal separation factors of 24, 130 and 228 for

H2/CO2, H2/N2 and H2/CH4, respectively at 200 �C. Furthermore, outstanding separation factors of 791

and 1946 with a water flux of about 0.5 kg m�2 h�1 were obtained at 70 �C for the pervaporation of

10 wt% water-containing binary mixtures of methanol and ethanol, respectively. These results

unambiguously show that the carbon membranes developed in this work possess the potential for high-

temperature hydrogen purification and dewatering of organic solvents.
1. Introduction

Membrane technology is recognized as a more energy-efficient
alternative for the separation of a wide range of gas and
solvent mixtures compared to mature technologies such as
pressure swing adsorption and cryogenic distillation. Specic
examples include the separation of hydrogen from gasication
and hydrocarbons, the upgrading of biogas and landll gas, ue
gas treatment, methane purication and dehydration of organic
solvents. In this context, inorganic microporous membranes
have been intensively investigated because of thermal and
chemical stability issues. The membrane candidates include
silica, zeolites, carbon molecular sieve (CMS) and graphene/
graphene oxide membranes.

Silica is formed of irregular Si–O–Si rings with an effective
size of about 0.3 nm, allowing an efficient separation of smaller
size molecules such as H2O (0.26 nm) and H2 (0.29 nm).
However, its poor stability under hydrothermal conditions
limits its application window.1 Hydrophobic DDR-type zeolites
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display excellent hydrothermal stability but limited selectivity
for smallest gas molecules as they have apertures with an
effective size of about 0.4 nm.2–4 Furthermore, the industrial
application of zeolite membranes is hampered by the difficulty
in scaling-up due to the formation of inter-crystalline pores or
defects. Despite their excellent selectivity, graphene-based
membranes5,6 suffer from insufficient H2 permeance (10�9 to
10�8 mol m�2 s�1 Pa�1) to become technically attractive. Others
limitations are associated with high costs required for
membrane materials and the complexity in the synthesis
procedure of the graphene oxide solution.7

Carbon molecular sieve (CMS) membranes, as one of the
most promising porous inorganic membranes, have received
a growing attention this last decade owing to their unique
characteristics such as simple manufacturing and excellent
stability under harsh conditions.8–10 CMS membranes are
typically prepared from the pyrolysis/carbonization of various
types of polymer precursors in vacuum or inert atmosphere.
Aer decomposition of the thermally unstable polymeric
components, a thermally stable carbon backbone consisting
of micropores (0.7–2 nm) interconnected with ultra-
micropores (<0.7 nm) is formed. In general, the microstruc-
ture and the permeation properties of the resulting carbon
membrane is signicantly affected by the pyrolysis condi-
tions11–14 (temperature, atmosphere, heating rate and soaking
time) and the nature (i.e. the chemical structure and
morphology) of the polymeric precursor.15–17 As a result,
several CMS membranes have been successfully developed for
This journal is © The Royal Society of Chemistry 2019
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the separation of various important gas and solvents mixtures
such as H2/C3H8,18 CO2/N2,19 CO2/CH4 (ref. 14) C3H6/C3H8 (ref.
20) and H2O/C2H6O.21

Nevertheless, it is still challenging to developed ultrathin and
defect-free CMSmembrane with narrowed pore sizes for efficient
separation of H2–CO2 gas pairs. As shown in Table 1 most of the
supported CMS membranes reported in the literature exhibit H2/
CO2 selectivities below or slightly above the value, of 4.7, corre-
sponding to the Knudsen diffusion. One of the reasons behind
this is attributed to the high porosity and the roughness of the
inorganic ceramic support, which leads to the formation of an
inhomogeneous polymeric layer that may crack upon pyrolysis.
Usually, concentrated polymeric solution or several coating-
carbonization cycles are required to minimize the defect forma-
tion by improving the membrane thickness. However, this
generally compromises the H2 permeance.17,22,23 In some cases,
intermediate layers such as TiO2 (ref. 24) and g-Al2O3 (ref. 18)
have been successfully introduced to reduce the surface defect of
the support and slightly improve the H2/CO2 selectivity. However,
the obtained separation performances are still unsatisfactory.

Herein, we report on the synthesis and characterization of an
ultrathin (�200 nm) carbon lm developed from a polyimide
precursor. This work was conducted with the objective of
fabricating an ultrathin and defect-free CMS membrane with
high H2/CO2 selectivity and H2 permeance at high temperature
as a substitute of the hydrothermally unstable silica.

An intermediate g-Al2O3 layer was coated on the inner
surface of porous a-Al2O3 substrates to facilitate the deposi-
tion of a defect-free and ultrathin top layer. A commercially
available polyimide resin has been chosen as precursor
because of his high glass transition temperature, high carbon
content and high quality graphitic microstructure upon
carbonization.11–13 By a careful selection of the pyrolysis
conditions, precursor concentration and viscosity, we were
able to develop reproducible ultrathin hydrogen-selective CMS
membranes with unprecedentedly high separation perfor-
mance among those for all carbon membranes reported to
date. The developed CMS membranes were also tested in the
pervaporation dehydration of low molecular weight alcohols
such as methanol and ethanol.
Table 1 H2 permeance and H2/CO2 permselectivities of CMS membran

Polymeric precursor
Thickness
[mm] Support material T (�

Phenolic resin 3.10 a-Al2O3 25
Phenolic resin 35 Resin 20
Phenolic resin 30 Clay/a-Al2O3 27
Phenolic resin + boehmite 3 a-Al2O3 120
Phenolic resin + PAAa 2 Carbon 25
Polyetherimide 4.8 a-Al2O3 25
Polyetherimide 4 TiO2/a-Al2O3 25
Polyimide 1.6 g-Al2O3/a-Al2O3 25
Polyetherimide 2.7 a-Al2O3 25
Poly(amid acid) �100 Carbon 30
Polyester 0.125 g-Al2O3/a-Al2O3 150

a PAA: poly(amid acid); 1 barrer ¼ 10�10 cm3 (STP) cm/cm2 s cmHg.

This journal is © The Royal Society of Chemistry 2019
2. Experimental
2.1. Precursor and raw materials

Commercial polyimide powder purchased from Alfa Aesar (CAS-
number: 62929-02-6) was used as polymer precursor. N-Methyl-
2-pyrrolidone (NMP) procured by Sigma Aldrich was chosen as
the solvent. Tubular a-Al2O3 ultraltration membranes (length:
300 mm, outer diameter: 10 mm, pore size �70 nm), sealed at
the edges with a glass coating, were obtained from atech
innovations GmbH, Germany. a-Al2O3 discs with diameter of 39
mm, thickness of 2 mm and pore size of around 80 nm was
supplied by Pervatech B.V. Netherlands. Disks-supported
membranes were used for characterization tests, while
tubular-supported membranes were used for gas permeation
and pervaporation tests.

2.2. Membrane preparation

The polymeric solution was prepared by mixing 2 wt% of poly-
imide powder in NMP and stirring for 10 hours. a-Al2O3 discs
and tubular a-Al2O3 tubes (the inner surface) were dip-coated
with a boehmite sol and calcined at 600 �C in air. The
coating-calcination procedure was repeated in order to remove
large pores that might result in pinholes in the membrane.
Upon calcination, g-Al2O3 with mean pore size of around 4 nm
(Fig. S1, ESI†) was obtained. The prepared g-Al2O3/a-Al2O3

composite supports were then dip-coated with the polymeric
solution and dried at 90 �C overnight. An immersion and
withdrawal speed of 10 mm s�1 with an immersion time of 20 s
was applied during the dip-coating process. Note that a hori-
zontal type dip-coater (KSV NIMA) was used for the coating of
discs, while a vertical type (Pervatech B.V.) was used for tubular
substrates. The dipping-drying process was performed in a class
1000 clean-room in order to avoid dust contamination. The
supported polymeric membranes were further placed in the
center of a furnace (Gero HTK 25 Mo/16-1G) to undergo heat
treatment. A vacuum of about 10�6 mbar was applied before
starting the carbonization procedure and maintained during
the carbonization process. The samples were heated up to
350 �C with heating rate of 1�C min�1 and 1 h dwell time at this
temperature. The temperature was then subsequently increased
es reported in the literature

C) H2 permeance [mol m2 s�1 Pa�1] Ideal selectivity Ref.

1.4 � 10�7 2.62 19
1.71 � 10�9 9.7 22
2.7 � 10�8 14.28 23

5.029 � 10�8 22.29 25
5.45 � 10�8 6.2 26
9.07 � 10�8 3.10 27
5.3 � 10�8 8.3 24
�9 � 10�8 3 20

�1.45 � 10�7 2.7 28
6.84 � 10�9 9.5 17
�6.3 � 10�7 �8 18

J. Mater. Chem. A, 2019, 7, 7082–7091 | 7083
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Fig. 2 ATR-FTIR spectra of the a-Al2O3/g-Al2O3-supported polyimide
membrane before (red line) and after (black line) the pyrolysis at
700 �C.

Fig. 1 Photographs of the a-Al2O3/g-Al2O3-supported polyimide
membrane before (A) and after (B and C) the pyrolysis at 700 �C.
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to 700 �C using the same heating rate and samples treated for
further 2 hours. The membranes were cooled down to room
temperature using a cooling rate of 1�C min�1.

2.3. Membrane characterization

Several techniques including Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS), water
contact angle and scanning electron microscopy have been
employed.

The chemical structure of both membranes was determined
using and Infrared spectrometer “Tensor 27” (Bruker Optics)
equipped with a DTGS detector and a Golden Gate diamond
attenuated total reectance (ATR) unit containing ZnSe mirrors.
The resolution of the spectrometer was set at 4 cm�1. All spectra
were collected in the range of 600–4000 cm�1 and normalized to
the gradient vector for comparison.

XPS measurements were performed using a PHI5000 Versa
Probe II from ULVAC-PHI Inc., USA. Core level spectra (C1s,
O1s, C1s and N1s) of the supported membranes were recorded
with an Al k-alpha (1.486 keV) source for excitation in the
analysis chamber under high vacuum (1 � 10�8 mbar) and at
pass energy of 23.5 eV with a resolution of 0.1 eV. The atomic
ratios and surface concentrations were quantitatively deter-
mined from the area of the C1s, N1s and O1s peaks aer
a smart-type background subtraction, while the peak deconvo-
lution was achieved using a mixed Gaussian and Lorentzian
function. The binding energy was normalized by setting the C1s
core level to 285 eV (sp3) and 284.5 eV (sp2).

Water contact angle measurements were performed at room
temperature by the sessile drop method using a contact angle
goniometer, equipped with video camera recording system, and
using soware for drop-shape analysis. The water droplet with
a volume of 3 ml was placed at four different regions of the dip-
coated membranes surface. For each, the contact angle was
measured and the average value was taken. The surface
morphology and the thickness of the supported membranes
were investigated by using a scanning electron microscope
(SEM Ultra 55, Carl Zeiss Microscopy GmbH, Jena, Germany).
Cross-section images were obtained by fracture using a pair of
cutting pliers. The samples were coated with a conductive layer
prior analysis.

2.4. Gas permeation test

The single gas permeation of H2, CO2, N2 and CH4 was
measured using an in-house made dead-end mode permeation
test rig with a stainless steel tubular membrane module. The
permeate stream was kept at atmospheric pressure, and the
pressure through the membrane was maintained at 2 bar. The
gas ow at the feed side of the module was controlled by an
accurate pressure controller (Bronkhorst differential, pressure
controller with a F-001 valve). The gas ow rate at the permeate
side wasmeasured using two owmeters withmaximum ow of
7.74 ml min�1 and 209 ml min�1 (Brooks GF40). Before evalu-
ation of the permeation properties, the membranes were dried
at 200 �C overnight in vacuum. Gas permeance and ideal
selectivity were calculated using eqn (1) and (2), respectively.
7084 | J. Mater. Chem. A, 2019, 7, 7082–7091
Pi ¼ Fi

A� DPi

(1)

aij ¼ Pi

Pj

(2)

where Pi and Pj [mol m�2 s�1 Pa�1] are the permeance of
components i and j respectively, Fi [mol s�1] represents the
ow rate of the component i, A [m2] is the effective membrane
area, DPi [Pa] the partial pressure of component i between the
feed and the permeate side of the tubular membrane, and aij

is the permeance ratio of component i over j. Gas permeance
was measured from 200 �C to 50 �C and a test series of 3
samples was performed for each membrane with a good
reproducibility of gas permeance.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM images of the top surface (a and b) and of the cross-section (c and d) of the a-Al2O3/g-Al2O3-supported planar CMS membrane.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ite

it 
T

w
en

te
 o

n 
1/

28
/2

02
0 

1:
48

:3
6 

PM
. 

View Article Online
2.5. Pervaporation test

A commercial cross-ow test unit (Pervatech B.V. Netherlands)
was used for the evaluation of the pervaporation performance of
tubular CMS membranes. Briey, the feed, containing 10 wt%
in alcohol (methanol or ethanol) was heated at 70 �C. The CMS
membrane side faces the feed side (feed ow: 300 l h�1 and feed
volume 2 L), while the permeate side was kept was at a pressure
of 10 mbar by means of a vacuum pump. The water concen-
trations in the feed and permeate were determined by Karl-
Fischer titrations and the refractive index (Mettler Toledo
RA510M) under ambient conditions, respectively. The permeate
stream was collected in a vacuum trap using liquid nitrogen.
The permeation ux J and the separation factor aij is calculated
using eqn (3) and (4), respectively

J ¼ Q

A� t
(3)

aij ¼ Yi � Xj

Xi � Yj

(4)

where J [g] is the weight of the collected permeate during the
experimental time t [h], A [m2] is the effective membrane area
surface, X and Y represent the mole fraction of component i and
Fig. 4 Cross-sectional SEM images of the a-Al2O3/g-Al2O3-supported t

This journal is © The Royal Society of Chemistry 2019
j in the feed and permeate, respectively. The pervaporation
results are obtained aer 1 day of continuous operation,
allowing a more precise comparison of uxes and selectivities.
3. Results and discussions
3.1. Membrane characterization

Fig. 1a–c displays the photographs of the a-Al2O3/g-Al2O3-sup-
ported polyimide membrane before and aer the heat treat-
ment at 700 �C in vacuum. A homogeneous yellow coating can
be seen aer dipping the composite support into the polyimide
solution. The color of the coating changes from yellow to black
color upon annealing at 700 �C, indicating a pyrolysis process.

Fig. 2 shows the ATR-FTIR spectra of the supported
membranes before and aer heat treatment. The supported
polymeric membrane is characterized by the appearance of the
peaks at 1776 cm�1 (C]O asymmetric stretching), 1720 cm�1

(C]O symmetric stretching), 1370 cm�1 and 1095 (OC–N–CO
stretching) and 722 cm�1 (C–N–C bending), which correspond
to the characteristic absorption of the imide group.29,30 The
intensity of these peaks drastically degrades upon treating the
samples at 700 �C. This suggests that the degradation of the
polymer is dictates by the transformation of the imide groups.31
ubular CMS membrane.

J. Mater. Chem. A, 2019, 7, 7082–7091 | 7085
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The surface morphology and the thickness of the CMS top layer
are investigated by means scanning electron microscopy as
shown Fig. 3 and 4.

A dense, uniform, smooth and crack-free carbon layer is
formed with a good adhesion to the g-Al2O3 interlayer. The
tubular alpha alumina substrate exhibits an asymmetric struc-
ture with a graded porosity. The thickness of the CMS top layer
was found to be approximately 350 nm and 200 nm for planar
and tubular membranes, respectively. The difference in thick-
ness can be explained by the difference in coating technique as
report in the experimental part.

The surface elemental composition of the polymeric and
CMS membrane, determined by XPS, is presented in Table 2.
The oxygen-to-carbon ratio decreases from 18.3% to 7.6% aer
pyrolysis. Furthermore, 7 at% and 1.9 at% of oxygen and
nitrogen are respectively detected at the surface of the carbon-
ized sample. This suggests the presence of oxygen and nitrogen-
containing functional groups. In order to get more insights into
the structural changes (electronic environments and bonding
structures) induced by the heat treatment, C1s XPS spectra of
the polymeric and carbonized samples were deconvoluted using
a model based on a set of Gaussian–lorentzian functions as
Fig. 5 C1s XPS spectra of the a-Al2O3/g-Al2O3-supported polyimide
membrane before (bottom graph) and after the heat treatment at
700 �C (top graph).

Table 2 Surface elemental composition of the a-Al2O3/g-Al2O3-
supported polyimide membrane prior and after the heat treatment at
700 �C

Membrane

XPS analysis (at%)

O/C ratioC1s O1s N1s

As-coated 80.8 14.8 4.4 18.3
700 �C 91.1 7.0 1.9 7.6

7086 | J. Mater. Chem. A, 2019, 7, 7082–7091
shown in Fig. 5 the supported polyimide membrane shows of
three contributions centered at 285.0, 286.0 and 288.5 eV, which
correspond to the C–C (sp3) bond of an aromatic ring not
attached to imide rings, C–N andC]O bonds within imide rings,
respectively.32,33 The C–N bonding is also conrmed by a single
broad peak at around 400.3 eV fromN1s core-level spectra32,33 (Fig
S2 ESI†). Three peaks are found in the O1s spectrum (Fig. S3
ESI†) which represent C]O (531.3 eV), C–O (532.5 eV) and O–H
(533.8 eV), respectively.32,33 The presence of graphitic carbon aer
pyrolysis is indicated in the C1s spectrum (Fig. 5) by the occur-
rence of a peak at 284.5 eV (58 at%), corresponding to C]C
bonding within a sp2 network.32,33 The presence of non-graphitic
carbon is attested by the peak at 285.0 eV, corresponding to C–C
bond (sp3) and a broad peak at 286 eV, which can be ascribed to
nitrogen and oxygen containing functional groups such as C–N,
C]N, C^N, and C–O.32,33 Note that the presence of these func-
tional groups aer the heat treatment is also conrmed by the
deconvolution of the N1s (Fig S2 ESI†) and O1s (Fig S3 ESI†)
spectra, respectively. Based on the XPS analysis, the carbon
membrane developed in this work is a mixture of graphitic and
amorphous carbon. The latter represents “defects” within or at
the edge of the graphitic layers.

The nature or type of defects in the graphitic layers of the
CMS membrane is probed by means of Raman spectroscopy.
As shown in Fig. 6, the Raman spectrum of the carbonized
sample is tted by means of ve Gaussian contributions.33,34

The peak centered at 1600 cm�1 is dened as G band and is
attributed to the in-plane stretching mode of E2g symmetry at
sp2 sites. This band is solely observed in perfect innite
graphitic planes as for single crystal graphite. When defects
are present within the graphene planes, the D1 band becomes
Raman active because of the activation of the breathing mode
of carbon rings of A1g symmetry at the edge of graphite planes.
The D2 at 1635 cm�1 peak is associated with lattice vibrations
as for D1 but involving isolated graphene layers. D3 and D4
bands generally appear for highly defectives carbonaceous
materials. The former at 1560 cm�1 is usually broad and is
ascribed to amorphous carbon, while the latter at 1150 cm�1 is
attributed to sp3 impurities. By means of Raman spectroscopy,
Eckmann et al.35 used the intensity ratio of D1 and D2 peaks
Fig. 6 Raman spectrum of the a-Al2O3/g-Al2O3-supported CMS
membrane.

This journal is © The Royal Society of Chemistry 2019
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(ID1/ID2) to probe the type of defects in graphene samples,
which were introduced by uorination (sp3-type defects) and
Ar+-bombardment (vacancy-like defects). They found an ID1/ID2
ratio of about 13 for defects associated with sp3 hybridization
and 7 for vacancy like-defects. In this work, the calculated ID1/
ID2 intensity ratio is found to be about 13.15, indicating that
most of defects in our carbonized sample are sp3 type-defects.
This result is in agreement with XPS analysis which has shown
that 34 at% of the total amount of carbon is associated with
sp3 hybridization.
Fig. 8 Temperature dependence of the single gas permeance (A) and
perm-selectivity (B) for the a-Al2O3/g-Al2O3-supported CMS
membrane at 2 bar feed pressure.
3.2. Gas separation performance

The gas separation performance of tubular CMS membranes is
evaluated by measuring the permeance of several gases with
different kinetic diameters at 200 �C and at a feed pressure of
difference of 2 bar. Threemembranes from different every batch
were tested to guarantee the reliability of the results (Fig. S4 and
Table S1, ESI†). As shown in Fig. 7, the permeance values of the
selected gases increases with decreasing kinetic diameter i.e.
CH4 (0.38 nm) > N2 (0.365 nm) > CO2 (0.33 nm) > H2 (0.29 nm).
This suggests that the transport of these gases through the CMS
membrane is governed by the molecular sieving mechanism.
Important information on the gas transport behavior can be
obtained by measuring the temperature dependence of gas
permeances through the CMS membrane. As shown in Fig. 8A,
the permeation of all gases increases with the temperature. For
instance, H2 shows the highest permeance, which increases for
almost one order of magnitude in the range of 50 to 200 �C. The
perm-selectivity of all gas pairs also increases with increasing
the temperature (Fig. 8B). At 200 �C, the CMS membrane
exhibits perm-selectivities of about 24, 130 and 228 for H2/CO2,
H2/N2 and H2/CH4 gas pairs, respectively, which by far exceed
the corresponding Knudsen coefficients (4.7, 3.7 and 2.8). Such
excellent permselectivities demonstrates the pinhole-free
nature of the developed CMS membranes and are attributed
to the presence of ultra-micropores, which prevent the diffusion
of larger gas molecules such as N2 and CH4. Therefore, we can
Fig. 7 Single gas permeation through the a-Al2O3/g-Al2O3-supported
CMS membrane with a feed pressure of 2 bar at 200 �C. The inset
displays the ideal separation factors.

This journal is © The Royal Society of Chemistry 2019
assume that the pore size of our CMS membrane is close to the
kinetic diameter of CO2 i.e. 0.33 nm.

The apparent activation energy, Eact, for the permeation of
H2, CO2, N2 and CH4 through the CMS membrane is calculated
from the Arrhenius temperature dependence of the permeation.

Excellent linear ts were obtained for all samples with the
resultant Eact indicated in Fig. S5 (ESI†). The highest Eact
value, 17.8 kJ mol�1, is obtained for H2, while the lowest
value, of 9.9 kJ mol�1, corresponds to the permeation of CO2.
This means that the CMS membrane can exhibit excellent H2/
CO2 separation performance at elevated temperature. It
should be noted that the Eact for H2 obtained in this work is
comparable with those reported for silica36 and graphene5

membranes.
The excellent gas separation performance exhibited by our

CMS membrane at 200 �C can be attributed to several
Fig. 9 Comparison of the H2/CO2 separation performance of the a-
Al2O3/g-Al2O3-supported CMS membrane with the-state-of-the-art-
microporous inorganic membranes in the temperature range of 150–
200 �C. The solid black line represents the polymer upper bound.

J. Mater. Chem. A, 2019, 7, 7082–7091 | 7087
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Fig. 10 Representative shapes of water droplets on the a-Al2O3/g-
Al2O3-supported polyimide-membrane prior (left panel) and after
(right panel) the heat treatment.
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parameters such as the membrane conguration, the choice of
the polymeric precursor and the pyrolysis conditions. In fact,
the presence of the mesoporous g-Al2O3 layer enables the
synthesis and deposition of a high-quality polyimide thin lm
and the subsequent formation of a thin and pinhole-free carbon
selective layer. The H2/CO2 separation performance of our carbon
membrane is further compared with other state-of-the-art mate-
rials, including MOF,37 ZIF,38 silica modied zeolite,39 silica40,41

and graphene5 (Fig. 9). The solid line represents the Robeson
upper bound tradeoff between H2 permeance and H2/CO2 selec-
tivity for polymeric membrane, assuming a membrane thickness
of 50 mm.42 The H2/CO2 selectivity of our carbon membrane is
well above the tradeoff curve and is only surpassed by those of
amorphous silica, silica-modied MFI zeolite and graphene.
However, all these membranes display a relatively low H2 per-
meance than our CMS membrane. For instance, the graphene
membrane developed by van Gestel et al.5 exhibits the largest H2/
CO2 permselectivity (about 80) because of the perfect layered
structure of the graphene planes, restricting the diffusion of CO2.
Nevertheless, the H2 permeance, 6.7� 10�8 mol m�2 s�1 Pa�1, is
more than one order of magnitude lower than that, 1.1 �
10�6 mol m�2 s�1 Pa�1, of the carbon membrane developed in
Table 4 Comparison of pervaporation membranes applied to aqueous

Membrane
Feed H2O
(wt%)

T
(�C)

J
(k

Carbona, tubular 10 50 0
Carbonb hollow ber 10 60 0
Silica (Pervatech), tubular 15 50 0
Silica (ECN), tubular 10 90 2
Silica, tubular 2 60 0
NaA-zeolite, tubular 70 60 1
Carbon, tubular 10 70 0

a Resorcinol. b Poly(phenylene oxide). c PSI ¼ Jtotal � (a � 1).

Table 3 Pervaporation results of H2O/alcohol (10/90 wt%) through the

Alcohol Molecular size [nm] H2O permeate (w/w%)

Methanol 0.38 99.0
Ethanol 0.42 99.5

7088 | J. Mater. Chem. A, 2019, 7, 7082–7091
the present work. The enhanced H2 permeance of our carbon
membrane can be attributed to the presence of sp3-type defects in
the graphene planes, enabling the faster diffusion of H2.

Considering these results, we can conclude that this carbon
membrane displays both high H2/CO2 selectivity and high H2

permeance, which are important performance parameters for
an industrial application.
3.3. Pervaporation performance

The surface wettability of the membrane surface with respect to
water can be easily estimated by measuring the water contact
angle. The water angle of the polymeric membrane prior and
aer the heat treatment is shown in Fig. 10. The pristine
membrane displays a contact angle of about 75�, which increase
to about 90� aer thermal treatment. This is attributed to the
increase of the carbon content, making the membrane more
hydrophobic. It should be noted that water contact angles in the
range of 95–100� have been reported for graphene.43,44 The lower
contact angle measured for our CMS membrane compared to
that of graphene can be partially ascribed to the presence of
some oxygen-containing functional groups (7 at%) at the
membrane surface, as mentioned in Section 3.1.

Table 3 summarizes the pervaporation results for 10 wt%
water-containing binary liquid feeds through the CMS
membrane at 70 �C. Methanol and ethanol were used as feed
solutions because of their difference in molecular sizes. The
pervaporation results are obtained aer 1 day of continuous
operation, allowing a more precise comparison of uxes and
selectivities. It can be seen from Table 3 that the separation
factor increases with the molecular size of the alcohol. This
conrms the excellent molecular sieving ability of the developed
carbon membranes.

Table 4 compares the pervaporation performance for meth-
anol dehydration of the carbon membrane developed in this
methanol dehydration

total

g m�2 h�1) a

PSIc

(kg m�2 h�1) Ref.

.13 65 8 49

.32 11 3 50

.70 7 4 48

.20 55 119 47

.06 200 12 46

.8 140 250 45

.529 791 418 This work

a-Al2O3/g-Al2O3-supported CMS membrane at 70 �C

JH2O (g m�2 h�1) JAlcohol (g m�2 h�1) aH2O/Alcohol

527.5 5.3 791
541.8 2.7 1946

This journal is © The Royal Society of Chemistry 2019
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work with NaA zeolite,45 silica46–48 and carbon49,50 membranes.
The pervaporation index (PSI) is used as an indicator of the
performance of the synthesized membrane.51 Our CMS
membrane displays a lower water ux compare to the hydro-
philic membranes including NaA type zeolite and silica
membranes, but the highest separation factor and PSI. This
means that despite its hydrophobic character, this CMS
membrane can effectively separate water from aqueous alcohol
mixtures based on molecular sieve mechanism.
4. Conclusions

Thin and pinhole-free carbon molecular sieve membranes were
reproducibly prepared by carbonization of a commercial poly-
imide resin at 700 �C on composite a-Al2O3/g-Al2O3 supports.
XPS and Raman characterizations have shown that the pyro-
lyzed carbon membrane is a mixture of amorphous and “tur-
bostratic” carbon. Single gas permeation measurements
showed that the membrane reproducibly delivered a H2 per-
meance in the range of 1 � 10�6 mol m�2 s�1 Pa�1 with
permselectivities of H2 over CO2, N2 and CH4 of about 24, 130
and 228, respectively at 200 �C. Which values are the highest
separation performances reported for carbon membranes.
These outstanding results were ascribed to the excellent
molecular sieve character of these membranes, showing
a stronger temperature dependency for the permeation of
small-size gas (H2) than large-size gases (CO2, N2 and CH4). The
developed carbon membranes also exhibit unprecedented
separation performance towards the dehydration of aqueous
alcohol mixtures, even for the more challenging water–meth-
anol mixture. Based on our results, it can be concluded that the
membranes developed in this work have great potential in high-
temperature hydrogen purication and dewatering of aqueous
alcohol mixtures.
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