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A B S T R A C T

Novel carbon molecular sieve membranes with high separation performance and stability in the presence of
humidified streams were prepared from an optimized ionic liquid-regenerated cellulose precursor, in a single
carbonization step. Membranes prepared at two different carbonization end temperatures (550 °C and 600 °C)
were analyzed through scanning electron microscopy, thermogravimetric analysis, Fourier transform infrared
spectroscopy, carbon dioxide adsorption and permeation experiments. The prepared membranes exhibited
uniform thickness of approximately 20 µm and a well-developed microporous structure. The permeation per-
formance of these carbon molecular sieve membranes was above the Robeson upper bound curve for polymeric
membranes. In particular, the membrane prepared at 550 °C end temperature exhibited permeability to oxygen
of 5.16 barrer and O2/N2 ideal selectivity of 32.3 and permeability to helium of 126 barrer and He/N2 ideal
selectivity of 788; besides, permeation experiments performed in the presence of ca. 80% relative humidity
showed that humidity does not originate pore blockage. These results open the door for the preparation of tailor
made precursors that originate carbon molecular sieve membranes with extraordinary separation performances,
mechanical resistance and stability.

1. Introduction

Over the past few decades, membrane processes for gas separation
have improved considerably. Compared to conventional separation
techniques, membrane based gas separation is more attractive because
of its high adaptability, high reliability, low energy consumption and
low capital cost, operation and maintenance, which makes it a more
energy-saving and environmental friendly technology [1–4]. On the
other hand, carbon molecular sieve membranes (CMSM) have been
considered promising candidates for gas separation due to their high
corrosion resistance, high thermal stability and excellent perme-
abilities/permselectivities when compared to polymeric membranes
[5–7]. CMSM are prepared from the carbonization of a polymeric pre-
cursor under controlled conditions (atmosphere and temperature his-
tory); after the carbonization step, CMSM display a highly aromatic
structure comprising disordered sp2 hybridized carbon sheets packed
imperfectly. Pores are formed from packing imperfections between
microcrystalline regions in the material [8]; the CMSM structure is
turbostratic and described as “slit-like” with a bimodal pore size dis-
tribution with micropores connecting ultramicropores [8,9]. Micro-
pores provide sorption sites while ultramicropores (called constrictions)

enable molecular sieving, making CMSM both highly permeable and
highly selective - a distinct characteristic of these materials [10–12].
Despite all attractive characteristics displayed by CMSM, they display
significant challenges related to their stability when exposed to specific
environments [13–15]. In the presence of humidity, water initially
adsorbs onto CMSM hydrophilic functional groups and once the first
water molecule is adsorbed, adsorbate-adsorbate interactions promote
the adsorption of further molecules through hydrogen bonding, origi-
nating clusters of several water molecules. The resulting cluster has
enough dispersion energy to be released from the hydrophilic group,
rolling up until blocking a constriction of the pore network [15].
Consequently, the membrane permeability decreases abruptly, making
the carbon membrane useless; this aging effect has seriously limited the
commercialization of CMSM.

Up to now, many polymeric precursors have been extensively stu-
died to obtain CMSM with excellent separation performances and sta-
bility. These precursors include polyimides [16–20], polyacrylonitrile
[21], poly(furfuryl alcohol) [22,23], phenolic resins [24–28], re-
sorcinol-formaldehyde resin [29–32] and cellulose [16,33–35]. Re-
cently, our group applied for a patent of a process for obtaining, in a
single carbonization step, CMSM that display no pore blockage effect in
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the presence of water vapor and display very high ideal permselec-
tivities for several relevant industrial gas mixtures [36]; these novel
carbon molecular sieve membranes were prepared from a commercial
cellophane precursor – regenerated cellulose produced by the viscose
process. Nevertheless, the obtained CMSM displayed low permeabilities
to permanent gases and it was not possible to prepare a tailor made
precursor.

Cellulose makes an excellent precursor material for the preparation
of CMSM due to its considerable carbon yield, biodegradability, hi-
drophilicity and low-cost [37–39]. The chemical structure of cellulose
consists in anhydroglucose linearly linked by (1,4)-β-D-glucosidic
bounds, and the number of molecular glucose units defines its degree of
polymerization [37,40]. However, the strong inter and intra hydrogen
bonds between cellulose macromolecular chains make it difficult to be
dissolved in general solvents [39,41]. The viscose technology uses a
metastable solution of cellulose xanthogenate with hazardous by-
products like heavy metals and hydrogen sulfide [42–44]; moreover, it
generates two kilograms of waste per kilogram of cellulose obtained
[45,46]. Other conventional cellulose solvent systems have numerous
drawbacks such as limited dissolution capability, toxicity, high cost,
uncontrollable side reactions, instability during cellulose processing
and/or derivatization [38,47] and negative environmental impacts
[48].

Ionic liquids (ILs), a group of salts with poorly coordinated ions and
consequently low melting points, represent a promising alternative to
existing cellulose-dissolving solvents. ILs have been proposed as en-
vironmentally “green solvents”; they present a wide range of melting
temperatures (-40–400 °C), have low vapor pressure, excellent dis-
solution ability, high thermal stability (up to 400 °C), are nonin-
flammable, chemical stability, and ease of recyclability [40,49–51]. ILs
are made up of separate cationic and anionic species, but unlike
common salts, they have a low tendency to crystallize due to their bulky
and asymmetrical cation structure [50]; their properties for a specific
need can be tuned combining suitable cations and anions [52]. More-
over, ionic liquids give the opportunity to produce tailor made re-
generated cellulose precursor films that allow the preparation of carbon
membranes with a high separation performance, mechanical resistance
and stability.

In this work, we report the preparation and characterization of re-
generated cellulose-based CMSM using an ionic liquid (1-ethyl-3-me-
thyl imidazolium acetate) (EMIMAc) to dissolve cellulose and a spin
coating method to cast the precursor membrane. EMIMAc is liquid at
room temperature, has high dissolving power even in the presence of
10 wt% of water, relatively low viscosity when compared to other ionic
liquids, low toxicity and high hydrogen bond acceptor abilities.
Hydrogen bond acceptor sites in the anion structure and lack of hy-
drogen bond donors in the ionic liquid cation favor the dissolution of
cellulose. The acetate anion in 1-ethyl-3-methyl imidazolium acetate
can form hydrogen bonds with hydroxyl protons of cellulose (Fig. 1).

To the best of the authors’ knowledge, this is the first time that
regenerated cellulose films produced through an ionic liquid process
are studied for preparation of CMSM. Defect-free CMSM were success-
fully and reproducibly prepared at two different carbonization end
temperatures, 550 °C and 600 °C.

2. Experimental

2.1. Materials

Wood pulp (cellulose) was provided by Innovia Films Ltd., dis-
playing a degree of polymerization (DP) of 450. The ionic liquid 1-
ethyl-3-methylimidazolium acetate (EMIMAc) and propylene glycol
(≥99.5%), used as plasticizer, were supplied by Sigma-Aldrich.
Dimethyl sulfoxide (DMSO) was purchased from Fisher Scientific. The
permanent gases were supplied by Air Liquid (99.999% pure).

2.2. Preparation of regenerated cellulose precursor membranes

Wood pulp was dispersed in DMSO and EMIMAc (70:30 wt% of
DMSO: EMIMAc) to prepare a 9.2 wt% cellulose solution. The mixture
was heated at 90 °C under magnetic stirring until cellulose was com-
pletely dissolved. After dissolution, the resultant brownish solution was
filtered with a wire mesh and placed in a vacuum oven at 40 °C for
degassing during 2 h. The obtained homogeneous solution was subse-
quently spin coated on rectangular glass plates with a spin-coater
(POLOS™, SPIN150i) at a spinning speed of 2000 rpm, spin acceleration
of 1000 rpm/s and a spinning time of 10 s. After coating, the films were
immediately coagulated in distilled water (25 °C) to obtain a trans-
parent regenerated cellulose film. The film was then intensely washed
with distilled water for 60min to remove the excess of ionic liquid.
After that, the washed film was dipped in a softener bath containing
5 wt% of propylene glycol for 1min and then dried in an oven at 100 °C
for 10min Fig. 2 summarizes the preparation steps of the regenerated
cellulose precursor membranes.

2.3. Preparation of regenerated cellulose-based carbon molecular sieve
membranes

Previous to carbonization, the precursor membranes were cut in
disks with 48mm diameter. The carbonization was then accomplished
in a quartz tube (80mm in diameter and 1.5m in length) inside a
tubular horizontal Termolab TH furnace. To guarantee temperature
homogeneity along the quartz tube, the furnace has three separating
heating elements controlled by three PID control heating parameters.
Fig. 3 gives a schematic overview of the setup for carbonization.

The carbonization was performed under N2 atmosphere, with
flowrate of 170mlmin−1 and a heating rate of 0.5 °Cmin−1. Fig. 4
shows the heating history used to prepare the carbon molecular sieve
membranes from regenerated cellulose films. The temperature history
comprehends essentially slow heating rates with several dwells of
30min to avoid a quick release of residual solvents/volatile matter that
could damage the carbon matrix, causing cracks/defects. Two end
temperatures were considered, 550 °C (CMSM 550) and 600 °C (CMSM
600); after the end temperature was reached, the system was allowed to
cool naturally until room temperature, and the flat carbon molecular
sieve membranes were finally removed from the carbonization furnace.

2.4. Scanning electron microscopy

Micrographs of the regenerated cellulose precursor membrane and
derived CMSM have been taken by scanning electron microscopy (SEM)
using a high resolution scanning electron microscope JEOL JSM 6301F/
Oxford INCA Energy 350 with x-ray microanalysis. All the samples were
previously sputtered with gold/palladium using a SPI Module Sputter
Coater equipment to allow better conductivity for SEM.

2.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out in a Netzsch TG
209 F1Iris thermogravimetric balance with a resolution of 0.1 µm. The
heating procedure [34] consisted on first rise the temperature from

Fig. 1. Schematic representation of cellulose and 1-ethyl-3-methylimidazolium
acetate covalent binding (adapted from [42]).
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room temperature to 110 °C at 10 °Cmin−1, under nitrogen atmo-
sphere, with two dwells at 50 °C (for 10min) and 110 °C (for 7min);
subsequently, temperature rise from 110 °C to 950 °C with a dwell at
950 °C (for 9min) and finally the sample was kept at 950 °C for more
11min under oxygen atmosphere. Proximate analysis was performed to
determine the percentage of moisture, volatile matter, carbon yield and
ashes content of the precursor material [53]: after the first dwell at
110 °C, humidity is removed; up to the second dwell, volatile matter is
released and after the last dwell at 950 °C (under oxygen), all the fixed
carbon is burned, leaving only ashes (if present).

2.6. Fourier transform infrared spectroscopy (FTIR)

The infrared spectra of the precursor and derived CMSM were re-
corded using a VERTEX 70 FTIR spectrometer (BRUKER) in transmit-
tance mode with a high sensitivity DLaTGS detector at room tempera-
ture. Samples were measured in ATR mode, with a A225/Q PLATINUM

ATR Diamond crystal with single refection accessory. The spectra were
recorded from 4000 to 500 cm−1 with a resolution of 4 cm−1.

2.7. Pore size distribution

The pore size distribution (PSD) of the CMSM was obtained based
on the adsorption equilibrium isotherm of carbon dioxide at 0 °C ob-
tained by the volumetric method. This method is based on pressure
variation of the gas after an expansion; assuming for the system an ideal
gas behavior and knowing the pressure decrease, the concentration of
the adsorbed solute can be determined [54,55]. The apparatus used to
perform these experiments is described elsewhere [55].

2.8. Permeation experiments

Prior to permeation experiments, the CMSM were glued to steel O-
rings with an epoxy glue (Araldite® Standard); the glue was also applied

Fig. 2. Preparation steps of the regenerated cellulose precursor membranes.

Fig. 3. Carbonization setup used to prepare the regenerated cellulose-based CMSM.
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along the interface of the steel O-ring and the carbon membrane, as
described elsewhere [34]. A sintered metal disc covered with a filter
paper was used as support for the film in the test cell. Single gases were
tested at 25 °C, where the feed pressure was 1 bar and the permeate
pressure was ca. 0.03 bar. The tests were performed in a standard
pressure-rise setup with LabView® data logging. As shown in Fig. 5, the
system included the membrane cell connected to a tank with a cali-
brated volume (at the permeate side) and to a gas tank (at the feed
side). The feed gas can either be used dry or humidified; for experi-
ments with an humidified gas stream, part of the gas stream from the
cylinder was bubbled in a distilled water bubbler, balanced with dry gas
for producing the desired humidity level, and fed to the membrane cell.
The relative humidity was checked for every run with a RH meter
(Vaisala DMP74b) at an exit port.

The permeability of the CMSM towards a pure component i, Li, was

determined accordingly to:

=L F
ΔP δ/i

i

i (1)

where Fi is the flux of species i, ΔPi the partial pressure difference of
species i between the two sides of the membrane and δ the membrane
thickness (determined by scanning electron microscopy). The mem-
brane permeability to pure component i was computed from the ex-
perimental data as follows:

=

−

L
δ V v ΔP
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where Vp is the volume of the permeate tank, vM is the molar volume of
the gas at normal conditions, R is the gas constant, T is the absolute
temperature, t is the time, A is the effective area of the flat carbon
membrane and Pf and Pp are the feed pressure and permeate pressure,
respectively; ΔPp is the permeate pressure increment for the time t.
Barrer is the most frequently used unit to express permeability, where 1
barrer = 3.39×10–16 mol mm−2 s−1 Pa−1. The ratio of two gases
permeability coefficients is the ideal selectivity [56]:

=α L
Li j

i

j
,

(3)

3. Results and discussion

3.1. Preparation of regenerated cellulose-based CMSM

The prepared regenerated cellulose-based CMSM are identified in
Table 1. The precursor disks shrank during the carbonization step and
the shrinkage fraction (SH) of each CMSM was determined as follows:

=

−

×SH
D D

D
100before after

before (4)

where Dbefore is the membrane diameter before carbonization and Dafter
is the membrane diameter after the carbonization step.

From Table 1, it can be observed that shrinkage increased with the
carbonization end temperature. Similarly, the increase in the carboni-
zation end temperature led to a decrease in the membrane thickness (δ,
measured by SEM). Fig. 6 shows a membrane before and after carbo-
nization.

3.2. Scanning electron microscopy

The structure of the membranes was examined by SEM. In a pre-
vious study, the research team prepared CMSM from commercial cel-
lophane paper (a regenerated cellulose film produced by the viscose
process) [36,57]. For the first time carbon molecular sieve membranes
with stability to water vapor and oxygen were prepared. However,
these cellophane-based CMSM displayed rather low permeabilities.
Moreover, the viscose technology uses a metastable solution of cellulose
xanthogenate with hazardous byproducts and viscose precursor solu-
tion degrades over a period of ca. 3 days; consequently, it is very dif-
ficult to produce tailor made membrane precursors. The preparation of
cellulosic solutions using the ionic liquid process gives the opportunity
for preparing tailor made precursors that originate stable carbon

Fig. 4. Carbonization protocol to prepare the regenerated cellulose-based
CMSM.

Fig. 5. Scheme of the experimental setup for gas permeation experiments.

Table 1
Identification of carbon membranes derived from regenerated cellulose.

Sample Before carbonization Carbonization temperature (°C) After carbonization Physical properties

D (mm) δ (µm) D (mm) SH (%) δ (µm)

Precursor 48 35.6 – – – – Transparent, flexible
CMSM 550 48 35.6 550 33 31 20.1 Black, bright, brittle
CMSM 600 48 35.6 600 28 42 18.0 Black, bright, brittle
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molecular sieve membranes with adjustable properties depending on
the final application.

Fig. 7 shows scanning electron micrographs of surface and cross-
sectional views of a CMSM prepared in this work and a cellophane-

based CMSM, both carbonized at 550 °C.
The surface of the sample prepared in this work is very smooth, with

no apparent defects (Fig. 7-A) indicating that spin coating is an effective
technique for casting the precursor membrane. Microspheres (also

Fig. 6. Regenerated cellulose membrane before (A) and after (B) carbonization.

Fig. 7. (A), (B) Surface SEM and (C), (D) cross-sectional images of CMSM obtained from regenerated cellulose films prepared through two different processes: ionic
liquid and viscose. Magnification: × 5000. Carbonization end temperature: 550 °C.
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called “condensed benzene rings”) [36,58] were observed on the sur-
face of cellophane-based CMSM (Fig. 7-B) [57] but they were not ob-
served on the surface of CMSM prepared through the ionic liquid pro-
cess (Fig. 7-A).

3.3. Thermogravimetric analysis

Thermogravimetric analysis was used to assess the thermal de-
composition kinetics and stability of precursor in inert atmosphere.
TGA was performed on the dry regenerated cellulose film used to pre-
pare the CMSM. The characteristic curve was obtained under N2 at-
mosphere and is plotted together with the correspondent mass loss
derivative curve in Fig. 8. Up to 100 °C, the first derivative of mass loss
curve shows a negative peak related with release of humidity present in
the sample. The strong peak around 350 °C corresponds to the larger
mass loss and indicates the degradation of the polymer [59] - an abrupt
weight loss indicates the onset of the pore network formation [60]. A
minute weight loss is observed at ca. 415 °C and the mass still de-
creasing behind this temperature until 950 °C, but at a much slower
rate; at 950 °C the total weight loss was approximately 83%. The re-
generated cellulose precursor showed a higher weight loss and at lower
temperatures when compared to other polymer precursors commonly
used in the preparation of CMSM [24,26,29,60].

Proximate analysis was also performed to determine humidity, vo-
latile matter, fixed carbon and ashes content. Table 2 offers a summary
of the results obtained. It was concluded that regenerated cellulose
precursor is ash free, presenting ca. 75 wt% of volatile matter and ca.
17 wt% of fixed carbon.

3.4. Fourier transform infrared spectroscopy

The chemical structure of the samples was investigated by Fourier
transform infrared spectroscopy. Fig. 9 shows FTIR spectra of the pre-
cursor film and derived carbon membranes prepared at 550 °C and
600 °C carbonization end temperature. Band assignments for Fig. 9 are
summarized in Table 3.

The precursor spectra show a broad band at 3351 cm−1 which is
ascribed to the O-H stretching vibrations in hydroxyl or carboxyl groups
[61]. The precursor possesses aliphatic structures as it can be deduced
from the band at 2887 cm−1, which corresponds to stretching vibra-
tions of aliphatic C-H [61,62]. The band at about 1643 cm−1 can be
assigned to C˭C stretching vibrations and at 1423 cm−1 is attributed to
CH2 bending vibrations [63]; the bands at 1261 cm−1, 1199 cm−1 and
1156 cm−1 correspond at C-O-C antisymmetric stretching vibrations
and the peak at 1018 cm−1 is assigned to C-O stretching vibrations [64]
(C-OH group of secondary alcohols existing in the cellulose chain
backbone). The peak detected at 897 cm−1 is characteristic of β-(1,4)-
glycosidic linkages between glucose units (C-O-C stretching vibrations)
[63].

Regarding the CMSM, the spectra of the samples prepared at the two
different carbonization end temperatures are similar. However, band
intensities are weaker in CMSM obtained at 600 °C than those prepared
at 550 °C; this implies that the degree of carbonization in CMSM in-
creases with the carbonization end temperature. Absorption bands at
3637 cm−1 and 3354 cm−1, characteristic of O-H stretching vibrations
in hydroxyl or carbonyl groups, were observed [61]; at 3047 cm−1 a
band ascribed to =C-H stretching was also identified [64]. The peaks at
2965 cm−1 and 2919 cm−1 are related to stretching vibrations of ali-
phatic C-H (CH3 and CH2 groups, respectively) [61,62,64]; however, it
was observed that for samples carbonized at 600 °C these two bands
disappeared. The band identified at 2171 cm−1, for both samples, is

Fig. 8. Thermogravimetric plot and correspondent derivative curve of the re-
generated cellulose precursor.

Table 2
Proximate analysis (dry basis) of the regenerated cellulose precursor.

Proximate analysis (wt%)

Humidity Volatile matter Carbon yield Ashes

8 75 17 0

Fig. 9. FTIR spectra of the regenerated cellulose precursor and derived CMSM.

Table 3
FTIR spectra bands assignments.

Wavenumber (cm−1) Functional group Assignment

3637,3354,3351 -OH OH stretching
3047 =CH =C-H stretching
2965,2919,2887 -CH3 and -CH2- Aliphatic C-H stretching
2171 -N≡C N≡C stretching
1985,1895 Substituted benzene ring Several bands from

overtones and
combinations

1693 C˭O C˭O stretching
1643 C˭C C˭C stretching
1574 COO- COO- antisymmetric

stretching
1423 CH2 CH2 bending
1261,1199,1159,1156,897 C-O-C C-O-C stretching
1034,1018 C-OH C-O stretching
870,802,746 1,2,4-Trisubstituted

benzenes; o-
Disubstituted benzenes

Aromatic C-H out-of-
plane bending
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ascribed to N≡C stretching vibrations [64]; moreover, two bands
characteristic of substituted benzene rings were detected at 1995 cm−1

and 1895 cm−1 [64]. The band at about 1693 cm−1 can be assigned to
C˭O stretching vibrations corresponding to carbonyl, quinone, ester or
carboxyl [65]; the band at about 1574 cm−1 can be assigned to COO-

antisymmetric stretching [64], at 1159 cm−1 is attributed to C-O-C
antisymmetric stretching vibrations and at 1034 cm−1 is assigned to C-
O stretching vibrations [65]. The bands in the 870–746 cm−1 region are
assigned to aromatic C-H out-of-plane bending vibrations [66].

3.5. Pore size distribution

In the present study, the microporosity of the CMSM was assessed
based on the adsorption equilibrium isotherm of carbon dioxide at 0 °C;
carbon dioxide based pore size distribution is able to describe the
CMSM porosity below to the size of CO2 molecule. Fig. 10 shows the
adsorption equilibrium isotherm of carbon dioxide at 0 °C (Fig. 10-A)
and the carbon dioxide characteristic curve (Fig. 10-B) for the sample
carbonized at 550 °C, as an example. The Dubinin-Astakhov equation
was used to fit the experimental data, and to obtain the micropore
volume (W0) and the characteristic energy of adsorption (E0) [29,67].
Table 4 summarizes the obtained structural parameters for each carbon
membrane.

The obtained micropore volume for CMSM 550 is typical for carbon
molecular sieves; for CMSM 600, the micropore volume of 327.4 cm3

kg−1 is slightly higher [68,69]. The obtained mean pore widths are

slightly higher when compared to other reported values [29,68–70].
Comparing the values with the values obtained for cellophane-based
CMSM [57] (viscose process), it is possible to observe that these
membranes have a higher mean pore width, which is in accordance
with the obtained higher permeabilities as will be shown in Section 3.6.

The pore size distribution was obtained using the structure-based
method proposed by Nguyen et al. for the determination of the mi-
cropore size distribution in carbonaceous materials [71,72]. Fig. 11 and
Fig. 12 show the obtained micropore size distributions for CMSM 550

Fig. 10. (A) Adsorption equilibrium isotherm of carbon dioxide at 0 °C and (B)
carbon dioxide characteristic curve (points-experimental data; solid line - DA
fitting). Carbonization end temperature: 550 °C.

Table 4
Structural parameters.

Ionic liquid process Viscose process [57]

CMSM 550 CMSM 600 CMSM 550 CMSM 600

W0(cm3 kg−1) 250.2 327.4 274.2 322.5
E0(kJ mol−1) 11.79 11.85 12.30 12.71
l(nm) 0.711 0.700 0.667 0.635

Fig. 11. Micropore size distribution of regenerated cellulose based-CMSM.
Ionic liquid process: black line; viscose process: red line. Carbonization end
temperature: 550 °C (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

Fig. 12. Micropore size distribution of regenerated cellulose based-CMSM.
Ionic liquid process: black line; viscose process: red line. Carbonization end
temperature: 600 °C (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
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and CMSM 600, respectively, and a comparison with the PSD obtained
for cellophane-based CMSM [57].

From Figs. 11 and 12, it can be seen that the carbon molecular sieve
membranes prepared in this work at two different carbonization end
temperatures present ultramicropores (0.4–0.7 nm range) and

micropores (0.7–1 nm). The regenerated cellulose-based CMSM (ionic
liquid process) prepared at 550 °C and 600 °C present a micropore size
distribution slightly shifted to the right, towards higher pore sizes when
compared to the cellophane-based; once more, this is in accordance
with the obtained higher permeabilities and low ideal selectivities
(Section 3.6).

3.6. Permeation experiments

The membranes were tested for permeation using several probe
species: nitrogen (0.378 nm), oxygen (0.346 nm), carbon dioxide
(0.335 nm), hydrogen (0.290 nm) and helium (0.260 nm) – the values
in brackets correspond to the kinetic diameter of the gases [70]. Table 5
presents the obtained permeabilities and ideal selectivities for the re-
generated cellulose-based CMSM prepared at 550 °C and 600 °C.

Fig. 13 shows the permeability towards several gas species against
their kinetic diameter.

Carbon molecular sieve membranes comprise rigid micropore and
ultramicropores regions and permeation through these membranes

Table 5
Permeabilities and ideal selectivities for regenerated cellulose-based CMSM at
25 °C.

Gas species CMSM 550 CMSM 600

Permeability
(barrer)

Permselectivity
X/N2

Permeability
(barrer)

Permselectivity
X/N2

N2 0.16 – 0.09 –
O2 5.16 32.3 2.19 24.3
CO2 13.4 83.8 4.18 46.4
He 126 788 174 1993
H2 206.0 1288 121 1344

Fig. 13. Permeability as a function of the gas kinetic diameter for regenerated
cellulose-based membranes carbonized at • 550 °C and ■ 600 °C, the variance
bars of 3 reads were added. Lines were added for readability.

Fig. 14. Gas permeation results for O2/N2 in ○ CMSM 550, □ CMSM 600 and
reported cellulose-based CMSM (♦[34]; •[33]; ▲[36,57]; ×[78]) and com-
parison with the respective upper bound plot.

Fig. 15. Gas permeation results for He/N2 in ○ CMSM 550 and □ CMSM 600
and reported cellulose-based CMSM (♦[34]; ▲[36,57]; ×[78]) and compar-
ison with the respective upper bound plot.

Fig. 16. Gas permeation results for H2/N2 in ○ CMSM 550 and □ CMSM 600
and reported cellulose-based CMSM (♦[34]; •[33]; ▲[36,57]; ×[78]) and
comparison with the respective upper bound plot.

S.C. Rodrigues et al. Journal of Membrane Science 572 (2019) 390–400

397



follows a sorption-diffusion mechanism. The micropores provide sorp-
tion sites (gas molecules hop from site to site due to a transmembrane
concentration gradient) and ultramicropores provide diffusion restric-
tions with the ability of discriminate gas molecules based on their size
and shape; therefore, ultramicropores control the transport behavior of
carbon molecular sieve membranes and determine most of the observed
selectivity [73,74]. From Fig. 13, it can be observed that the membrane
permeability follows the kinetic diameter of the permeant species. Also,
hydrogen with a larger kinetic diameter than helium, permeates faster
for CMSM 550 samples; this fact has been reported by other authors
[34,75] showing the extent of adsorption (larger for hydrogen than for
helium). The effect of carbonization end temperature on the gas per-
formance of regenerated cellulose-based CMSM is also demonstrated in
Fig. 13 and Table 5. The samples carbonized at higher temperature
(CMSM 600) have generally smaller gas permeation; for example, the
membrane permeability towards nitrogen became around 1.8 times
smaller when compared to CMSM 550 - rates – CMSM 550 have a larger
mean pore width compared to CMSM 600 (Table 4). At 600 °C, carbon
atoms are rearranging into a tighter structure, by a sintering mechanism
[34,76]. However, CMSM 600 have a larger volume of ultramicropores
(Figs. 11 and 12), leading to a higher permeability to helium [29].
However, though this sample displays more pores they are smaller
making the permeability of this sample to the other gases smaller than
for sample CMSM 550.

The performance of a carbon membrane towards a separation is
characterized by the gas permeability as well as the correspondent se-
lectivity. In 2008, Robeson proposed a selectivity/permeability upper
bound for representative binary gas separations performed with poly-
meric membranes. Figs. 14–17 illustrate the Robeson upper bounds for
O2/N2 (Fig. 14), He/N2 (Fig. 15), H2/H2 (Fig. 16) and CO2/N2 (Fig. 17),
together with the results obtained in this work; a comparison with
CMSM produced from other cellulosic precursors reported in literature
[33,34,36,57,77,78] is also included. For facilitating the comparison, a

dashed line was drawn over the best sample of the present work, par-
allel to the Robeson line. All values below this line perform worse and
vice-versa. Robeson upper bounds are broadly recognized as the state-of-
the-art curves for gas separation.

It can be observed that the CMSM prepared in this work are plotted
above the upper bound for O2/N2, He/N2 and H2/N2 separations.
Moreover, when these membranes are compared to the reported cel-
lulosic-based CMSM, (see dashed line) they show a better permeability/
permselectivity balance (except for the cellophane-based CMSM pre-
pared in our previous work) for most of the studied gas separations.

3.6.1. Relative humidity stability
Permeation experiments in the presence of 75–77% RH were un-

dertaken using the regenerated cellulose-based CMSM to determine its
performance stability in the presence of water vapor. Table 6 shows the
permeability of CMSM 550 and CMSM 600 samples to dry and humi-
dified oxygen and nitrogen. Permeation data showed that humidity
does not originate pore blockage for RH above ca. 30–40% as reported
for all carbon molecular sieve membranes [13,79]. For carbon mem-
brane samples prepared at 550 °C, the overall permeability increased
ca. 1.6 times (the permeability to oxygen stays roughly constant); for
carbon membrane samples prepared at 600 °C, the overall permeability
increased ca. 2.7 times. This increase is due to the very fast permeation
of water vapor that occurs due to the membrane's high hidrophilicity.
Previous studies by the authors demonstrated that the high hydro-
philicity is characteristic of regenerated cellulose-based CMSM [57].

4. Conclusions

Carbon molecular sieve membranes with high separation perfor-
mance and stability in the presence of humidity were successfully
prepared in a single carbonization step, without need for pre nor post
treatments steps. The carbon membranes were prepared from re-
generated cellulose, a renewable low cost precursor, using an ionic li-
quid as cellulose solvent and spin coating for casting the precursor film.
Ionic liquids are environmentally friendly and more efficient solvents
than current methodologies to dissolve and process cellulose. This was
the first time that regenerated cellulose films produced through an ionic
liquid process were studied for preparation of CMSM. The permeability
versus kinetic diameter towards nitrogen, carbon dioxide, oxygen, hy-
drogen and helium exhibited a molecular sieve mechanism for the
prepared membranes. The effect of carbonization end temperature was
assessed, and better separation performances were found for CMSM 550
sample, carbonized in an inert atmosphere at 550 °C. The Robeson
upper bound for polymeric membranes was overtaken by the prepared
membranes regarding O2/N2, He/N2 and H2/N2 separations.

The produced carbon molecular sieve membranes are stable and
have a great potential for gas separation; therefore, they might be
considered in relevant industrial applications such as separation of ni-
trogen from air, air dehumidification and separation of hydrogen from
syngas.
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