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We  demonstrate  challenging  material  properties  of  flat  free-standing  chemically  modified  single  wall
carbon  nanotube  (SWCNT)  sheets  potentially  usable  as  new  support  materials  for  gas  separation  compos-
ite membranes.  Carbon  nanotube  samples  in  bare  and  oxidized  forms  were assembled  into  buckypaper
by  a  vacuum  filtration  from  SWCNT  colloidal  suspension.  The  fundamental  structure,  composition  and
mechanical  properties  were  examined  via  SEM,  EDS,  AFM,  XPS,  Raman  spectroscopy  and  dynamical
mechanical  analysis.  Gas  permeability  was  determined  by  the  fixed-volume  pressure-increase  per-
meation  method  at 25 ◦C  and  1 bar feed  overpressure.  The  mild  SWCNT  oxidation  caused  substantial
structural  rearrangement  of buckypaper  with  significant  impact  on its  properties.  Determined  partial
opening  of  nanotubes  and  the  introduction  of oxygen-containing  species  decreased  the  initial  extremely-
high  H2 permeability  from  circa  20 million  (bare)  to  almost  5  million  barrers  while  the  ideal  H2/CO2

selectivity  ˛  increased  from  almost  non-selective  1.1 (bare)  to  3.5  for the  oxidized  sample.  Furthermore,

oxidized  form  exhibited  2 times  lower  tensile  strength  but 2.5  times  higher  ductility.  Such  behav-
ior  indicates  improved  mechanical  properties  of  oxidized  samples  that can  undergo  significant  plastic
deformation  before  the  rupture.  Determined  features  make  mildly  oxidized  SWCNT  buckypapers  poten-
tially attractive  as  new  robust  and  tunable  membrane  support  material  for highly  effective  hydrogen
separation.

©  2019  Elsevier  Ltd. All  rights  reserved.
. Introduction

Generally, the composite or hybrid gas separation membranes
1–4] consist at least of two different materials. The top, dense,
nd thin selective layer (skin) is usually supported by the porous,
hick sublayer with the appropriate inner structure. The support

aterials should exhibit a minor or negligible resistance to the
assage of gas while at the same time should offer adequate chem-

cal and mechanical stability, high porosity, sufficient flexibility,
ong-term stability and suitable interfacial structure and rough-

ess. Such layered arrangement offers many advantages, including
he possibility (i) to optimize membrane performance by indepen-
ent tailoring each layer properties according to their different

∗ Corresponding author.
E-mail address: zdenek.sofer@vscht.cz (Z. Sofer).

ttps://doi.org/10.1016/j.apmt.2019.02.014
352-9407/© 2019 Elsevier Ltd. All rights reserved.
functions and (ii) to reduce the overall transport resistance by using
highly permeable supports and extremely thin selective top-layers
[1]. However, small failures of porous supports can significantly
affect the properties of the top layer and, consequently, degrade
the overall membrane performance [1]. The most commonly used
techniques (dip-coating, interfacial polymerization, spin-coating
and solution-casting) are currently used to prepare very thin
(ultrathin) polymer membranes while chemical vapour deposition
technique has been mainly used for the deposition of inorganic
thin films [1,4]. Flexible polymeric supports (nylon, polyacry-
lonitrile, polyimide, polyether–ether–ketone, or polyvinylidene
fluoride) or rigid ceramic supports (alumina, silica, zirconia, etc.)
are frequently used for the preparation of flat or hollow-fiber mem-

branes. However, polymer support materials typically degrade
at elevated temperatures, swell in harsh conditions and suffer
from the physical/chemical aging or plasticization [5–8] whereas
ceramic supports have some limitations in respect to fragility and

https://doi.org/10.1016/j.apmt.2019.02.014
http://www.sciencedirect.com/science/journal/23529407
http://www.elsevier.com/locate/apmt
mailto:zdenek.sofer@vscht.cz
https://doi.org/10.1016/j.apmt.2019.02.014
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in the literature [47]. Membrane exhibits porous structure with
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roduction costs [1,4–6]. In the past decades, the attention of
esearchers in gas separation area began to focus on the devel-
pment and engagement of carbon- or graphene-based materials
9–20] due to their versatile and tunable properties enabling
o overcome the limitations of polymeric or ceramic materials
1,6,9]. The remarkable position of carbon nanotubes (CNT) was
eported by Iijima for the first time [21]. Basically, CNT could be
magined as the hollow seamless cylinders consisting of one or

ore rolled-up graphene sheets with the planar-hexagonal dis-
ribution of carbon atoms in a honeycomb lattice arrangement
21–23]. Based on the number of rolling graphene layers, CNT
an be classified as single-walled carbon nanotubes (SWCNT),
ouble-walled carbon nanotubes or multi-walled carbon nano-
ubes. The properties of CNTs are highly related to their size,
iameter, and morphology [16,24,25]. In the field of gas sep-
ration, CNT have been recognized as a perfect construction
lement for fabrication of various kinds of separation mem-
ranes such as polymer-based mixed matrix membranes (MMM)
13,16], carbon-CNT composites [26], CNT-inorganic hybrids [27]
nd other CNT-nanostructured materials [28–30]. Due to unique
roperties such as excellent electrical and thermal conductiv-

ty, high specific surface area, flexibility, the incorporation of
NT into the membrane matrix generally enhanced the mechan-

cal, thermal and chemical resistance and separation performance
13,17].

Furthermore, the inclination of nanotubes to form bundles by
gglomeration and the ability to assemble into certain multi-
irectional networks enabled to form paper-like materials, referred
o as buckypaper (BP) [31]. CNT-BP is a self-supported mem-
rane material with entangled CNT forming a physically and
hemically stable, flexible structure that offers the advantage of
he easy application as permeable membranes, capacitors, elec-
rodes for fuel cells, etc. [31,32]. Due to the porous surface and
tronger interfacial adhesion, CNT-BP could be utilized as the inter-
aminar reinforcement material in hybrid composite membranes
33].

Suitable processing technique of raw CNT followed by
ssembling into the CNT-BP material is vacuum filtration or sed-
mentation/drying processes. The arrangement of individual CNT
bers inside of BP has a great influence on the final material
roperties. BPs were already suggested for membrane gas/liquid
eparation applications. Kim et al. reported CNT membrane used
s support for the ultra-thin graphene oxide separation layer
34]. CNT support with porous structure exhibited excellent
hemical stability in various organic solvents while maintain-
ng high flux. In addition, quantum mechanical calculations

ere performed to show that CNT with porous walls can be

fficiently used for separation of H2/CH4 and CO2/CH4 gas mix-
ures [35]. Simultaneously, barrier or retention properties of
Ps were reported for filtration of aerosol particles [36,37],

ig. 1. The morphology of oxidized SWCNT membrane observed from (A) top and (B) cros
WCNT.
ls Today 15 (2019) 335–342

bacteria [38,39], gold nanoparticles [40] and organic molecules
[31,41].

Thus, SWCNT are conclusively the appropriate material for new
high-performance support materials development. Since the com-
mon  supports for composite separation membranes are fabricated
with the aim to have minor or negligible influence on the molec-
ular transport, our motivation was to develop new, stable, active
high-performance membrane support materials with compara-
ble or higher permeability but with improved selectivity toward
H2/CO2 gas pair. In this work, we present free-standing ultra-
permeable CNT buckypaper membrane material made of mildly
oxidized SWCNT with an enhanced separation efficiency toward
the H2/CO2 gas pair. We assume that gas selective support in
composite membrane could contribute positively to the overall
separation performance usually determined only by the H2/CO2
selectivity of the top layer.

2. Results and discussion

High-quality, TuballTM SWCNT with a diameter of nanotubes
below 2 nm were used for BP preparation. Selected SWCNT repre-
sent currently the cheapest available material on the market and
many researchers are investigating their properties for applications
in polymer composites and purification applications [42–45].

Chemical oxidation of SWCNT was  performed by a modified
Hummers method utilizing potassium permanganate in an acidic
environment. In comparison to the classic Tour or Hummers oxida-
tion procedure [46], a smaller amount of permanganate was used
(1/8 of the original dose used in Tour procedure). Oxidation was fol-
lowed by a purification procedure performed by decantation and
filtration until the neutral pH was achieved. Purified SWCNT were
then transferred to the distilled water and dispersed using high
energy shear-force milling (Ultra Turrax). A prepared stocked water
suspension of oxidized SWCNT was stable and do not exhibit any
sedimentation even after three months.

BP was obtained from stock dispersion of oxidized SWCNT by
simple filtration technique. Using this simple, robust and scalable
process, the self-supporting BP membranes with a diameter of 9 cm
and the thickness ranging from 200 �m to 1000 �m were prepared.
Additionally, BPs from unmodified SWCNT were prepared for com-
parison.

Scanning electron microscopy (SEM) was used for observation of
the oxidized SWCNT based BP surface. As can be seen in Fig. 1A, the
membrane structure is composed of agglomerated entangled bun-
dles of individual SWCNT similarly to structures already described
the pores formed by free space between entangled SWCNT bundles
(pore diameter of several tens of nanometers). Such a highly porous
structure is advantageous for high flux membrane applications. In

s-section. (C) Optical image of as-prepared freestanding BP prepared from oxidized
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Table  1
The chemical composition of bare and oxidized SWCNT obtained from survey XPS
spectra and by energy dispersive spectroscopy (EDS) coupled with SEM.

XPS survey spectra SEM-EDS

Bare Oxidized Bare Oxidized

C (at.%) 93.17 73.33 92.92 85.99
O  (at.%) 6.83 21.31 3.03 9.99
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S  (at.%) – 5.36 0.17 2.30
C/O  13.64 3.44 30.67 8.61

ddition to that, the morphology of membrane in cross-section was
lso studied. Fig. 1B shows the interconnected pores in the whole
idth of the cross-section. The porous structure provides a material
ith the high surface area which can be utilized for interactions of

etentate with an inner membrane surface. The chemical compo-
ition obtained by energy dispersive spectroscopy (EDS) is shown
n Table 1. Optical image of BP prepared using oxidized SWCNT is
hown in Fig. 1C.

Influence of oxidation procedure on the SWCNT morphology
as studied using atomic force microscopy (AFM), results are

hown in Fig. 2. It is evident that even a small amount of KMnO4
n concentrated acid can change dramatically the nanotube mor-
hology. Oxidized nanotubes still exhibit some degree of original
ubular character, however, at the same time, they seemed to
e more agglomerated. Such behavior can be explained by the
ydrogen bonding between adjacent carboxylic groups [48], by the
xidative opening of nanotube ends (tips) or by the creation of
oles and cracks [49,50]. The partial opening of nanotubes could
e advantageous for separation applications since it makes more
urface area accessible for retentate–membrane interactions (open
anotubes expose both inner and outer part to the surrounding
nvironment).

In order to support our hypotheses that mild oxidation leads to
pening of nanotube end tips, HR-TEM was used to observe oxi-
ized SWCNT. Even mild oxidation results in damaged SWCNT,
ainly its end tips (Fig. 3). End tips seem to be more disordered

nd corrugated than sidewalls of carbon nanotubes. This observa-
ion supports our hypothesis about preferential oxidation of end

ips and its subsequent opening.

Raman spectroscopy was used to evaluate the effect of the oxi-
ation procedure on the defects density in SWCNT (Figure SI1). Bare
WCNT exhibit only the G (graphitic) peak at 1585 cm−1 which is

Fig. 2. Morphology of BP made of bare and
ls Today 15 (2019) 335–342 337

related to the presence of carbon atoms with the sp2 hybridiza-
tion. In general, oxidation procedure results in disruption of the
carbon lattice and the introduction of various oxygen functional
groups which is accompanied by a change in hybridization state to
the sp3. However, mild oxidation of SWCNT with only 1/8 of per-
manganate amount originally used in Tour method does not result
in an introduction of the D (defect) peak at 1350 cm−1 related to
sp3 hybridization. This is an indication of the very mild oxidation
state of SWCNT where only ends of SWCNT were most probably
functionalized by oxygen moieties. Another possible explanation
could be the oxidative elimination of organic/amorphous car-
bon and metallic impurities. The opening of carbon nanotube
should be accompanied by the disappearance of radial breath-
ing mode (RBM) at ∼150–300 cm−1; which is not our case since
the RBM can be clearly observed even after mild oxidation
[51].

Since the Raman spectroscopy was not able to prove any
significant changes in the defect density of oxidized SWCNT, fur-
ther investigation was  performed using highly surface sensitive
X-ray photoelectron spectroscopy (Fig. 4). Chemical composi-
tions obtained from survey XPS spectra revealed an increase
of oxygen concentration in oxidized SWCNT in comparison to
the bare one (see Table 1) as indicated by lower C/O ratio.
Significantly lower C/O ratio of oxidized SWCNT was further
confirmed by other analytical techniques as described below,
which proved successful chemical modification. In addition to
that, deconvolution of high-resolution XPS spectra of C 1s region
was performed in order to get a better understanding of car-
bon atoms bonding states (see Fig. 4 and Table 2). Its results
suggest that most of the carbon atoms still forms a conjugated
network even after mild oxidation procedure. Furthermore, it
shows an increase in oxygen concentration indicating mild oxi-
dation, especially at the end caps. End caps exhibit the highest
reactivity in SWCNT structure due to its higher curvature com-
pared to SWCNT sidewalls. Higher reactivity is caused by the
curvature induced strain that originates from pyramidalization
of sp2-hybridized carbon atoms and misalignment of �-orbitals
[52]. Additionally, the significant amount of sulfur was detected
in oxidized SWCNT which originates from sulfuric acid used during

oxidation.

Combustion elemental analysis was performed in order to pre-
cisely evaluate the chemical composition of prepared materials

 oxidized SWCNT obtained by AFM.
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Fig. 3. HR-TEM image of agglomerated oxidized SWCNT end tips showing highly that oxidation damage mainly nanotube end tips.

 spect

(
c
d
i
r
f
a
i
C
t

Fig. 4. XPS survey spectra and high-resolution

see Table 3). Bare unmodified SWCNT are composed mainly of
arbon with oxygen and hydrogen impurities, most likely intro-
uced during synthesis of CNT. Oxidation of SWCNT results in an

ncrease of oxygen concentration (represented by the lower C/O
atio shown in Table 1) as well as hydrogen which suggests success-
ul decoration of SWCNT with oxygen functionalities. As described

bove, oxidized SWCNT contain some remaining sulfur which orig-
nates from sulfuric acid used during oxidation procedure. Lower
/O ratio of modified SWCNT compare to unmodified ones suggest,
hat even a very low amount of potassium permanganate can be
ra of C1s region of bare and oxidized SWCNT.

successfully used for mild SWCNT oxidation. The chemical compo-
sition obtained by EDS (Table 1) shows a similar trend in element
concentrations as XPS results.

Mechanical strength is one of the most important parameters
that influence the real-life application of materials for membrane
supports. Tensile strength together with ductility of BP made

of bare and oxidized SWCNT was  evaluated (see Fig. 5). It is
clearly obvious that oxidation of SWCNT led to the deterioration
of mechanical properties when tensile strength decreases more
than the two times. This is most likely caused by the introduction
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Table  2
The results of C 1s region deconvolution of bare and oxidized SWCNT.

SWCNT C C C–C C–O C O O–C O �–�*

Bare 66.84 9.45 9.86 4.28 7.70 1.87
Oxidized 62.35 10.01 13.16 8.07 6.04 0.40

Table 3
The chemical composition of bare and oxidize SWCNT obtained by combustion
elemental analysis.

SWCNT C (at.%) H (at.%) N (at.%) S (at.%) O (at.%) C/O

o
o
T
p
o
d
m
fi

f
t
p
9
f
t
s
t
n
T
t

F

T
R

Bare 76.7 12.4 0.07 0 10.8 7.1
Oxidized 53.8 24.1 0.07 2.0 20.0 2.7

f oxygen functionalities. On the other hand, BP prepared from
xidized SWCNT exhibit almost three times higher tensile ductility.
hus, the BP made of oxidized SWCNT can undergo significant
lastic deformation before the rupturing occurs. High ductility
f BP is advantageous in membrane application since the plastic
eformation can easily compensate for the pressure applied to the
embrane. Presented values were determined as an average of

ve individual measurements.
In addition to that, the dynamical mechanical analysis was  per-

ormed in order to assess the behavior of BP material under elevated
emperatures (Figure SI2). As the temperature increases the com-
lex modulus (E*) and storage modulus (E‘) increase slightly up to
0 ◦C. This is most likely related to the thermal ability of oxygen
unctionalities. Above 100 ◦C, the moduli decrease moderately due
o material softening. Nevertheless, the moduli values lay within a
mall range of 130 and 160 MPa. The loss factor (tan delta) shows
he opposite trend to the complex or storage moduli, varying in the
arrow range of 0.13–0.17 and showing no transition temperature.

he loss modulus (E′′) is almost independent on the tempera-
ure. Thus, the dynamic mechanical properties are stable in the

ig. 5. Tensile strength and ductility of BP prepared form bare and oxidized SWCNT.

able 4
esults of gas permeability and corresponding H2/CO2 selectivity. In third column should

Sample Permeance, P(GPU)aH2 CO2

Bare SWCNT (this work) 31 907 

Oxidized SWCNT (this work) 33 601 

GO  [53] 123 

RA-CNT [58] 2510 

PA-CNT [58] 985 

CoAPO-5/PS/CNT [59] 836 

a 1 GPU = 3.35 × 10−10 mol  m−2 s−1 Pa−1.
ls Today 15 (2019) 335–342 339

whole temperature range under consideration (20–200 ◦C), which
is advantageous for prospective application as membrane supports.

Furthermore, the gas permeability of SWCNT samples for hydro-
gen and carbon dioxide were tested. The used time-lag technique
was the same as for previously reported graphene oxide (GO) self-
standing 20 �m films [53] created from highly oxidized graphite.
Table 4 summarized our results and provides a comparison of the
separation performance of various other membranes based on CNT.
However, it has to be mentioned that membranes used for com-
parison in Table 4 exhibit totally different structure compared to
our material. Furthermore, there is much more published work
related to the membrane for separation of H2/CO2 gas mixture
which, however, cannot be compared to our material due to the
missing information (CO2 permeance, thickness, etc.) [54–57]. Per-
meance of oxidized SWCNT membrane reached extraordinary high
values compared to other membranes in literature. We  believe that
the novelty of our work is in preparation of membrane support
material with extremely high permeance and good selectivity of
H2/CO2 gas mixture (3.6). Incorporation of the thin top selective
layer could bring membrane materials with interesting separation
performance.

In carbon-based membrane materials, the molecular sieving
(activated diffusion), the surface diffusion (selective adsorption),
the Knudsen diffusion, and the viscous (Poiseuille) flow are the
generally accepted mechanisms [9,11,17,29,60]. The contribution
of each mechanism to the gas transport is dependent on the
membrane material properties (i.e. pore size and the pore size
distribution, composition), the nature of permeating gases (ther-
modynamic properties, interaction with the membrane material)
and the operating conditions (temperature and pressure) as well.
The molecular sieving is the predominant transport mechanism
when the membrane pores similar to molecular dimensions of the
diffusive gas. The surface diffusion transport mechanism occurs
when permeate gas exhibits a strong affinity for the membrane
surface and gas molecules are prevailingly adsorbed along the
pore walls. Knudsen diffusion mechanism takes place along nar-
row pores where the collision of molecules to the pore walls is more
frequent than the collision between individual molecules. The sep-
aration selectivity is proportional to the inverse ratio of the square
root of the molecular weights, i.e. 4.7 for the H2/CO2 [9,60]. The
viscous flow mechanism is dominant for highly permeable and low
selective membranes where the molecular transport takes place
through pores with a diameter larger than 20 nm [9,60].

In the case of H2/CO2 gas pair separation, two  opposing factors
affect the entire separation process. The difference in molecular
size between H2 and CO2 (kinetic diameter H2: 2.89 Å versus CO2:
3.30 Å) [13] is manifested by larger hydrogen diffusivity and perme-
ability, respectively compared to CO2. And vice versa, the difference
in critical temperature (CO2: 304 K versus H2: 33 K) [17] implies
easier CO2 condensability and thus much higher CO2 solubility
inside membrane relative to H2. In our case, the effect of mild

SWCNT oxidation on gas permeability and selectivity is evident.
In bare form, both gas permeability is almost identical due to the
macroscopic-size volume elements among the assembled nano-
tubes. Therefore, bare SWCNT material is extremely permeable due

 be Permeance, P (GPU)a CO2

Ideal selectivity  ̨ (PH2/PCO2)(–)

29 225 1.1
9674 3.5
35 3.6
997 2.5
203 4.9
137 6.1



3 ateria

t
n
f
l
r
r
o
o
E
d
a
i
i
c
e
s
o
t
v
a
c
n
p
fi
[
v
h

3

t
m
p
y
p
p
s
d
r
s
T
C
p
e
f
p
h
m
o
l
i

4

4

1
S
p
P
o
S
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o a dominant viscous flow transport mechanism but completely
ot selective for light gases. Contrarywise, in case of the oxidized

orm, a partial opening of the nanotubes (confirmed by AFM) most
ikely created the additional obstacles for the molecular transport,
educed the unoccupied (free) volume among nanotubes and thus
educed the overall permeability of SWCNT material. Simultane-
usly, the presence of protruding oxygen-containing species in
xidized SWCNT samples (confirmed by elemental analysis and
DS), that potentially can hinder gas molecules by it is own electron
ensity, non-covalent interaction between fibers and/or via inter-
ctions with CO2 penetrating molecules, contributed to a reduction
n H2 and CO2 gas permeability too. An observed substantial drop
n gas permeability (circa 4.5 times for H2 and 14 times for CO2
ompared to bare form) is compensated by increased separation
fficiency toward the H2/CO2 gas pair equaled to 3.5 while non-
elective bare sample has 1.1 only. The transport mechanism in
xidized SWCNT samples is presumably predominantly driven by
he viscous flow, but with regard to the increase in the selectivity
alue, there are, in a limited way, the contributions of other mech-
nisms presented as well. Potentially, inverse gas chromatography
ould be utilized to get better insight into the separation mecha-
ism that takes place in our membrane [61]. In comparison with our
reviously reported permeability and selectivity of graphene oxide
lm overcoming the benchmarking H2/CO2 Robeson upper bound
62], a selectivity of oxidized SWCNT is reaching almost the same
alue like GO (3.6) [53] but exceeds it by three orders of magnitude
igher gas permeabilities compared to GO film.

. Conclusion

We  demonstrated that the concept of the mild oxidation of
he single-wall carbon nanotubes with only 1/8 of potassium per-

anganate of the classic Tour method dose is suitable for the
reparation of mildly functionalized SWCNT. Further, flat buck-
paper membranes based on bare and oxidized SWCNT were
repared by a simple vacuum filtration method and tested as
otential membrane support materials usable for efficient H2/CO2
eparation membranes. It was demonstrated that the mild oxi-
ation affects specifically the properties of SWCNT and that
e-arranged, modified structure of the nanotubes exhibited both
uitable mechanical and gas permeability-selectivity properties.
he proven ability of oxidized SWCNT to actively separate H2 and
O2 gases makes these materials potentially attractive as a sup-
ort for the high-performance hybrid or composite membranes for
ffective hydrogen separation. The remaining challenge for near
uture lies in the preparation of operational highly permeable com-
osite SWCNT-based membranes with a top skin layer from the
ighly H2/CO2 selective polymer. We  believe that active support
aterials could bring a radical improvement in the preparation

f highly efficient gas separation membranes with a performance
evel close to the 2008 Robeson upper bound or completely behind
t.

. Experimental

.1. Materials

TUBALLTM single-wall carbon nanotubes (metal impurities
5 wt.%, diameter 1.8 nm,  length 5 �m)  were obtained from OCSiAl.
ulphuric acid (96 wt.%), phosphoric acid (85 wt.%), potassium

ermanganate, hydrogen peroxide (25 wt.%) were obtained from
enta, Czech Republic. Hydrogen and carbon dioxide with purity
f 99.9995% (5.5) and 99.990% (4.0), respectively were supplied by
IAD ČR s.r.o., the Czech Republic.
ls Today 15 (2019) 335–342

4.2. SWCNT oxidation

Concentrated sulfuric acid (900 ml)  and phosphoric acid
(120 ml)  were mixed in the beaker and cooled in the refrigerator.
Then, single wall carbon nanotubes (3 g) were added and properly
mixed into the solution using a Teflon anchor stirrer. Potassium
permanganate (0.2 g) was added in small portion during the period
of 5 min. The reaction temperature was  kept below 50 ◦C using an
ice bath. When all permanganate was added the reaction mixture
was stirred for another 2 h. Finally, the suspension was  poured into
the mixture of ice and water (2 l) and unreacted permanganate was
decomposed by hydrogen peroxide. Sulfuric acid was  removed by
repeated decantation and filtration till neutral pH was  reached. The
final product was  mixed with water (0.1 wt.%) and stir by ULTRA-
TURRAX® disperser for 1 h at 10 000 rpm. This dispersion was  once
more filtrated and the final water dispersion was stored for the next
usage.

4.3. Membrane preparation

According to the thickness of the membrane, the desired vol-
ume of oxidized SWCNT water dispersion was  poured onto Büchner
funnel with a nylon membrane filter (diameter 47 mm,  pore size
0.45 �m),  filtrate under vacuum and washed with water and
ethanol. Solid self-standing buckypaper was put between two
waxed papers and glass, weight down and dried at a tempera-
ture of 60 ◦C. Afterward, dried membranes were stored at ambient
conditions before further use.

4.4. Single gas permeability measurements

Single gas permeation experiments were carried out using the
fixed-volume pressure-increase apparatus [63,64] at 25 ◦C and
atmospheric pressure. A sample membrane (the active area of
2.01 cm2) was supported with a sintered steel plate, sealed with
an NBR flat O-ring. The permeation of gas into the fixed-volume
(permeate) chamber was  followed using a pressure gauge (Ley-
bold Ceravac CTR 100 N) with maximum permeation pressure of
1333 mbar.

The permeability coefficients were calculated from steady-state
regions as [63,64]:

P = V

A · R · T
· l

patm
· dp

dt
(1)

in which dp/dt is the slope of the pressure increase in the fixed-
volume permeate chamber under steady-state conditions, A is the
active area of the membrane and l is the membrane thickness.

4.5. Analytical techniques

The morphology was  investigated via scanning electron
microscopy (SEM) using a FEG electron source (Tescan Lyra dual
beam microscope). To conduct these measurements, the samples
were placed on a carbon conductive tape. SEM and SEM-EDS mea-
surements were carried out using a 10 kV electron beam. The
chamber pressure was 1 × 10−3 Pa and the working distance was
5 mm.

High-resolution X-ray photoelectron spectroscopy (XPS) was
performed using an ESCAProbeP spectrometer (Omicron Nano-
technology Ltd., Germany) with a monochromatic aluminum X-ray
radiation source (1486.7 eV). The samples were placed on a conduc-
tive carbon tape homogeneously covered with the sample.
Raman spectroscopy was  conducted using an inVia Raman
microscope (Renishaw, England) with a CCD detector in backscat-
tering geometry. A DPSS laser (532 nm,  50 mW)  with a 100×
magnification objective was  used for the Raman measurements.
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he instrument was calibrated using a silicon reference to give a
eak position at 520 cm−1 and a resolution of fewer than 1 cm−1.

Combustible elemental analysis (EA) was performed using a PE
400 Series II CHNS/O Analyzer (Perkin Elmer, USA). The instru-
ent was used in the CHN operating mode (the most robust and

nterference-free mode) to convert the sample elements to simple
ases (CO2, H2O, SO2 and N2). The PE 2400 analyzer automati-
ally performed combustion, reduction, homogenization of product
ases, separation and detection. An MX5  microbalance (Mettler
oledo) was used for precise weighing of the samples (1.5–2.5 mg
er single sample analysis). Using this procedure, the accuracy of
HN determination is better than 0.30% abs. Internal calibration
as performed using N-phenyl urea.

The dynamic mechanical analysis was measured on DMA  DX04T
by RMI, Czech Republic). A sample with dimensions 7.600 mm
width), 0.173 mm (thickness) and 10.200 mm (active length) was
oaded with a tensile longitudinal sinusoidal deformation with the
mplitude of 0.02 mm and pre-tension of 0.03 mm.  The tempera-
ure range was 20–200 ◦C with a heating rate of 2 ◦C min−1 in the air
tmosphere. From the results, the values of moduli and loss factor
ere evaluated as the second order sliding average.

Characterization by Atomic Force Microscopy (AFM) was  per-
ormed on NT-MDT Ntegra Spectra (NT-MDT) in tapping mode.
efore the measurement, samples were diluted in isopropyl alco-
ol (0.1 mg  mL−1), sonicated for 5 min  and drop cast on a freshly
leaved mica substrate.
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