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Abstract Mixed matrix membranes (MMMs) containing
highest amounts of activated carbon (AC) reported to date
were prepared for gas separation. A polymeric phase of
semicrystalline polyvinyl chloride (PVC) was loaded with
different amounts (from 23 to 60 wt%) of AC, and then
was crosslinked using an aromatic diamine. Thermal
treatment was used to complete the crosslinking reaction.
Uncrosslinked MMMs were also prepared. FT-IR, SEM
microscopy, X-ray diffraction, thermal degradation, and
differential scanning calorimetry characterization tech-
niques were used to verify the extent of crosslinking,
crystalline structure, and the thermal resistance of the
membranes. Crosslinked PVC membrane has higher both
permeation flux and selectivity than the uncrosslinked one.
It was observed the crosslinking process favored the for-
mation of a less permeable porous structure in all MMMs.
A decrease in the polymer crystallinity as the carbon
content increased was also observed. This effect was more
pronounced in absent of crosslinking. Crosslinked MMMs
showed higher thermal resistance than uncrosslinked ones
and pure PVC. Permeation tests showed -crosslinked
MMMs were more selective; i.e., the gas pair H,/CHy
selectivities varied from diffusion to Knudsen mechanisms
(otm,/cn, 11.87-2.25), whereas the selectivity of uncross-
linked MMMs varied from Knudsen to viscous mecha-
nisms (op,/cH, 2.42-1.89). High AC content MMMs
possessed permeability values comparable to those of
pyrolytic carbon membranes.
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Introduction

Membrane processes for gas separation have improved
remarkably over the past few decades. Significant effort
has been focused on the synthesis of gas separation
membranes based on materials that provide better selec-
tivity, and thermal and chemical stability, than those
already in use, such as polymeric membranes. In fact, non-
polymeric and inorganic membranes have attracted con-
siderable attention in recent years, particularly in studies
attempting to improve the performance of membrane
materials for gas separations [1].

Of the currently available non-polymeric membranes,
molecular sieving materials, such as silica, zeolites, and
carbon, have the potential to extend the upper boundary
of the permeability versus selectivity trade-off [2-5]. In
fact, because of their unique microporous structure, which
can discriminate gas molecules by size and shape, zeolitic
materials and carbon molecular sieves have been used as
adsorbents and catalysts in many adsorptive separations
and catalytic processes. Moreover, by incorporating zeo-
lites and carbon molecular sieves into polymers, to form
mixed matrix membranes (MMMs), much greater size and
shape selectivity can be achieved [6—10]. However, the
rigid nature of molecular sieves makes the formation of
continuous and defect-free membranes difficult, especially
for glassy polymers. Furthermore, poor particle adhesion
and phase separation are common problems with MMMs,
which greatly limit their application [11]. To address
some of these issues, several research groups have
attempted to improve the particle-polymer interfacial
adhesion [12].

For example, both Mahajan and Koros [13], and Mar-
chese et al. [14, 15], found that more flexible polymers,
and glassy polymers with flexible segments in their
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backbone, enable the introduction of increased amounts of
inorganic filler than conventional MMMs, and improve
membrane selectivity at the particle-polymer interfacial
region.

Although porous inorganic membranes were first
developed before 1945, they were not widely recognized
until high quality porous ceramic membranes became
available for industrial usage on a large scale [16, 17].
Nowadays, inorganic membranes are used primarily for
energy-related applications. They have become important
tools for beverage production, water purification, and the
separation of dairy products. In addition, they play a sig-
nificant role in the industrial gas separation processes
[16]. Carbon membranes are one of the most attractive
inorganic membranes for gas separation processes [18],
and have several advantages over other membranes,
including: higher permselectivity than any known polymer
membrane; superior stability at high temperatures; ther-
mochemically adjustable pore dimensions and size distri-
butions; and superior adsorptivity for certain specific gases.
Carbon membranes are formed via pyrolysis of polymeric
precursors. The key factors that determine the transport
properties of resultant carbon membranes include: the
chemical structure of the polymer precursor, and the
pyrolysis process parameters used during synthesis. How-
ever, in spite of their advantages, carbon membranes are
very brittle, and require careful handling and repeated pre-
and post-treatments to maintain performance [18]. Some of
these difficulties may be partially alleviated by optimizing
the polymer precursors and preparation methods [19].
Barrer et al. [20] reported the successful preparation of
carbon membranes by carbonization of suitable carbon-
containing materials under an inert atmosphere or vacuum.
The resulting carbonaceous material was compressed into a
plug to obtain porous or non-porous carbon membranes.
Subsequently, many researchers, such as Fuertes [21],
reported preparation of carbon membranes by deposition of
a thin film of phenolic resin or polymeric solution on the
inner face of a macroporous support, such as alumina,
followed by application of the pyrolysis process. Based on
these studies, the thickness of the microporous carbon layer
was found to be an important factor in this preparation
method. Other researchers applied a coating technique to
repair defects in carbon membranes. For example, Petersen
et al. [22] treated a carbonized membrane with a thin layer
of polydimethylsiloxane (PDMS) to prevent gas flux
through defect structures. Specifically, the membrane was
immersed in a 2% solution of PDMS (WACKER E41) in
heptane, and then withdrawn to harden the coated layer.

In 2004 Ismail and Saufi [1] reviewed the fabrication of
carbon membranes, and showed that the synthesis of car-
bon membranes requires several steps and experimental
handling. In addition, although carbon membranes for gas

separation have been studied in terms of preparation and
application, the mechanism of gas transport through the
membrane is not well known. It is believed that gas
transport in porous carbon membranes can occur via sev-
eral mechanisms: Knudsen diffusion; surface diffusion;
capillary condensation; molecular sieving; and viscous
flux. The first four of these mechanisms can be exploited
for the separation of gas mixtures. The main mechanism
can be determined through permeation experiments [19].
In the present work, high carbon content MMMs
(HCMMMs) were prepared from a soft polymer and a
commercial activated carbon (AC) for use in gas separa-
tion. An alternative method of obtaining highly perme-
able membranes with good processability is proposed. The
HCMMMs consisted of a semicrystalline polymer loaded
with different amounts of AC (up to 60 wt%). The influ-
ence of AC load and crosslinking agent on the polymeric
matrix was studied and the gas transport mechanism in the
resulting MMMs was analysed. HCMMMs were also
characterized using FT-IR analysis, SEM imaging, X-ray
diffraction spectroscopy, thermal degradation (TG), dif-
ferential scanning calorimetry (DSC), and gas permeation.

Experimental
Materials and methods

Soft polyvinyl chloride (PVC, Sigma) was used as con-
tinuous phase of MMMs. Soft PVC (density = 1.214 g
cm ) is obtained by mixing rigid PVC with a plasticizer
(bis-(2-ethylhexyl)phthalate (DEHP)) to improve some of
the properties of the material, especially in terms of pro-
cessability and flexibility. Distinct advantages arising from
PVC plasticization are low cost, versatile processing of
various shapes and designs [23], which make soft PVC the
main alternative to replace flexible products based on
elastomers or leather. The main limitations in the appli-
cation of soft PVC come from its poor thermal and
chemical resistance properties [24, 25]. Crosslinking soft
PVC by using a crosslinking agent is the most effective
way to improve thermal and transport properties of flexible
PVC. In this work a difunctional amine 4,4’-oxidianiline
(ODA, Sigma), was used as crosslinking agent of the
polymeric matrix. ODA is an aromatic diamine with two
phenyl rings bound by an ether group. ODA was purified
by recrystallization from the ethanol solution. Tetrahy-
drofuran (THF, Fluka) was used as solvent.

Activated carbon Maxsorb 3000 (AC), a powder with high
surface area provided by Kansai Coke & Chemical Co. Ltd.
(Japan), was used as inorganic filler of HCMMMs. Marchese
et al. [14, 26] reported the structural characteristics of the
AC, namely, surface area, Sw (m2/g): 3272; pore size
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distribution between 7 and 30 10\; mean pore width size, d,,
(A) 21.7; high porosity, &¢ = 0.87; density = 0.28 g cm™";
and particle size distribution between 0.2 and 20 um.

The pure gases used for the permeation study include
H,, N», O,, CH, and CO,. The purity of the pure gases was
more than 99.95%. All gases were supplied by air liquid
(Argentina).

Preparation of HCMMMs

A polymeric solution of PVC was prepared by dissolving
7% (w/v) soft PVC in THF solvent under continuous stir-
ring with a magnetic bar at 300 rpm for 4 h at 25 °C. Then,
0.05 g ODA was added to an Erlenmeyer flask containing
the PVC solution. The mixture was then treated in the flask
in an ultrasonic bath for 1 h, followed by mechanical
stirring for 1 h. After that, a corresponding amount of AC
(23-60 wt%) was gently added to the PVC—ODA solution
under mechanical stirring and sonication at ambient tem-
perature (25 °C) for more than 1 h. Sonication and stirring
enhance the homogeneous distribution of carbon particles
in the polymer solution, decreasing the formation of carbon
agglomerates. The obtained suspensions were filtered using
a #400 mesh, and cast (at 25 °C in air; relative humidity
45%) using a glass sample support. The resulting MMMs
with high AC content were dried under vacuum at 80 °C
for 48 h, and then cured at 120 °C for 30 min, followed by
140 °C for 60 min under N, atmosphere. The thermal
treatment was applied in order to promote the crosslinking
reaction. The thicknesses of the resulting HCMMMs were
measured with a Kofer micrometer (precision & 1 pm),
and ranged from 60 to 1970 pm. The same preparation
method was used to prepare carbon membranes without
adding ODA, in order to analyse the effect of crosslinking
agent.

HCMMMs characterization
FT-IR analysis

FT-IR spectra were determined by the diffuse reflectance
(DRIFTS) mode using a Nicolet PROTEGE 460 Spec-
trometer and the transmission mode using a Varian 640
Spectrometer. The operational range was 400—4000 cm ™"
The number of scans for each sample was 64.

SEM analysis
Electron micrographs were obtained by a scanning electron

microscope LEO 1450VP. The HCMMMs were fractured
in liquid nitrogen and mounted on sample holder previous

@ Springer

coverage with a conductive material. SEM imaging was
examined using an accelerating voltage of 15 kV.

X-ray diffraction

Wide angle X-ray diffractions (WAXD) studies were car-
ried out using an equipment Rigaku model D-Max III C,
lamp of Cu Ko and filter of Nickel. The 26 operational range
ranged from 0° to 60°. The d-spacing of each HCMMM was
determined by Bragg’s equation (Eq. 1).

nA = 2dsin 6 (1)

where d is the average intercatenary distance, n is the
integer determined, 4 is the wavelength of the X-ray (nm),
and 0 is the Bragg’s angle.

Thermal analysis (DSC and TGA)

Differential scanning calorimetry and thermogravimetric
analysis (TGA) were performed to estimate the glass tran-
sition temperature (T,) and the thermal stability of the
membranes. The DSC and TG measurements were recorded
on MDSC 2920 and TG 2950 analyzers (TAlnstruments,
Inc., Newcastle, USA), respectively. The operating condi-
tions were as follows: (a) heating rate: 20° min~! and
(b) atmosphere: dynamic N, (99.99%, flow rate 50 mL/min).
The DSC and TG temperature axes were calibrated with
indium (99.99%, mp 156.60 °C) and the Curie point of Ni
(353 °C), respectively. Empty aluminum pans (40 pL) were
used as references. Samples of ~ 10 mg were employed. The
DSC values reported were obtained applying two scans
(heating and cooling) over each sample and they result from
the average of at least two independent measurements. Data
were collected with Thermal Solutions software (TA
Instrument, Inc.).

Gas permeation measurements

Permeability was measured using a classical time-lag appa-
ratus [14, 23]. The effective membrane area was 11.34 cm?
and permeate constant volume was 35.37 cm>. The amount of
gas transmitted at time “#” through the membrane was cal-
culated from the permeate pressure (p,) readings in the low-
pressure side of permeation cell. Permeability coefficients
(P;) were obtained directly from the flux rate into the down-
stream volume upon reaching the steady state as:

- B/ dp2
_Tcpl dr

(2)

where B is the cell constant = 11.53 (cm3(STP) K)/
(cm? cmHg); dpo/dt (cmHg/s); p, is high-pressure side
(cmHg); ¢ is membrane thickness (cm); T, is the cell
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temperature (K). Theoretical separation factors (a;;) were
calculated as the ratio between the permeation coefficients of
pure gases i and j:

P;

%ifj = Fj (3)

Results and discussion
FT-IR spectra

Fourier transform infrared spectroscopy (FT-IR) was per-
formed to analyse the mechanisms involved in the PVC
crosslinking reaction, by monitoring the evolution of some
characteristic infrared absorbance peaks. Furthermore, the
influence of AC content in the polymeric matrix was
analysed.

PVC characteristic peaks were located at 617-694
cm ™!, corresponding to C—CI bond stretching vibrations,
and at 2910 and 2972 cm ™!, corresponding to C—H bonds
[23, 27, 28]. During diamine crosslinking, the chlorine
atom is extracted from the main polymer chain and
replaced by a crosslinker moiety (ODA), resulting in a
decrease in peak intensity at 694 cm~'. This result was
confirmed by the appearance of a broad peak at 3444
cm™!, which was attributed to disubstituted nitrogen,
which is formed during the crosslinking process [29]. A
comparison of the characteristic FT-IR peaks for pure PVC
and crosslinked PVC is shown in Fig. 1.

Additional peaks were observed in the PVC/ODA
spectrum at 1498 and 1604-1582 (doublet) cm™'. The
peak at 1498 cm ™' was attributed to C-N bond stretching
vibrations, which confirmed the presence of crosslinking

PVC
Q
Qo
g 694
E
g PVC/ODA
c 2972 2910
g
[

/l

Doublet

— 71 * T T ‘* T T T T+ T * T '™ T ' 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 1 FT-IR spectra of PVC and PVC/ODA

bonds, and the doublet was attributed to both aromatic
double bonds on the crosslinker molecule and the forma-
tion of double bonds on the main polymer chain, indicating
that some degradation occurred during crosslinking of PVC
with difunctional amines. The degradation appears to be
the result of side reactions which took place during the
crosslinking reaction and the thermal curing process. Using
the above-described FT-IR analysis as a guide, a cross-
linking mechanism is propose, where each crosslinking
reaction involves the loss of two HCl molecules for every
molecule of crosslinked amine (see Fig. 2a). As illustrated
in Fig. 2b [30], this crosslinking mechanism also explains
the degradation of PVC, which could occur by HCI cata-
lyzed dehydrochlorination via an ion pair reaction.

Because of the dark appearance of the membranes, FT-
IR spectra of crosslinked and uncrosslinked HCMMMs
were acquired using the DRIFTS technique. FT-IR spectra
for PVC-23% AC and PVC/ODA-23% AC are shown in
Fig. 3. As can be seen, the intensity of the IR band at
694 cm™~! decreases for both membranes, indicating that
the thermal curing process also promotes the loss of
chlorine atoms. This result is in agreement with Romero
Tendero et al. [23], who reported that HCI molecules were
lost during PVC thermal treatment.

PVC-23% AC and PVC/ODA-23% AC also displayed
characteristic C—H stretching bands at 2910-2972 cm™".
However, bands at 3444 and 1498 cm™! were not observed
for the PVC/ODA-23% AC membrane, probably because
of the diffuse reflectance was unable to penetrate deeply in
the sample in presence of the AC particles.

The doublet observed at 1604-1582 cm ™' in the PVC/
ODA membrane appears to be resolved into two distinct
single peaks at 1612 and 1516 cm™ ' in FT-IR spectra of
the PVC/ODA-23% AC membrane. Both signals were
attributed to double bonds formed during the crosslinking
reaction and subsequent thermal treatment. These same
bands appeared at higher wavenumbers (1618 and 1518
ecm™ ') in the PVC-23% AC membrane, indicating that
double bonds in crosslinked HCMMMs may take part in
resonant structures with double bonds and nitrogen atoms
from the diamine molecules.

FT-IR spectra of PVC/ODA-45 and 60% AC and PVC-
45 and 60% AC could not be analyzed because of the low
peak resolution in the presence of high concentrations of
AC.

SEM analysis

Scanning electron microscopy (SEM) images of the bottom
surface (which contacts the glass during the casting pro-
cess) of crosslinked and uncrosslinked HCMMMs were
acquired using a scanning electron microscope. Figure 4
shows the bottom surface SEM image of a PVC-60% AC
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Fig. 2 a Crosslinking (a)
mechanism and
b dehydrochlorination catalyzed
by HCI reaction schemes from
[23]
H H
[
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Fig. 3 FT-IR spectra of PVC-23% AC and PVC/ODA-23% AC

membrane. Void spaces were visible around the carbon
particles (whose diameters were <20 pm) indicating that
the carbon particles create porous-like holes in the mem-
brane surface. Thus, possible channel formation through
the membrane could produce an increase in gas perme-
ability, coupled with a decrease in membrane selectivity.
A particle size distribution from 0.2 to 20 um was also
observed by SEM. However, structural differences between
the upper and bottom surfaces were not observed in PVC—
60% AC membranes.

Figure 5 shows bottom surface SEM images of a
PVC/ODA-60% AC membrane. A smoother and more

@ Springer
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Fig. 4 SEM imaging corresponding to the bottom surface of PVC—
60% AC membrane

homogeneous porous surface was observed with a superficial
hole size of <2 pm. In addition, PVC/ODA-60% AC
membranes displayed a narrower particle size distribution,
corresponding to the lowest sized carbon particles.

SEM micrographs of both crosslinked and uncroslinked
HCMMMs containing 23 and 45% AC revealed structural
characteristics similar to 60% AC HCMMMs. However,
the crosslinking process, including the chemical reaction
and the thermal treatment, favored the formation of a less
permeable porous structure in all crosslinked HCMMMs.

A thin polymer layer covering the carbon particles was
observed in all MMMs, indicating good contact between
the polymeric and inorganic phases.
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Fig. 5 SEM imaging corresponding to bottom surface of PVC/
ODA-60% AC membrane

X-ray diffraction analysis

X-ray diffraction patterns of PVC MMMs before and after
crosslinking and pure AC were obtained. The effect of AC
load was analysed. Figure 6 shows the diffractogram of
pure AC. A single band at 20 = 42.3° (d-spacing = 2.1 A)
was observed. This band corresponds to X-ray diffracto-
gram of graphite carbon, specifically the plane (100) of
graphite. The absence of a peak at 20 = 24° (d-spac-
ing = 3.35 A), which corresponds to (002) plane in
graphite, indicates that the Maxsorb 3000 AC presents a
more graphitic nature. This observation is consistent with
the ordered microporous structure of Maxsorb 3000 AC
[26, 31-35]. Figure 7 shows X-ray diffractograms obtained
from PVC, PVC/ODA, and PVC/ODA-23, 45, and 60%
AC. Pure PVC and crosslinked PVC displayed two crys-
talline bands (I and II bands), laying on a wider amorphous
band (A band) with lower intensity, which represents
the amorphous polymer region. These results confirm the
semicrystalline nature and syndiotactic arrangement of the
polymeric matrix.

In addition to I, II, and A bands, PVC/ODA-AC
HCMMMs presented an additional band at higher Bragg’s
angles, corresponding to the diffraction signal of AC (III
band), in agreement with previous work [26].

Although the crosslinked MMMs also displayed a
semicrystalline structure, I diffraction band in PVC/ODA
and PVC/ODA-AC membranes showed a slight shift to
higher Bragg’s angles with respect to the pure PVC’s
I band, suggesting that crosslinked membranes have a
lower degree of crystallinity. This reduced crystallinity
may be due to: (i) restriction of the movement of polymeric
chains, due to crosslinking and the presence of carbon
particles; (ii) the presence of rigid aromatic rings on the
crosslinker and carbon particles within polymer chains,

Intensity (a.u.)

AC

Fi

g. 6 X-ray diffraction of pure AC

I 11

y

-
MW TS

PVCIODA-45 % AC

Mwuo DA-60 % AC

T T T T T T 1 T T T T T T

0 10 20 30 40 50 60 70 80

Intensity (a.u.)

Fig. 7 X-ray diffraction of PVC, PVC/ODA, and PVC/ODA-23, 45,
and 60% AC

which prevent crystalline molecular packing; (iii) loss of
stereoregularity; among others. The change in the crystal-
line structure of PVC/ODA and crosslinked HCMMMs was
also confirmed by the shift of the A band at higher Bragg’s
angles. Intercatenary distances (d-spacing), corresponding
to I, II, III, and A bands from PVC, PVC/ODA, and PVC/
ODA-AC membranes, were calculated using Eq. 1, and
results are shown in Table 1. The d-spacing of uncross-
linked HCMMMs was also calculated.

PVC-AC membranes showed decreasing crystallinity
with increasing carbon content. This loss of crystallinity
may be due to the absence of diamine crosslinking mole-
cules, hence the rigidification of polymeric chains around
the carbon particles is more pronounced than in crosslinked
MMMs, resulting in more disruption of crystalline order.
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Table 1 d-spacing of pure polymers, HCMMMs, and the AC

Membrane d-spacing (A)
I band II band A band AC

PVC 4911 3.682 4.122 -
PVC/ODA 4.754 3.682 3.958 -
PVC/ODA-23% AC 4.729 3.682 3.927 2.134
PVC/ODA-45% AC 4.704 3.682 3.923 2.134
PVC/ODA-60% AC 4.679 3.682 3.919 2.134
PVC-23% AC 4716 3.682 3.990 2.134
PVC-45% AC - 3.531 3.458 2.134
PVC-60% AC - 2.565 2.565 2.134

Based on X-ray analysis, carbon particles appear to act
as sites of stress within the polymeric matrix, decreasing
the intercatenary distances [26]. In support of this, at a
carbon content of 60 wt%, polymer I and II bands con-
verged to the A band, indicating a completely amorphous
structure. Results from the above analysis are presented in
Fig. 8.

Thermal properties

In order to determine the thermal resistance of HCMMMs,
TGA were performed. Figure 9 shows the thermal decom-
position of pure PVC and PVC/ODA. As can be seen, the
first step of PVC weight loss appears at 209 °C, with a
residual weight of 96%, and was completed in three steps.
The last step of decomposition occurred at 576 °C, with a
weight loss of 81%. Minor weight loss was observed at
124 °C, which was attributed to loss of residual solvent.
For PVC/ODA, weight loss began at 162 °C, with a
residual weight of 96%, and was completed in three steps.

=]

o —~ PVC-23 %AC

- PVC-45 % AC

E

w

c

2
=

}t\'\'\w PVC-60 % AC
— 7y T 1 T ¥ T 1T T T T T T T 7
0 10 20 30 40 5 60 70 80

20

Fig. 8 X-ray diffraction of PVC and PVC-23, 45, and 60% AC
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Fig. 9 TG of pure PVC and PVC/ODA

In agreement with the present study, Romero Tendero
et al. [23] also reported a lower thermal resistance for
crosslinked PVC than pure PVC, and found that pure PVC
weight loss began at 140 °C, while crosslinked PVC
decomposition began at 125 °C. The authors attributed this
behavior to the presence of HCl molecules, which catalyze
the degradation of crosslinked PVC.

Figure 10a, b shows thermograms corresponding to
crosslinked and uncrosslinked 23 and 60% HCMMMs,
respectively. As can be seen, PVC/ODA-AC and PVC-AC
HCMMMs displayed less degradation steps as the carbon
content increased. This was attributed to the fact that, as
carbon content increases, the polymeric phase decreases,
and the thermal decomposition of HCMMMs is controlled
by the concentration of AC.

Despite the faster thermal decomposition of HCMMMs,
the beginning step of crosslinked and uncrosslinked mixed
membrane degradation appears at higher temperatures for
PVC and PVC/ODA. This may be because the carbon
particles cause the polymeric matrix to become more rigid,
raising the initial thermal resistance of all HCMMMs.
However, when the carbon content in PVC/ODA—-AC and
PVC-AC was 60%, both membranes displayed the same
thermogram. These findings support the hypothesis that TG
is controlled by AC. Thermograms of crosslinked and un-
crosslinked HCMMMs with 45% AC displayed interme-
diate behavior, between that found for 23 and 60% AC
membranes.

In order to study the effect of crosslinking and carbon
content on the glassy T, of the membranes, we conducted
DSC analyses. Table 2 lists the T, values obtained for all
membranes. The T, for pure PVC is 70 °C, indicating that at
ambient temperature, the semicrystalline PVC has the
mechanical and thermal properties of a flexible polymer, in
agreement with its low degree of crystallinity. However,
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Fig. 10 TG of PVC/ODA-AC and PVC-AC a 23% and b 60%

Table 2 T, values of

membranes Membrane T, (°OC)
PVC 70
PVC/ODA 107

PVC/ODA-23% AC 90
PVC/ODA-45% AC 89
PVC/ODA-60% AC 89

PVC-23% AC 61
PVC—45% AC 68
PVC-60% AC 90

crosslinking the PVC with an aromatic diamine resulted in an
increase in T, to 107 °C; which was attributed to steric
hindrance of the polymeric chains, not only because of
crosslinking, but also because of the rigid structure of the
diamine itself. This result contradicts the decreased degree of
crystallinity observed for PVC/ODA versus pure PVC (“X-
ray diffraction analysis” section), which might be expected

to have caused a decrease in T,. However, this apparent
discrepancy may be explained by considering that movement
restriction is a greater influence on 7, than crystallinity [36,
37].

Crosslinked MMMs displayed 7, values which were
intermediate between those of PVC and PVC/ODA. At
different AC contents, T, values for crosslinked HCMMMs
were 90 °C, indicating that loss of crystallinity plays a
significant role in determining the glassy 7, for these
samples. On the other hand, PVC-AC uncrosslinked
membranes behaved unusually. At lower AC contents, T,
values were influenced by the degree of crystallinity;
however, as carbon content increased the rigidification
effect began to be dominant, increasing the T, value up to
90 °C for 60% AC.

Gas permselectivity

Permeability was measured for all assayed gases and
membranes at 35 °C (T = 308 K), and at a high-pressure
side p; = 1 bar. Individual gases were measured in the
following order: H,, N,, O,, CHy, and CO,, to avoid
probable effect of membrane plasticization in presence of
CO, gas. Permeability coefficients determined for pure
PVC and PVC/ODA membranes, and those loaded with 23,
45, and 60 wt% AC are summarized in Table 3. Perme-
ability coefficients were obtained by averaging values from
three permeation tests for each membrane. An increase in
the permeability of all gases was observed with cross-
linking and increasing amounts of AC.

Different gas transport mechanisms related with the
membrane phase take place during the mass transfer pro-
cess. Commonly, gas transport through pure polymeric
membrane (PVC and PVC/ODA) occurs via a “sorption—
diffusion” mechanism. According to this mechanism, gas
permeation is a complex process that first involves sorption
of the penetrant gas in the polymeric material, followed by
diffusion of the gas molecule across the membrane matrix,
due to the presence of a concentration gradient. Freeman
et al. [38, 39] reported that the presence of crystalline
regions in the polymeric phase was associated with
decreased gas permeability, due to the insolubility of the
crystalline phase to penetrant gases. In addition, movement
of polymer chains in the amorphous phase is restricted by
the presence of crystallites, hindering gas diffusivity
through the polymeric matrix. Consistent with this, PVC/
ODA showed higher gas permeability coefficients than
pure PVC, in agreement with the decrease in the crystalline
degree observed in the X-ray study (“X-ray diffraction
analysis” section).

The high permeability coefficient values of the
HCMMMs showed in Table 3 were comparable with those
reported by Liang et al. [19] for carbon membranes
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Table 3 Permeability coefficients of pure and HCMMMs (T = 308 K, p; = 1 bar)

Membrane PHz (B) PNz (B) Po2 (B) PCH4 (B) PCOg (B)
Ae + 4 Ae £ 7 Ae £ 6 Ae £ 7 Ae £ 6
PVC 1.700 0.012 0.045 0.029 0.157
PVC/ODA 2.925 0.099 0.055 0.032 0.223
PVC/ODA-23% AC 3.277 0.230 0.291 0.276 0.728
Membrane Ae + 4 Ae + 4 Ae + 4 Ae £ 4 Ae + 4
PVC/ODA-45% AC 146.24 39.58 44.13 63.03 39.18
PVC/ODA-60% AC 455.40 122.10 156.40 202.80 117.40
PVC-23% AC 1747 602.83 421.98 723.4 448.51
PVC-45% AC 197345 74248 67719 104228 71730
PVC-60% AC 650535 244279 223357 338062 234882

[P] = 1 Barrer (B) = 10710 (cm3(STP)cm/cm2 cmHg s); Ae (%) error percentage

prepared from coal tar pitch. In addition, higher gas per-
meabilities in uncrosslinked PVC-AC membranes than
those of crosslinked PVC/ODA-AC, were in good agree-
ment with differences observed in porous structures of
HCMMMs (surface SEM imaging, “SEM analysis”
section).

The increment on gas permeabilities of the MMMs with
increasing carbon loading can be in part attributed to the
gas flux through the pores of the carbon particles. Gas
transport through porous materials can occur via various
mechanisms depending on the ratio between the mean free
path of the gas molecules (1) and the pore radius (r) of the
porous material. Selective transport mechanisms associated
with different ratios are: molecular diffusion (/4 > 10);
Knudsen diffusion (#/4 < 0.1); series resistance (molecu-
lar-Knudsen diffusion) (0.1 < #/4 < 10). Other selective
flux mechanisms can take place through porous materials,
among them: surface diffusion; capillary condensation; and
molecular sieving.

The mean free path of gas molecule can be calculated
from the simplified kinetic theory of dilute gases [40, 41]:

kT
= Fran “)
\/Enai P
where k is the Boltzman constant = 1,38 x 10°1° (erg
Kil); g; collision diameter of molecule i; and p the gas
pressure. The characteristic physical parameters of gases, 4

2i

Table 4 Gas characteristic parameters (7 = 308 K, p; = 1 bar)

and /2 values at T = 308 K, p = 1 bar, and r = 10.85 A
(from “Materials and methods” section) are shown in
Table 4.

The r/A values clearly indicate Knudsen diffusion should
be the main gas transport mechanism through the carbon
porous media (/2 < 0.1). During Knudsen diffusion, gas
transport takes place along a large pore, where the proba-
bility of molecule-pore wall collision is higher than mol-
ecule—-molecule collision. In this case, the Knudsen
permeability, Py, can be expressed by [42, 43]:

K
A 5)
R, Tt
where R, is the universal gas constant; ¢ and t the porosity
and tortuosity of the porous media; and D¥ the Knudsen
diffusion coefficient of the gas in a cylindrical pore, given
by [40, 41]:

12
2 (8R,1
K_“ g
D —3r(—n i) (6)

where M; is the gas molecular weight.

Furthermore, high amount of carbon could induce for-
mation of microporous cavities and channelling at the
inorganic—polymeric interface. In this case, high gas
transport through the interface cavities due to non-selective
viscous flow lead to low improvement in the mixed

Gas M (g/gmol) 4 (A) A (A) (r2) x 10% Q, X 10* (g cm™'sTh
H, 2.016 2.915 1111.0 0.977 0.852 0.919
N, 28.020 3.681 697.0 1.558 1.009 1.813
0, 32.000 3.433 801.3 1.355 1.066 2.109
CH,4 16.040 3.822 646.5 1.680 1.130 1.136
CO, 44.010 3.996 5914 1.836 1.273 1.529
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Table 5 Ideal separation factors (7 = 308 K, p; = 1 bar.)
Membrane OlH, /CH, O%H, /CO, OH, /CO, O%H, /N, %c0, /CHy
Ae + 11 Ae + 10 Ae + 10 Ae £ 11 Ae £ 13
PVC 59.44 10.83 37.53 144.07 5.49
PVC/ODA 92.56 13.12 53.09 29.58 7.06
PVC/ODA-23% AC 11.87 4.50 11.26 14.28 2.64
Membrane Ae £ 8 Ae £ 8 Ae + 8 Ae £ 8 Ae + 8
PVC/ODA-45% AC 2.32 3.73 3.31 3.69 0.62
PVC/ODA-60% AC 225 3.88 291 3.73 0.58
PVC-23% AC 242 3.90 4.14 2.90 0.62
PVC-45% AC 1.89 2.75 291 2.66 0.69
PVC-60% AC 1.92 2.77 291 2.66 0.69

A¢ (%) error percentage

membrane selectivity. The viscous flow permeability
through a porous media, P,V, can be expressed as [42, 43]:

2
pr—_°r (7)

© 8y R,T

where y; is the gas viscosity.

To discuss the flux mechanisms contribution on the total
gas mass transport through the membranes, the selectivity
factor was taken as reference parameter. To analyze
membrane permselectivity, Hy/CH4, H,/CO,, H,/O,, Hy/
N,, and CO,/CH, systems were chosen, because of their
importance for commercial and for purification uses. Ideal
separation factors of these systems evaluated from Eq. 3
are shown in Table 5.

In Table 6 are summarized the Knudsen ideal separation
factors (O!,lfj) and the ideal viscous flow ratio (qﬁ}fj) under the
same experimental conditions of 7 and p. These parameters
were obtained from Eqs. 5-7 as follows:

PE_DE i

K i
oy = — = — = —L 8)
i K K ; (
P Dy M;
v, :P_}’:&: M; 77 Qi 9)
TP T MiarQ,

where the pure gas viscosities at low density were

evaluated from the Chapman—Enskog equation [40]:

vM;T

5 (10)
Q

07 8epi

wi(gem's7h) = 12,6693 x 107°

Table 6 Knudsen separation factor and viscous flow ratio
(T =308 K, p; = 1 bar)

H,/CH, H,/CO, H,/0, H,/N, CO,/CH4
oc',fj 2.82 4.67 3.98 3.73 0.60
d),‘fj 1.24 1.66 2.30 1.97 0.74

being Qy; the collision integral.

Representative effects of AC content in HCMMMs on
the ideal separation factor for H,/CH4 and H,/O, systems
are shown in Fig. 11a, b. For comparison, the Knudsen
separation factor and viscous flow ratio were included in
figures. As expected, PVC and PVC/ODA polymeric
membranes (AC% = 0) displayed the highest separation
factors (the lowest gas permeabilities) which follow a
“sorption—diffusion” selective mechanism. PVC/ODA—45
and 60% AC and PVC-23-45 and 60% AC, presented
ideal separation factor values near to those of Knudsen
selectivities indicating the total gas flux through the
membrane was mainly controlled by the Knudsen mecha-
nism being the sorption diffusion mechanism negligible.
The deviation of separation factors from Knudsen selec-
tivity to viscous flow ratio can be attributed to the presence
of channels and/or defects in both the carbon interparticles
and polymer—carbon interface. When the AC content in the
crosslinked PVC-ODA was 23%, the selectivities were
between those of pure polymers and porous Knudsen dif-
fusion suggesting that permeate flux was controlled by both
the sorption—diffusion and Knudsen mechanisms. A similar
selectivity behavior from other gas systems (H,/CO,, H,/
N,, and CO,/CH,) was observed.

As can be seen, both crosslinked and uncroslinked
HCMMMs containing 45 and 60% AC are attractive
membranes for industrial applications, because of their
high gas permeabilities, which are comparable with those
of pyrolytic carbon membranes [19].

Conclusions
A semicrystalline polymer was used to prepare MMMs

containing increasing amounts of AC (the highest reported
to date) in order to obtain highly permeable MMMs similar
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Fig. 11 Effects of AC content in HCMMMs on the ideal separation
factors for a H,/CH,4 and b H,/O,

to carbon membranes. In fact, the gas permeation proper-
ties of the HCMMMs with good processability were
evaluated and the results were comparable with carbon
membranes. FT-IR enabled verification of the presence of
crosslinking, and determination of the mechanism of the
crosslinking reaction. SEM imaging and X-ray diffraction
analysis enabled elucidation of the structure of the
HCMMMs. Based on these analyses; we observed that as
the carbon load increases, the inorganic particles are able to
form channels and/or defects in both the carbon interpar-
ticles and polymer—carbon interface. From X-ray diffrac-
tion patterns, we observed that at the highest carbon
content, the lowest polymer crystalline degree was
observed, and this effect was more pronounced in the
absence of crosslinking. Crosslinking the polymeric matrix
and increasing the AC content the 7, of HCMMMs is
raised. TGA revealed faster TG for all HCMMMs with
respect to pure and crosslinked PVC. However, a higher

@ Springer

initial degradation temperature for all HCMMMs was
observed indicating better thermal resistance with respect
to pure polymers. Pure PVC and PVC/ODA showed a
selective diffusion mechanism, while PVC/ODA-23% AC
presented an intermediate selective mechanism between
those of polymer matrix and porous structure. Crosslinked
and uncrosslinked HCMMMs with high AC amount
(45-60 wt%) are attractive membranes because of their
high gas permeabilities, which are comparable with those
of pyrolytic carbon membrane; nevertheless, their selec-
tivity values are near to the ideal Knudsen separation
factor.
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