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In series of published works, usually, the ideal coefficients of selectivity is used as an indicator for separation

performance of conducting polymer membranes.

The main goal of the presented paper was to determine the

relation between the ideal and practical selectivity coefficients of the investigated series of conductive polymer
membranes, both layered and composite one, and assessed whether it is possible to rely only on the values of ideal
selectivity coefficient for estimation of the membrane separation capacity. The results showed that high values
of ideal membrane selectivity coefficients are necessary but not a sufficient indicator for evaluation of the real

selectivity of membranes made from conducting polymers.
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1. Introduction

In the late 1970s the Process Technology Group at ICIs
New Science Laboratory defined the process intensifica-
tion strategy. One of its many definitions states that:
“Any chemical engineering development that leads to a
substantially smaller, cleaner, safer and more energy effi-
cient technology is process intensification” [1]. Technolo-
gies taking advantage of membrane processes are among
technologies which meet the requirements of process in-
tensification strategy. Among others they allow decrease
of the equipment-size/production-capacity ratio, energy
consumption, and/or waste production, which leads to
cheaper, sustainable technical solutions [2]. Nowadays
only a small fraction of membrane gas separation poten-
tial applications is being used in chemical industries and
refineries [3]. Membrane properties can be tailored to
meet specific requirements of gas separation. During se-
ries of tests, using membranes of different materials it was
investigated which tools are helpful in membrane compo-
sition designing. Conductive polymers were also used as
a material for membranes preparation [4, 5].

In series of publications the ideal coefficients of per-
meability is used as indicator of membrane performance.
The main goal of the presented researches was to de-
termine whether is it possible to follow the results for
the ideal coefficients of permeability during designing the
composition of the membranes. It was also in the area
of interest how big is a correlation between the ideal and
permeability coefficients of the obtained membranes de-
termined experimentally.

During the researches two types of membranes: com-
posite and two-layer membranes synthesized from various
components were examined.

If the gases in a mixture do not interact strongly with
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the membrane material, the pure gas intrinsic selectivity
and the gas mixture selectivity will be equal. This is
usually the case for mixtures of Oy and Ns.

2. Experimental
2.1. Formation of composite membranes

Components required for formation of each membrane
were synthesized according to the procedures described
below. In next step membranes were cast on the Petri
dish and left on a levelled table for the time necessary
for the solvent evaporation. After that, the Petri dish
was filled with water in order to easy recovery of the foil.
Membranes were conditioned in vacuum dryer.

2.1.1. Poly(pyrrole) in ethyl cellulose membranes
(PPY/EC)

Proper amount of PPY was mixed for about 30 min
with measured quantity of 3% solution of ethyl cellulose
in toluene:etanol 60:40. The homogenous dispersion was
degassed for 3 min under vacuum, due to the PPY strong
air absorption.

2.1.2. Poly(aniline)
(PANI/PS)

PANI/PS composites were obtained in the emulsion

polymerization reaction of aniline [6].

in  poly(styrene) membranes

2.1.3. Poly(thiophene) in poly(vinyl butyral) membranes
(PTH/PVB)

Proper amount of 4% PTH solution and 4% PVB so-
lution in N-methylpyrrolidone were mixed for 30 min on
a magnetic stirrer.

2.2. Formation of two-layer membranes
2.2.1. Layered PPY /poly(ethylene) membranes by in situ
polymerization (PPY/PE)

1.9 cm? (0.8 g; 0.022 mol) of concentrated hydrochloric
acid was diluted in 350 ¢cm® acetonitrile in a 500 cm?
beaker equipped with magnetic stirrer and immersed in
ice-salt bath. 1 cm? (0.94 g; 0.014 mol) of freshly distilled
pyrrole was added dropwise over 10 min. 6 x 6 cm? PE
foil, which was a support layer, was immersed in solution.
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Reaction mixture was cooled in ice bath to temperature
not exceeding —1°C. The next step was to add dropwise
during 1 h 3.19 g (0.014 mol) of ammonium persulfate.
Polymerization reaction was carried out for 96 h.

2.2.2.  Layered poly(aniline)so, /poly(ethylene) mem-
branes by in situ polymerization (PANIso, /PE)
Formation of layered membranes, in which a layer of
PANT was applied during chemical polymerization of ani-
line (in situ method), was performed according to the
procedure described by Riede and co-workers [7].

2.2.8. Layered poly(N-methyl pyrrole)/poly(vinyl butyral)
membranes by in situ polymerization (PNMPY/PVB)
Layered PNMPY /PVB membranes were obtained by
polymerization in situ, in which a layer of PNMPY was
applied during the chemical polymerization of N-methyl
pyrrole. 0.511 g (14 mmol) of 1 M hydrochloric acid
was dissolved in 20 ml of deionized water in a 400 cm3
beaker placed in an ice bath and equipped with a mag-
netic stirrer, dropping funnel and a thermometer. 1.134 g
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(14 mmol) of freshly distilled monomer was added drop-
wise to the solution within 30 min and stirred. Then
solid PVB membrane was immersed into the solution.
The temperature of the reaction mixture was maintained
at 0°C. The next step was to add dropwise for about
1 h an oxidant — 0.9 g (3.95 mol) of ammonium per-
sulfate previously dissolved in 15 ml of deionized water.
The polymerization process was carried out by mixing
the reagents for 2 h.

3. Permeability measurements

Single-gas permeation using O, and No, as well as syn-
thetic air permeation (21% 02/79% Nj, 99.99% purity,
Linde) experiments were performed at 296 K using a con-
stant pressure method on apparatus APG-1. Detailed
operation of this apparatus is described in a previous
work [8]. Permeate stream was directed to the HP 5890
gas chromatograph (GC) equipped with a thermal con-
ductivity detector (TCD) and a Monosive 5A 1 m length
column.

Permeability coefficients of PTH/PVB, PPY/EC TABLE I
and PANI/PS composite membranes with different content of conjugated polymer.
PTH/PVB PPY/EC PANI/PS
% weight 3 6 9 12 15 25 30 3 5 10 3 5 | 10
N | P [Barrer] | 621.67 | 259.72 | 190.11 | 634.10 | 943.69 | 1784.22 | 2126.41 | 3781.17 | 7.77 | 17.45|143.41 | 0.48 | 0.47|0.45
Og | P [Barrer] | 651.75 | 399.00 | 363.52 | 660.62 | 870.05 | 1640.81 | 2035.71 | 3597.07 | 17.42 | 27.06 | 143.56 | 0.50 | 0.50 | 0.48
Permeability coefficients of layered PPY/PE and PNMPY/PVB membranes. TABLE I
PPY/PE PNMPY/PVB
Active layer thickness [um] | 0.62 | 0.86 | 1.00 | 1.30 | 1.40 | 1.46 | 52.00 | 56.00 | 58.00 | 60.00 | 61.00 | 62.00 | 69.00 | 77.00
N2 P [Barrer| 2.25|3.05|2.54|590|4.51(4.28] 0.21 | 0.13 | 0.19 | 0.23 | 0.14 | 0.17 | 0.13 | 0.15
O2 P [Barrer] 2.2812.91|2.57 |6.07|4.55|4.37| 0.62 | 0.64 | 0.66 | 0.49 | 0.41 | 0.50 | 0.47 | 0.56
Permeability coefficients of layered PANIso, /PE membrane. TABLE III
PANIso, /PE
Active layer thickness [pm] | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30 | 0.35 | 0.40 | 0.50 | 0.60 | 0.80 | 1.00 | 1.20 | 1.30
N, P [Barrer]| 2.40{2.05|1.80 | 0.62|0.28 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04
02 P [Barrer| 2.60 | 2.30 | 1.80 | 1.30 | 0.90 | 0.63 | 0.64 | 0.63 | 0.64 | 0.66 | 0.63 | 0.61 | 0.63 | 0.61
4. Results For membranes containing 12 wt% or more of PTH the

For all types of membranes permeability coefficients
were determined experimentally. In next step the ideal
membrane selectivity coefficients were calculated and the
results were compared with the results obtained experi-
mentally. Obtained results are presented in Tables I-IIT
and in Figs. 1-3.

4.1. PTH/PVB

In the membranes containing PTH in amounts
3-9 wt% one can observe the typical processes of mass
transfer through porous membranes (adsorption, diffu-
sion, and desorption of the component). For these mem-
branes the differences in O permeability with respect to
Ns in the permeate increase significantly (Table I). Also
ideal membrane permeability coefficients values increase,
obtaining a maximum in the value of 1.912.

permeability coefficients increase because of the Knudsen
diffusion caused by phase separation phenomena between
the PTH and PVB component.

The ratio of the kinetic diameters of nitrogen and oxy-
gen is not equal to the selectivity coefficient. This would
imply the minimal influence of polymer in the transport
of gas. This effect, however, is less important than the
effect of the Knudsen diffusion. Calculation showed in-
censement in values of the ideal membrane permeability
coefficients. Unfortunately, the experimental data did
not follow that trend and the values of permeability co-
efficients oscillated around 1.

4.2. PPY/EC

Transport of gases in polymer matrix takes place
through formed in obtained membranes micropores, lead-
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Fig. 1. Dependence of the membrane selectivity of the
PTH in PVB and PNMPY in PVB content.
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Fig. 2. Dependence of the selectivity coefficient of the
PPY in EC and PANT in PS content.

ing to an increase of permeability coefficients and simul-
taneous decrease of selectivity coefficients, as presented
in Fig. 2. If even a small amount of microscopic de-
fects will be present in the membrane, the gas will be
transported through these defects by means of the Knud-
sen diffusion. This in turn makes it impossible to study
the transport properties of the polymer, because the gas
uses the defects to bypass in the polymer. Therefore, the
selectivity coefficient can be used to measure defects in
polymer membranes. Practical selectivity coefficient is
not dependent on the amount of PPY content and os-
cillates around 1, which indicates lack of selectivity of
obtained membranes.

4.8. PANI/PS

Addition of PANI decreases coefficients of permeability
for both O and N5. As a result both ideal and practical
membrane selectivity coefficients values increase. This
indicates that polymer has an effect on gas transport
through membranes. Although values of the ideal co-
efficient are higher, both coefficients are approximately
equal to 1, which indicates lack of selectivity of obtained
membranes.

/.4. PPY/PE

Plot of permeability coefficient as a function of the
thickness of the active layer has a variable course. This
can be explained by the non-uniform thickness of the
active layer for various membranes. This non-uniformity
of active layer is caused by the presence of many particles
possessing the ability to absorb on support layer. This
problem is caused by a high yield of reaction, in which
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Fig. 3. Dependence of the selectivity coefficient of the
PPY in PE and PANIso, in PE content.

hydrochloric acid was used. Values of both permeability
and selectivity coefficients are close to 1 and membranes
show a lack of selectivity.

4.5. PNMPY/PVB

Permeability coefficients are independent of thickness
of the active layer. Differences in their values are caused
by heterogeneity of poly(N-methylpyrrole) layer. During
synthesis, problem, similar to PPY/PE membrane for-
mation, occurs. An advantage of obtained membranes is
that, despite reducing the thickness of the active layer,
the coefficients of selectivity slightly increased. Based on
this, it is possible to assume that the thinner the mem-
brane layer PNMPY will be characterized by higher se-
lectivity. It can therefore be concluded that the choice of
PNMPY as the active layer of membranes was right. Val-
ues of ideal and practical selectivity coefficients slightly
differ from each other as shown in Fig. 1.

4.6. PANIso, /PE

With the increase in thickness of the active layer there
increase the values of coefficient of membrane selectiv-
ity and decrease values of permeability, especially for
Q5. This shows that the polymer has an effect on gas
transport. Although the values of the practical coeffi-
cient grow as in the case of the ideal coefficient of mem-
brane selectivity, they are not as high. These membranes
proved to be most effective in gas separation, Fig. 3.

For some membranes it can be observed that the per-
meability of Ny is higher than the permeability of O, al-
though it has a larger kinetic diameter. The reason may
be that the O, as diradical species, begins to interact
with the conductive polymer and therefore its transporta-
tion in the membrane material is impaired. No, which is
an inert gas, does not give any additional resistance in
the course of the process.

Phase separation observed in few types of membranes
causes formation of defects. This significantly affects
the measurement results, because gas uses pores to pass
through membranes (Fig. 4).

Among the tested materials for the formation of mem-
branes, only one, PANIgp,, met expectations and has
demonstrated selectivity for gases. But even in this case
the practical values of the coefficient did not coincide
with the values of the ideal coefficient.
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Fig. 4. Phase separation in: (left) PTH/PVB mem-
brane, (right) PPY/EC membrane.

4.7. ESR spectroscopy studies

ESR spectroscopy studies performed on a spectropho-
tometer RadioPan confirmed the interaction of Oy with
the PANI polymer matrix. The doped PANI has un-
paired electrons which can interact with O, occuring in
the triplet state with two unpaired electrons. This phe-
nomenon could explain better PANT selectivity for No
and O, even though these gases have a similar kinetic
diameter of the particle. ESR signals recorded during the
purge of PANI with Ny, O2 and air, and the time course
of the signal during gas changing, from N3/O2 to O2/Ns
are presented in Fig. 5.
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Fig. 5. ESR spectrum of N2, O2 and air, time course
of gas exchanges. Original anion: chlorine.

As can be seen, the strongest ESR signal was observed
under N» atmosphere, and, on the other hand, the weak-
est in Oy atmosphere. These results confirm the proposed
strong interaction of Oz molecules with PANI polymer
matrix. ESR output signal under Ny atmosphere has a
narrow line shape, which indicates the presence of free
radicals in the polymer sample. In an atmosphere of Og
the line is visibly broadened and shifted, which is associ-
ated with the impact of free radicals of Os. It should be
noted that the concentration of free radicals in the poly-
mer matrix is constant and does not change during the
measurement, and signal change is due to the interaction
with Os. The intermediate result obtained for the air is
also consistent with previous assumptions, because the
percentage of O in air is ca. 21%, which is intermediate
between pure O2 and pure Ns.

Figure 5 shows the time courses during the gas ex-
change: N5 into O3 and Os into Ny, respectively.

Time courses during gas exchanges: No/O5 and O5 /Ny
were recorded in order to determine the rate of change
of the ESR signal. Figure 5 shows a decrease in ESR
signal because of Oy interaction with PANI. However,
in contact with No, it shows the opposite trend, that
is, during Os leaching, the ESR signal of the polymer
will increase, because the free radicals are released from
the interaction with the O molecules. Rates of these
changes are very fast, as indicated by the practically ver-
tical curve. Figure 5 shows that the O, is released from
the membrane material in two stages. The first stage
is fast, which means that O5 undergoes physical adsorp-
tion in PANI. The second stage is slower and proves that
part of O2 molecules also undergoes chemisorption in the
membrane material.

5. Conclusion

After the studies, it can be concluded that the ideal
coefficient can give only an approximate image of the sit-
uation — if the values are low, the study most probably
confirms this fact. Unfortunately, even if the calcula-
tions show that the ideal coefficient is high, there exists
probability that studies will not confirm that. For the
best of all tested materials, i.e. PANIgp,, experimental
results are only about half of the expected one based only
on the estimated value of ideal selectivity coefficients. It
can be stated that high values of ideal membrane selectiv-
ity coefficients are desirable and necessary condition but,
unfortunately, in our opinion they are not a sufficient in-
dicator to evaluate the real selectivity of the membranes.
In case of strong interaction between membrane material
and permeate, it should be regarded only as the first, nec-
essary step for further detailed evaluation of membrane
separation properties.
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