Gas Transport Properties of Polyaniline Membranes
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SYNOPSIS

The transport properties of He, Hy, CO,, O,, N, and CH, gases in solvent cast, HCI doped,
and undoped polyaniline (PANi) membranes were determined. Measurements were carried
out at 40 psi pressure from 19°C to 60°C. An excellent correlation was found between the
diffusion coefficients and the molecular diameters of gases. The solubility coefficients of
gases were found to correlate with their boiling points or critical temperatures. The sepa-
ration factors for CO,/N, and CO,/CH, are dominated by the high solubility of CO,. These
correlations enable us to predict the permeability, diffusion, and solubility coefficients of
other gases. After the doping—undoping process, the fluxes of gases with kinetic diameters
smaller than 3.5 A increased but those of larger gases decreased. This results in a higher
separation factor for a gas pair involving a small gas molecule and a larger one. © 1996 John

Wiley & Sons, Inc.

INTRODUCTION

Gas separation by polymer membranes has been the
subject of intense research activities.! Polyaniline
(PANIi) has attracted attention recently because it
has been reported to have very high gas separation
efficiencies.?”* Of particular interest was the obser-
vation that the morphologies of PANi membranes
can be tailored after film formation through doping~
undoping processes.>® The nature of the dopant and
its concentration was found to affect gas perme-
ability of the membrane and its separation effi-
ciency.”®

In many previous publications, only the perme-
ation coefficients were reported. In order to acquire
a better understanding of the structure factors which
influence gas permeation, it is necessary to resolve
the permeation coefficient into its two components,
namely, the diffusion coefficient and the solubility
coefficient. In this paper we report the results of
such an investigation. The dependence of diffusion
and solubility coefficients on the properties of the
gases and the polymers were analyzed. We also found
that the undoping process increased the permeabil-
ities of gases having kinetic diameters smaller than
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about 3.5 A but decreased the permeabilities for
gases having larger sizes.

EXPERIMENTAL

Materials

PANIi was prepared by the oxidative polymerization
of aniline® (Aldrich Chemical Co., USA). Aniline (0.4
mol) was dissolved in 500 mL 1N HCI, and the ox-
idant, ammonium persulfate (Aldrich Chemical Co.,
0.1 mol), was dissolved separately in 500 mL 1N
HCI. Both solutions were cooled in an ice bath. The
oxidant solution was poured into the monomer so-
lution with constant stirring. The reaction mixture
was kept in the ice bath for 1 h, and then was brought
to room temperature and allowed to react for another
3 h.

The PANi hydrochloride salt was subsequently
isolated from the reaction mixture by filtration. The
powder was washed with an excess of 1N HCI to
remove the oxidant and oligomers. The hydrochlo-
ride salt was subsequently neutralized in 0.1N am-
monium hydroxide for 12 h to obtain the base form
(structure a in Fig. 1). The PANI base was washed
with excess ammonium hydroxide and with water,
and rinsed with diethyl ether. The powder was dried
in a vacuum oven at 50°C for 12 h under nitrogen
atmosphere.
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Figure 1 Polyaniline in (a) the base and (b) the HCI-
doped forms.

N-methyl-2-pyrrolidone (NMP) (Aldrich Chem-
ical Co.) solutions of PANIi were prepared by adding
the polymer slowly to NMP with constant stirring
for 12 h, followed by filtration through 0.45-um sy-
ringe filters. The resultant solutions were placed in
petri dishes and dried for 24 h at 120°C in a vacuum
oven. Freestanding, flexible, and copper-colored
films could be peeled off from the glass substrates.
Doping was carried out by immersing the emeraldine
base film in 1M aqueous HCI to yield flexible, lus-
trous blue films of emeraldine hydrochloride!®
(structure b in Fig. 1). The samples were undoped
by treating with 1N NH,OH solution for at least 48
h to remove the halogen ions from the films.? Before
gas permeation experiments were performed, the
membranes were immersed in deionized water for 2
days and then dried for 24 h at room temperature
in a vacuum oven. This step was important to min-
imize the amount of residual casting solvent in the
films in order to obtain reproducible results. The
membranes are about 100 um in thickness.

Characterization

Thin films of PANI for ultraviolet (UV) and infrared
(IR) measurement were prepared by spinning a 5%
NMP solution on quartz and NaCl crystal windows.
The UV/Visible/near IR spectra were recorded on
a Perkin-Elmer Lambda 9 Spectrometer. The IR
spectra were measured by the use of a Nicolet 710
FT-IR Spectrometer.

A thermogravimetric analyzer (TGA, Du-Pond
Model 951) was used to measure weight losses of
PANIi powder, PANi membrane containing residual
NMP, and HCl-doped PANi film. Spectra were
scanned from 25 to 600°C with a heating rate of
10°C/min under a nitrogen stream.

Wide-angle x-ray diffractometry (Philips Model
APD-3720) was used to examine chain packing in
the as-cast PANI film and HCl-doped PANi powder.
The samples were scanned from 2 to 60° (28) at a
rate of 0.01°/s.

Measurement of Gas Permeability

Gas permeability coefficients were determined by
using the high-vacuum method.!! After both sides
of a membrane were evacuated, the permeant was
introduced to the upstream side of the membrane
at 40 psi, and was allowed to permeate to the down-
stream side (0.02 Torr). After a certain period of
time, a steady state was reached at which the amount
of gas permeated increased linearly with time. The
permeability coefficient was calculated from the
slope of the straight line. These measurements were
carried out at 19 to 60°C for He, H,, CO,, O, N,,
and CH,.

Because permeation is a solution-diffusion pro-
cess, the individual contributions to the permeabil-
ity, P, by the diffusion and solubility coefficients
can be expressed by the following equation:

P=DS (1)

where D, the diffusion coeflicient, represents the
penetrant mobility as it moves from the upstream
to the downstream face of the membrane; and S,
the effective solubility coeflicient, is thermodynamic
in nature and is influenced by the condensibility of
the penetrant, polymer—penetrant interactions, and
the amount of excess interchain gaps existing in a
glassy polymer.'2

In order to measure P and S by a single experi-
ment, the “time lag” method was used in which P
was obtained from the steady-state portion of the
permeation curve and D was calculated from the
time lag, 0, given by the relationship'®:

D = L*/66 (2)

where L is the thickness of the film. The solubil-
ity is then calculated using eq. (1) as the ratio of
P to D.

When the downstream pressure is negligible rel-
ative to the upstream pressure, the separation factor



of a membrane for a gaseous mixture of A and B
can be related simply to the permeabilities of A and
B in terms of the mobility and solubility terms, viz.,
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where aip is called the “ideal separation factor,”
and «ap and ag are the “diffusion selectivity” and
“solubility selectivity,” respectively. The ideal mix-
ture selectivity can be approximated by using the
pure-component permeabilities up to the point at
which “plasticization” of the polymer by the gas is
said to occur,'* for example, in the case of CO, dif-
fusion in polycarbonate at high pressures.'® Our ex-
periments were carried out at sufficiently low pres-
sures that the plasticization effect was believed to
be absent.

The apparent activation energies of permeation
(Ep), diffusion (Ep), and the enthalpy of solution
(AHg) were calculated from the temperature coef-
ficients of P, D, and S, respectively. These quantities
are related by eq. (4):

AHS = EP-ED (4)

The experimental errors vary with the magni-
tudes of the permeability and time lag. The esti-
mated errors in gas permeability, diffusion, and sol-
ubility coefficients are about 5 to 15% for He, H,,
CO,, and O,, and about 20 to 30% for N, and CH,.
The errors in Ep, Ep, and AHg are estimated to be
about 10% for He, H,, CO,, and O,, and about 20%
for N,.

RESULTS AND DISCUSSION

Characterizations of PANi and HCl-doped PANi

The UV/Visible absorption spectra of PANi and
HCl-doped PANi are shown in Figure 2. The ab-
sorption spectrum of PANi shows two maxima: the
one at 323 nm is assigned to the = to «* transition
of a benzenoid amine structure; and the other, at
603 nm, is due to a quinoid structure.’®!® When
PANi is doped by HC], the peak at 603 nm is trans-
formed to a free carrier tail which indicates the po-
laron band, due to the delocalization of radical cat-
ion,? extending to near the IR range.

The IR spectra of PANi are shown in Figure 3.
The N—H stretching band of PANI is located at
3290 cm™! and the aromatic C— H stretching band
at 3050 cm 1. The 1595 cm ™! and 1500 cm™! absorp-
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Figure2 The UV-vis spectra of the base and HCl-doped
PANI.

tions are assigned to vibrations of the quinoid and
benzenoid rings of PANi, respectively. The
C—N-—C stretching appears at 1303 cm™!, and the
bands at 1167 and 831 cm™! are attributed to the
aromatic C— H in plane and out-of-plane bending,
respectively.

Figure 4 shows the results of TGA measurements
of PANi powder, NMP plasticized PANi film, and
HCl-doped PANi film. The PANi powder decom-
poses at about 470°C. For the PANI film the weight
loss begins at about 100°C and reaches about 10%
at 300°C; the loss in weight in this temperature range
is primarily due to removal of the residual NMP.
Similarly, the weight loss of HCI-doped PAN:I is also
about 10% at 300°C due to the evaporation of NMP.
The films start to decompose at temperatures above
300°C.

X-ray diffraction patterns of PANi powder, HCI-
doped PANi powder, and undoped PANi film are
shown in Figure 5. The PANi powder exhibits a
broad amorphous peak at about 4.6 A (20 = 19°)
and a weak peak at about 24°. The undoped PANi
film, which may still contain a small amount of
NMP, shows only one amorphous peak at about 4.6
A; however, HCl-doped PANi powder shows a clear
diffraction peak with d spacing of 3.5 A, indicating
that the interchain alignment becomes more or-
dered. Our result is similar to the report of Chen
and Lee.?! The dominant d spacing corresponds
roughly to intermolecular chain spacing.!®
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Figure 3 The IR spectra of PANI.

Gas Transport Properties in PANi Membrane—
General Features

In Figures 6 and 7, the permeability and apparent
diffusion coefficients for the six gases (He, H,, CO,,
0;, N,, and CH,) in the as-cast PANi membrane
are shown as a function of temperature. Except for
CH,, for which there was insufficient data, linear
relationships were obtained from the Arrhenius
plots of permeability coefficients. The apparent dif-
fusion coefficient of He could not be determined
accurately in our experiment because its time lag
was too small. However, plots of In D against the
reciprocal temperature for H,, CO,, O,, and N, were
linear. The solubility coefficients of these gases,
which are the ratios of permeability coefficients to
the respective diffusion coefficients, are listed in
Table 1.

At each temperature, the permeability, diffu-
sion, and solubility coefficients were ranked as
follows:

Py, > Py, > Pco, > Po, > Py, > Pcy,
DHe > DH2 > DQ2 > Dco2 > DN2 > DCH4
Sco2 > SCH4 > So2 = SN; > SH2

The order of diffusion coefficients for these gases is
the same as that of permeability coefficients, except
for CO,, due to its highest solubility. The same trend
was also found by Rebattet and colleagues.?? Addi-
tionally, the order of Ep (Table II) is the reverse of
that of permeability coefficients; that is, high acti-
vation energies are associated with lower perme-
ability coeflicients in the temperature range of our
experiments. The same relationship holds for Ep
and diffusion coefficients except for N,, possibly due
to the less accurate value in Ej, for N,. The enthalpy
of solution is primarily dependent on gas condensi-
bility.
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Figure 4 TGA curves of PANi powder, NMP-plasti-
cized PANi, and HCl-doped PANI films.

In order to examine the effect of gas solubility on
permeability more clearly, the ideal separation fac-
tor, the diffusion selectivity and solubility selectivity
were calculated and are listed in Table II1. By com-
paring ap and ag for selected gas pairs, it can be
seen that the difference in gas solubilities dominates
the separation efficiency for the CO,/N,; and CO,/
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Figure 5 X-ray diffraction patterns of the (1) PANi
powder, (2) HCl-doped PANi powder, and (3) undoped
PANI film.
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Figure 6 Permeability coefficients of selected gases as

a function of reciprocal absolute temperature for PANi
membrane.

CH, pairs due to high CO, solubility. On the other
hand, the separation factors are primarily controlled
by the differences in diffusion coefficients for the
other gas pairs. Similar phenomena were found for
gas permeation in the poly(chloro-p-xylylene)
membrane.?

Many investigators reported correlations® be-
tween the kinetic diameters of gases and their per-
meabilities in polymers. Although such a correlation
also appears to be applicable to our results (Fig. 8),
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Figure 7 Temperature dependence of diffusion coeffi-
cients for selected gases in the PANi membrane.
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Table I Temperature Dependence of Solubility
Coeflicients for Selected Gases in the
PANi Membrane

Gas 19°C 25°C 35°C 40°C 51°C

H, 0.477 0.463 — 0.451 0.367
co, 25.1 24.90 173 159 15.7
0, 1.61 1.29 — 1.07 1.04
N, 1.154 0.890 — 0.857 0.83
CH, — - — — 1.82

Unit of solubility coefficient: 107 ¢cm® (STP)/cm® em Hg.

the correlation masks the important contribution of
solubility to permeability. In the following, the dif-
fusion and solubility coefficients are discussed sep-
arately in order to clarify the influence of the mo-
lecular parameters.

Correlation for Solubility Coefficients

The gas solubility in a given polymer generally fol-
lows the tendency of the gas to form a condensed
phase. Therefore, it is expected that gas sorption
would decrease in the order: CO, > CH, > O, > N,.
Linear relationships have been found by Van
Amerongen?* between the solubility coefficients of
various gases in natural rubber and the boiling points
of the gases, or their critical temperatures. The re-
sults can be described by the following expressions:

In S =0.028T, — 9.15 at 25°C (5)
In § =0.017T, — 9.15 at 25°C (6)

where S is the gas solubility in [cm? (STP)]/cm® cm
Hg) and T, and T, are the boiling points and critical
temperatures of the gases in °K, respectively. Plots
illustrating similar correlations for CO,, O,, N,, and
CH, in the PAN:I film are shown in Figure 9, and

the correlation egs. (7) and (8) are nearly identical
with Van Amerongen’s findings.

In S =0.026T, — 9.12 at 51°C (7
In S =0.017T, — 9.42 at 51°C (8)

From the two relationships, we estimate the He sol-
ubility coefficient in PANi to be about 1.05 X 1074
[em® (STP)]/cm® cm Hg). The diffusion coefficient
of He is then calculated from eq. (1) to be about 5
X 107° (cm?/s), which is at the limit of the accuracy
of our time-lag measurements for the film thickness
used.

Correlation for Diffusion Coefficients

Michaels and Bixler® found a relationship between
reduced diffusion constant and the reduced molec-
ular diameter for amorphous polyethylene:

In(D/d? = Ald — (¢'%/2)] + b 9)

where A and b are temperature dependent constants,
and ¢/%/2 is a dimension associated with the free
volume per unit length of the chain and is a char-
acteristic of the polymer. The quantity d is the mo-
lecular diameter of the gas, which is estimated from
ed. (10) by taking into account the possibility of the
orientation of the asymmetric molecules during the
diffusion jump,

d = d%/d, (10)

where d, and d, are molecular size parameters sum-
marized in Table IV.2®

Because ¢'/2 is a characteristic of the polymer, a
logarithmic plot of reduced diffusion constant (D/
d?) versus d should be linear with a slope of A. This
is indeed the case, as shown in Figure 10. From the
linear relation at 51°C, we determine the value of

Table II Apparent Activation Energies of Permeation, Diffusion, and Enthalpy of Solution for Selected

Gases in PANi Membranes

Membrane Gas Ep (kdJ/mol) Ep (kdJ/mol) AHg (kJ/mol)
PANi He 17.5 — —

H, 20.8 26.4 —5.60

CO, 23.5 37.3 -13.8

0, 23.8 34.2 —-10.4

N, 27.6 34.2 —6.60
HC1-PANi He 40.3 — —

H, 54.0 58.7 —4.71
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Table III Temperature Dependence of Ideal Separation Factor (ap), Diffusion Selectivity (ap), and
Solubility Selectivity (ag) for Selected Gas Pairs in PANi Membrane

Gas Pair 19°C 25°C 40°C 51°C
Separation Factor
He/N, 182 164 138 119
H,/N, 149 148 122 116
CO,/N, 30.0 39.4 30.3 28.2
0,/N, 6.67 7.06 6.33 5.78
CO,/CH, — 134 — 31.8
Diffusion Selectivity
H,/N, 362 284 232 263
CO,/N, 1.38 141 1.63 1.49
0,/N, 4.78 4.85 5.06 4.65
CO,/CH, — — — 3.67
Solubility Selectivity
H,/N, 0.413 0.520 0.526 0.442
CO,/N, 21.8 28.0 18.6 18.9
0,/N, 1.40 1.45 1.25 1.25
CO,/CH, — — — 8.63

A from the slope to be —4.9 and that of (b — A¢¥/2/
2) from the intercept to be 34.1.

Relationship between E;, and Gas Diameter

It was well established in the literature that there
existed a linear relation between In D and Ep.% If
In(D/d?) can be correlated with d, Ej should be sim-
ilarly correlated. According to the activated zone
theory,?” Ep can be expressed as the sum of an in-
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Figure 8 Relation between the kinetic diameters of se-
lected gases and their permeability through the PANi at
25°C.

termolecular term, E;, and an intramolecular term,
E,. If E; is predominant, Ep, will vary directly with
the penetrant molecular diameter. On the other
hand, E will vary with the square of the penetrant
molecular diameter, if E; is predominant.!! The lin-
ear relation between the molecular diameters of the
gases and their Eps is shown in Figure 11. The re-
sults suggest that the major contributor to Ej, is the
intermolecular force which needs to be overcome in
order to create ‘“‘holes” of sufficient size for the pen-
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Figure 9 Solubility coefficients of selected bases versus
their critical temperatures and boiling points for PANi at
51°C.
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Table IV Molecular Size Parameters for
Selected Gases

Gas d;, A* d,A* d,A° Kinetic Diameter, A

He 2.2 2.2 2.60
H, 2.7 2.7 2.89
co, 43 48 3.9 3.30
0, 3.5 3.5 3.46
N, 3.7 3.7 3.64
CH, 4.1 4.1 3.80

2 Gas diameter (from viscosity measurement).
b Maximum dimension of molecule from Sturat model.
c g — 42

d=d;/d.

etrant molecule to undergo the jump process,
whereas the E, term has only a minor effect on the
resultant diffusion properties.?” The rigidity of the
PANi chain mostly likely inhibits its bending and
renders the intramolecular energy term less impor-
tant.

Gas Transport Properties in HCl-doped PANi
Membrane

Because the permeabilities of CO,, O5, Ny, and CH,
in HCl-doped PANi are less than 0.05 Barrer at
25°C, the effect of doping on gas permeation and
diffusion as a function of temperature was studied
only for He and H,, and the results are shown in
Figures 12 and 13, respectively. The permeability
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Figure 10 Correlation of the reduced diffusion con-

stants with the molecular diameters for selected gases in
PANIi at 51°C.
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Figure 11 Relation between the molecular diameters
of selected gases and their apparent activation energies
of diffusion in PANi.

coefficient of He in PANI at 25°C was 2.78 Barrer,
but decreased to 0.32 Barrer in HCl-doped PANi.
The permeability of H, also experienced a decrease
from 2.51 to 0.12 Barrers. However, the separation
factor, o(ue/n,), increased from 1.11 to 2.67. Inter-
estingly, the solubility of H, (Table V) is not sig-
nificantly altered by doping. Therefore, the doping
process causes primarily a decrease in diffusivity.
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Figure 12 Permeability coefficients of He and H, in
PANi and HCl-doped PANI.
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Figure 13 Temperature dependence of diffusion coef-
ficients for H, in the PANi and HCl-doped PANi mem-
branes.

Furthermore, the activation energy of diffusion of
H, is also higher in the doped PANI, 58.4 kJ/mol
compared to 26.4 kJ/mol for the base film (Table
III).

A possible reason for the decreases in D values
of He and H, in doped PANI is that the free volume
per unit length, represented by ¢*/?/2 in eq. (9), has
been reduced by the doping process, or that the in-
terchain forces have been increased by the presence
of the chloride ions [Fig. 1(b)]. The change in free
volume is verified by X-ray spectra which show a
decrease in average d spacing from 4.6 A for PANi
to 3.5 A for HCl-doped PANi. The higher E,, values
are then a natural outcome of the additional energy
required for hole formation in the diffusional jump
process.

Gas Transport Properties in Undoped PANi
Membrane

The variations in gas permeabilities of PANIi after
the doping and undoping processes are listed in Ta-
ble VI. All gas fluxes decreased with HCI1 doping due
to the presence of the chloride ions which reduce
the effective free volume and/or increase interchain
forces. However, the undoping treatment produced
different results. First, it increased permeabilities
by an order of magnitude or more from the values
for the HCl-doped film. Second, when compared
with the values for the as-cast PANI film, the per-
meabilities of He, H,, and CO, appear to have in-
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Table V Temperature Dependence of Solubility
Coefficients for Hydrogen in the HC1-doped
PANi Membrane

Gas 25°C 35°C 40°C 45°C

H, 0.3048 0.397 0.577 0.485

Unit of solubility coefficient: 107% cm® (STP)/cm® cm Hg.

creased slightly, but the values for N, and CH, ev-
idently decreased. Similar results have been reported
in the literature.>3?? In grouping the gases according
to their kinetic diameters, we find a dividing line at
3.4-3.5 A. Gases with diameters smaller than 3.4-
3.5 A show increased permeability values after un-
doping, whereas larger gases show decreased per-
meabilities. It has been suggested that the distri-
bution of the free volumes in as-cast PANi was
shifted toward smaller sizes after doping and un-
doping treatments.!

Comparison of Gas Selectivities with Literature

The ideal separation factors of undoped PANi for
the selected gas pairs (Table VII) approximately
double the values of as-cast PANi because the dop-
ing—undoping process enhances the permeability of
smaller gases (He, H,, CO,) having kinetic diameters
less than 3.5 A but reduce the permeability of larger
gases (N,, CH,). Also listed in the table are the data
reported by Rebattet and coworkers?? and Kaner and
colleagues?®; our results are comparable to those of
Rebattet, but we were unable to reproduce the high
separation factors of undoped PANi reported by
Kaner.

CONCLUSIONS

Gas solubility selectivities, ag, are the major con-
tributors to the separation factors for the CO,/N,

Table VI Gas Permeabilities of Selected Gases
through PANi Membranes at 25°C

Permeability (Barrer)

Gas As-cast HC1-doped Undoped
He 2.78 0.319 3.66

H, 2.51 0.121 3.14
co, 0.67 0.034 0.771
0, 0.12 0.016 0.135
N, 0.017 < 0.005 0.01
CH, 0.005 < 0.005 —
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Table VII Comparison of Gas Permeability
(Barrer) and Selectivity Data with
Literature Values

Gas or Present
Gas Pair Kaner?® Rebattet?? Study
Undoped Film
He 11.5 — 3.66
H, 10.6 4.53 3.14
CO, 1.59 0.568 0.771
0, 0.172 0.15 0.135
N, 0.00323 0.016 0.01

CH, 0.608 0.011 —

Separation Factors ap (Undoped Film)

He/N, 3560 — 366
H,/N, 3280 283 314
0,/N, 53 9.4 13.5
CH,/N, 188 0.7 —

and CO,/CH, pairs in PANi due to high CO, sol-
ubility. On the other hand, the differences in dif-
fusion coefficients for the other gas pairs dominate
the separation efficiency.

The correlations between the solubility coefli-
cients in PANi and the boiling points of the gases,
or their critical temperatures, are nearly identical
with that found for natural rubber.

Linear relations were found between the loga-
rithmic reduced diffusion constant and gas diameter,
and between activation energy of diffusion and gas
diameter. The higher E}, value indicates more energy
required to form holes of sufficient size for the dif-
fusion of a larger gas.

As a result of doping, the interchain distance in
PANi has been reduced and the interchain forces
may be increased by the presence of chloride ions.
Therefore, D decreases and Ej, increases in doped
PANi. Additionally, the solubility of H, in PANI is
not significantly altered by doping.

The undoping process increased the permeabili-
ties of gases having kinetic diameters smaller than
3.5 A but decreased the permeability values for larger
gases.
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