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Abstract: A series of new polyamides (PAs) has been
prepared from a Troeger base-bridged diamine (TB), 2,8-
diamino-4,10-dimethyl-6H,12H-5,11-methanodibenzo[1,5]-
diazocine and different commercially available diacid
monomers via the conventional polycondensation
method. Dense membranes were prepared from the PAs by
solution casting and solvent evaporation techniques. The
synthesized PAs showed high glass transition temperature
(283-290°C), 10% weight loss up to temperature 431°C in
air, and tensile strength up to 91 MPa. The PA membranes
showed higher permeability than some commercially used
glassy polymers (P, up to 109 and P, up to 21 Barrer) and
permselectivity (P, 7 P, upto53.7 and P, /P, upto7.52)in
comparison to mangzl other PAs published in the literature.

Keywords: dielectric constant; gas transport properties;
polymer membranes; solubilityselectivity; Troeger’s base-
bridged polyamides.

1 Introduction

In recent decades membrane technology has been sparked
into a substantial research area in material design and
development due to its technical advantages such as
simple operation, energy savings, the flexibility of raw
materials in membrane fabrication and scale up and tai-
loring (1-3). The potential application of this technology
includes removal of CO, from non-polar gases (CH, and
N,), natural gas upgrading, natural gas sweetening (CO,/
CH4) and N, or O, enrichment of air, are the key issues of
environmental friendly and sustainable development for
the next several decades (1, 3, 4). The key parameters for
membrane separation performances are permeability
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coefficients (P), the selectivity (o) and stable long-term
separation properties. Thus, new membrane materials
are required for higher gas throughout by improved per-
meability and selectivity (5). A polymer with a high frac-
tional free volume (FFV) reduces the membrane area and
the energy for a given volume of gas cause significant
inter-chain separation thus, increase permeability and
greater size selectivity could be obtained by increasing
polymer chain rigidity and penetrant solubility selectiv-
ity value (6). But, polymeric membranes suffer from an
obvious trade-off between the desired permeability and
selectivity, as quantified by Robeson upper-bound rela-
tionship in 2008 (7). Nowadays, CO, has been considered
as the largest and fastest growing contributor to climate
change. As a result, industrial and academic research has
been focused to design new polymers with improved CO,
separation performances from power plants flue gases (3,
8). The number of CO, removal plants using commercial
membranes is still rather limited, through research in the
field is very active, and a large number of polymers have
been developed (8, 9).

Aromatic polyamides (PAs) has been known as a
super engineering plastic due to their excellent thermal,
mechanical, corrosion resistance properties and are
widely used in membrane-based gas separation indus-
tries. The main difficulty for traditional PAs and com-
mercial material like Matrimid® and cellulose acetate are
their low gas permeable with low-free-volume, although
they possess high selectivity for most of the gas pairs
(10-14). Recently, polymers of intrinsic microporosity
(PIMs) were discovered which consist of rigid and con-
torted macromolecular structure which ensures high free
volume and are rapidly expanding a class of solution-
processable amorphous polymer (15-17). Different types
of PIMs polymers with a bulky and kinked structure like
spirobisindane (18), triptycene (19), Troger’s base (20, 21)
have been reported. To develop PIMs for use in gas sepa-
ration membranes, Troger’s base (TB) and its structural
analogous are of regular interest as molecular building
blocks for polymer preparation. TB-based PIMs exhib-
ited the state-of-the-art performance in gas separation
applications. TB is a bridge bicyclic diamine 2,8-dimethyl-
6H,12H-5,11-methanodibenzol[b,f][1,5]diazocine (21). It is
well-known that N-containing functional groups present
in polymers could enhance the affinity of CO,. As a result
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solubility of CO, in the polymer membrane increases which
ultimately give rise to high solubility and selectivity. TB is
fairly basic in nature, the in-built alkaline nitrogen atoms
of tertiary amines in the TB unit contribute to the affinity
between CO, molecules and the polymer membrane (22).
McKeown et al. synthesized rigid-bridged and non-
planar bicyclic ladder-type TB polymer (e.g. PIM-EA-TB,
PIM-Trip-TB and PIM-B Trip-TB, etc.). Those TB-based
membranes had excellent gas permeability and remark-
ably high gas selectivities for O,/N, gas pairs (23). Jin et al.
constructed TB-derived microporous polyimides and
copolymers, which show high-performances gas separa-
tion (20, 24). Lee et al. prepared TB-based PIM-PIs and
reported gas transport properties (16, 25, 26). Recently,
McKeown et al. reported a series of PIM-TB-PI derived
from the methyl group containing TB diamine monomer
(4MTBDA) for gas permeation measurements (27). The
inclusion of rigidity and kink structure of the TB unit into
the polymer backbone imparted intrinsic microporosity
and improved the overall gas transport performance.
Although, a few TB-based polyimides of intrinsic
microporosity (PIM-PIs) have been reported in the lit-
erature, TB-based PAs for membrane-based gas separa-
tion have not yet been reported. TB-derived polymers are
designed to enhance the rigidity of the whole backbone
and thus achieve improved performance. TB units with
intrinsic microporosity combined with rigid polyamides are
expected to provide good permeability and high permse-
lectivity. Accordingly, a TB-derived diamine 2,8-diamino-
4,10-dimethyl-6H,12H-5,11-methanodibenzo(1,5]-diazocine
was synthesized according to a previous report (28). TB-
based polyamides were successfully synthesized through
a polycondensation reaction of TB diamine with four dif-
ferent diacids. The polymers have been well characterized,
and their gas transport properties have been investigated.

2 Experimental section

2.1 Materials

4.,4/'-(Hexafluoroisopropylidene)bis(benzoic acid) (HFPA)
(98%), isophthalic acid (98%), 2,6-naphthalenedicarbo-
xylic acid (99%), 4,4’-oxy(benzoic acid) (99%), 2-methy-
4-nitroaniline (99%), trifluoroacetic acid, Pd/C, triphenyl
phosphate (TPP) were purchased from Aldrich (USA). N,
N-dimethylacetamide ~ (DMAc), 1-methyl-2-pyrolidine
(NMP), pyridine, NaOH, and CaCl, were purchased from
E. Merck, India. Methanol was purchased from SD Fine
Chemicals, India. DMAc and NMP were dried using NaOH
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and distilled from P,0, before use. Pyridine was purified
by distillation after being stirred with NaOH. 2,8-Diamino-
4,10-dimethyl-6H,12H-5,11-methanodibenzol[1,5]-diazocine
was prepared according to the reported procedure (28).

2.2 Characterization methods

The carbon, hydrogen and nitrogen contents of the com-
pounds were analyzed by the pyrolysis method using a
Vario EL (Elementar, Germany) elemental analyzer. The
attenuated total reflection mode Fourier transform infra-
red (ATR-FTIR) spectra of the polymer membranes were
recorded using a NEXUS Nicolet Impact-410 spectropho-
tometer. 'H NMR spectra of the polymers were recorded
using a Bruker 600 MHz instrument (Switzerland) by
dissolving the desired quantity of the samples in differ-
ent deuterated solvents, e.g. DMSO-d, or pyridine-d, at
30°C. The inherent viscosities (n_,) of all the polymers
were measured using an Ubbelohde viscometer at a
polymer concentration of 0.5 g dl-'in DMAc at 30°C. The
wide angle X-ray diffractometry (WAXD) of the polymers
were conducted in reflection mode at room temperature
using a Rigaku, Ultema III X-ray diffractometer. The Cu
Ko (0.154 nm) radiation source was used and a scan-
ning range of 5-40° (20) was employed with an intensity
beam of 40 kV and 40 mA. The value of the amorphous
peak maxima (dspacmg) was calculated utilizing Bragg’s
law (d=nA/2 sin®). TA instrument Q20 differential scan-
ning calorimetry (DSC) was performed at a heating rate
of 20°C/min to determine the glass transition tempera-
ture (Tgs) of the polymer. The T, of the polyamides were
determined from the midpoint of the step transition in
a second heat scan under a nitrogen atmosphere. A TA
instruments TA Q50 instrument was used to perform
the thermo gravimetric analysis (TGA) of the polymers.
The polymer samples were dried at 160°C for 24 h under
vacuum before performing TGA. The dried samples were
heated from 50 to 800°C at a heating rate 10°C/min under
synthetic air (N, : O, is 80 : 20). Mechanical properties of
the membranes were measured using a Universal Testing
Machine UTM H5KS Tinius Olsen, equipped with 50 N
load cell and a strain rate of 5% min-! of the specimen
length at 30°C. Rectangular specimens of 10 mm width,
with an effective length of 25 mm (distance between the
clamps) and a thickness of around 63-77 um were used
for the measurement. At least four specimens of each
sample were used for each measurement, and the average
values were reported. The dielectric constant (¢) values
were calculated using a HIOKI 3532-50 LCR Hi Tester.
The capacitance values of the polymer membranes were



DE GRUYTER

measured using the parallel plate capacitor method, at
1 MHz at 30°C and relative humidity 45. The densities
(p) of the PA membranes were determined by Archime-
des’ principle using a Wallace High Precision Densim-
eter-X22B (UK) at 30°C. The samples were sequentially
weighed in air and high purity isooctane at 30°C. The
fractional free volumes (FFV) of the polymers were deter-
mined by the following equation [1]:

FFV=(V -1.3V,)/V [1]

where, V is the specific volume (V=1/p) of the polymer
determined from the measured density. The van der Waals
volume (V) was estimated by the Hyperchem computer
program, version 8.0 (29).

2.3 Synthesis of TB-based polyamides

The polyamides (PA “I”-“IV”) were synthesized by the
polycondensation reaction of an equimolar amount of
the Troeger base-bridged diamine with four different aro-
matic diacids, using NMP as a solvent and in the pres-
ence of TPP and pyridine as a condensing agent. As a
representative, the polymerization of one of the polyam-
ide PA “I” is described here. A three-neck round bottom
flask equipped with a nitrogen inlet and a refluxed con-
denser was charged with 0.44 g TB (1.57 mmol), 0.616 g
HFPA (1.57 mmol) and 0.36 g calcium chloride. To that
flask 5 ml NMP, 1.4 ml pyridine and 1.4 ml triphenyl phos-
phate (TPP) (5.34 mmol) were added. The mixture was
heated to 110°C for 6 h under constant stirring. The highly
viscous reaction mixture was cooled to room tempera-
ture and slowly added to 300 ml methanol with constant
stirring. A fibber like precipitate was obtained. The white
fibrous polymer was filtered and washed with methanol
followed by distilled water (hot and cold) to remove any
adsorbed solvent and CaCl,. The polymer was dried over-
night at 120°C under vacuum; then PAs were prepared by
a similar polyamidation reaction of TB with three other
dicarboxylic acids.

The analytical details of the polymers are given below:

{@@"?

L H,F.N,0,(636.59 g mol )): C, 64.15%; H
4, 12% N 8.80%; O 5. 03% F 17.91%. %; found: C, 64.21%;
H, 4.14%; N 8.84%; O 5.01%; F, 17.87%. FTIR (KBr, cm"):
3302 (N-H stretching), 2947 (aromatic C-H stretching), 1656
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(>C=0 stretching). 'H-NMR: SH(ppm) (600 MHz; pyridine-d,;
Me,Si): 11.06 (s, 2H, amide protons), 8.28 (d, ] =7.8 Hz, 4H,
H®), 7.76 (m, 4H, H" H?), 751 (d, J=7.2 Hz, 4H, H"), 4.59 (d,
J=12Hz, 2H, H3), 4.31 (s, 2H, H*), 4.15 (d, ] =12 Hz, 2H, H°),
2.43 (s, 6H, H?).

St~

PA “II”

Anal. calcd for C,H,N,0, (502.56 g mol-"): C, 74.09%; H,
5.21%; N 11.15%; O 9.55%. %; found: C, 74.03%; H, 5.26%;
N 11.13%; 0 9.57%. FTIR (KBr, cm?): 3286 (N-H stretching),

2946 (aromatic C-H stretching), 1637 (> C=0 stretching).

3
Nﬁ —C C
I\‘I N
H CHs PA 111" n

Anal. calcd for C,,H,N,0, (410.47 g mol -"): C, 73.15%; H,
5.40%; N 13.65%; O 780%. %; found: C, 73.17%; H, 5.36%;
N 13.66%; O 7.85%. FTIR (KBr, cm1): 3295 (N-H stretching),

2938 (aromatic C-H stretching), 1653 (> C=0 stretching).

Megrepmect:

Anal. calcd for C,H,N,0, (460.53g mol"): C, 75.63%;
H, 5.25%; N 12.17%; O 695%. %; found: C, 75.60%; H,
5.23%; N 12.21%; O 6.98%. FTIR (KBr, cm'): 3286 (N-H
stretching), 2943 (aromatic C-H stretching), 1645 (>C=0

stretching).

2.4 Membrane fabrication

PA membranes were prepared by solution casting. The
homogenous polymer solution was prepared by dissolv-
ing the polymers in DMAc at a concentration of 10% (w/v).
The polymer solutions were filtered and poured into Petri
dishes. The Petri dishes were placed in an oven at 80°C
overnight, followed by slow heating to 150°C and kept for
6 h to remove most of the solvent. The membranes were
further vacuum dried at 150°C for 48 h. The membranes
were removed from the Petri dishes by immersing them in
boiling water. The membranes obtained were dried under
vacuum at 120°C for 8 h to remove any absorbed moisture.
The thickness of the membranes ranged from 63 to 77 um.



286 —— S.Bisoietal.: Gas separation properties of Troeger’s base-bridged polyamides

2.5 Gas permeation measurements

The gas permeability of the PA membranes were investi-
gated using permeation test system PTS 50F-16M manu-
factured by Indian High Vacuum Pumps (India). The
membranes were degassed in the permeation cell under
high vacuum at 35°C for at least 24 h. The pure gases
(excel grade) were pressurized (3.5 bar) on the membrane
in the following order to avoid plasticization: CH,, N,, O,
and CO,. Gas permeability coefficient (P), diffusion coef-
ficients (D), solubility coefficients (S), ideal diffusibility
selectivity (o)) and ideal solubility selectivity (o) were
calculated according to the reported procedure (4, 10).

3 Results and discussion

3.1 Synthesis of polymers

A series of new aromatic polyamides PA “I”-“IV” were
prepared by phosphorylation polyamidation reaction of
TB with different commercial diacids using TPP and pyri-
dine as condensing agent as shown in Scheme 1 (30). The
polymerization yield was nearly quantitative. The inher-
ent viscosity (Table 1) of the polymers in DMAc ranged
from 0.85 to 1.13 dl/g. Membranes prepared from solu-
tion casting were tough and flexible. The elemental (C,
H, N) composition of the polymers were checked by the
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pyrolysis method and were in good agreement with the
calculated values from the polymer repeat unit structures.
The formation of the polymers were confirmed by FTIR-
ATR and 'H NMR spectroscopic methods. The FTIR-ATR
spectra of these polymers exhibited the characteristic
absorptions bands at 3280-3320 and 1636-1659 cm ! that
correspond to characteristics >N-H and >C=0 stretching
(31). The structures of the PA “I” were also verified by 'H
NMR spectra (Figure 1). The peaks appeared at 11.06 ppm
corresponds to the amide proton that supports the forma-
tion of the amide linkages. All the polyamides are soluble
in polar aprotic solvents, such as NMP, DMAc and DMF, at
room temperature. However, except PA “I” (containing 6F
group), other polymers showed poor solubility in pyridine
solvents, due to the strong inter chain interactions and
efficient packing of the polymer chains of amide linkages.

3.2 Molecular packing

WAXD diffraction patterns were measured to investi-
gate the polymers chain packing. Figure 2 represents the
WAXD diffraction patterns of the polyamides and the
packing parameters of WAXD are summarized in Table 1.
The broad spectra suggests the amorphous nature of
the polyamides. The center of the broad peak in the dif-
fraction pattern of WAXD was used to calculate average
intersegemental spacing or dspacing between the chains,
calculated by Bragg’s equation (16, 32). All PA membranes

CHj3
NW NH, + HOOC—Ar—COOH
HoN N
& NMP
H CaCl,
Pyridine/TPP
110°C/6 h
e
Nw —C—Ar—C
ITI N
H CH3 n
PA “I"—“1V”

Scheme 1: Synthesis of the polyamides (PA “I”-“IV”).
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Table 1: Physical properties and packing parameters of the
polyamides.

Polymer n,, Density® 20() d_ A v, (cm? FFV'
(dl/g)? mol-?)¢

PA “I” 0.85 1.10 16.4 5.3 333 0.245

PA “II” 1.07 1.07 19.1 4.6 278 0.229

PA “llI” 1.04 1.14 20.1 4.4 228 0.168

PA “Iv” 1.13 1.15 20.0 4.4 255 0.166

M,,» Inherent viscosity at 30°C. *Density (g cm~?) measured at 30°C.
€20, Diffraction position. ddsp, Intersegmental distance between the
polymer chain obtained from the Bragg equation. ¢V , Van der Waals
volume. fFFV, The FFV values of the PAs determined experimentally.

had two broad diffraction peaks, ranging from low angel
side to high angel side. For PA “I”, PA “III” and PA “IV”
peaks located at low angel 26=16.7°, 19.7 and 19.8° can
be assigned to the main inter chain distance in the amor-
phous domain. The peaks located at the high angel side
20=22.6°,24.6 and 25.7° can be assigned to the n-n stacking
of aromatic rings or the interchain distance in the ordered
domain or the lose stacks in the polymer chains. PA “II”
showed only a broad amorphous halo peak in WAXD at
20=19.1°, representing typical amorphous morphology
(33). Different diffraction patterns in WAXD provides an
idea of free volume distribution and morphologies apart
from the free volume. Different free volume morpholo-
gies arise from the structural differences of the PAs which
attributed different gas permeability (34).

3.3 Thermal properties

The glass transition temperature (Tg) of the polymers
(Table 2) were found to be in the range of 283-290°C,
depending on the diacid components (Figure 3). The T,
values were according to the decreasing order of stiffness

1,2 7

CHs

Amide proton

S
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of the polymer chains. The lowest T, was observed for the
PA derived from the diacid with flexible isopropylidene
units (6F). The polymers with rigid substituents restricted
the free rotation of the polymer chain and showed a
higher T_compared to that of the other polymers. The rigid
naphthalene containing polymer backbone exhibited the
highest T, value (290°C). The thermal stabilities of the
polymers were evaluated by thermogravimetric analysis
(TGA) in an air atmosphere (Figure 4). Their decomposi-
tion temperatures (10% weight loss) for the PAs were in
the range of 343-431°C, and the maximum decomposition
temperatures were in the range of 431°C.

The mechanical properties of the PA membranes
are listed in Table 2. The membranes showed a tensile
strength in the range of 66—-95 MPa, an elongation at break
in the range of 5.5-7.9% and a tensile modulus in the range
of 1.9-2.6 GPa.

3.4 Gas permeation properties

The gas permeability of the PA membranes was tested for
four gases CH,, N,, O, and CO, at 35°C with a feed pres-
sure of 3.5 bar. The gas permeability coefficients (P) and
ideal selectivities (o) are shown in Table 3. p-Values
were measured from the steady-state region of the down-
stream pressure-time curve by using the constant-volume/
variable-pressure technique. The order of gas perme-
abilities for all PA membranes follow the following order:
P(CO,)>P(0,)>P(N,)>P(CH,). This order is the reverse
order of their kinetic diameters (o) of the gases (A): 3.3 for
CO,, 346 for 0,, 3.64 for N, and 3.8 for CH,, representing that
the gas permeabilities decrease with the increase of kinetic
diameter of gases, and the same trend was observed in other
glassy polymers (36). For each gases, the gas permeability
increases in the order of PA “IV” < PA “III” < PA “II” < PA “I”.
The CO, permeability of the membranes were in the range

1.0 9.0 85 8.0 7.5 7.0 6.5 5.0 4.5 4.0

1 (ppm)

Figure 1: 'H-NMR spectrum of PA “I” in pyridine-d, (*signals at 8.74, 7.59, and 7.22 ppm are for pyridine).
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PA “I”

Intensity (a.u.)

PA “II”

PA “IV”
T

10 15 20 25 30 35
26 (%)

Figure 2: WAXD diffraction curves of the polyamide membranes.

Table 2: Thermal, mechanical and electrical properties of the
polyamides.

Polymer T (°C)* T,(°C)° T.S. Modulus Elongation &
(MPa): (GPa)! at break (%)®

PA “I” 283 431 66 1.93 5.5 2.07

PA “II” 284 356 79 2.17 5.7 2.17

PA “III” 285 365 69 2.19 6.7 2.39

PA “IV” 290 351 90 2.6 7.9 2.29

3Glass transition temperature determined by DSC, heating rate at
20°C/min. ®10% Degradation temperature was measured by TGA
under air, heating rate at 10°C/min. <Tensile strength. ‘Young’s
modulus. ¢Percent of elongation at break. ‘Dielectric constant (¢) at
1 MHz frequency and 30°C temperature.

Endothermic

:

Heat flow (W/g)

PA “1II”

PA “TV™

T T T
250 275 300

Temperature (°C)

T
200 225

Figure 3: DSC curves (2" heat scan) of the polymers (heating rate:
20°C min-Y).
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1004 ——PAT”
——PA“II”
——PA “II”
30 4 PA “IV”
§ 60 1
=
3 40
9] -
=
20
0

T T T T T
300 400 500 600 700

Temperature (°C)

T T
100 200 800

Figure 4: TGA thermograms of the polymers in air (heating rate:
10°C min-Y).

of 86-109 Barrer. These values are much higher than com-
mercial polyimide Matrimid® (PCO =8.7). The methyl groups
present in the TB unit of the polgrmer help to increase the
distance between the polymer chains and to increase the
permeability (18). Gas permability of the membranes
strongly depends on average interchain spacing (dspadng)
and FFV as can be seen from Table 3. Chemical structures
of the polymer have a significant influence on permeabil-
ity. PA “I” containing large bulky 6F groups exhibited a
relatively higher permeability. Interchain spacing is used to
measure the openness of the polymer backbone, i.e. FFV
and is comparative to the permeability. The presence of
TB units in polymer backbone improves the permeability,
compared to the analogous 6F group (same acid part HFPA)
containing polymer membranes like PA 9B and PA “S2” (37,
38). The permeability of PA “II” is greater than those PA “III”
and PA “IV”, due to the incorporation of flexibility into the
polymer chain through ether linkages. The PA “III” showed
higher permeability than PA “IV” due to the unsymmetrical
structure of the acid moiety, except CO, gas. The PA “IV”
exhibited lowest permeability for all the gases due to higher
chain packing density, as evident from its FFV and dsp;ching
values (Table 1). For amorphous polymer systems, the gas
permeability can be approximately correlated with FFV by
the following equation P=Ae?"") where, the parameters
A and B characteristic of each gas (10, 11). The PAs in the
present investigation also satisfactory follow the same trend
(Figure 5). According to the free volume theory, the higher
is the free volume in polymer matrix the higher will be the
available space for a gas molecule to diffuse. FFV and dif-
fusitivity both increases by the introduction of side methyl
groups in m-position of the amide bond. This group hinders
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Table 3: Gas permeability coefficients (P) in Barrer and permselectivities () of the polyamides, at 35°C, 3.5 bar (data from film aged for
10 days) and their comparison with other commercially available and reported polymers.

Polymer Polymer structure P(CO,) P(0,) P(N,) P(CH) o(CO,/CH) o(0,/N,) Ref.
PA “I” CHy Ho CFy 0 109.1 21.6 2.87 2.17 50.3 7.52 a
ﬁ e,
PA “II” CH; H O 0 92.2 18.3 2.54 1.97 46.8 7.20 a
N L9 2
L o004
i CH;
PA “111” CH, HO 0 84.7 16.8 2.33 1.75 48.4 7.21 @
NONAYEA
¥ ¥ .
H CH,
PA “Iv” CH; H O 86.4 14.1 2.16 1.61 53.7 6.52 a
L0 d
LH CH Oln
PI-TB-2 ¢ CHy Q o) O CH, 55.0 14.0 2.50 2.10 26.0 5.48 (16)
i [¢] ¢] N
CH, CH,
TBDA1-6FDA-PI 155 28.0 6.50 3.30 46.9 3.90 (20)¢

Q CF 7
N— ;\:N
™ O CF3 >
0 Y N n
TBDA1-SBI-PI -9 N o 895 190 350 45.0 19.7 5.40 (24)¢
oo -
4 QOIS0

PI-TB-3 o cH Q CF, O cH 218 42.0 9.50 6.70 32.7 4.50 (25)¢
N.

O OO OC)
- N|
L 0 0 4n

PI-TB-4 cocy O cH 4 13.5 3.50 1.30 1.00 13.5 2.80 (25)¢
OO OO
1 N N w
1 0 0 In

PI-TB-5 ~ oy Q 0 O cu, 19.6 4.90 1.90 1.70 11.5 2.60 (25)¢
1O 0 OO
- N
L 0 o n

Matrimi-d® Q 0 o 8.70 1.90 0.27 0.24 36.0 7.00 (35)
otog-0-ol
0 0

Ultem® Q 9 1.33 0.41 0.05 0.03 36.90 8.00 (4)
Ko OTo 0o
0] 0 !

Extem® 3.28 0.81 0.13 0.13 25.20 6.20 (4)

0 0
¢
KOO0 00101,
0 0
Polysulf-one 9 5.6 1.2 0.18 0.18 22.0 6.00 (4
-0+0--0-01,

Gas permeability coefficient (P) in Barrer. 1 Barrer=10-° cm? (STP) cm/cm? s cm Hg.
aThis study. "Measured at 1 atm, 35°C. ‘Measured at 1 bar, 35°C. Measured at 1 bar, 35°C. ®Measured at 1 atm, 35°C.
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5
] — ] —_—
4l PA “I” PA “II” PA “III” PA “IV”’
31 .\.\.
2
Ay
= 14 A
x A
0- = CO, L Yo} AN * CH
~14
- 2 T T T T T
4.0 4.5 5.0 55 6.0
1 (FFV)

Figure 5: The dependence of gas permeability vs. reciprocal of frac-
tional free volume of polyamides for CO,, O,, N, and CH, gases.

the rotation of the polymer chains that causes less efficient
chain packing in the polymer matrix. Despite having very
high FFV of PA I, the gas permeability of this polymer was
considerably lower than many other PIMs, e.g. TBDA1-SBI-
PI (Table 3) (24). However, gas permeability depends on
many factors, e.g. type of PIMs, membrane preparation
technique, measurement technique, and applied pressure
and temperature.

The relative order of diffusion coefficient follows the
trend: D (0,)>D (CO,)>D (N,)>D (CH,). D (0,)>D (CO,)
cannot be explained by the kinetic diameter values of
these two gases. However, this trend is in order of effective
molecular diameter (def) of the gas molecules as reported
by Teplyakov and Mears (39). As d,; of O, (3.02 A) is higher
than CO, (2.89 R), the diffusion coefficient of 0, is higher.
From Table 4, it is observed that the D values for every
gases through the polymer membranes follow the order
PA “I” > PA “II” > PA “III” > PA “IV”.

Solubility coefficient of the studied gases follow
the order S (CO,)>S (0,)>S (N,)>S (CH,). The solubil-
ity of gases in a membrane is related to their critical
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temperatures (T ), as condensability depends on T . Higher
solubility of CO, into the polymer membranes reflected
from the T_(31.04°C) compares to other gases [T CH,, N,
0,=-82.3, -146.9, —118.6°C]. The TB unit in the polymer
backbone may account for the enhanced solubility of CO,.
TB contains two extra polar nitrogens (tertiary amine) that
could interact strongly by Lewis acid-base interaction with
CO, molecules having a string quadrupole moment (20).
The polar character of the amide bond also influenced the
solubility coefficient (12). Analysis of the data in Table 4
shows that permeability differences in the PA membranes
mainly comes from solubility coefficient values, rather
than diffusion coefficients. The presence of the polar
group in the polymer chain enhances intermolecular
interactions, results in a high solubility coefficient.

Analysis of the data presented in Table 3 exhibits great
improvements in gas separation results, in particular, for
the gas pair CO,/CH, and O,/N,. The PAs showed improved
selectivity as compared to the commercial Matrimid® mem-
brane (35). The ideal gas selectivity follows the follow-
ing order PA “II” <PA “III” <PA “I” < PA “IV”. Except the
membrane PA “I”, the “trade-off” relationships between
P and o follows the same order. The presence of 6F group
in PA “I” restricted the segmental motion more, which in
turn increases the selectivity. The selectivity coefficients
of CO,/CH, and O,/N, were in the range of 48.4-53.6 and
6.5-7.5. High selectivity for CO,/CH, and O,/N, gas pairs
were due to amide bonds which introduce intramolecular
rigidity by densifying the polymer chain (12).

Diffusivity and solubility coefficients for the PAs are
shown in Table 4. As expected, compared to diffusivity
values, solubility values are much higher. The gas diffu-
sivity selectivities of uncondensable gas pairs (0,/N,) of
PAs were in the range of 3.6-4.8, and its solubility.

Selectivites were in the range of 1.5-1.8. So, judging
from the result for O,/N, gas pairs permselectivity values,
the main contribution factor could be diffusivity selec-
tivity, as O, and N, gas molecule has less affinity with
the polymer matrix. The increased selectivity of PA “IV”
could be due to the restricted segmental motions. The

Table 4: Gas diffusion coefficients, D (10~ cm?/s), solubility coefficients (S) in (10-2 cm? (STP)/(cm® cm Hg)), diffusivity selectivity (o)) and

solubility selectivity (o) values of the polyamides.

Polymer co, 0, N, CH, CO,/CH, o,/N,

D s D s D s D s o, o o, o,
PA “I” 72 151 878  2.46 1.8 159  1.61 134 447 1126 487 154
PA “11” 6.63 13.9 8.09 2.26 1.67 1.52 1.62 1.21 4.09 11.48 4.84 1.48
PA “IlI” 7.0 12.1 8.70 1.93 1.83 1.27 1.56 1.12 4.48 10.80 4.75 1.51
PA “IV” 6.69 129 677 208 186 116  1.51 1.06 443 1216  3.69 179
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Figure 6: The dependence of gas permeability vs. dielectric con-
stant of the polyamide membranes for C0,, 0,, N, and CH, gases.

gas diffusivity selectivities of (CO,/CH,) gas pairs of PAs
were in the range of 4.09-4.48, and the solubility selec-
tivites were in the range of 10.8-12.1. The analysis of the
data reveals that permselectivity of (CO,/CH,) has mainly
originated from solubility selectivites, as CO, has a strong
interaction with the polymer matrix. The increment of the
separation performances of (O,/N,) gas pairs indicates
that separation of this gas pair depends on size selectivity
based principle as they have small differences in kinetic
diameters between the gas molecules.

Introduction of TB units into the polymer matrix sig-
nificantly increases in selectivity with moderate permeabil-
ity. The PAs under this investigation showed a decrease in
permeability for all gases in comparison to the TB-bridged
polyimides reported by Jin et al. (20). However, the present
PAs showed an increase in selectivity for CO,/CH, and O,/N,
gas pairs. According to Jian et. al. permeability of TB poly-
mers mostly comes from solubility (S), as it is directly
related to the polymer structure (22). The experimental data
from Table 4 also indicate the same result. In CO,/CH, sepa-
ration, solubility selectivity mainly dominated due to the
Lewis acid-base interaction between the CO, molecule and
the TB unit. McKeown et al. also reported the same behav-
ior for the TB polymer. They described selectivity being pri-
marily due to the much higher solubility of CO, (solubility
selctivity) rather than selectivity based on diffusivity (21).

Matsumoto et al. (40) and Miyata et al. (41) reported a
linear relationship between the dielectric constant (¢) and
CO, and CH, permeabilities for several polymers. Miyata
et al. also showed a linear relationship between perme-
ability and the diffusion coefficient with ¢ in 6FDA based
polyimides (41). The PAs under this investigation showed
a linear relationship between P and ¢ (Figure 6). From the
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Table 4, it can be seen that the ¢ of the PAs varied from 2.07
to 2.39 in 1 MHz. The order of ¢ was PA “I” <PA “II” <PA
“III” <PA “IV”. PA “I” containing [> C(CF3)] showed the
lowest ¢ value due to highest fluorine content (13).

3.5 Comparison with other commercially
available polymers and previously
reported polymer membranes

The gas separation performance of the PAs is plotted
graphically in Figures 7 and 8, respectively. In the graph,

100
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™~

Selectivity O,/N,
v

@ PA“T” @ PA“II” @PA“III” @ PA“IV” 3 PI-TB-2
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® PI-TB-4 * PI-TB-5 % 6FDA-1,4-trip_CF;
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Figure 7: Relationship between gas permeability (P) and gas pairs
selectivity (o) for 0,/N, separation in Robeson upper bound plots.
Data points of structurally similar polymers and other commercially
available polymers also reported.
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Figure 8: Relationship between gas permeability (P) and gas pairs
selectivity (o) for CO,/CH, separation in Robeson upper bound plots.
Data points of structurally similar polymers and other commercially
available polymers also reported.
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permselectivity for the important gas pairs, CO,/CH,,
0,/N, plotted as ordinate, and P(CO,), P(0,) plotted as
abscissa. The solid line in the graph represents the Robe-
son’s 2008 upper bound. In the permeability-selectivity
plots, the data points for all the PAs in this study along
with some recently reported structurally similar poly-
mers (16, 20, 24, 25, 42) and a few typical commercial
membranes (e.g. Matrimid®, Ultem®, Extem® and Poly-
sulfone) are included for better comparison. These plots
can be used as a universal performance indicator for the
separation of two gases. It can be seen from these plots
that the PAs in this investigation showed an improve-
ment in gas separation performance compared to many
commercial reported polymers. The results further indi-
cate that methyl substitution and amide bonds in the
polymer backbone effectively improved the selectivity of
the resulting polymer membranes (25). The performance
of these membranes for gas separation properties fall in
the attractive region of Robeson’s upper bound. The per-
meability/selectivity trade-off data of the membrane for
the gas pairs exceed those conventional polymers, and
outperformed other reported polymers (24).

4 Conclusions

A series of new TB-bridged PAs has been designed and
synthesized. A general method is reported for the syn-
thesis of conventional PAs using diamine and with four
different diacids. The membranes were prepared by the
solution casting method and tested for gas permeability
measurements. In general, the TB unit in the PAs backbone
enhances the gas permeability and in particular, increases
the permselectivity of CO,/CH, and O,/N, gas pairs. System-
atic investigation and analyses of the correlation between
molecular packing and properties of the PAs match nicely
with the gas permeation results. The pure gas selectivity
has improved up to 53 for CO,/CH, gas pairs. The PAs pro-
vides notable data points regarding the position about the
Robeson upper bound. This straightforward and efficient
strategy may be readily applied toward preparing of a tech-
nologically competitive polymer membrane for CO, pro-
ductivity with low cost and high energy efficiency.
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