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ABSTRACT: Surface modifications of copoly(4,4′-diphenylene oxide/1,5-naphthalene-2,2′-bis(3,4-dicarboxy-
lphenyl)hexafluoropropanediimide (6FDA-ODA/NDA) dense membranes were performed using ethylenediamine
(EDA), 1,3-diaminopropane (PDA), and 1,4-diaminobutane (BuDA). Chemical grafting, cross-linking, and etching
on the film surface have been verified by ATR-FTIR, UV-vis, AFM, and gel content analyses. The varying
extent of the above-mentioned types of surface modification is dependent on the nucleophilicity and molecular
dimensions of the diamines, which were computed using molecular simulation. Highly severe chemical etching
occurred with EDA modification due to its small molecular dimensions and high nucelophilicity. The greatest
degree of cross-linking was provided by PDA modification due to its favorable kinetic property and appropriate
nucleophilicity. The ideal H2/CO2 permselectivity escalated from a polymer intrinsic permselectivity of 2.3 to a
remarkable value of 64 after PDA modification for 90 min. This promising result was reconfirmed by the binary
gas tests showing a H2/CO2 permselectivity of 45 at 35°C. To the best of our knowledge, this mixed gas
permselectivity emerged as the highest ever reported for glassy polymers in the literature. However, because of
the inherent nature of the diamines modified films, direct comparison of the gas separation performances reported
in this work with the Robeson upper bound cannot be established. In short, appropriate selections of diamino
reagent and modification duration are required to cross-link the polymeric chains substantially while maintaining
the main-chain rigidity, thereby giving the desired gas separation performance of the membrane.

1. Introduction

The gradual emergence of a hydrogen-based economy for a
future sustainable environment, together with the demand for
hydrogen as a chemical feedstock from the industries, navigates
the continuous push and emphasis on hydrogen separation with
outstanding efficiency.1-4 Membrane technology competes with
other conventional separation techniques including absorption,
pressure swing adsorption, and cryogenic distillation in hydrogen
purification.1,2 Nevertheless, because of the inherent advantages
of membrane technology, there is no doubt to its major role in
hydrogen separation.1-7

Currently, hydrogen enrichment using membranes makes up
a significant portion of the overall membrane market for gas/
vapor related separations and is expected to increase over the
next few decades.4 In the year 2000, the separation of nitrogen
from air contributed almost 50% of the total membrane market
(US $155 million) while CO2/CH4 and H2 separations amount
to US $30 million and US $25 million, respectively.4 As a
forecast, the membrane market for hydrogen separation is
expected to manifest a 6-fold increment to US $150 million in
the year 2020.4 The future prospects of membrane technology
in hydrogen separation are evident.6

The separation of hydrogen from methane, nitrogen, and
argon in ammonia purge-gas streams has long been commercial-
ized, and the challenge awaiting membrane researchers is the
separation of H2 from plasticizing gases such as CO2.4 To date,
steam re-forming of methane serves as the economically favored

route for the industrial production of hydrogen as compared to
alternative methods including partial oxidation of methane and
autothermal re-forming.1,2 To improve H2 purity (decrease CO
concentration), a water gas shift reactor (WGSR) is required
downstream which operates under high- or low-temperature
modes.1,2 The main composition of the product stream from the
WGSR is 75 mol % H2 and 19 mol % CO2.1,2

Membranes that are hydrogen-rejective allow CO2 to perme-
ate preferentially. Freeman and co-workers identified that the
ether oxygen in ethylene oxide units among other functional
groups provides a good balance between high CO2 permeability
and CO2/H2 permselectivity.8-10 Lin et al. reported highly
permeable, CO2-selective membranes comprising of a copolymer
network of poly(ethylene glycol) diacrylate and poly(ethylene
glycol) methyl ether acrylate whose performance heightens with
CO2 plasticization.11 Excellent gas separation performance can
be realized, especially under low-temperature conditions. Lin
et al. reported a mixed-gas CO2/H2 selectivity of 31 at an
operating temperature of-20°C.11 Other polymeric membranes
that allow the preferential transport of more condensable gases
(CO2) have been reported by Merkel and Toy.12,13

For hydrogen-selective membranes, palladium membranes are
capable of producing H2 of high purity, but the flux is rather
inferior.1 The transport of H2 across Pd membranes occurs in
seven consecutive steps: (i) movement of H2 molecules to the
membrane surface facing the feed, (ii) dissociation of H2 into
H+ and electrons, (iii) adsorption of H+ in the membrane, (iv)
diffusion of H+ across the membrane, (v) desorption of H+ from
the membrane, (vi) reassociation of H+ and electrons to form
H2, and (vii) diffusion of H2 from the permeate side of the
membrane.1 Thin Pd membranes are necessary for higher flux.
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Therefore, attempts have been made by Athayde et al.14 and
Mercea et al.15 to fabricate a “sandwich membrane”, whereby
the metals are deposited on one or both sides of a polymeric
support. However, because of the brittleness of Pd membranes
and the considerable cost of precious Pd metal, they are not
commercially attractive.1,2 In addition, it is difficult or almost
impossible to fabricate defect-free Pd hollow fiber membranes,
which possess a larger surface-to-volume ratio due its poor
processability.

A novel approach that attempts to combine the high selectivity
of Pd with the good processability of polymers in the form of
metal-polymeric nanocomposite membranes was introduced.
However, the improvement in the gas separation performance
of metal-polymeric nanocomposite membranes remains un-
certain. Fritsch and Peinemann incorporated 15 wt % Pd within
a poly(amide-imide) matrix, and a slight enhancement in H2/
CO2 selectivity was achieved at the expense of H2 perme-
ability.16 Compton et al. fabricated hybrid Pd-polyimide
membranes (5 wt % Pd loading), and there was no enhancement
in H2/CO2 permselectivity while H2 permeability decreased as
compared to the neat polyimide films.17 The decrease in H2
permeability is due to the presence of Pd nanoclusters which
increases the tortuosity and hence siginifcantly decreases H2

diffusivity.16,17The different effects of Pd on H2/CO2 selectivity
may be due to the variation in Pd loading in the polymeric
nanocomposite membranes.16,17A high Pd loading is necessary
to enhance the solubility selectivity significantly in order to
compensate the decrease in diffusivity selectivity.

Polymeric membranes that are selective for H2 can be
employed for refinery streams at low temperatures and tail
stream from PSA units.1 Despite the processability of polymeric
materials along with significantly lower cost, H2-selective
polymeric membranes are far from commercialization. Most
polymers exhibit low intrinsic H2/CO2 selectivity in the range
0.5-5.7 The high diffusivity of H2 coupled with the high
solubility of CO2 makes the separation of this gas pair via the
solution diffusion mechanism through polymeric membranes
intricate. Among the various classes of polymers, polyimides
are widely studied for use in gas separation due to its inherent
advantages.18-20 Studies involving the modification of polyimide
membranes and carbonization of polyimide precursors for gas
separation have been investigated extensively. However, the use
of carbonized polyimide membranes for H2/CO2 separation has
not been reported.21-23 Polyimides, especially those containing
(2,2′-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride)
(6FDA) moiety are good materials for gas separation membranes
because the-C(CF3)2 group is expected to account for both
high gas permeability and gas pair permselectivity.24-27 In
addition to the favorable gas transport properties, fluorine-
containing polyimides also possess excellent thermal and
mechanical characteristics.28-30 However, 6FDA-based poly-
imides too suffer from poor intrinsic H2/CO2 selectivity, and
the gas separation performance may deteriorate in the presence
of plasticizing gases. Therefore, in order to enhance the
physiochemical properties of the 6FDA-based polyimides and
to maintain the performance of the polymeric membrane even
in harsh chemical environment, one promising approach is the
modification of polyimides by chemical methods.

Chung and co-workers have developed a simple diamino
modification technique applied to polyimides. This solid-state
modification is carried out as a posttreatment step following
membrane fabrication and is performed at room temperature.
This method has been applied to both dense and hollow fiber
membranes. Liu et al. discussed the mechanism for the cross-

linking process and proposed that polymer swelling by methanol
is a prerequisite to reaction.24 During the chemical modification,
the amine group reacts favorably with the imide ring, resulting
in the cleavage of the ring and the resultant formation of two
amide groups.24-26,30-37 Amine-containing compounds of vari-
ous configurations have been explored by Chung’s group,
including aromatics (e.g.,p-xylenediamine),24-26,30 linear ali-
phatics (e.g., ethylenediamine),31 cyclics (e.g., 1,3-cyclohex-
anebis(methylamine)),33 network structure with plentiful supply
of NH2 groups (e.g., polyamidoamine dendrimers),34-37 etc.
Most of the works related to diamino cross-linking of the
polyimides were focused on carbon dioxide removal from
natural gas.24-26,30-37

The robustness of this chemical modification approach
motivates one to engage the same method for H2/CO2 separation.
In a recent work reported by Chung et al., 6FDA-durene
membranes were cross-linked using aliphatic diamines.7 Surpris-
ingly, the ideal H2/CO2 permselecitivity of 1,3-diaminopropane
cross-linked film increased by 100 times after an immersion
duration of 10 min.7 All the cross-linked films exhibit gas
separation performance above the trade-off line.7

In view of the present state of art for H2/CO2 separation using
polymeric-based membranes, the objective of this work is to
investigate the diamino modification of a copolyimide, 6FDA-
ODA/NDA, on the gas separation performance for H2/CO2 gas
pair. This polymer was chosen on the basis of the consideration
of its lower material cost as compared to 6FDA-durene.26 In
addition, there are limited studies reported in the literature which
employed 6FDA-ODA/NDA copolyimide as the working
polymer, and this polymer has not been used for H2/CO2

separation.
In the present work, three aliphatic diamines, namely ethyl-

enediamine, 1,3-diaminopropane, and 1,4-diaminobutane, were
used. The effects of different immersion times on the gas
transport parameters were investigated. In addition, the occur-
rence of polymeric backbone scission during the chemical
modification, which has not been formally reported in previous
works, is proposed here. A comparison between the gas
separation performance of diamine-modified 6FDA-ODA/NDA
and 6FDA-durene dense membranes is presented. Lastly, the
effectiveness of the modification approach which is dependent
on the nature of the polyimides and the diamines will be
discussed.

2. Experimental Section

2.1. Materials. The working polymer, copoly(4,4′-diphenylene
oxide/1,5-naphthalene-2,2′-bis(3,4-dicarboxylphenyl)hexafluoro-
propanediimide) (6FDA-ODA/NDA), was synthesized in our
laboratory via the chemical imidization approach. The monomers
2,2′-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA),
4,4′-oxydianiline (ODA), and 1,5-naphthalenediamine (NDA) were
sublimated under vacuum prior to use.N-Methyl-2-pyrrolidone
(NMP) from Merck was further purified via distillation before use.
Equimolar amounts of dianhydride and diamines (ODA:NDA)
50:50) were dissolved in NMP under a nitrogen atmosphere to form
a viscous solution of poly(amic acid). Subsequently, triethylamine
and acetic anhydride (molar ratio of 1:4) which served as the
reaction catalyst and dehydrating agent respectively were added to
form the copolyimide. The polyimide solution was precipitated in
methanol and dried before use. Detailed description of the polymer
synthesis can be found elsewhere.38,39Dimethylformamide (DMF)
and methanol from Merck were used without further purification.
Ethylenediamine (EDA), 1,3-diaminopropane (PDA), and 1,4-
diaminobutane (BuDA) from Fluka were used as received.

2.2. Dense Membrane Fabrication and Modification.A 2%
(w/w) of polymer solution was prepared by dissolving 6FDA-
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ODA/NDA in DMF. The solution was stirred overnight and
subsequently filtered using 1.0µm PTFE membrane before ring
casting onto a wafer plate at 55°C to allow slow evaporation of
the solvent. After approximately 1 week, most of the solvent has
been removed and the nascent film was further dried under vacuum
following the heating protocol: (1) hold at 60°C for 24 h, (2)
increase temperature to 250°C at 12°C/20 min, (3) hold at 250
°C overnight followed by (4) natural cooling.

1.65 M of diamine in methanol solution was prepared for the
chemical modification. The films were immersed in the respective
solutions for a stipulated time. A fresh solution was used for each
film. After which, the modified films were washed with methanol
for 5 min to remove residual unreacted diamines and dried at 70°C
under vacuum for 24 h.

2.3. Characterization. The changes in the chemical structure
of the polymeric membranes before and after chemical modification
were monitored by the attenuated total reflectance (ATR) mode
using Bio-Rad FTIR FTS 135 over the range 650-2000 cm-1. The
number of scans for each sample was 32. To determine the gel
content of the dense films after modification with the respective
diamines (immersion time of 60 min), DMF was added to the
modified films for 24 h. The remaining insoluble portions of the
membranes were dried under vacuum at 100°C for 24 h to remove
residual solvent before weighing. The gel content was calculated
using eq 1

whereM1 and M0 are the mass of the insoluble fraction and the
original mass of the cross-linked films, respectively.

An attempt to determine the approximate thickness of the
modified layer was conducted. For this purpose, only one surface
of the polyimide membrane was modified with PDA for 90 min.
This step was taken in order to ensure a more complete dissolution
of the unmodified polyimide. A total of four one-side modified
membranes were prepared. The modified membranes were washed
in methanol for 5 min, followed by drying under vacuum at 70°C.
The initial masses and thickness of the modified films were obtained
before immersing them in DMF for 24 h. The residues (cross-linked
portion) remaining after dissolution were dried at 100°C under
vacuum for a day. The masses of the residues were determined,
and the mean value obtained was used for subsequent calculations.
Since the density of the original polyimide film can be obtained
using the buoyancy method, the thickness of the unreacted film
can be estimated.

After modification, the spent diamines in methanol solutions were
investigated in quartz cuvettes using Shimadzu UV-1601 UV-vis
spectrophotometer in the wavelength ranging from 200 to 800 nm.
UV-vis analysis was conducted to track the presence of additional
chemical species in the solution after reaction.

The surface topology of the dense membranes modified with
the respective diamines for immersion time of 60 min was examined
using a Nanoscope IIIa atomic force microscope (AFM) from
Digital Instruments Inc. For each modified film, an area of 5µm
× 5 µm was scanned at a rate of∼1 Hz using the tapping mode of
the AFM. To examine the hydrophobic/hydrophilic nature of the
membrane surfaces, the original dense film and the membranes
modified with the respective diamines for an immersion time of
60 min were tested for their contact angles with water using a Rame´-
Hart goniometer.

To determine the weight loss of the membranes upon thermal
decomposition, thermogravimetric analysis (TGA) was conducted
using a Perkin-Elmer TGA 7 at a constant heating rate of 5°C/
min from room temperature to 800°C in a nitrogen environment.
In addition, the unmodified and PDA-modified (immersion time
of 90 min) membranes were soaked in deionized water for a week,
following which the surfaces of the H2O-sorbed films were blotted
between tissue papers to remove the excess water. The weight loss
profiles as a function of temperature for these H2O-sorbed
membranes were similarly determined using TGA.

The tensile properties of the films (pure and PDA modified for
90 min) with and without water sorption were determined using
an Instron 5542 Universal tensile tester. The analysis was carried
out at ambient temperature. The grip separation was set at 50 mm,
and a testing speed of 5 mm/min was used. The width of the thin
films analyzed was 4.5( 0.5 mm, and the membrane thickness
was 0.050( 0.005 mm.

The changes in intersegmental properties of the polymeric
membranes were investigated using X-ray diffractor (XRD) Bruker,
D8 series, GADDS (General Area Detector Diffraction system).
The modified films were immersed in DMF, and the insoluble
(cross-linked) portions were used for carrying out the analysis. Cu
X-ray source of wavelength 1.54 Å was used. Averaged-spacing
was determined based on the Bragg’s law as shown in eq 2

wheren is an integral number (1, 2, 3, ...),λ denotes the X-ray
wavelength,d represents the intersegmental spacing between two
polymer chains, andθ indicates the diffraction angle.

2.4. Molecular Simulation. Fukui function indices are reliable
intramolecular site reactivity descriptors.40,41 Hence, to determine
the nucleophilicities of the aliphatic diamines used in this study,
the Fukui function indices for electrophilic attacks were computed
using the Materials Studio software by Accerlys. Geometry
optimization of the respective diamines was done by the DMol3
module followed by the calculation of Fukui function for electro-
philic attacks.

As the modification of the polyimide films using the diamines
were carried out in methanol, the COSMO function was used
whereby methanol was chosen as the solvent for the diamines.
The resultant Fukui function indices based on the N atoms for the
three aliphatic diamines were compared and the molecular models
of the diamines were shown to provide visualization of the electron
density distribution surrounding the active sites. The scale for the
electron density used for all three diamines were standardized, and
the same isovalue was used. The isosurface generated (based on
the isovalue) shows the surface whereby the electron density is
uniform.

2.5. Measurements of Gas Transport Properties.All the dense
films with and without chemical modification were tested for their
pure gas permeation properties. Pure gas measurements were done
using a variable-pressure constant-volume gas permeation cell. A
detailed description of the permeation cell setup can be obtained
elsewhere.39 The gas permeation of H2 was tested followed by CO2.
The upstream pressure was 3.5 atm, and the temperature was 35°C.
The rate of pressure increase (dp/dt) at steady state was used for
the calculation of gas permeability according to eq 3

whereP is the gas permeability of a membrane in barrer (1 barrer
) 1 × 10-10 cm3 (STP) cm/(cm2 s cmHg)),V is the volume of the
downstream chamber (cm3), A refers to the effective membrane
area (cm2), l is the membrane thickness (cm),T is the operating
temperature (K), and the pressure of the upstream pressure is given
by p2 (psia).

The ideal permselectivity of a membrane for H2 to CO2, R, was
evaluated as follows

wherePH2 and PCO2 are the gas permeabilities for H2 and CO2,
respectively.

Mixed gas permeation tests were conducted for the modified
membrane which exhibited the best ideal H2/CO2 permselectivity.
A binary gas mixture containing 50% H2 and 50% CO2 was used
as the feed mixture, and the measurements were performed at 35°C

nλ ) 2d sin θ (2)

P ) 273× 1010

760
VL

AT(p2 × 76/14.7)(
dp
dt ) (3)

R )
PH2

PCO2

(4)

% gel content) M1/M0 (1)
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and 7 atm. A detailed description of the facility used for mixed
gas permeation tests has been previously reported.31 The gas
permeability was determined using eqs 5 and 6 as follows

wherePCO2 andPH2 are the permeabilities (barrer) of CO2 and H2,
respectively.p2 is the upstream feed gas pressure (psia), andp1

represents the downstream permeate gas pressure (psia).x and y
refer to the gas molar fraction in the feed and the permeate,
respectively (%). Subsequently, the mixed gas selectivity can be
simplified into the calculating equation as described in eq 2 due to
the negligible downstream pressure.

2.6. Measurements of Gas Sorption.Carbon dioxide sorption
tests were conducted using a Cahn D200 microbalance sorption
cell at 35°C over a pressure range of 0-250 psi (0-17.24 bar)
for the membranes before and after PDA modification (immer-
sion time of 60 min). A detailed description of the dual volume
sorption cell was reported elsewhere.42 For each run, films with
thickness of 50( 5 µm, diameter of 1 cm, and total mass of
approximately 80-100 mg were placed on the sample pan. The
system was evacuated for 24 h prior to testing. The gas at a specific
pressure was fed into the system. The mass of gas sorbed by the
membranes at equilibrium was recorded. Subsequent sorption
experiments were done by further increment of the gas pressure.
The equilibrium sorption value obtained was corrected by the
buoyancy force.

3. Results and Discussion

3.1. Characterization of the Modified Films. The dense
membranes before and after chemical modification were studied
using ATR-FTIR. With reference to Figure 1, the pure 6FDA-
ODA/NDA film exhibits a characteristic doublet near 1717 and
1783 cm-1 which is attributed to the carbonyl group of the imide
ring, the former resulting from the asymmetric stretch of CdO
and the latter is brought about by the symmetric stretch of the
carbonyl group. The characteristic peak at 1359 cm-1 is due to
the C-N stretch of the imide group while the peak at 1096
cm-1 is indicative of the transverse stretch of C-N-C in the

imide group. The peak at 718 cm-1 is due to the out-of-plane
bending of C-N-C in the imide group.

Upon modifying the pure polymeric film with EDA, distinct
peaks representative of the amide groups are clearly visible.
Referring to Figure 1, the characteristic peaks at 1648 and 1540
cm-1 are attributed to CdO stretch and C-N stretch of the
amide group, respectively. This supports the reaction mechanism
proposed by Liu et al.24 As the immersion time is increased,
the characteristic peaks of the amide groups become more
prominent while the peaks representative of the imide groups
become less intense. The trends observed for PDA and BuDA
modified membranes for different immersion times are similar
to EDA modified films (data not shown).

The different diamines react with the polyimide membrane
to varying extent. Figure 2 shows the FTIR spectra of the
unmodified film together with EDA, PDA, and BuDA modified
films for immersion duration of 60 min. The characteristic peak
representing C-F at 1242 cm-1 is used as the reference peak
since the C(CF3)2 group is unaffected by the modification.
Apparently, for the EDA modified film, the amide peaks at 1648
and 1540 cm-1 are relatively sharper, reflecting the higher
concentration of amide groups present. For PDA and BuDA
modified films, the characteristic peaks of the amide group are
less intense. The peak representative of the CdO group in the
imide ring at 1717 cm-1 is almost imperceptible for the EDA
modified film but remains visible for BuDA modified film. This
shows that EDA modification results in the greatest proportion
of amide groups in the amide-imide polymeric network which
is due to its highest reactivity.

The diamines in methanol solutions may react with the dense
polyimide film in various ways. The initiation step involves the
reaction of one of the amine groups constituting the diamine
molecule with an imide group. Subsequently, if the other amine
group from the same molecule remains free, the diamine is
attached to the polymer chain via chemical grafting, as shown
in Figure 3b. On the other hand, cross-linking of two polyimide
chains via the reaction of each amine group with neighboring
imide groups may occur (Figure 3b). The reaction between the
amine group and the imide ring breaks the ring structure, cre-
ating two amide groups. Recall that amide groups are electro-
philic by nature and hence are susceptible to nucelophilic attacks.
In fact, amide groups readily exchange with amine groups.43

Figure 1. FTIR spectra of EDA modified films at different immersion times.

PCO2
) 273× 1010

760

yCO2
VL

AT(76/14.7)(xCO2
p2)

(dp
dt ) (5)

PH2
) 273× 1010

760

yH2
VL

AT(76/14.7)(xH2
p2)

(dp
dt ) (6)
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Since the diamine is in excess, there exists the possibility of
reaction between another diamine molecule and the amide group
in the main chain, causing scission of the polymeric skeleton
(Figure 3c).

The degrees of chemical grafting and cross-linking by
different modification reagents differ. With reference to Figure
2, a broad peak at 3250 cm-1 that is representative of the N-H
bond in amine group is observed only for the EDA modified
film which implies the presence of a considerable number of
free amine groups. Hence, this suggests that although the high
reactivity of EDA results in the significant conversion of imide
to amide groups, the majority of the conversion is due to grafting
instead of cross-linking. The presence of free amine groups on
the surface of EDA modified membrane also alters the
hydrophobic/hydrophilic nature of the membrane. The contact
angle of the original polyimide film is 93°, which indicates that
the surface is slightly hydrophobic. However, the contact angle
of EDA modified film for immersion time of 60 min is 83°.
Hence, the modification of the polyimide membrane with EDA
increases the hydrophilicity of the surface. The contact angles
of PDA and BuDA modified film are 92° and 88°, respectively,
which are comparable to that of the original polyimide
membrane.

A good indication of the extent of chemical cross-linking by
the respective modification reagents is provided by the gel
content of the modified films. The gel content of EDA, PDA,
and BuDA modified membranes (immersion time of 60 min)
are 15%, 30%, and 9%, respectively. PDA modified membrane
gave the highest gel content which shows that it the most
effective cross-linking agent for this type of 6FDA-polyimide.
The results from the gel content analysis reinforce the suggestion
that the bulk of the amide groups formed by EDA modification
is due to chemical grafting. If majority of the conversion is due
to chemical cross-linking, the gel content of EDA modified films
should be the highest, which is not so. The gel content of BuDA
modified film is smaller than EDA modified film. This is due
to the larger molecular dimensions of BuDA molecule which
inhibits its penetration into the polymeric matrix. Hence, the
majority of the chemical modification by BuDA occurs at the
surface.

A closer look at the resultant diamine/methanol solutions after
reaction supports the existence of polymeric main chain scission.
For long immersion times, the resultant solutions (EDA and
PDA) turn slightly orange (this is the color of the polyimide).

Hence, the resultant solutions after modification were analyzed
using UV-vis spectroscopy. Figure 4a-c shows the UV-vis
spectra of the various modification solutions. The peak intensity
and peak area increases with increasing modification time. The
trend is obvious for EDA and PDA in methanol solution.
However, for BuDA in methanol solutions, the change in the
spectra with immersion time is negligible. No peaks are detected
in the UV-vis spectra of the diamine/methanol solutions before
modification. This shows that neither the diamines nor methanol
absorbs radiation in the UV-vis range. Therefore, the existence
of peaks in the spectra of the resultant diamine/methanol
solutions after long immersion times is attributed to the presence
of polyimide fragments which absorb in the UV-vis range.

To investigate the topology of the modified films, AFM
analysis was performed. Figure 5a-c show the 3-dimensional
plots of the surfaces of the diamine modified polyimide films.
EDA modified film represented by Figure 5a shows a highly
rugged terrain while BuDA modified film represented by Figure
5c shows an almost smooth surface. This visual evidence further
supports the proposed chain scission mechanism which occurs
during the chemical modification process. The mean roughness
of the EDA, PDA, and BuDA modified films are 6.777, 0.831,
and 0.783 nm, respectively. The degree of chemical etching by
EDA is much more severe than PDA and BuDA, thereby giving
rise to a rougher surface. The increased roughness of EDA
modified film also intensifies the surface hydrophilicity. The
mean roughness values of PDA and BuDA modified films are
comparable.

The differences in the UV-vis peak intensities and mean
roughness of the membranes can be explained using the nucleo-
philicities and molecular dimensions of the respective diamines.
Molecular simulation using Accelrys Materials Studio software
gives the Fukui function for electrophilic attacks at the active
sites (N atoms) of the diamines in methanol. Figure 6 shows
the simulated PDA molecule while Table 1 summarizes the
results computed by the software. The pKa values of the
diamines are also included in Table 1.44 The smaller the pKa

value for the amine group, the more basic is the amino
compound which indicates greater reactivity. The Fukui function
indices increase in the order of BuDA< PDA < EDA, while
the pKa values increase in the order of BuDA> PDA > EDA.
Both the Fukui function indices and the pKa values indicate
that EDA is the most nucleophilic among the diamines used.
EDA has the smallest molecular length of 5.32 Å, and hence,

Figure 2. FTIR spectra of diamine modified films with immersion time of 60 min.
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it is able to penetrate deeper into the dense polymeric matrix.
Both the high nucleophilicity and small molecular dimension
of EDA facilitate the reaction, causing more severe main-chain
scission. The polymeric fragments formed as a result of the chain
scission diffuse into the solution, thereby increasing the peak
area and intensity. Hence, the peaks obtained from the UV-
vis analysis are the most prominent for EDA/methanol solutions.

The greater penetration and reactivity of EDA also account for
the considerably larger mean roughness for the EDA modified
film.

Thermal gravimetric analyses of the polymeric films before
and after modification were conducted (results not shown). All
the modified films exhibit dual transitions while the unmodified
film shows a single transition. The original copolyimide is stable

Figure 3. Reaction mechanism between diamines and polyimide.
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up to 500°C, whereas the modified films exhibit the onset of
degradation at approximately 150-200 °C. With increasing
immersion time, the weight loss of the polymeric films was
greater for the same temperature increment. Hence, chemical
modification decreases the thermal stability of the polyimide
films. In addition, as majority of the H2/CO2 mixtures that
require separation normally contains H2O as a contaminant, the
thermal stability of the neat polyimide film and the 90 min PDA
cross-linked membrane before and after water sorption were
determined. The results obtained showed that there is negligible
change in the thermal stability of the films after water sorption
(data not shown). Hence, the thermal stability of the modified
membranes can be maintained even in the presence of water.

The thermal stability of the chemically modified polyimide
films with amino compounds and the reversible reaction between
the imide rings and amine groups have been studied in detail
by Shao et al. and Powell et al.31,33,45Shao et al. proposed the
elimination of the diamine molecules upon the reversible
formation of the amide groups back to the imide rings after
thermal annealing.31 Powell et al. explored the phenomenon
further and suggested that, in addition to the elimination of the
diamines, main chain scission of the polymeric backbone also
occurs.45 Gel permeation chromatography was carried out for
the unmodified film, and the modified film after thermal
treatment and a decline in the molecular weight of the latter
was reported.45 The combined ideas from Shao et al. and Powell

Figure 4. UV-vis spectra of (a) EDA, (b) PDA, and (c) BuDA in methanol solutions after modification.

Figure 5. AFM images of showing the topology of 6FDA-ODA/NDA dense films modified using (a) EDA, (b) PDA, and (c) BuDA for an
immersion time of 60 min.
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et al. suggest that main-chain scission and release of diamines
occur during the thermal treatment of the modified membranes.

However, in our study, we showed that main-chain scission
occurred during the chemical modification process. This implies
that the decrease in polymer molecular weight after thermal
treatment may not be fully attributed to main-chain scission
arising from the heat treatment. Polymeric backbone breakage
which occurs during chemical modification too brings about a
decline in the molecular weight after the elimination of the
diamines. Not all the polymeric fragments formed as a result
of chain scission end up in solution after modification since
the polymeric chains that form the membrane are twined and
tangled to each other. Those fragments in the solution probably
have shorter chain lengths and are nearer to the membrane
surface, thereby facilitating their diffusion into the solution.
Therefore, we propose a modified scheme which suggests that
main-chain scission occurs with long immersion time, and
further backbone breakage and the release of diamines occur
during thermal treatment.

The mechanical properties of the neat 6FDA-ODA/NDA
films and the membranes modified with PDA for 90 min were
analyzed. With reference to Table 2, the elongation at break of
the PDA modified membrane decreases by∼15% as compared
to the pure polyimide film. This decrease is possibly due to the
existence of weak points within the membrane resulting from
the effect of chemical etching (main chain breakage) caused
by the reactive diamines. Similarly, the unmodified and modified
membranes were immersed in water before undergoing the
mechanical analysis. The results are shown in Table 2, and a
quick comparison reveals that the extensions at break for the
membranes with or without water sorption are comparable. This
shows that the mechanical integrity of the diamine modified
membranes can be maintained even when employed for ag-
gressive feed streams that contains water as the contaminant.

To study the changes in the interstitial space of the polyimide
films after chemical modification, XRD analysis was performed.
The d-spaces of the unmodified and modified 6FDA-ODA/

NDA dense membranes remain in the range 5.77( 0.15 Å,
regardless of the diamines used. This observation is consistent
with the work by Ren et al. where 6FDA-ODA/NDA hollow
fibers were modified withp-xylenediamine, and negligible
change ind-space was observed.26 In another work by Cao et
al., 6FDA-2,6-DAT (2,6-diaminotoluene) hollow fibers were
cross-linked by aromatic diamines, and no change ind-space
was observed after modification.30 The d-space of the pure
6FDA-2,6-DAT membrane is 5.69 Å.30 Previous works by
Chung and co-workers employing 6FDA-durene as the working
polymer for diamines modification showed decline ind-space
with increasing immersion time. For instance, the modification
of 6FDA-durene with PDA for an immersion time of 10 min
changes thed-space from 6.40 to 5.86 Å.7

Considering these three 6FDA-based polyimides, a generali-
zation for the effect of diamino modification on thed-space of
these polyimide membranes can be drawn. Referring to Figure
7, for polyimide membranes with a smallerd-space (proportional
to free volume) to begin with, diamino modification does not
bring about chain tightening effects, regardless of the type of
diamines used. Since thed-spaces of 6FDA-ODA/NDA and
6FDA-2,6-DAT are comparable and are relatively smaller than
6FDA-durene, both do not exhibit significant changes in
d-space after chemical modification. On the other hand, as the
original 6FDA-durene has a largerd-space, the diamino
modification results in noticeable decline ind-space. Another
interesting phenomenon is the similarity in the averaged-space
of 6FDA-durene after considerable extent of modification with
thed-spaces of 6FDA-ODA/NDA and 6FDA-2,6-DAT mem-
branes.

3.2. Gas Separation Properties of Modified Copolyimide
Films. The permeability (P) of a gas through a polymeric
membrane is dependent on the diffusivity (D) and solubility
(S) of the gas as shown in eq 7. Both the gas diffusivity and
solubility are in turn dependent on the available free volume
present within the polymeric matrix.

The ideal permselectivity of a membrane for a particular gas
pair depends on the interplay between the diffusivity selectivity
and the solubility selectivity

whereDH2 andDCO2 represent the diffusivity of H2 and CO2,
respectively;SH2 and SCO2 are the solubility of H2 and CO2,
respectively.

Generally, the chemical modification of polyimide membranes
with diamines results in three scenarios. First, the cross-linking
reaction may tighten the polymeric chains (decreased-space),
thereby resulting in lower free volume. On the other hand,
diamine molecules grafted or cross-linked to the polymer chains
introduces additional organic moiety to the polymeric matrix
which too reduces the available free volume and hence acts as

Figure 6. Molecular simulation showing the electron density sur-
rounding the nucleophilic sites of a PDA molecule.

Table 1. Fukui Indices, Dimensions, and pKa Values of the Aliphatic
Diamines

Fukui index (based on N atom)

diamine length (Å) Mulliken Hirshfeld pKa

EDA 5.32 0.196 0.216 9.92
PDA 6.58 0.184 0.197 10.55
BuDA 7.83 0.180 0.191 10.82

Table 2. Mechanical Properties of the Membranes with and without Water Sorption

sample max load (N) extension at break (%) load at break (N) modulus (GPa)

without water sorption
6FDA-ODA/NDA pure film 22.09( 3.51 5.73( 0.05 21.95( 3.49 2.92( 0.12
PDA cross-linked for 90 min 19.61( 0.46 4.85( 1.50 19.31( 0.45 3.02( 0.06

with water sorption
6FDA-ODA/NDA pure film 24.65( 0.43 5.74( 0.88 24.54( 0.41 3.11( 0.10
PDA cross-linked for 90 min 20.91( 1.43 5.07( 0.17 20.46( 1.55 2.84( 0.10

P ) SD (7)

RH2/CO2
)

DH2

DCO2

SH2

SCO2

(8)
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a hindrance for the transport of gas molecules. Last, the amide
groups formed as a result of the reaction between the imide
and amine groups, and the unreacted free amine groups affect
polymer-polymer and polymer-penetrant interactions.

The gas permeabilities of H2 and CO2 through the 6FDA-
ODA/NDA films modified using EDA, PDA, and BuDA as a
function of immersion duration are shown in Table 3. The
decrease in gas permeability with increasing immersion time is
due to the reduction of free volume resulting from the presence
of additional diamines moieties since XRD analysis indicates
negligible change ind-space after modification. The difference
in the reactivity and diffusivity of the diamines within the
membrane accounts for the difference in the relative declines
in the gas permeabilities. As previously mentioned, EDA being
the smallest and most nucleophilic diamine is able to modify
(includes both grafting and cross-linking) the polyimide mem-
brane by the largest extent within a short immersion time. For
an immersion duration of 15 min, H2 permeability decreases
by ∼25% for EDA modified film which is larger than the
corresponding decrease for PDA modified film (∼10%). For
BuDA modified film, H2 permeability increases by about 5%.
This increment is due to the effect of methanol swelling. As
BuDA is a larger molecule with lower nucleophilicity, it takes
time for the diamine to penetrate and react with the imide group.
Hence, at a short modification time of 15 min, the limited degree
of cross-linking does not offset the effects of methanol swelling
for small gases like H2.

The diamino modification of polyimide membranes alters
both the diffusivity selectivity and the solubility selectivity.
Sorption tests were conducted for the original poly-
imide membrane and the membrane modified with PDA for

Figure 7. Effects of modification on intersegmental spacing of polyimide membranes.

Table 3. Gas Permeation Properties of 6FDA-ODA/NDA
Membranes at 35°C and 3.5 atm

permeability (barrer)a selectivity

samples H2 CO2 H2/CO2

6FDA-ODA/NDA pure film 69.78 29.01 2.3
EDA modified for

15 min 51.50 9.47 5.4
30 min 36.84 2.08 17.7
60 min 26.72 0.98 27.1
90 min 22.70 0.76 29.7
120 min 16.55 0.71 23.4

PDA modified for
15 min 60.14 9.06 6.6
30 min 36.55 1.58 23.2
60 min 23.34 0.60 39.2
90 min 16.48 0.26 64.1
120 min 13.90 0.23 60.0

BuDA modified for
15 min 70.74 14.18 5.0
30 min 63.04 13.33 4.7
60 min 55.11 6.24 8.8
90 min 45.82 3.98 11.5
120 min 38.55 1.84 20.9

a 1 barrer) 1 × 10-10 cm3 (STP) cm/(cm2 s cmHg)) 7.5005× 10-18

m2 s-1 Pa-1.
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immersion duration of 60 min. Figure 8 shows the CO2 sorption
isotherms for the unmodified and modified polyimide films.
CO2 sorption increases after PDA modification. The increase
in gas sorption may be due to the increase in available sorption
sites within the polymer matrix or enhanced polymer-penetrant
interactions. Since the diamino modification decreases the
available free volume, the increase in gas sorption is hence
attributed to the increase in polymer-penetrant inter-
actions. Therefore, PDA modification decreases the sol-
ubility selectivity for H2/CO2. This in turn implies that the
enhancement in diffusivity selectivity after diamino mod-
ification more than compensate for the decline in solubility
selectivity. Hence, the H2/CO2 permselectivity increases after
modification.

Figure 9 shows the gas separation performance of the diamino
modified 6FDA-ODA/NDA dense films in comparison to the
Robeson trade-off line.46 However, one important point to
ponder is that the Robeson upper bound is only valid for
homogeneous membranes.46 Robeson et al. suggested that for
laminated films like the diamines modified membranes in this
work the gas separation performance of the modified layer may
be in close proximity to the upper limit.46 Based on a simplified
resistance model for our diamines modified membranes (Figure
10), the relationships between the modified layer thickness (L1)
and the permeability of the modified layer (P1) are shown by
eqs 9-11.

The assumptions made in the development of the sim-
plified model includes (1) homogeneous modified layer,
(2) negligible modification of the circular piece of mem-
brane from the radial direction, and (3) equal thickness of
the top and bottom modified layers.

P refers to the permeability,L refers to the thickness, andA
represents the surface area. The subscripts 1 and 2 refer to the
modified and unmodified layers, respectively, while T represents
the total or overall property.

Equation 11 cannot be solved explicitly due to the dependence
of P1 and L1. Therefore, an approximate thickness of the
modified layer is required before a rough value ofP1 can be
determined. From the dissolution of the one-sided PDA modified
(90 min) membranes, the thickness of the dissolved portions
can be determined, given the density of the neat polyimide film
as 1.4 g/cm3 (determined from the buoyancy method) and the
diameter of the modified film as 1.5 cm. The rough thickness
of the dissolved portion subtracted from the initial thickness of
the membrane provides an estimate of the thickness of the
modified layer. The mean approximate thickness of the modified
layer is 4.87( 0.67 µm. With this rough value ofL1, the
permeabilities of H2 and CO2 through the diamine modified layer
(determined from eq 11) are 3.37 and 0.043 barrer, respectively,
and the corresponding ideal H2/CO2 selectivity is 78. When this
point is plotted against the Robeson plot, its position still falls
above the upper bound as shown in Figure 11.

The rough thickness of the modified layer obtained as such
may be an underestimate or overestimate of the true value. The
immersion of the modified membrane in DMF not only dissolves
the unmodified polymeric matrix but also the portions that are
grafted by the diamines and the regions which have smaller
degree of cross-linking. The grafting of diamines also changes
the gas separation performance of the membrane and therefore
should be considered in the determination of the modified layer
thickness. Hence, the approximate thickness which we have
determined may be an underestimate of the true value of the
modified layer. If this is the case, the actual position indicating
the gas separation performance of the modified layer alone
probably falls further away from the upper bound. Hence, this
provides preliminary justification for the claim that the PDA
modified 6FDA-ODA/NDA membranes exhibit better perfor-
mance than conventional polymers.

On the other hand, the counterargument is that the diamine
modified layer is certainly not homogeneous as assumed in the
simplified resistance model. The outermost surface is modified
to a larger extent, and the degree of modification decreases with
increasing membrane depth from the axial direction. This implies
the existence of a stratified structure within the diamine modified
layer. The highly modified outermost layer may be the
determining factor for the enhancement in H2/CO2 permselec-
tivity while the remaining modified portions may only exert a
marginal effect on the overall gas separation performance. In
this case, the rough thickness may be overestimated. Therefore,
further studies are required to provide a closer estimate for the
true value of the modified layer which significantly contributes
to the enhancement in H2/CO2 permselectivity. Although the
gas separation performances of the diamine modified membranes
reported in this work cannot be compared directly with the
Robeson trade-off line, the results obtained nevertheless suggest
the potential use of these membranes for H2 purification.

The ideal H2/CO2 permselectivity of 6FDA-ODA/NDA films
modified using EDA, PDA, and BuDA are shown in Table 3.
A comparison of the gas separation performance of the three
diamines modified films shows that PDA modification brings
about greater enhancement in H2/CO2 permselectivity as
compared to EDA and BuDA modification. For instance,
immersing the dense films in the EDA, PDA, and BuDA in
methanol solutions for 90 min increases the H2/CO2 selectivity
by 13, 27, and 5 times, respectively. The polymer intrinsic
H2/CO2 selectivity is 2.3, and after modifying the original film
with PDA for 90 min, an ideal H2/CO2 selectivity of 64 was
achieved in the present work. The corresponding H2 permeability
was 17 barrer. In view of the promising result obtained from

Figure 8. CO2 sorption isotherms of unmodified and modified dense
films.
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the pure gas tests, the dense membrane modified with PDA for
immersion time of 90 min was used for mixed gas tests. The
H2/CO2 selectivity obtained from mixed gas tests was 45, and
the H2 permeability was 3 barrer. The decreases in H2/CO2

selectivity and H2 permeability in mixed gas tests were due to
the effects of competitive sorption between the two gases.
Nevertheless, the gas separation performance of the PDA
modified 6FDA-ODA/NDA dense film (immersion time of 90
min) in a binary system is still impressive despite the presence
of undesirable competitive sorption between H2 and CO2.

In order to enhance H2/CO2 selectivity, the diamine used for
modification has to be able to reduce polymeric chain mobility.
The effectiveness of the modification reaction is thus dependent
on the nucleophilicities and molecular dimensions of the
diamines. BuDA is the least nucleophilic, and it has the largest
molecular dimensions. Hence, it is harder for BuDA mole-
cules to penetrate within the polymeric matrix which is a
prerequisite for the reaction to take place. Hence, the majority
of the modification occurs at the surface, and an overall
smaller percentage of the polymeric matrix is affected. Fur-
thermore, as the length of BuDA molecule is longer, the
molecule backbone is more flexible. Hence, the chains are still
mobile to certain extent even after chemical cross-linking. On
the other hand, EDA too does not inhibit chain-to-chain
movement effectively due to the presence of significant chem-
ical grafting and severe chemical etching. Therefore, both
BuDA and EDA are not effective cross-linking reagents for the
enhancement of H2/CO2 permselectivity of these polyimide
dense films.

For the effective modification of polyimide membranes with
diamino compounds, the balance between the interplay of

chemical cross-linking and chemical etching must be established.
Moreover, the diamine needs to have the potential to cross-
link neighboring polyimide chains since pure grafting of diamine
on the polyimide does not restrict interchain movements which
are necessary for significant improvement in H2/CO2 permse-
lectivity. PDA has the appropriate molecular dimension and
reactivity. Therefore, PDA is the most effective reagent for the
diamino modification of polyimide membranes to enhance qjH2/
CO2 selectivity.

Generally, diamine modification of 6FDA-ODA/NDA films
using EDA, PDA, and BuDA increases H2/CO2 selectivity with
increasing immersion duration. However, for EDA and PDA
modified films, the H2/CO2 selectivity exhibits a peak at an
immersion time of 90 min and beyond which the gas pair
selectivity starts to decline (Table 3). This trend can be explained
from the molecular aspect of the effects of modification on chain
packing and rigidity. Recall that the diamino modification of
polyimide membranes causes the imide rings to open, forming
two amide groups. The destruction of the ring structure in the
polymeric main chain decreases the polymeric backbone
rigidity.33

At short immersion time, the interchain movements are
restricted after cross-linking while the backbone rigidity is
maintained since majority of the imide rings are intact, providing
the mechanical integrity of the polymeric chains forming the
network. However, with long modification time, most of the
imide rings have opened, forming the amide groups. As such,
although the chain to chain movement is inhibited effectively,
the backbone rigidity is greatly reduced. Hence, for long modi-
fication duration, the mobility of the polymeric chains increases
and this accounts for the decrease in H2/CO2 selectivity.

Figure 9. H2/CO2 separation performance of (a) EDA, (b) PDA, and (c) BuDA modified 6FDA-ODA/NDA films compared to the Robeson
trade-off line.
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Table 4 compares the H2/CO2 gas separation performance of
6FDA-durene and 6FDA-ODA/NDA. For 6FDA-durene
membranes, relatively shorter immersion times were required
and modification with PDA for 10 min gave H2/CO2 selectivity
of 101, which is 100 times greater than the intrinsic selectivity.
However, the H2 permeability decreases by 60 times. This
tradeoff between permeability and selectivity is often a problem
encountered by membrane scientists. In the present work, longer
immersion times are required before substantial cross-linking
effects are experienced. This is because of the smaller free
volume of 6FDA-ODA/NDA and the lesser swelling effect by
methanol. For 6FDA-ODA/NDA, the highest H2/CO2 selectiv-
ity achieved was 64 (30 times increment), but the decrease in
H2 permeability is not as drastic as 6FDA-durene. For PDA
modified 6FDA-ODA/NDA membranes (immersion time of
90 min), H2 permeability only decreases by 4 times. The
selectivity of 6FDA-ODA/NDA membranes modified with
PDA peaks at 90 min and fails to increase with further
modification. This is due to the effects of chemical etching from
prolonged immersion times. Nonetheless, 6FDA-ODA/NDA

modified membrane provides a better compromise between good
H2/CO2 selectivity and H2 permeability and also lower material
cost as compared to 6FDA-durene.

4. Conclusions

6FDA-ODA/NDA polyimide dense films were modified
successfully, forming a poly(amide-imide) network which was
verified by ATR-FTIR analysis. UV-vis analysis of the
resultant modification solutions and AFM analysis of the
topology of the modified films supported the occurrence of
chemical etching during the modification process. ATR-FTIR
and gel content analysis verified the presence of considerable
chemical grafting for EDA modification. Among the three
aliphatic diamines, EDA is the most nucleophilic and has the
smallest molecular dimensions. Hence, main-chain scissions for
EDA modified films were more severe. TGA analysis showed
a reduction in the thermal stability of the membranes after
diamino modification. On the basis of the XRD results, there
was no significant change in thed-spacing. One observation is
the diamino modification of polyimide membranes results in
chain tightening effects only for polyimides with larger free
volume. In general, the diamino modification of 6FDA-ODA/
NDA membranes increases the ideal H2/CO2 permselectivity.
PDA was identified as the most effective modification reagent
for enhancing the H2/CO2 permselectivity of 6FDA-ODA/NDA
films. An ideal H2/CO2 permselectivity of 64, which is 30 times
larger than the polymer intrinsic permselectivity, was obtained
with PDA modification for 90 min and mixed gas tests returned
a selectivity of 45. In conclusion, H2/CO2 separation perfor-
mance can be tailored via the appropriate selections of diamine
and immersion duration.
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