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ABSTRACT: Flat-sheet asymmetric polysulfone (PSF)/
polyimide (PI) blended membranes were fabricated by a
phase-inversion technique. The fabricated membranes
were characterized by Fourier transform infrared spectros-
copy, differential scanning calorimetry, and field emission
scanning electron microscopy analyses. The kinetics of
thermal degradation of the membranes were studied from
thermogravimetric data following Friedman’s kinetic

approach. The thermal degradation process of the mem-
branes followed first-order rate kinetics, and the activation
energy of the thermal degradation process increased with
increasing PI content of the membrane compositions. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 123: 3755-3763, 2012
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INTRODUCTION

Polysulfones (PSFs) are basically a family of amor-
phous, thermoplastic engineering polymers contain-
ing different functional groups, such as phenylene,
sulfone, and ether groups, in their main chains. This
class of polymers possesses many important engi-
neering properties. These include outstanding chem-
ical and thermal stability, superb strength, and lithe-
ness. They also possess a relatively higher glass-
transition temperature (T,) and the ability to form
high-quality polymeric films. These important prop-
erties make these materials suitable for the fabrica-
tion of superior-grade semipermeable membranes'™
for different applications. Again, aromatic polyi-
mides (PIs) also belong to the family of high-per-
formance glassy polymers and have a relatively
higher thermal stability, excellent chemical stability,
and a high T, and dielectric constant. It has also
attracted sufficient attention from researchers in sep-
aration technology as a membrane material.” ">

An understanding of the thermal degradation
behavior of these polymeric membranes is quite im-
portant for different separation processes at elevated
temperatures. Many works have been reported on
the thermal behavior of polymeric materials to
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assess their suitability as membranes, and some of
these important works are mentioned in the follow-
ing text.

Lisa et al.”” studied the thermal behavior of poly-
styrene, PSF, and their derivatives. They assessed
the influence of the chemical structure of these poly-
mers on their thermal stability by dynamic thermog-
ravimetric analysis (TGA) under air. Bormashenko
et al.'"* worked on the thermal degradation of ther-
mosetting and thermoplastic polymers induced by
laser radiation and studied it by Fourier transform
infrared (FTIR) spectroscopy. Adamczak et al.'?
studied the thermal degradation of high-temperature
fluorinated PI and its carbon fiber composites. Ren
et al.'® investigated the thermal degradation of the
PI Fluorine-containing polyimide (PIF2) synthesized
from 44'-(hexafluoroisopropylidene) diphthalic dia-
nhydride and 4,4'-diaminodiphenylmethane by high-
resolution pyrolysis gas chromatography/mass spec-
trometry, TGA, and FTIR spectroscopy. Totu et al."”
studied the thermal behavior of some PI membranes
and presented their results as related to the influ-
ence of the plasticizer on the thermal stability of
some PI membranes using a nonisothermal kinetic
investigation of the decomposition reactions. Large
et al.'® studied the kinetics of the thermal decompo-
sition of Nafion membranes by means of high-reso-
lution and constant-heating-rate thermogravimetry
(TG) under nitrogen and a synthetic air atmosphere
using Kissinger’s method. They observed that the
decomposition temperature of Nafion membranes
were lower than that of polytetrafluoroethylene
homopolymer and that the decomposition of acid
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Nafion was more complex than that of alkali-
exchanged Nafion because of the high water content
in the former. Molnar et al.'’ studied the thermal
stability of some novel PSF derivatives by TG. They
identified the thermal decomposition products by
various coupled mass spectrometric methods and
deduced the possible decomposition mechanism
from these data. Li and Huang® studied the thermal
degradation and kinetics of bisphenol A PSF by
high-resolution TG. They observed that the thermal
degradation temperature of the PSF increased
slightly with an increase in the heating rate. The
activation energies (E,’s) of thermal degradation of
PSF in air, nitrogen, and argon atmospheres were
found to be 140, 258, and 293 kJ/mol, respectively.
Li and Huang® also observed that E, of thermal
degradation calculated by high-resolution TG in
nitrogen and air were almost the same as those
measured by traditional isothermal or constant-heat-
ing-rate TG.

In this work, PSF-PI blended asymmetric mem-
branes with different compositions were fabricated by
phase-inversion techniques. The kinetics of thermal
degradation of the polymeric blends were studied
under dynamic conditions by TG at multiple heating
rates. E;’s of thermal decomposition of these poly-
meric blends were determined as a function of the
polymeric composition from the kinetic analyses fol-
lowing Friedman’s isoconversional kinetic approach.”

EXPERIMENTAL
Materials

PSF Udel P-1800 (T, 185°C) in pulverized form
was purchased from PSF is from Solvay Advanced
Polymers, L.L.C, Alpharetta, Georgia, U.S.. Pow-
dered PI Matrimid 5218, with the monomers
3,3',4,4'-benzophenone tetracarboxylic dianhydride
and diaminophenylindane (T, 302°C), was supplied
by Huntsman Advanced Materials Americas,
Inc. Dichloromethane (DCM; 99%, Merck, bp =
40°C), N-methyl-2-pyrrolidone (NMP; 99%, Merck,
bp = 204.3°C), and ethanol (99.8%, Merck) were
used as organic solvents to prepare films by solution
casting.

Membrane preparation

Both of the polymers were dried at 110°C for 8 h
before use. The casting solution was prepared from 25
g of a total dope solution to develop membranes of
different compositions. The relative proportions of PSF
and PI in the batch compositions are shown in Table 1.
The solution was stirred gently (to prevent the forma-
tion of bubbles in the casting solution) in a round-bot-
tom vessel for 24 h at 35°C to prepare a clear solution.
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RAFIQ ET AL.
TABLE I
Compositions of the Fabricated PSF-PI Membranes

Membrane M Membrane
sample PSF (%) PI (%) thickness (um) T, (°C)
1 100 0 39.845 185.33
2 0 100 38.967 302.91
3 95 5 40.245 190.85
4 90 10 35.852 198.67
5 85 15 41.215 204.77
6 80 20 35.525 209.09

The solution was further ultrasonically degassed
with an ultrasonic water bath (Transsonic Digital S,
Elma, Germany). The clear solution obtained was used
to cast membranes by a doctor’s blade technique with
an opening gap of 150 um. Phase inversion was
carried out to develop the membrane from the liquid
gel mass with ethanol as a coagulation medium.

Field emission scanning electron microscopy
(FESEM)

The morphology of each membrane was analyzed
by FESEM (Carl Zeiss model SUPRA 55VP) Oberko-
chen, Germany. Random specimens from the
fabricated asymmetric membranes were drawn
carefully with a sharp blade to examine the
morphology of the surfaces. Cross sections of the
membranes were cryogenically obtained by liquid
nitrogen fracturing to get clear images of the sec-
tions. The samples were then gold-coated by sputter-
ing under a Polaron Range SC7640.

FTIR spectroscopy

To measure the molecular interactions between the
polymers in the blends, a drop from each different
dope solution was pelletized under a pressure of
1000 psi with potassium bromide. The thin polymer-
coated pellets were dried in vacuo. FTIR spectra for
the samples were taken with a PerkinElmer FTIR
spectrometer (Spectrum One), Buckinghamshire,
England in the 500-2000-cm ™' wave-number region.

Differential scanning calorimetry (DSC)

To determine T, of the blended membranes, the
samples were cut into small pieces having approxi-
mately 10 mg of weight. The thermal scans of the
samples were carried out from 100 to 350°C with a
heating rate of 10°C/min under a nitrogen atmos-
phere with a PerkinElmer DSC Pyris-1 calorimeter.

TGA

The thermal stability of the membranes was investi-
gated with a PerkinElmer TGA-7 apparatus. Thermal
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Figure 1 Interaction between (a) PSF, (b) PI, and (c) NMP. The dotted lines and arrows indicate the probable site for
hydrogen-bond formation with amine groups in other molecules.

scans of samples weighing approximately 10 mg
were run from room temperature to 700°C at three
different heating rates of 5, 10, and 15°C/min in lig-
uid nitrogen at 20 mL/min.

RESULTS AND DISCUSSION

Asymmetric polymeric membranes were fabricated
by a phase-inversion technique with different pro-
portions of PI and PSE. In the solvent mix, DCM
was used as the solvent, and NMP in the casting so-
lution controlled the rate of evaporation. The sche-
matic diagram of the interaction of polymeric units
in the solvents is presented in Figure 1. The solvents
facilitated the dissolution process of the polymers,
PSF, and PI through H bonding. During the fabrica-
tion process, the low-boiling solvent DCM facilitated
the development of diffused skin layer by its rapid
rate of evaporation, which left behind the residue.
NMP, on the other hand, controlled the rate of sol-
vent evaporation from the system because of its rela-
tively higher boiling nature.

From Table I, it can be seen that with the increase
in the PI content, the thickness of the membrane did
not change uniformly. As the total polymer content
remained the same in all of the batches, this irregu-
lar change in thickness in the batches could be
related to the complex interaction between the poly-
mers. The thickness of the membranes was main-
tained in the range 3541 pm.

From the microstructures [Fig. 2(a—c)] of the PSF
and blended membranes, it is apparent that the

membrane surfaces were reasonably homogeneous.
This could be related to the adequate compatibility
of the two glassy polymers. The polymeric blends
apparently showed no phase separation. The indi-
vidual surfaces of PSF and PI showed interconnected
dead-end pores of different sizes and population
densities. However, these type of pores were absent
in the PSF/PI-20% membrane, making the mem-
brane surface for this composition comparatively
more homogeneous. The cross-sectional views of the
membranes [Fig. 2(d,e)] showed the presence of
fairly dense skins and porous sublayers in the struc-
tures, and hence, by definition, it could be described
as an asymmetric membrane.”> The development of
the skin layer can be related to the proper control of
dry and wet processes during the fabrication of a
membrane. In the liquid phase, the coagulation pro-
cess was quite fast at the surface of the membrane.
This resulted in the rapid gelling of the polymeric
molecules onto the surface, which formed a thin
skin layer. Once formed, the skin layer continued to
increase in area until the diffusion of ethanol (non-
solvent) from the sublayer of the membrane through
the skin layer was completely stopped.” For flat-
sheet membranes, an evaporation time of 10-15 s
was observed to be suitable for the development of
a defect-free top skin layer.** Therefore, in this
study, an evaporation time of 15 s was maintained.
Hence, relatively thinner skin layers with thick sub-
porous structures were observed for the membrane
under the experimental conditions. Thin skin layers
with dense porous supports at the bottom have been

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 FESEM images of the surfaces of (a) PSF, (b) PSF/PI-20%, and (c) PI and cross sections of (d) PSF and (e) PSF/

PI-20%.

observed to be quite suitable for gas-separation
applications.”?® Microstructures of these types of
membranes reveal spongelike structures rather than
fingerlike macrovoids in the subporous layer; this
indicates the absence of defects and pinholes at the
membrane surfaces.”” The microvoids in the mem-
brane substructure could be reduced with the addi-
tion of PI in the PSF membrane. However, an exami-
nation of the cross sections of the membranes

Journal of Applied Polymer Science DOI 10.1002/app

revealed that the concentration of PI increased at the
expense of PSF in the dope solution.”” So at a con-
stant polymer concentration, the thermal stability
effects were examined with regard to the addition of
PL

The T, values from the DSC curves for the PSF/PI
blended membranes are shown in Table I. The misci-
bility of the polymers at the molecular level was
confirmed by DSC experiments, as all of the
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Figure 3 DSC thermograms of the PSF, PI, and PSF/PI
membrane blends.

compositions exhibited distinct single T, values.
Also, for these PSF/PI blends of various composi-
tions, no phase separation was observed; this was
also consistent with past studies.”® The T, values of
samples for pure and blended membranes were
taken as the midpoints of the heat flow versus tem-
perature curves. Pure PSF and PI were found to be
at their characteristic T, values of 18533 and
302.91°C, respectively. Although for membrane
blends, we observed that with the increase in PI con-
tent, the T, of the polymeric blend increased (Fig. 3).

The FTIR spectra of PSF, PI, and PSF/PI-20%
blended asymmetric membranes are shown in Fig-
ure 4. For PSF, symmetric and asymmetric vibrations
associated with S=0O were found at wave numbers
of 1150 and 1307 cm ™', respectively. C—SO,—C
asymmetric stretching vibrations appeared at 1322
cm . The band between 1587 and 1489 cm ™' repre-
sented the region for benzene ring stretching. Asym-
metric C—O stretching vibrations appeared at 1244
and 1014 cm . The symmetric deformation associ-
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Figure 4 Comparative FTIR spectra of the PSF, PI, and
PSF/PI-20% membranes.

ated with the CH;—C—CHj; group was found in the
region 1364 and 1410 cm L Similarly, in the case of
PI spectra, the symmetric and asymmetric stretch-
ings of the C=0O group were observed at 1710 and
1782 ¢cm™', respectively, whereas a benzophenone
carbonyl band was noticed at 1608 cm . The peak
related to C=C stretching of the aromatic ring was
observed at 1510 cm '. C—N—C axial vibrations
were observed in the region 1210-1389 cm ',
whereas transverse stretching vibrations were found
at 1028 cm™'. The band observed at 1144 cm ™' was
ascribed to the presence of C¢Hj. The peak due to
aromatic ring bending vibrations was observed at
833 cm . The stretching vibrations due to C—C=0
bonds occurred at 684 cm '. These observations
were in good agreement with previous studies.”*™*
In comparison to pure polymers, various spectral
shifts of the blended PSF/PI-20% membrane in
terms of wave number were observed. For symmet-
ric and asymmetric carbonyl groups for PI, spectral
shifts were observed from 1710 to 1717 cm ' and
from 1782 to 1773 cm ™, respectively; for C—N—C
axial vibrations, the shift was observed from 1210 to
1206 cm ™', whereas the peak at 1389 cm ™' remained

TABLE II
Summary of the FTIR Spectral Assignments

Spectral assignment

CeHg ring stretching

CH3;—C—CHj; symmetric
stretching

C—O asymmetric stretching

5=0 symmetric stretching

PSF wave Membrane blend
number (cm ) wave number (cm )
1489-1587 1495-1584
1410,1364 1406, 1364
1244, 1014 1247, 1014
1307, 1150 1303, 1151
1322 1322

C—S0,—C asymmetric stretching
Spectral assignment

C=0 symmetric and asymmetric
stretching

C—N—C axial stretch and
transverse stretching

C=C stretching

CeHp ring bending

PI wave number

Membrane blend wave

(em™ number (cm ')
1710, 1782 1717, 1773
1210-1389 1216-1389

1510 1510
833 833

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 TG curves of (i) PSF, (ii) PSF/PI-10%, and (iii)
PSF/PI-20% with heating rates for each at (a) 5, (b) 10,
and (c) 15°C/min.

unchanged. Spectral shifts were observed for ben-
zene ring of PSF (from 1587 to 1584 cm 'and from
1489 t01495 cm ') for the respective symmetric and
asymmetric vibrations of S=O (from 1150 to 1151
cm ' and from 1307 to 1303 cm™ '), for asymmetric

Journal of Applied Polymer Science DOI 10.1002/app
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vibrations of C—O (from 1244 to 1247 cm '), and for
symmetric vibrations of CH;—C—CHj; group defor-
mation (from 1410 to 1406 cm'). The summarized
form of different shifts in the FTIR spectra, as pre-
sented in Table II, supported the development of
some interactions among the polymers; this indi-
cated their compatibility in the form of blended
membranes.*

TG studies of the samples were carried out at
three different heating rates, and they were inten-
tionally kept at relatively higher values, for example,
5, 10, and 15°C/min, to gather the insight into the
degradation process under practically simulated con-
ditions.*® Only one range of thermal degradation
temperatures was observed for all of the composi-
tions; this supported the proper miscibility of the
phases. A few typical TG traces for the thermal deg-
radation of the polymeric membranes are presented
in Figure 5. The values for the degradation onset
temperature and the maximum degradation temper-
atures for all of the compositions at different heating
rates are reported in Table III. It could be seen that
with the increase in PI content in the composition,
the peak temperature for the degradation increased
from 510 to 600°C (Fig. 6). This increase in the peak
temperature could have been related to the effect of
heat transfer in the material.’” It might have been
correlated to the enhanced crosslinking of the poly-
mers with the increase in PI content, which resulted
in the improvement in the thermal stability.** The
presence of a single decomposition peak could have
been related to the homogeneity of the samples.

The kinetics of the thermal degradation process
was studied for proper understanding of the degra-
dation for developed membranes. If we assumed a
solid-to-gas phase transformation during the degra-
dation process, the general reaction during the heat
treatment could be represented in the following
way:

A (solid) — B(solid) + C(Gas) (1)

The fractional conversion (o) for the degradation
process can be presented in the following way in
terms of the weight changes during the thermal
treatment:

wo — Wy

@)

w — wy

where wy is the initial weight of dry sample, w; is
the actual mass of the sample at instant ¢, and wy is
the final weight of the sample at the end of TGA.

The isothermal degradation rate (do/dt) can be
presented as a product of the rate constant [K(T)],
and a function of the conversion [f(a)] in the follow-
ing way:
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TABLE III
Dynamic TG Data and E, Values of Various PSF/PI Blends
Degradation onset Maximum
B (=dT/dt temperature degradation E,
Membrane (°C/min) °O) temperature (°C)  (kJ/mol) A n
PSF 5 485 510 206.1849  4472.698 1
10 497 533
15 526 567
PSF/PI-5% 5 498 520 211.4598  3323.419
10 509 537
15 534 572
PSF/PI-10% 5 511 537 2253002  3847.777
10 528 557
15 545 583
PSF/PI-15% 5 522 544 237.5732  3170.044
10 537 560
15 556 585
PSF/PI-20% 5 535 549 253.1729  1083.825
10 548 568
15 567 600
do cantly; this indicated an improvement in the thermal
ar K(T)f () () stability of the composites.

K(T) can be expressed by the Arrhenius equation as
follows:

Eq

K(T) = Ae ® )

where A is the pre-exponential factor, R is the gas
constant, and T is temperature of decomposition.
If we combine egs. (3) and (4), we get

do

i Ae wif (o) )
With B as the heating rate
B =TT)a (6)
If we combine egs. (5) and (6), we get
do K
o7 = Ae (o) @)
Taking the logarithm of both sides, we get
dot E,
In(B ) = In[Af (2)] — ®)

Therefore, a linear plot of the left-hand side
against 1/T would enable us to evaluate the value of
E, from the slope.*’ Typical linearized plots are pre-
sented in Figure 7, and the evaluated E, values for
the different compositions are presented in Table III
From the results, it is evident that with the increase
in the PI content in the PSF matrix, E, for the degra-
dation of the polymer composites increased signifi-

Again, if we assume an order-based reaction
mechanism operating during the thermal degrada-
tion of the polymers, the kinetic function f(a), which
actually describes the mechanism of the degradation
process, can be represented in terms of the fractional
degradation in the following way:

flo) = (1 -’

where 7 is the order of the degradation reaction.
Equation (8) can now be presented in the follow-
ing way:

)

do

o) = InlA( — o))~

Equation (10) can be simplified in the following
form:

(3% = (ina— L) 4 nin1 - a)

T RT ()

Therefore, a linear plot of the left-hand side
against In(1 — o) enabled us to evaluate the value of
n from the slope and A from the intercept. The
results are presented in Table III. It can be seen that
the thermal degradation of the polymeric blends
mostly followed first-order kinetics; this indicated
that the rate of the degradation process was propor-
tional to the concentration of the undegraded spe-
cies. Values of A, which indicate the number of ther-
mally activated species, were also found to exist in a
similar range for all of the compositions, except in
the batch containing the maximum proportion of PI
This indicated an enhanced degree of thermal

Journal of Applied Polymer Science DOI 10.1002/app
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stability for the composition with the maximum
amount of PL

SUMMARY AND CONCLUSIONS

Asymmetric PSF/PI blended polymeric membranes
were fabricated by a phase-inversion technique. The
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Figure 7 Linear plots of In B(da/dt) versus 1/T: (a) PSE/
PI-10% and (b) PSF/PI-20% at same o values (0.01).

polymeric constituents showed adequate compatibil-
ity, as indicated by the existence of a single T,. The
kinetics of thermal degradation for these membranes
were studied with TG. The degradation reactions
could be described by first-order kinetics, and E, of
the degradation increased with the increase in the PI
content in the composition; this indicated an
improvement in the thermal stability with the
increase in the PI content in the compositions.
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