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New siloxane-imide block copolymers (PSI) were designed and synthesized from 2,2’-bis[4-(4-amino-
phenoxy) phenyl] hexafluoropropane (BDAF), 4,4’-(hexafluoroisopropylidene) diphthalic anhydride (6FDA)
and diamine-terminated poly(dimethyl siloxane)s (SIDA, average molecular weight =900, 1680 and 4600)
for application in organophilic pervaporation. The chemical structure of the copolymer was confirmed by FT-
IR and 'H NMR spectra. In addition, its good thermal stability and micro-phase separated amorphous
structure were confirmed by TGA, DSC, WXRD and AFM analyses. The content of siloxane blocks in the

Keywords: . . . . .
Or{g/anophilic pervaporation copolymer decreased, and thus the micro-phase separation became more serious with decreasing the
Membrane molecular weight of SIDA used for copolymerization. The PSI membrane prepared from the lowest molecular

weight of SIDA (900) was fragile. The siloxane blocks in the copolymer mainly contributed to the
pervaporation properties of the copolymer membranes. Their increase made an improvement of the
separation properties including permeate flux and selectivity. But simultaneously, it would lead to a drop of

Siloxane-imide block copolymers

mechanical strength of the corresponding copolymer membrane.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Trace volatile organic compounds (VOCs) i.e. toluene, trichloro-
ethylene, chloroform and phenol, which are toxic or even carcino-
genic, are always existing in several industrial wastewaters including
chemistry, pharmacy, electron, petroleum, printing, dope and textile.
Removal of such VOCs from wastewater is a long-standing topic for
environmental protection. Organophilc pervaporation (O-PV) using
hydrophobic membranes has been demonstrated to be potentially a
remediation for such applications. Relative to other conventional
technologies, such as air stripping and adsorption with activated
carbon, it has obvious advantages, especially high efficiency, energy-
saving and eco-friendly aspects, and simple equipment and operation
[1]. Nevertheless, to the best of our knowledge no industrial
breakthrough has yet been made. One of the main restrictions relates
to a lack of membranes providing the best combination of properties
with respect to flux, selectivity and stability for the removal of most
organics [2].

In fact, membrane, especially the polymeric one is the core of a
pervaporation process and its separation properties are depended on
the nature of the corresponding membrane material. Hereby, design
and development of new membrane materials are a key to realize the
industrial applications of O-PV.
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So far, very limited materials are used for O-PV, including poly
(dimethylsiloxane)s (PDMS), polyether-block-polyamides (PEBA),
polyurethane (PUR), nitrile-butadiene copolymer (NBR), poly[bis
(phenoxy)phosphazene] (BPOP), styrene-butadiene (SBS), poly[bis
(phenoxy)phosphazene| (BPOP), ethylene propylene diene rubber
(EPDM), poly(1-trimethylsilyl-1-propyne) (PTMSP), polyvinylidene
fluoride (PVDF), poly(vinylidene fluoride-co-hexafluoropropene) (P
(VDF-co-HFP)), etc. [3-6]. Among them, PDMS are the most widely
used membrane material for O-PV due to their high permeating flux
and moderate selectivity. However, the scope of their applications is
somehow limited by two factors. Firstly, PDMS have intrinsic bad
mechanical strength, poor film-forming ability and hence need to be
cross-linked, leading either to rather thick films or to composite
membranes. Secondly, it is difficult to tailor their chemical-physical
properties for a given separation [7]. As a result, the modification of
PDMS to overcome the above mentioned shortcomings is an effective
way to realize the industrial applications of PDMS membranes for O-
PV. Currently, graft or block copolymerization seems to be the most
hopeful method in this area [7-11], although apart from which dip-
coating [12-14], physical filling [15-20], alteration of molecular
backbone [21,22], and incorporation of functionalized groups [23,24]
were also attractive. That is, by means of graft or block copolymer-
ization, the aimed membrane material with comprehensively good
properties containing penetrability, selectivity, membrane-forming
ability, chemical stability and thermal stability should be obtained.
And accordingly the choice of segments to be grafted or blocked with
PDMS is significantly important.
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Aromatic polyimides (PI) are well known engineering plastics with
excellent thermal and mechanical properties [25]. Otherwise, multiple PI
can be gained based on various diamine and dianhydrate. Therefore, a
new membrane material with high separation properties can be obtained
for the aimed separating system by tailoring the Pl structure. Nevertheless,
PI membranes can not be directly applied for O-PV due to their chain
rigidity. The fluorinated PI synthesized from fluorine-containing (espe-
cially with bulky side groups, CF3) monomers are suitable membrane
materials for O-PV because of their unique hydrophobicity and relatively
high free volume, which are important factors governing preferential
sorption and diffusion of organics over water.

As discussed above, the reciprocally complementary advantages of
each other will be acquired by rod-coil block copolymerization between
PDMS and fluorinated PI. Namely, copolymers with alternating bocks of
siloxane and fluorinated imide (PSI) have the potential for improving
the mechanical strength of conventional PDMS membranes without
sacrificing many separation properties. Whereas, studies on the
fluorinated PI and its related polymers used in O-PV have rarely been
reported [7-11,26].

In this work, new fluorinated PSI were synthesized from 4,4'-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA), 2,2-bis[4-(4-
aminophenoxy)phenyl]hexafluoropropane (BDAF) and diamine-termi-
nated poly(dimethyl siloxane) (SIDA) by condensation polymerization.
They were firstly reported to be used in O-PV of chlorinated organics from
water. Particularly, correlation between their structural parameters which
were characterized by FT-IR, 'H NMR, wide-angle X-ray diffraction
(WAXD), DSC and the pervaporation properties were evaluated.

2. Experimental
2.1. Materials

4,4'-(Hexafluoroisopropylidene) diphthalic anhydride (6FDA)
(99%) was purchased from Fluro Chemical Co. and was re-crystallized

THF+NMP

from acetic anhydride before use. 2,2’-Bis[4-(4-amino-phenoxy)
phenyl]hexafluoropropane (BDAF) (97%) was purchased Fluro Chem-
ical Co. and dried before use. Diamine-terminated poly(dimethyl
siloxane)s (SIDA, average molecule weight =900, 1680, 4600) were
obtained from the Shinetsu Co. (Japan). Tetrahydrofuran (THF) was
distilled from molten solium using benzophenone as an indicator until
a dark blue color was obtained. The N-methylpyrrolidinone (NMP)
used was distilled under reduced pressure over calcium hydride and
stored over molecular sieves (4 A). All the drying procedures were
performed under dry nitrogen gas. Trichloroethylene (TCE), spec-
troscopy grade, was purchased from Shanghai Chemical Corporation.
Other reagents were used as received without purification.

2.2. Copolymer synthesis

Fig. 1 outlined the synthetic route to new PSI. The polymerization
was carried out in flowing nitrogen, and equimolar diamine and
dianhydride were used. Namely, the mol ratio of BDAF/6FDA/SIDA
was 1/2/1. Three SIDA with different molecular weights (900, 1680,
4600 ) were used. Since SIDA did not dissolve in NMP, a co-solvent
system was essential. NMP and THF were used as the co-solvent in a
weight ratio of 1/1. The polymerization procedure was as follows. The
THF solution of the appropriate amount of SIDA was added dropwise
to a magnetically stirred NMP solution of excess 6FDA under dry
nitrogen. The reaction proceeded at room temperature for 24 h and
then the requisite amount of BDAF was added. The reaction was
continued for another 24 h to yield the precursor, poly(siloxane amic
acid), a solution with a solid content of 15 wt.%.

Thereafter, the chemical imidization was carried out with a
prescribed volume of pyridine and acetic anhydride (1/1) at room
temperature for 48 h. Finally, the reaction mixture was then poured
into ethanol solution. The precipitate was collected by filtration and
dried in vacuum at 60 °C for 24 h.
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Fig. 1. Schematic route to synthesizing the PSI.
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Fig. 2. "H NMR spectrum of the PSI.

The fluorinated PSI synthesized from the three different molecular
weights of SIDA (900, 1680, 4600) were abbreviated as PSI-1, PSI-2
and PSI-3, respectively.

2.3. Copolymer characterization

TH NMR spectrum was carried on a Bruker AMX400 NMR
spectrometer using DMSO-d6 as a solvent. Fourier transform infrared
(FT-IR) spectra were recorded on a Nicolet Nexus 470 spectrometer in
the range of 400-4000 cm™! by averaging 32 scans at a resolution of
4cm~!. Gel permeation chromatography (GPC) analysis was per-
formed using THF as eluant. Thermogravimetric analyses (TGA) was
carried out in a TA® DSC Q100 calorimeter with a heating rate of 10 °C/
min in Ny. DSC tests were carried out by using of a TA® DSC Q600
analyzing system connected to a cooling system. Wide-angle X-ray
diffraction (WAXD) patterns were recorded on an X-ray Diffractometer
(Model D/MAX-IIIB).

2.4. Membrane preparation and characterization

The synthesized PSI were dissolved in NMP at 10 wt.%. The
homogeneous membranes were prepared by casting the copoly-
mer solution onto the glass plate and vacuum-dried at 60 °C. The
surface morphologies of the copolymer membranes were exam-
ined using atomic force microscopy (AFM). The AFM used in this
study was a CSPM 4000 provided by Benyuan Co., LTD. Scanning
was carried out in a contact mode AFM with a silicon cantilever
and all images were obtained at ambient conditions. Break
strength of the fabricated membrane was tested on an AG-1
(Japan) electronic serimeter.

2.5. Pervaporation experiments

A traditional pervaporation apparatus was used in this study
[26]. The circular flat membrane was clamped into a sealed
stainless steel test cell above a porous sintered metal support with
a viton ‘o’ ring arrangement forming a leak free seal, giving a
pervaporation area of 28.26 cm?. The cell was filled with the feed
solution and stirred at 1000 rpm by a magnetic agitator. The cell
temperature was controlled at 25+0.5°C with a thermocouple
and electronic temperature control system. A vacuum pump
maintained the downstream pressure at 300-400 Pa. The perme-
ate was condensed and frozen with the cold trap, which was
cooled with liquid nitrogen. The permeation rate was determined
by measuring the weight of the permeate. The compositions of the

feed solutions, permeates were measured by gas chromatography
(GC, China Chromatography 120).
Permeate flux, J, was calculated using the expression

2, -1, Q
Jgm “h )= = 1)

where Q (g) was the total amount of permeate passed through the
membrane during an experimental time interval T (h) at a steady
state and A (m?) was the effective area of the membrane.

The separation factor was calculated from

_ Yo/Yw

where Yo, Xo were the weight fractions of TCE in permeate and feed,
respectively. And Yy, Xy were the weight fractions of water in
permeate and feed, respectively.

3. Results and discussion
3.1. Copolymer characterization

The PSI was prepared by the conventional two-step polymeriza-
tion method, involving ring-opening polyaddition forming poly
(siloxane amic acid) and subsequently chemical cyclodehydration
forming poly(siloxane imide). '"H NMR spectrum of the PSI was
presented in Fig. 2.
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Fig. 3. FT-IR spectra of the PSI.
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Table 1
Some parameters of the PSI obtained from GPC, TGA, DSC, WXRD and membrane-forming characterizations.
PSI (abbreviation) SIDA Mn M, M, Polydisperity T, (°C) Tg1 (°C) Tg (°C) d-spacing (A) Membrane quality
PSI-i 900 24,267 31,384 1.29 446.85 —99.07 153.22 6.50 Fragile
PSI-2 1680 21,401 26,708 1.25 442.14 —114.32 168.30 7.05 Good
P51-3 4600 27,136 37,663 1.39 439.92 —122.45 170.36 727 Good

As expected, the aromatic protons were detected around 6.5-
8.5 ppm (Hs-H14), depending on the position in the aromatic ring. The
characteristic peak at 3.6 ppm corresponded to the protons H, of the
methylene group adjacent to the terminated imide ring. And two
other characteristic peaks at 1.6 ppm and 0.6 ppm corresponded to
the protons Hs and H, of the methylene groups from the siloxane
blocks, respectively. The protons of the methyl group from the
siloxane blocks (H;) appeared at around O ppm. As discussed above,
the peaks of all protons in the 'H NMR spectrum were in good
accordance with the proposed copolymer structure, as schemed in
Fig. 1.

FT-IR spectra of the PSI were exhibited in Fig. 3. Characteristic
absorption bands for the imide ring (CO,N) at 1782, 1723 cm™! due to
the asymmetrical and symmetrical carbonyl stretching vibrations,
respectively, and at 719 cm™! due to ring deformation were clearly
seen. Besides, the absorption band arisen from the stretching vibration
of the C-N group in the imide ring also appeared at 1379 cm~' [27]. On
the contrary, absorption bands at 1650-1690 cm™! (-CO-NH-, amida
1), 1530-1560 cm~! (-CO-NH-, amida II), 1260-1280 cm~! (-CO-
NH-, amida I1I) and 2900-3400 cm ! (amide —~NH- and acid -OH) were
not detected [28,29]. All these confirmed the complete conversion of o-
carboxy-amide groups to the imide rings.

Other absorption bands at 2962 cm™! (aliphatic C-H), 1600,
1502 cm ™' (aromatic C=C), 1089, 1015 cm ™! (Si-0-Si) and 799 cm™!
(Si-C) [30] were also observed in Fig. 3. But that at 3300-3500 cm ™!
(amine), 1760-1830 cm ™! (anhydride) were absent, implying that no
un-reacted components consisting of BDAF SIDA and 6FDA were mixed
in the synthesized PSI.

Moreover, a decrease of the bands' intensity at 1782, 1723, 1600,
1502, 1379 cmi~! (but an increase of that at 1089, 1015 cm ') from
PSI-1, PSI-2 to PSI-3 explained that the content of imide blocks in the
PSI decreased (but that of siloxane ones in the PSI increased) with
increasing the molecular weight (or longer chain length) of SIDA used
for copolymerization.

Results from GPC analysis based on linear polystryrene (PSt)
standards were listed in Table 1, which gave a weight-averaged
molecular weight (M,,) of 26,708-37,663 and a relatively narrow
polydispersity of 1.29-1.39 for the PSL
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Fig. 4. TGA curves of the PSI.

Thermal decomposition kinetics and stability of the PSI were
investigated using TGA under a nitrogen atmosphere and the results
were shown in Fig. 4.

It could be seen that both the PSI-1 and PSI-2 membranes
underwent two-step degradation, but this behavior for PSI-3
membranes did not show clearly in Fig. 4. The first step occurred
between 370 °C and 450 °C, which was attributed to the scission of
aliphatic amino propyl linkages of the PDMS units incorporated into
the copolymer. The second one occurred between 500 °C and 600 °C,
and it was due to the degradation of imide groups.

The decomposition temperature (Ts) at 5% mass loss was used to
compare the relative thermal stability of the copolymer samples, as
listed in Table 1. An increase of siloxane blocks (or a decrease of imide
ones) in the PSI resulted in a somewhat decreased decomposition
temperature. Nevertheless, the good thermal stability of all the
samples could be testified by Ts at about 439-447 °C.

The thermal behavior of the PSI evaluated using a DSC was
presented in Fig. 5. The found glass transition temperatures (T;) were
listed in Table 1 too.

A double T, but no crystallization or melting transition observed
for all the copolymer samples indicated that the PSI had an
amorphous but two micro-phase separated structure. The lower T,
(Tg1, —122-—100 °C) corresponded to the flexible siloxane blocks
dropped when the content of siloxane blocks in the PSI increased, but
it was always higher than that of pure PDMS, —123 °C. In contrast, the
higher Tg (Tg2, 153-171 °C) corresponded to the hard imide blocks
increased with increasing the content of siloxane blocks in the PSI
This opposite behavior of the two glass transition temperatures could
be explained in terms of the different phase morphologies of the
copolymers. In the case of the relatively lower content of siloxane
blocks in the copolymer, the two phases were clearly separated due to
the heterogeneity existing between the PDMS and fluorinated PI
moieties (i.e., phase demixing). This might be just the reason why the
PSI-1 membrane was fragile. Otherwise, as the content of siloxane
blocks in the copolymer increased, in some way the copolymer
became homogeneous (i.e. phase mixing) and the two glass transition
temperatures were influenced by each other, in such a way that Ty
decreased, while Tg, increased.
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Fig. 5. DSC curves of the PSI.
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Fig. 6. WXRD patterns of the PSI.

Actually, the presence of the crystalline phase in the polymer
matrix influences both the sorption of components into and their
transport through the membrane [31]. All of the steps involved in the
permeation process through a crystalline polymer, namely sorption,
diffusion, and desorption, take place in the amorphous regions. Under
this condition, the crystal entities act as impermeable barriers.
Consequently, the permeating molecules have to detour from the
crystalline regions and thus ‘travel’ a much longer distance through a
crystalline polymer than through a fully amorphous polymer.

Fig. 6 compared the WXRD patterns of the copolymer samples.
Positively, the broad peaks indicated that all the copolymer samples

were basically amorphous, which would be in favor of the diffusion of
components.

3.2. Morphologies, mechanical and pervaporation properties of the PSI
membranes

It was found in this work that the PSI-1 was difficult to form
membranes; in other words, the PSI-1 membranes were fragile, but
the other PSI-2 and PSI-3 had good membrane-forming ability, which
was also registered in Table 1. To analyze the reasons, we adopted the
AFM images of the other two PSI-2 and PSI-3 membranes to compare
their surface morphologies, as presented in Fig. 7.

The similar surface morphologies of the two PSI membranes were
testified by the AFM images in Fig. 7. Namely, rough surfaces
accompanied with some discontinued regions were observed.
Relatively bright and dark parts in the AFM images implied the
existence of a micro-phase separation in the PSI membranes.
However, a more distinct micro-phase separation was found in the
PSI-2 membrane, implying that a more homogeneous membrane
would be prepared from the copolymer with a higher content of
siloxane blocks which was synthesized from SIDA of a higher
molecular weight.

Results from AG-1 electronic serimeter were listed in Table 2. It
could be seen that a higher siloxane block contained copolymer
membrane (PSI-3) had a relatively poorer mechanical strength
compared with the PSI-2 one. Nevertheless, both the PSI-2 and PSI-
3 membranes had a higher break strength than the pure PDMS
membrane (0.2-0.3 Mpa) [15], which was necessary for their
applications in O-PV.

To test the separation properties of the synthesized copolymer
membranes used for O-PV, TCE was chosen as the representative of

Fig. 7. AFM topography images of the PSI-2(a) and PSI-3(b) membranes.
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Table 2
Mechanical and pervaporation properties of the PSI membranes.

Sample Break strength (Mpa) Permeate flux (10% kg/(m?h)) Separation factor

PSI-1 - - -
PSI-2 85 254 2580
PSI-3 1.8 27.6 3270

Note: The pervaporation test was done at 25 °C and 500 ppm TCE concentration.

VOCs. The results were also shown in Table 2. It could be seen that
both the permeate flux and selectivity of the PSI-3 membrane was
higher than that of the PSI-2 one. The reason could be correlated to the
structure parameters of the copolymer (Tg and d-spacing).

On the one hand, the premise for transport almost exclusively
through the amorphous phase is conformational transitions which
create voids for diffusion of the permeating molecules. So T, is an
important factor to effect the diffusion of components through a given
copolymer matrix. It is well known that a lower T, of the polymer
certainly will in favor of diffusion through the polymer matrix.
Because in this case, more free volume for diffusion is produced due to
the expanded amorphous regions (the macromolecular chains inside
them can move more easily). As the afore-discussion, with the content
of siloxane blocks in the copolymers increasing, Ty related to the
flexible siloxane blocks decreased but Tg; related to the hard imide
ones increased. Thereby, the better pervaporation properties of the
PSI-3 membrane which had a higher content of siloxane blocks
indicated that the siloxane blocks in the copolymer did make a main
contribution to the pervaporative separating properties of the
copolymer membranes.

On the other hand, the d-spacing value determined by wide-angle
X-ray scattering and calculation using the Bragg's equation (listed in
Table 1) characterizes the chain-to-chain distance in the copolymer
matrix [27], and further provides an indication of the resistance to
diffusion. It could be seen that the d-spacing value was reduced when
the content of the imide blocks in the copolymer increased. As a
matter of fact, an increase in the imide blocks in some sense increased
the rigidity in the copolymer matrix. This certainly would somewhat
weaken the inter-segmental motion and chain rotation, bringing on a
higher efficiency of chain packing within the copolymer matrix.
Finally, diffusion resistance of components through the copolymer
matrix increased. That was, both the VOC and water molecules would
permeate more difficultly through the PSI-2 membrane than through
the PSI-3 membrane.

4. Conclusions

A series of new siloxane-imide block copolymers (PSI) were
prepared by varying the average molecular weight of flexible siloxane
diamine (SIDA, 900, 1680 and 4600) and their membranes fabricated
by means of solvent evaporation were adopted for pervaporation of
trichloroethylene (TCE) from water. To increase the hydrophobicity
and free volume of the resulted PSI membranes, apart from SIDA, both
the diamine (4,4’-(hexafluoroisopropylidene) diphthalic anhydride,
6FDA) and dianhydrate (2,2’-bis[4-(4-amino-phenoxy) phenyl] hex-
afluoropropane, BDAF) containing bulky CF3; group were applied to
synthesize the PSI using the conventional two-step polymerization
method, involving ring-opening polyaddition and subsequently
chemical cyclodyhydration. '"H NMR spectrum confirmed the suc-
cessful preparation of the PSI FT-IR spectra indicated increasing
siloxane blocks in the copolymer with increasing molecular weight of
SIDA used for copolymerization.

DSC and TGA analyses showed that the PSI had a good thermal
stability but micro-phase separation. In addition, tensile tests
demonstrated its higher breaker strength than the pure PDMS
membrane. AFM observation further testified that the higher content
of imide blocks in the copolymer resulted in a more serious micro-

phase separation, so that the PSI prepared from the lowest molecular
weight (900) of SIDA was difficult to form the membrane.

Siloxane blocks in the copolymer mainly contributed to the
pervaporation properties of the membrane. PSI with a higher content
of siloxane blocks had dropped Ty (correlated to the flexible siloxane
blocks ) and larger d-spacing, which were in favor of improving the
pervaporation properties of the corresponding copolymer membrane.
But at the same time the mechanical properties of the PSI membrane
having a high content of siloxane blocks became poorer.
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