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ABSTRACT: A series of polysiloxaneimide (PSI)/polyetherimide (PEI) composite hollow fibers were fabricated by coextrusion and
phase inversion. The hydrophobic PSI outer layer was set as the selective layer which was supported by the PEI inner layer. The PSI
was synthesized by polycondensation of 3,3',4,4'-Biphenyltetracarboxylic Dianhydride (BPDA) with amino siloxane X-22-161A and a
chain extender, 1,3-Bis (3-aminopropyl) —1,1,3,3-tertramethyldisiloxane (BATS). It was found that the macroscopic uniformity of PSI
layer was dependent on the dope formulation, coagulant composition and dope flow rate: (1) the higher similarity degree of the sol-
vent(s) for different layers in terms of solubility parameters, (2) the utilization of surfactant as a component in the water coagulant,
and (3) higher flow rates of the outer layer dopes, led to the formation of more uniform and smoother PSI outer layer. The maxi-
mum outer layer thickness was around 2 pum. The bulk of the PEI layers were porous with finger like macrovoids. The outer surface
of the inner PEI layer for some batches of the hollow fibers was confirmed to be porous. The original dual-layer hollow fibers showed
poor pervaporation performance. Post treatment was applied to cure the hollow fiber, delivering composite membranes with perform-

ance dominated by the coating material of PDMS. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43324.
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INTRODUCTION

Pervaporation (PV) is a membrane technology commercialized
in 1980s"? and it has been viewed as one of the most promising
technologies in molecular level liquid separation. Its advantages
include high separation efficiency, compact operation space and
low energy consumption. It is especially attractive to the separa-
tions of liquids forming azeotrope or having closing boiling
points.’

Hydrophobic pervaporation preferentially removes volatile
organic compounds (VOCs) and has potential applications in
biofuels production and wastewater treatment.*> In recent
years, the effort on hydrophobic pervaporation has been intensi-
fied, as indicated by the increased accumulation of publications
in past few years. Memebrane matrial and formation are among
the factors essential to economical application and remains to
be one of the research focuses. Polydimethylsiloxane (PDMS) is
a widely used material for preparing hydrophobic pervaporation
membranes.*” Several strategies such as block/graft copolymer-
ization,®® polymer blending,'" and organic/inorganic mixed
matrix materials,"' are developed to create new membrane
materials that combine the hydrophobicity of PDMS and the
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special properties of other compounds. Polysiloxaneimide (PSI)
is a copolymer composed of PDMS and polyimides (PI) seg-
ments. The mechanical strength of PSI is higher than, while its
permeability is almost on the same order of magnitude as that
of PDMS."? As demonstrated in many works,"”'* PSI materials
also possess good pervaporation performance in organic/water
separation. In Chang et al’s work, PST membranes for pervapo-
ration were synthesized from BTDA, 4,4’-(hexafluoroisopropyli-
dene) diphthalic anhydride (6FDA) and pyromelliticdianhydride
(PMDA) with PDMS (SIDA M,, = 800 g/mol)."” In Krea et al’s
work,'* the average molecular weight of the PSI copolymers
prepared from PDMS (ODMS M, =900 — 5000 g/mol) were
significantly improved by incorporating 1,3-bis (3-aminopropyl)
tetramethyldisiloxane (MDMS) as a chain extender. The highest
separation factor for phenol recovery from its 5 wt % aqueous
solution was 22 with a membrane containing 6FDA and 89 wt
% PDMS. Jiang et al. prepared organophilic pervaporation film
using PSI synthesized from 2,2’-bis[4-(4-aminophenoxy) phe-
nyl] hexafluoropropane (BDAF), 4,4’-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA), and diamine-terminated poly(di-
methyl siloxane)s.'> The PSI with SIDA of 4600 g/mol had both
higher flux of (27.6 g/mzh) and separation factor (3270) in
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treating 500 ppm trichloroethylene (TCE) at 25°C. A few recent
reports have documented the production of polymer—inorganic
filler mixed matrix membranes.'>'® Liu et al. filled silicalite into
the PSL'> These membranes showed a total flux of 280 g/m*h
and a separation factor of 52.2 in recovering chloroform from
water by pervaporation.

To facilitate the application of hydrophobic pervaporation, ani-
sotropic membranes with generic properties of higher flux is
necessitated.'” Generally, the mechanical strength of elastomers
is not strong, which may cause the collapse of the self-support
anisotropic membranes under actual pervaporation conditions.
Therefore, composite strucuture is the principle choice in pre-
paring hydrophobic pervaporation membranes. PSI/PEI/nonwo-
ven fabric composite membranes using PSI as a selective layer
for hydrophobic pervaporation were developed by Song and
Jiang for the first time.'® The nonwoven fabric layer covered by
a crosslinked porous polyetherimide (PEI) layer was employed
as a mechanical support, on which the PSI layer was formed by
nonsolvent induced phase inversion. The highest separation fac-
tor for ethanol/water separation by pervaporation was around
2.5. The flux of the membrane was low due to that the PSI layer
was more than 20 um thick.

In this study, PSI/PEI composite hollow fibers are prepared.
The reason for developing hollow fiber is that this type of con-
figuration has the merit of high packing density.'”?® The
method utilized for the composite structure formation involves
co extrusion coupled with dry-wet phase separation. The moti-
vation for adopting this approach is that PSI share the same
solvent with many glassy polymers suitable for porous support.
A multi-step casting procedure will destroy the desired structure
of prefabricated support layer when forming the PSI layer in
the last step. Preparing two layers simultaneously, the problem
may be circumbented. In addition, the one-step co-precipitation
approach has several advantages that have been elaborated by
other researchers.”’ Among these points the most attractive one
is the potentially higher membrane fluxes. With the single-step
production, a sufficiently porous support structure will not suf-
fer the migration of selective layer polymer into the pores of
support. This point is in constrast with the characteristics of
traditional composite membrane. One of the disadvantages
associated with the latter is the pore intrusion by coating of
functional layer material.**> The consequence is extra transport
resistance and reduction in hydrophobic selection. This work
will demonstrate for the first time the formation of composite
hydrophobic pervporastion membranes by co-extrustion. The
effects of spinning conditions such as dope flow rate, dope for-
mulation, coagulant composition on the PSI/PEI dual-layer
membrane morphologies will be investigated. The mechanisms
underneath the relationships observed will be proposed and dis-
cussed. The pervaporation performance of the membrane fabri-
cated will also be examined preliminarily.

EXPERIMENTAL

Materials

Polyetherimide (PEI) for support layer was purchased from Saudi
Basic Industry Corp. (SABIC) and was dried in vacuo at 80°C for
12 h before being used. 3,3,4,4'-Biphenyltetracarboxylic dianhy-
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dride (BPDA) (97 wt %) was supplied by Sigma Aldrich Inc.
Reactive polydimethylsiloxane (PDMS) with amino groups at
both ends (amino group equivalent weight of 800g/mol) was
from Shin-Etsu Chemical. Chain-extender 1,3-Bis (3-amino-
propyl) —1,1,3,3-tertramethyldisiloxane (BATS) was purchased
from Alfa Aesar Inc. Polyethylene glycol (PEG, Molecular weight
(M) 800 g/mol) was provided by Tianjin Kemiou Chemical Rea-
gent. High performance liquid chromatography (HPLC) grade
tetrahydrofuran (THF) and N-dimethylacetamide (DMAc) for
PSI synthesis were from Merck Specialities Ptd. Ltd. and N, Tian-
jin Kemiou Chemical Reagent, respectively. Analytical reagents
(AR) grade THF from Changsha Huihong Chemical Reagent and
N-methyl-2-pyrrolidone (NMP) from Sinopharm Chemical
Regent for dope preparation were both of AR grade surfactant
sodium dodecyl sulfate (SDS) was supplied by Sinopharm Chemi-
cal Regent. The chemical agents were used without further purifi-
cation, unless otherwise specified. The PDMS kit of D184 was
supplied by Dow Corning. The PDMS of WC107 was supplied by
Wancheng Chemical, while the cross linker tetraethoxysilane
(TEOS) and catalyst dibutyltin dilaurate (DBTDL) were pur-
chased from Xilong Chemical and Aladdin Industrial Corpora-
tion, respectively. AR grade n-Hexane was from Sinopharm
Chemical Reagent and used as received.

Polysiloxaneimide (PSI) Synthesis

The processes of PSI synthesis is illustrated in Scheme 1 in
which the stoichiometric ratio of the monomers was shown as
well. First, the BPDA was dissolved in DMAc with a concentra-
tion of 11.83 wt % purged by nitrogen (N,). After 1 h, the
PDMS solution in THF with a concentration of 73.50 wt % was
slowly added into the BPDA solution through a constant pres-
sure funnel. The resultant solution was magnetically stirred at
25°C with N, protection for 12 h. The BATS was then added
into the mixture and the second reaction lasted for another
12 h under the same conditions as that in the first step. Polysi-
loxane amic acid (PSAA) was obtained after 24 h reaction. The
concentration of PSAA in solvent mixture was 40 wt % and the
weight ratio of the DMAC and THF was 4/1. Thereafter, the
PSAA solution was poured into 1 L deionized water and left for
12 h. The precipitant of PSAA was taken out and dried in vacuo
at 40°C for 12 h and then dissolved in THE The procedure
from precipitation to dissolution was repeated twice to remove
the monomers and oligomers. The precursor PSAA was imi-
dized under vacuum to form PSI. It was annealed at 100, 150,
and 200°C for 1 h, respectively, and then cooled down naturally.

Preparation of PSI Films and PSI/PEI Hollow Fibers

The dense flat film of PSI was prepared using dry phase inver-
sion method. First, 6 g PSI was dissolved in 54 ¢ THF to obtain
a 10 wt % PSI solution. The solution was poured into a Teflon
disk with the diameter of 14 ¢cm. The disk was covered by a
glass plate for 1 day to allow the degassing of the solution.
Afterward, a narrow gap was generated between the disk and
the covering plate for solvent removal by vaporization. The nat-
urally dried film was annealed for 10 hours at 100°C under vac-
uum. After being cooled down, the film was peeled off from the
Teflon disk for follow-up tests.
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Scheme 1. Route for polysiloxaneimide synthesis.

The coextrusion and precipitation approach was employed for
preparing the composite hollow fibers. The dope compositions
and the flow rates for the inner layer, outer layer and bore fluid
were tabulated in Table I. The PEI and PEG were dissolved in
NMP at 80°C; the PSI or PSAA was dissolved in solvents at
40°C. The polymer/solvent mixtures were stirred continuously
for 6 h to obtain homogenous dopes. Thereafter, the dopes
were left in the tanks at 60°C for overnight degassing. The poly-
mer solutions and the bore fluid were transferred from their
storage tanks to the triple-orifice-spinneret. After coming out
from the spinneret, the nascent fibers went through a specific

air gap and entered the external coagulant. The conditions of
spinning were listed in Table II. Phase inversion was initiated by
the external and internal coagulant and the newly formed fibers
were taken up and collected by a roller. Subsequently, the fibers
were soaked in tap water, which was replaced daily, for 3 days
to remove the residual solvent. Thereafter, they were cut into
shorter pieces of 30cm long and air dried.

Hollow Fiber Module and Post Treatment
The hollow fiber module was fabricated according the work by
Song and Jiang.”> Two stainless steel union tees were linked by

Table I. The Compositions and Flow Rates of Outer/Inner Layer Dopes and External/Internal Coagulants for the Dual-Layer Hollow Fiber Membranes

Outer layer dope Inner layer dope Bore fluid
Composition Flow rate Composition Flow rate  Composition Flow rate  External
D (wt %) (mL/min) (Wt %) (mL/min)  (wt %) (mL/min)  coagulant
S1 - a b @ PEI/PEG800/NMP Water
15/5/80
D1 PSI/THF Water
20/80
D2 PSI/NMP/THF Water
20/40/40 2 ‘Q’g};gEtham' 15
D3 PSI/THF 0.02 005 0.1 PEI/PEG8B800O/NMP Sodium
20/80 15/5/80 Dodecylsulfate/Water

D4 PSI/NMP/THF
20/40/40

0.2 wiv %(2 g/L)
Sodium

Dodecylsulfate/Water
0.2 wiv % (2 g/L)
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Table II. Dual-Layer Hollow Fiber Fabrication Conditions

Spinning conditions Value
Humidity (%) 75

Spinneret temperature (°C)

Room Temperature

Bore fluid temperature (°C) 30

The inner layer dopes temperature (°C) 30

The outer layer dopes temperature (°C) Room Temperature
External coagulant temperature (°C) 40

Take up speed Free fall

Air gap (cm) 5

a plastic tube with a specific length and inner diameter of
4.0 mm. A piece of fiber was placed in the tube with both ends
protruded from the union tee outlets. The space in the two
ends between the fiber and the union tee was then sealed with
fast epoxy and dried overnight. Epoxy was applied twice to
ensure complete sealing. The effective length of the fiber was
16 cm.

The fiber for the pervaporation test was cured by the three
kinds curing agents. For KFZ314 and D184, PDMS (A) and
crosslinking agent (B) were blended with a ratio of 10/1. For
treatment using WC107, it was mixed TEOS and DBTDL with a
proportion of 10/1/0.2 by weight. Each curing agent was dis-
solved in n-hexane to form 3 wt % solution. The hollow fibers
with two ends being were immersed into the PDMS solution
for coating, and then taken out. After being dried in air natu-
rally, the coated fibers were thermally treated at 60°C for 12 h
in vacuum for deep drying and reinforcing crosslinking.

Characterizations

The morphology of the hollow fiber was examined by using the
field emission scanning microscopy (FESEM) (FEI Electron
Optics B.V. and Nova Nano SEM 230). To observe the cross sec-
tion of the fibers, the samples were fractured in liquid N,. The
samples were dried in vacuum before SEM observation. Gold of
nanoparticles was sprayed on the surface of samples for SEM to
promote the electrical conductivity. The Energy Dispersive X-
ray Spectroscopy (EDX) (JSM-6360LV/EDX-GENESIS) was
employed to detect the elements distribution on the shell/lumen
surfaces and cross section of the fibers. To characterize the
outer/inner layers’ interface morphology, the outer PSI layer
was exfoliated by attaching the adhesive tape on the external
surface, followed by peeling off the tape.

The sorption of pure water or ethanol in the PSI material was
performed. The mass of the film samples dried under vacuum
at 100°C for 2 h before the sorption test weighted and recorded.
Then the film immersed in the liquid at 25°C and 60°C, respec-
tively. The masses of the wetted samples were recorded in closed
container after residual liquid on the sample surface was blotted
by tissue paper. The swelling degree was calculated by the fol-
lowing equation:
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5= S 100% (1)
nmy

where, S is the swelling degree, m; and m, are the masses of
dry sample and swollen sample.

Pervaporation and Sorption Test

Totally, 5 wt % ethanol/water mixtures were used for the PV
test of neat PSI flat film and the device consulted the previous
research.'® The stainless chamber, cold trap, and vacuum pump
were successively connected by vacuum tube. The PSI dense
film was set in a stainless membrane cell, and sealed by the rub-
ber seal ring. On top side of the membrane, the feed solution
kept at 45°C or 60°C controlled by a heat jacket and the solu-
tion was stirred by a magnetic stirrer. In the bottom chamber
the membrane cell, a vacuum lower than 10 mbar was gener-
ated by a vacuum pump. The components transporting through
the membrane was collected by cold trap immersed in liquid
nitrogen. After 2 h of stabilization, the cold trap was exchange
every 1~2 h for examining the sample collected. The mass of
the sample was weighed by an electronic balance. The composi-
tions were analyzed by gas chromatography system (GC-2011,
Shandong Jinpu Analytical Instrument). Thee duplicate analyses
were applied for each sampling.

The total flux was calculated using the follow equation:
M

At

where, M (kg) is the total mass of liquid sample collected at
permeate side, A is the effective membrane area in contact with
the feed (m?), and ¢ is the period time (h).

Ji (2)

The separation factor of membrane was defined as:

B :)’e/)/w
e/w xe/xw

X 100% (3)

where, x and y are the mole or mass fractions water (w) or
ethanol (e) in feed and permeate, respectively.

Averages in flux and separation factor of all the samplings over
a pervaporation duration of at least 4 hours were used as indi-
cators for separation properties of the fiber. For every batch of
hollow fiber, at least two parallel modules were prepared and
tested.

The pervaporation test was also carried out for the hollow fiber
membrane and the set up was shown in Scheme 2. The feed of
5/95 (w/w) ethanol/water mixture solution was stored in the
feed tank and the temperature of the feed was monitored by the
thermometer. The feed was heated by the thermostatic water
tank and the temperature selected for pervaporation was 45°C
or 60°C. Centrifugal pump was used to circulate the feed, of
which the flow rate of was controlled at 100 L/h by the flow
meter. The method for collection and characterization of the
permeate was generally the same as that for PSI film. The only
difference in the two operations is that the permeate sample for
hollow fiber module was collected every 0.5~1 h after 0.5 h sta-
bilization due to the much higher flux.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43324
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1. feed tank; 2. heating tank; 3. valve; 4. centrifugal pump; 5. flow meter;
6. membrane module; 7. cold trap I; 8. cold trap II; 9. thermometer;
10. pressure meter; 11. vacuometer; 12. vacuum pump.

Scheme 2. The set up for the pervaporation test with hollow fiber. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

RESULTS AND DISCUSSION

Characterizations of PSI Material

FTIR characterization confirms the imidization and the success
of PSI synthesis. The PSI flat dense films experience the perva-
poration tests for treating 5 wt % ethanol/water mixture solu-
tion at 45°C and 60°C, respectively. The graphs in Figure 1(A)
show their pervaporation performance in terms of total flux
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and separation factors under different feed temperature. As
revealed, with the temperature being changed from 45 to 60°C,
the pervaporation flux increases from 0.35 kg/m2-h to 0.44 kg/
m2-h; meanwhile the separation factor increases from 1.36 to
1.74. Feed temperature not only influences the polymer chain
mobility and free volume, but also the vapor pressure of organic
and water, which bring about the performance variation
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Figure 1. The pervaporation (A) and sorption (B) test of PSI flat dense film (thickness ~ 280 um) at different feed temperatures. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. SEM pictures of the cross-section and the outer surface of the single-layer PEI hollow fiber S1. (A: cross-section; B: outer surface; C: inner

surface).

observed. Similar trend was reported in several other
researches.'® As shown in Figure 1(B), increasing the feed tem-
perature promotes more the sorption of ethanol in the PSI
material than that of water,'® which is a factor rendering the
enhancement of the properties  at

separation higher

temperature.

Morphology of Single-Layer PEI Hollow Fibers

The SEM pictures showing the morphologies of the single layer
PEI hollow fiber (S1) are illustrated in Figure 2. The cross sec-
tion exhibits two layer of densely distributed finger-like macro-
voids initiating from inner and outer surfaces, respectively. Due
to the hydrophilicity of PEI and the low concentration of the
dope, instantaneous demixing favoring macrovoids’ growth
dominates the phase inversion.”* In addition, PEG addition
enhances the thermodynamical instability of the solution and
water is a strong coagulant, which further strengthen the trend.
The shapes of both layers of macrovoids are thin and sharp,
and those distributed in the inner annulus are slightly longer.
The phase inversion of the lumen side of the dope is introduced
immediately after dope extrusion from spinneret orifice, while
the demixing due to external coagulant happens after the nas-

Dla

D1b

cent fiber transports through the air gap. This situation allows
the phase separation initiating from the lumen surface to
develop more fully, leading to macrovoids with bigger size.
Another reason may be the radial shrinkage of the fibers facili-
tates the coagulant intrusion from lumen side whereby the mac-
rovoids becomes bigger.”>*® Figure 2 also displays the outer
surface of the hollow fiber S1. Pores with diameters less than
0.05um are observed on the shell surface and the inner surface
is fully porous.

Tuning of PSI Layer Integrity for the Dual-Layer Hollow
Fibers

Effects of PSI Outer Layer Dope Flow Rate. The SEM pictures
in Figure 3 show the cross-section morphology of the D1 series
hollow fibers. The PEI inner layers for these fibers are prepared
using the same dopant and spinning conditions that are identi-
cal to the PEI single layer hollow fiber. Observation reveals that
the cross-section of fiber D1b is obviously different from those
of Dla. Unlike the latter, it has a distinct dense layer near the
outer surface. Elemental analysis by EDX linescanning indicates
that this layer contains silicon (S;), and thus is composed of
PSI. No §; signal is identified near the outer surface of Dla at

C

Figure 3. SEM pictures for the cross-section and outer surface of D1 series hollow fiber (A: overall cross-section; B: one eighth cross-section; C: outer

surface).
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Spinneret

PSI layer

Floating

Figure 4. The pictures showing the situations near the spinneret exit for
the nascent fibers of D1b, D2c, and D3c. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

the position selected for EDX analysis, which may be a proof
confirming the non-existence of PSI layer.

The surface tension of water coagulant (72.8 mN/m) is greater
than those of the PSI and THF (37.8 and 26.4 mN/m) forming
the outer layer dope solution. Such a difference is big enough
to overcome the interfacial tension between the two liquids. In
addition, the solubility parameters of the two dopes exhibit an
obvious level of dissimilarity, implying a relatively weak adhe-
sion or low compatibility. When the flow rate of the outer layer
is low or the thickness is thin, the outer dope is almost com-
pletely sheared off from the inner dope upon immersion into
water coagulant, and spontaneously spread on the water surface.
This phenomenon is schematically shown in Figure 4. Moham-
madi et al*’ reported a similar phenomenon which was utilized
for preparing ultrathin dense Poly (ether-block-amide) film for

WILEYONLINELIBRARY.COM/APP

Applied Polymer

CIENCE

PV separation. As for a thicker outer layer with fiber D1b, the
effect of surface tension may not overtake the effect of com-
bined gravity and adhesive force exerted on the outer layer to
completely remove the PSI layer. Consequently, a ultrathin and
homogenous PSI layer comes into being.

Observation of pictures in Figure 3 also reveals that the shell
surface of Dla is seemingly hard and rigid, characteristics of a
glassy polymer membrane. The porous morphology in terms of
pore size and distribution is quite similar to that of hollow fiber
S1, with micro pores having diameters less than 0.1 pm.
Whereas, the outer surface of D1b is soft and dense, typical of
rubbery polymer. Another difference between the Dla and D1b
hollow fibers is associated with the morphologies of the porous
PEI layer. The feature of PEI cross-section for D1a is quite simi-
lar to that of single layer PEI hollow fiber S1. Without PSI layer,
the Dla hollow fiber is actually reduced to a single-layer PEI
hollow fiber. Under the same fabrication conditions, it will
evolve into a membrane basically identical to S1. The mecha-
nism for the formation of dense PSI layer has been introduced
in our previous work.'®

In contrast to Dla or S1, the macrovoids in the shell annulus of
PEI layer for D1b are obviously shorter and wider than those
existing in the lumen annulus. This is probably due to the
delayed phase separation caused by the presence of a hydropho-
bic PSI layer between the PEI layer and water coagulant. The
time sequence for the macroscopic evolution of the PEI and PSI
dopes after immersion into water coagulant is demonstrated in
Figure 5. Instantaneous demixing favoring macrovoids forma-
tion happens with PEI solution, as indicated by its immediate
transition from transparency to opaqueness. For PSI solution,

b

PSI

Figure 5. The time sequence of the evolution of the PEI and PSI dopes in film form after immersion into water. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Intensity of Si

Figure 6. The SEM pictures and EDX analysis showing the morphologies of D2 series hollow fibers (A: cross-section SEM; B: EDX analysis; C: shell sur-

face SEM). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the obvious change of its pellucidity is delayed to around 15s
after contacting coagulant. Due to the higher hydrophobicity of
PSI, water solution and diffusion through its matrix is slow,
which also retards the phase inversion rate of the substrate PEI
in the dual-layer hollow fiber. That is one of the reasons for the
macrovoids shape deviation for hollow fiber containing an evi-
dent PSI layer.

Effect of Solvent Type for PSI Layer. Based on the discussion
related to the PSI outer layer control in the above section, the
ways to solve the problem are proposed. The first method is to
promote the adhesive force by generating stronger compatibility
between the PSI and the PEI dopes. Since NMP is the solvent
for the inner layer, using mixed solvents containing NMP for
outer layer PSI solution is considered to reduce the difference
of solubility parameters between the inner and outer layer
dopes. It was expected that higher compatibility between the
two dopes by using common solvent might facilitate the forma-
tion PSI layer with continuity and homogeneity.”® PSI can dis-
solve in THF well, whereas is insoluble in NMP. For the binary
solvents selected, only an NMP/THF ratio of 1:1 leads to disso-
lution of PSI. The solubility parameters were calculated by the
group contribution method®® using the structural formula in
Scheme 1 and inquired from the references.’®~* The solubility
parameters of NMP, THE, and PSI are 23.10, 18.60, and 17.48
MPa'’?, respectively. The smaller difference in solubility parame-
ters between PSI and THF give rise to better dissolution of PSI
in mixed solvent with relatively higher THF content.”® Finally,
THEF/NMP with a ratio of 1:1 by weight is employed for prepar-
ing the dope of PSI layer.

Figure 6 summarizes the SEM pictures showing the morpholo-
gies of the D2 series of PSI/PEI dual-layer composite hollow
fibers. The solvent for PSI layer in D2 series is THF and NMP
mixture with ratio of 1:1 by weight. The comparison of Figures
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3 and 6 informs us of the effect of PSI layer solvent type on its
morphology. When the outer layer dope flow rate is fixed at
0.02 mL/min, the PSI layer cannot be observed in the SEM pic-
tures with lower magnification. In the picture with higher mag-
nification shown in the lower left corner, an irregular and scrap
structure is identified near the external side of the fiber and
seemingly not an integral part of the PEI layer. The above find-
ings are cobbororated by the EDX analysis locating beneath the
SEM pictures for crosssection. Obvious and strong Si signal
appears near the external surface of D2b and D2c fibers, and
for D2a fiber only a trivial signal. Further observation shows
that the outer surfaces of D2a, b, and ¢ are all dense. All the
fibers show the cross section characterized of two layer of mac-
rovoids with those near the shell side being shorter and wider
than those in the lumen annulus. As aforementioned, this fea-
ture indicates delayed demixing in the outer annulus due to the
existence of a hydrophobic PSI solution. This observation indi-
rectly confirms that all the three batches of D2 fibers have a PSI
layer developed on its outer surface.

The above findings suggest that the rule for surface morphology
evolution in Figure 6 with PSI layer dope flow rate is almost
the same as that in Figure 3. In other words, only higher outer
layer dope flow rate leads to the formation of a distinct double-
layer composite structure. Nonetheless, the mixed solvent makes
some difference from pure THF by retaining partially an ultra-
thin PSI layer on the shell side of fibers with lowest PSI dope
flow rate. In addition to the solubilities being drawn closer for
the two layers to promote adhesion of the two layers at inter-
face, the following factors may also facilitate the evolution of a
thin PSI layer with the lowest dope flow rate. The surface ten-
sion of the PSI solution using NMP/THF mixed solvent is 40.7
mN/m, more closer to that of water” than that using pure
THF (i.e., 26.4 mN/m). At the same time, the viscosities of
NMP and THF at 20°C are 1.7cp and 0.48cp, respectively.”> The
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Figure 7. The cross-section and shell surface SEM pictures of D3 and D4 series hollow fibers with different magnifications (A: cross-section beneath

outer layer; B: one eighth cross-section; C: outer surface).

usage of NMP in PSI dope will induce higher viscosity; hence,
higher shear strength that is more resistant to surface tension
effect.

Effect of Coagulant Composition. The findings in the above
two sections show that the integrity of PSI layer cannot be
achieved easily when attempting to further decreasing its thick-
ness. Therefore, effort is direct towards the modification of
coagulant surface tension by adding surfactant.’* Based on the
data of surface tension it is also found that a concentration of
2 g/L Sodium Dodecyl Sulfate water solution exhibit a surface
tension of 47.69 mN/m, much lower than 72.84 mN/m of pure
water. More importantly, the former value is significantly closer
to the surface tensions of PSI dopes with both single THF and
mixed solvent, which are 34.4 mN/m and 29.68 mN/m, respec-
tively. In light of this comparison, the addition of surfactant is
anticipated to hinder the delamination the PSI layer more easily
and efficiently.

The morphologies of D3 and D4 series hollow fibers using
coagulant containing surfactant Sodium Dodecyl Sulfate are
demonstrated in Figure 7. For both series of hollow fibers, an
ultrathin and almost uniform dense layer of around 1 um veri-
fied to be PSI by elemental analysis is observed even when the
PSI dope flow rate is reduced to 0.02 mL/min. The outer surfa-
ces of these fibers are all dense. In addition, the cross-sections
of all these fibers are featured with significantly shorter macro-
voids in the outer annulus, implying the phase inversion domi-
nated by delayed demixing mechanism near the outer surface.
This is caused by the presence of a PSI layer at the outer sur-
face, as aforementioned. Based on Figure 7, it is also found that
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the boundaries of the two layers are distinctive and there exists
no penetration of PSI into PEI layer.

Interface Morphology of the PSI/PEI Dual-Layer Hollow
Fibers

For composite membrane it is desired that the support present
minimum resistance to the mass transfer, which would require
the support to be highly porous. Our previous work found that
for the composite hollow fiber formed by co-extrusion, the
outer surface of the inner layer developed quite compact struc-
ture which dominated the overall membrane separation effi-
ciency.”® The apparent cause for the evolution of such a
structure was the solvent/nonsolvent concentration difference
between the two layers. In this work, therefore, identical solvent
concentration is applied for both dopes.

It was attempted to exfoliate the PSI layer from the PEI layer
for observing the interface structure. Although the materials
and dopes for each layer are different in surface tension and sol-
ubility parameter, the resultant hollow fiber exhibit no signs of
delamination. The two layer attach to each other closely in the
solidified hollow fiber, which makes it difficult to obtain sharply
separated two layers. The strong attachment is due to two fac-
tors: (1) the PDMS segment is soft and can easily adapt to the
topology of the support layer outer surface and immobilize on
it; (2) there exists some dope solution interchange at the inter-
face during membrane fabrication, leading to interpenetrating
network to hook the two layers.

The morphologies of the structures exposed by the adhesive
tape treatment illustrated in Figure 8. Figure 8(Dl1b) is quite
dissimilar from Figure 3(D1b) before being treated, by showing
seemingly porous structure with an average pore size around
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Figure 8. The interface morphologies of the hollow fibers by SEM and EDX analysis for different structures. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

1 um. Further observation of SEM of D1b in Figure 8 shows
that these pores are not throughholes; in other words, there still
a thin layer of PSI retained. As PSI layer of D1b is obviously
dense, the porous structure is attributed to the PEI outer sur-
face in contact with PSI. The PSI remains on the fiber after sur-
face exfoliation is too soft to sustain itself. It collapses in the
position where the pores locates, hence indirectly revealing the
outline of the pores. Figure 9(D3c) shows the elemental analysis
by EDX alongside the SEM observation for fiber D3¢ subject to
surface treatment. Two distinctive morphologies are observed
on its surface; namely, a porous section and a dense section.
EDX analysis shows that the dense portion contains appreciable
content of S;, indicating the existence of PSI. Whereas, the con-
tent of S; in the porous part is negligible, suggesting almost
complete removal of the PSI from the PEI layer. The apparent
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=
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3.0 | . . l
o H B N N
Origin  3wt% 3wt% 3wt% 30wt%
(x1) (*5) (>%20) (>1)

Conditions of post treatment

smoothness and lattice structure of D3c in the porous part are
taken as denotation that the outer surface of the PEI inner layer
is almost intact during the surface treatment.

Comparison of morphologies of D1b and D3c in Figure 9
shows that the pores of the two batches of fibers are of similar
size, and both are much bigger than that of neat PEI hollow
fibers S1 as shown in Figure 3 formed using the same PEI dope.
The presence of the PSI layer slows down the penetration rate
of coagulant, which in turn renders delayed phase separation
favoring formation of larger pores on PEI side at the interface.
Since the two dope solutions are quite different in their physi-
cochemical properties, they take dissimilar phase inversion
routes at the interface, resulting in a porous PEI surface whiles
a dense PSI.
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Figure 9. The flux (A) and the separation factor (B) for D4c fiber with different post treatment. (The number in the blanket means the number of coat-
ing for the post treatment). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table III. The Cross Section and Surface Morphologies of the Hollow Fiber after Being Coated under Different Conditions
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In the other SEM pictures, quite porous but also rough struc-
tures are exposed after surface treatment. With EDX analysis it
is found that no S; is identified on the porous part, implying
that it belongs to PEI support. However, it is not easy to discern
whether they are the structures at the interface in direct contact
with PSI layer, or of the interior part of PEI layer. Since PSI
and PEI attach to each other intimately at the interface, the
outer surface of PEI layer may be pulled away along with PSI
layer during the surface treatment to reveal in effect the interior
structure of PEI layer, instead of the interface structure.

Pervaporation Performance

Figure 9 shows the pervaporation performance of hollow fibers
based on D4c at 20°C. As can be observed in Figure 9, the orig-
inal or untreated D4c hollow fiber exhibits an average flux of
around 11 kg/m2-h and a separation factor of 0.68 at 60°C. The
thickness of PSI layer in the D4c fiber is ca. 2.0 um of which if
defect-free the flux is expected to be around 16 kg/m2-h based
on the resistance model. This value is higher than that of the
composite membrane. Though the PSI layer of fiber D4c looks
dense, the separation factor indicates a separation process selec-
tive towards water with composite membrane, in contrast to
that obtained with neat PSI film shown in Figure 1. Such a phe-
nomenon as lower separation factor for anisotropic membrane
than intrinsic value of membrane material is sometimes attrib-
uted to the existence of pin-hole in the skin layer.'® Considering
the flux and the separation comparison mentioned above, the
resistance of the hydrophilic PEI layer cannot be ignored. In
effect, several work has reported that the support layer structure

Table IV. The Flux and the Separation Factor for D184 Flat Film

can affect or even dominate the mass transport of a composite
membrane for hydrophobic pervaporation.'®

Further work therefore is attempted to improve the membrane
separation efficiency. Increasing the thickness of the PSI layer to
make it dominate the transport of the dual-layer hollow fiber is
one solution. The SEM pictures in Figures (3 and 6), and 7 sig-
nify that no obvious intrusion of PSI into the PEI layer occurs.
Therefore, utilization of the PSI layer as an intermediate or gut-
ter layer for a multi-layer composite membrane is considered.”’
Directly coating the selective material on porous support often
results in a performance characterized of support material. The
pore-free and highly permeable intermediate layer could prevent
the occurrence of this situation.'>® In this work, the multi-
layer composite is fabricated by coating PDMS onto the PSI/PEI
as support. According to the resistance model with increasing
PDMS selective layer thickness, the selectivity will get closer to
the values of the PDMS. The PDMS applied is D184 that has
been investigated in several other researches about hydrophobic
pervaporation.”»*® Figure 9 reveals the effect of the coating on
the pervaporation performance of D4c hollow fiber. The condi-
tions investigated include coating solution concentration and
number of coating. The coatings under different conditions
have all significantly reduced the flux 3-4 fold, from 11 kg/m*-h
to less than 3kg/m*-h. Observation of Figure 9 also tells that
intensification of the coating by increasing coating number or
concentration of the coating solution can further cause changes
in the hollow fiber separation performance. The morphological
characterization demonstrated in Table III indicates that the
thickness of the PDMS coating increases obviously with the

Post thermal treatment

60°C

Thickness (um) Flux (kg/m?-h) Separation factor

D184 130°C for 1 h, 60°C for 12h at vacuum

~287 0.49 0.28
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coating intensity. This is one of the reasons for the flux depres-
sion. Since the thickness increment is not in proportion to the
coating intensity, the depression in flux is not in linear relation-
ship with the coating conditions. Regarding the separation fac-
tor, it also decreases after the fibers are coated. This observation
is found to be associated with the intrinsic separation properties
of the coating material.

The pervaporation performance of D184 PDMS material is shown
in Table IV. The dense film of PDMS is prepared as follows: mix-
ture of PDMS and crosslinking agent was cast on the surface of a
glass plate by the scraper or casting knife. Then the nascent film
was thermally treated under vacuum at 130°C for 1 h and 60°C
for 12 h successively for crosslink. At last, the PDMS film was
peeled off from the glass plate. Obviously shown in Table IV are
that the PDMS material does not exhibit hydrophobic selectivity.
Instead, it is slightly water selective. As a result, the coating super-
imposing extra resistance in a series manner is not capable to
reverse the selectivity of the resultant multi-layer composite mem-
brane. The EDX analysis in Figure 13 is about the coated hollow
fiber. It is found that there is no obvious of S; element identified
in the PEI layer, which confirm that the coating does not cause
the penetration of the PDMS into the PEI support.

CONCLUSIONS

Hydrophobic PSI synthesized by polycondensation using three
monomers (BPDA, BATS and amino-terminated PDMS) was
used in fabrication of PSI/PEI dual-layer composite hollow
fibers for the first time. The findings of the research are sum-
marized below:

1. The PSI/PEI composite membranes were prepared by coex-
trusion and phase inversion. Several factors influenced the
homogeneity and the integrity of the PSI layer: PSI dope
flow rate, similarity of the solvents for the two dopes, and
the composition of the external coagulant.

2. The PSI layer formed under different fabrication conditions
was uniformly dense on the basis of the SEM characteriza-
tion. Whereas, the outer surface of the PEI support was
porous. The two layers had distinct boundary and no intru-
sion of PSI into the PEI happened.

3. The pervaporation performance of the PSI/PEI hollow fibers
was slightly water selective. Probably the influence of the
hydrophilic PEI layer cannot be ignored when the PSI layer
is ultrathin.

4. PDMS coating was employed to form multi-layer composite
hollow fibers. Due to that the intrinsic separation property
of PDMS was water selectivity, the coated fibers were still
favorable towards water transport. With higher intensity of
coating, the separation factor approximated more the prop-
erty of the PDMS material.
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