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ABSTRACT: A novel class of high-flux and low-fouling thin-film nanofibrous composite
(TFNC) membranes, containing a thin hydrophilic top-layer coating, a nanofibrous
mid-layer scaffold and a non-woven microfibrous support, has been demonstrated for
nanofiltration (NF) applications. In this study, the issues related to the design and
fabrication of a polyethersulfone (PES) electrospun nanofibrous scaffold for TFNC
NF membranes were investigated. These issues included the influence of solvent
mixture ratio, solute concentration, additives, relative humidity (RH), and solution
flow rate on the morphology of an electrospun PES nanofibrous scaffold, the distribu-
tion of fiber diameter, the adhesion between the PES scaffold and a typical poly(eth-
ylene terephthalate) (PET) non-woven support, as well as the tensile properties of
the nanofibrous PES/non-woven PET composite substrates. Uniform and thin nanofi-
brous PES scaffolds with strong adhesion to the nanofiber-PET non-woven are
several of the key parameters to optimize the NF performance of TFNC membranes.
© 2009 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 47: 2288-2300, 2009
Keywords: adhesion; electrospinning; filtration; membranes; nanocomposites;
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INTRODUCTION

Nanofiltration (NF) is a pressure-driven mem-
brane process for liquid separation.! NF is typi-
cally used in treatment processes that require
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more selectivity than ultrafiltration (UF), but
less than reverse osmosis (RO),%® hence NF is
essentially a low-pressure RO.* NF membranes
typically have more high-flux at low pressures,
when compared with RO membranes but are
still effective at removing some salts, bacteria,
viruses, pesticides, and other organic contami-
nants from surface water and fresh groundwater.
As such, NF is suitable for the treatment of sur-
face water and well water to produce and, in
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some cases, soften public drinking water.>”’
Because NF runs under lower pressure than RO,
energy costs are lower than a comparable RO
system.

Most commercial NF membranes are thin-film
composite (TFC) membranes.>1° TFC NF mem-
branes are typically made by forming an ultra-
thin selective barrier layer on a porous support
layer through interfacial polymerization of a poly-
functional amine with a poly-functional acyl chlo-
ride. The properties of this ultra-thin selective
barrier layer have a crucial influence on the per-
formance of TFC NF membranes, such that a sig-
nificant number of investigations have focused on
the optimization of the selective barrier layer.}1~17
Asymmetric polymeric membranes, made from
casting polysulfone,® polyethersulfone (PES),'®
polyacrylonitrile,'®?° poly(vinylidene fluoride),'”
polypropylene,?! or polyimide,? can be used as a
porous support substrate to make TFC mem-
branes. The porous support provides mechanical
stability and allows the application of an ultra-
thin and defect-free selective barrier top layer.?
However, the casting method of the polyamide
layer may result in pores being collapsed in the
porous support layer at the interface, resulting in
a decrease of flux of TFC membranes.>?>?* The
characteristics of porous support layers can
impact this phenomenon and hence can affect not
only the flux but also the rejection ratio of TFC
membranes.?® As such, the choice of a porous
support becomes important.

Electrospinning is a method of polymer pro-
cessing that is gaining attention in the academic
and industrial worlds. This fabrication technique
is capable of producing polymeric fibers with
diameters ranging from <100 nm to several
microns. The non-woven structures that are cre-
ated by electrospinning typically exhibit
extremely high surface and bulk porosity and
contain very open interconnected (down to sub-
micron diameter pores, depending on fiber diame-
ter and porosity) pore structures.?*2® The poros-
ity of the electrospun scaffold can reach >90%.%°
This high porosity makes the electrospun scaffold
a good candidate for air and liquid filtration.?° In
particular, the Chu/Hsiao group has recently
developed high-flux thin-film nanofibrous compos-
ite (TFNC) membranes based on electrospun
nanofiber/poly(ethylene terephthalate) (PET)
non-woven composite substrates, suitable for both
UF and NF.?'-3* The TFNC membranes exhibited
superior flux over commercial flat sheet
membranes.
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For a useable TFNC membrane, the adhesion
of the electrospun nanofibers to the PET non-
woven support is critical. Weak adhesion will lead
to delamination during membrane handling or
operation. The uniform porosity and fiber diame-
ter distributions as well as the small-fiber diame-
ter are the key factors that ensure the casting of a
thin and uniform selective barrier layer on top of
the nanofibrous scaffold. In this investigation, we
report on the design and fabrication of the electro-
spun PES nanofiber/PET (nano-PES/PET) non-
woven composite substrates. PES was used as the
material for making the electrospun nanofiber, as
it is widely used as a membrane support material
due to its outstanding chemical resistance and
thermal stability.?>3¢ It should be noted that vari-
ation in the physio—chemical properties of the
materials used in the electrospinning process also
changes the required processing conditions.

EXPERIMENTAL

Materials

Polyethersulfone (PES, RADEL H-3000, M, 7.8 x
10*, M, 2.5 x 10%, M/M, 3.1) was obtained from
Solvay Advanced Polymers. PET non-woven sup-
port (Sanko 16-1) was obtained from Sanko.
PTFE syringe filter (0.45 ym) was obtained from
Fisher Scientific. Dimethylformamide (DMF,
99.9%), N-methylpyrrolidone (NMP, 99%), and
poly(ethylene oxide) (PEO, M,, 5 x 10° were
obtained from Aldrich. The PES was dried at
120 °C under vacuum for 6 h before use. DMF
and NMP were dried over molecular sieves (3 A)
before use. Other chemicals were used as
received.

Preparation of PES Solution

PES solutions for electrospinning were pre-
pared by dissolving PES in a mixture of DMF
and NMP at a given ratio at 90 °C. The solu-
tions were stirred for 2 days before electrospin-
ning. The composition and viscosity of the PES
solution are listed in Table 1.

Preparation of Electrospun Nanofibrous PES/PET
(Nano-PES/PET) Substrate

The nanofibrous PES scaffold was fabricated by
electrospinning of PES solution onto a PET
non-woven support. The general conditions for
electrospinning were as follows: voltage 30 KV,



2290 TANG ET AL.

Table 1. Properties of PES Solution

PES% DMF/NMP PEO% Viscosity
Solution (wt/wt) (wt/wt) (wt/wt) (Pa s)
S1 22 30/70 0 1.84
S2 22 40/60 0 1.71
S3 22 50/50 0 1.69
S4 22 60/40 0 1.31
S5 20 60/40 0 0.69
S6 18 60/40 0 0.31
S7 20 60/40 0.5 0.89

distance between spinneret and rotating drum
collector (collector was wrapped with PET non-
woven support), 10.5 cm; and temperature,
25 °C. The solutions were filtered with 0.45 ym
PTFE syringe filters immediately before electro-
spinning.

Characterization

Viscosity measurements were carried out by a
Brookfield viscometer (Model LVIDCP) operating
at a shear rate of 0.6 s~! using 0.5 mL solution
and at room temperature. The adhesion strength
of the PES nanofibrous scaffold to the PET non-
woven support was tested by using a Dillon BFG-
50N force gauge. The PET non-woven support
side of the nanofibrous PES/PET substrate sample
(10 mm x 5 mm) was affixed by a double-faced ad-
hesive tape to a loading fixture (10 mm x 5 mm).
The PES nanofiber side of the nanofibrous PES/
PET substrate sample (10 mm x 5 mm) was
affixed by a double-faced adhesive tape to the Dil-
lon BFG-50N force gauge. A load was increasingly
applied to the force gauge until the PES nanofiber
layer was pulled off. The force required to pull the
PES nanofiber layer off was recorded as the adhe-
sion strength of the PES nanofibrous scaffold to
the PET non-woven support. The tensile proper-
ties of the nano-PES/PET composite substrate
were determined by using an Instron (model
4442) tensile machine at ambient temperature.
The specimen sizes for the evaluation were 30 mm
x 4 mm x 120 ym (length x width x thickness).
The morphology of the nano-PES/PET composite
substrate was characterized by using a LEO 1550
(LEO, USA) scanning electron microscope (SEM)
after gold coating of samples. The mean diameter
and standard deviation of each electrospun PES
sample were calculated from 100 -electrospun
nanofibers.

RESULTS AND DISCUSSION

Electrospinning of PES Nanofiber onto PET
Non-Woven Support

The electrospun nanofibrous scaffold is highly
porous but its mechanical strength is relatively
low. To increase the mechanical strength and han-
dling of the electrospun nanofibrous scaffold, PES
was directly electrospun onto the PET non-woven
support. Two critical criteria for a serviceable
nano-PES/PET composite substrate are (1)
adequate adhesion between the PES nanofibrous
scaffold and the PET non-woven support as well
as (2) the adhesion between the nanofibers them-
selves. Weakly bonded nanofibers may delaminate
significantly during handling or operation. Weak
bonding occurs in large part because the PET
non-woven fabric is non-conductive and hence
tends to collect charge during the electrospinning
process. The accumulated charge tends to repel
nanofibers from further deposition onto the collec-
tor during the electrospinning process. In addi-
tion, during the electrospinning process, solvent
in the jet stream is being evaporated as the jet
stream approaches the collector surface. As most
of the solvent is being evaporated during electro-
spinning, electrospun nanofibers may become too
dry when they reach the PET non-woven support.
Then, poor adhesion between the nanofibrous
mid-layer and the PET non-woven support is
likely to occur. If the deposited fiber is wet with
solvent, the presence of a small amount of solvent
may aid the adhesion to the PET non-woven,
especially if PET is partially soluble in the sol-
vent.?” Second, the nanofibers must adhere
strongly to each other within the mid-layer. Weak
fiber—fiber bonding results in a soft, “cotton ball”-
like material, which is unsuitable for filtration
or interfacial polymerization. Strong bonding
between the electrospun nanofiber and the PET
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non-woven support and between the electrospun
fibers themselves are critical for a membrane to
be able to withstand changes in cross-flow veloc-
ity, hydraulic pressure, and back-flushing. As
with improving the PES nanofiber—PET non-
woven bonding above, choosing an appropriate
solvent system is critical to maximize the nano-
fiber—nanofiber bonding process. Depositing fibers
which are slightly wet may allow nanofibers to
form junctions and improve the integrity of the
nanofibrous scaffold. We attempted to address
both PES nanofiber-PET non-woven and nano-
fiber-nanofiber bonding problems by adjusting
polymer solution properties and the overall
electrospinning conditions, which are described as
follows. In addition, we have investigated their
effects on the porosity and fiber diameter distribu-
tions of the nanofibrous scaffolds, which will have
direct impact to the ability to support a thin layer
of selective barrier layer for water filtration.

Influence of DMF/NMP Solvent Ratio in
Electrospinning of PES

DMF is a commonly used solvent for PES. This
solvent evaporates relatively quickly due to a
high-vapor pressure at 25 °C (3.85 mmHg).*® As
mentioned earlier, if a solvent evaporates too
quickly during electrospinning, the nanofiber may
be too dry to allow for adhesion to the non-woven
support or adhesion between the nanofibers them-
selves. N-methylpyrrolidone (NMP), another sol-
vent for PES, has a low-vapor pressure at 25 °C
(0.5 mmHg at 25 °C)* and hence can be mixed
with DMF to decrease the evaporation rate. SEM
images of the top layer view of nano-PES/PET
substrates at different DMF/NMP ratios are
shown in Figure 1. Significant nanofiber coales-
cence appeared in the electrospun web when the
DMF/NMP ratio was 30/70 and 40/60 [Fig. 1(a,b)].
This means that the electrospun nanofiber was
very wet upon deposition because the presence of
NMP had decreased the vapor pressure of the sol-
vent mixture. This led to an excess of solvent on
the nanofiber after deposition, resulting in nano-
fiber dissolution. Film-like structures would
actually appear when depositing nanofibers from
these “wet” conditions. Nanofibers with much less
coalescence were obtained when the DMF/NMP
ratio was 50/50 and 60/40 [Fig. 1(c,d)], indicating
that the electrospun nanofibers had little or no
excess solvent upon reaching the PET non-woven
support. In essence, the vapor pressure of the
PES solution increased with increasing DMEF/
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NMP ratio, according to, for example, Raoult’s
law.** A wet nanofiber web was obtained when
the DMF/NMP ratio was low (e.g., 30/70 and
40/60 ratios). A drier nanofiber web was created
when the DMF/NMP ratio was higher (e.g., 50/50
and 60/40 ratios).

It is reasonable to assume that a wet PES
nanofibrous scaffold will have stronger adhesion
strength to the PET non-woven because of coales-
cence of electrospun nanofibers. The coalescence
will create a large interface region between the
PES nanofiber scaffold and the PET non-woven
support. As shown in Table 2, the adhesion
strength between the nanofiber and the PET non-
woven support decreased from 60.8 psi to 0.6 psi
as the DMF/NMP ratio increased from 30/70 to
60/40 (Table 2, no. 1-4). Solutions with higher
DMF contents resulted in little or no adhesion to
the non-woven support. The mean diameter of
nanofiber also increased from 126 to 413 nm
when the DMF/NMP ratio increased from 30/70
to 60/40 (Table 2, no. 1-4). One possible explana-
tion for this result is the fact that when evapora-
tion of the solvent is faster, the polymer can
“precipitate” out of the solution faster. The fiber
size decreased during the draw-down process so
long as the polymer chains were still at least par-
tially solvated. If the jet stream (fiber) solidified
prematurely, then the fiber size became fixed
before the jet stream could be adequately
stretched out to form a thinner fiber.

The standard deviation of the fiber diameter is
represented by the width distribution of the fiber
diameter. The standard deviation increased from
36 to 183 nm as the DMF/NMP ratio increased
from 30/70 to 60/40 (Table 2, no. 1-4), meaning
that an increase in the volatile/low-vapor pressure
solvent ratio can lead to a wider distribution of
electrospun fiber diameters.

Influence of PES Concentration in Electrospinning

The diameter of electrospun nanofibers has been
shown to increase with increasing polymer con-
centration.*’ ™3 It is seen in Table 2 and Figure 2
that as the concentration decreased from 22 wt %
to 20 wt %, the nanofibers became thinner but
beads began to form within the scaffold. This is a
common phenomenon that occurs when the poly-
mer concentration is decreased to below their
entanglement concentration or when the visco-
elastic properties of the nanofiber favors bead for-
mation. It is important to note, however, that if
the polymer solution concentration is decreasing
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Figure 1. SEM images and fiber diameter distribution of electrospun Nano-PES/
PET composite substrates fabricated from 22 wt % PES solutions at different DMF/
NMP ratio (Table 2, no. 1-4). (a) DMF/NMP = 30/70, mean diameter: 126 nm. (b)
DMF/NMP = 40/60, mean diameter: 147 nm. (c) DMF/NMP = 50/50, mean diameter:
298 nm. (d) DMF/NMP = 60/40, mean diameter: 413 nm.

Journal of Polymer Science: Part B: Polymer Physics
DOI 10.1002/polb



PES ELECTROSPUN NANOFIBROUS SCAFFOLD FOR TFNC NF

2293

Table 2. Electrospinning of PES Solution and Mechanical Properties of Corresponding Nano-PES/PET

Composite Substrates®

PES% DMF/NMP Flow Adhesion

No. Sol.P (wt/wt) (wt/wt) RH (%) Rate (uL/min) Dia. (nm)*° Strength (psi)

1 S1 22 30/70 50 20 126 + 36 60.8

2 S2 22 40/60 50 20 147 + 53 52.8

3 S3 22 50/50 50 20 298 + 78 1.2

4 S4 22 60/40 50 20 413 + 183 0.6

5 S5 20 60/40 50 20 329 + 160 34.1

6 S6 18 60/40 50 20 215 + 134 78.7

7 s7d 20 60/40 50 20 349 + 160 40.2

8 s7d 20 60/40 45 20 266 + 81 2.6

9 s7d 20 60/40 60 20 382 + 164 32.0
10 s7d 20 60/40 70 20 492 + 211 4.7
11 s7d 20 60/40 50 15 312 + 112 2.6
12 s7d 20 60/40 50 25 633 + 267 45.3
13 s7d 20 60/40 50 30 740 + 408 55.1
14° s7d 20 60/40 50 30/15 318 + 148 42.9

2 Electrospinning temperature, 25 °C; voltage, 30 KV; distance between spinneret and PET non-woven substrate, 10.5 cm;
thickness of electrospun PES webs, 20 um; tensile properties of PET non-woven substrate: tensile modulus 1295 MPa, tensile

strength 72.4 MPa, elongation at break 14.2%.
b Used solution for electrospinning.

“Diameter of electrospun nanofiber = Mean diameter + Standard deviation.

420 wt % PES solution with 0.5 wt % PEO additive.

¢ Primer layer: flow rate 30 ul/min, thickness: 10 ym; Second layer: flow rate for 15 ul/min, thickness: 5 yum.

but the flow rate to the spinneret is remaining the
same, more solvent is being delivered over a given
time period, which can also have impacts on the
scaffold morphology. The low concentration PES
solutions, especially the 18 wt %, show extensive
coalescence features in Figure 2. The change in
the scaffold morphology clearly has an impact on
the PES nanofiber—PET non-woven adhesion. For
instance, the adhesion strength was 34.1 psi and
78.7 psi, respectively, for 20 wt % and 18 wt %
nano-PES/PET substrate (Fig. 6). These values
were much higher than that of nano-PES/PET
substrate fabricated with the 22 wt % PES solu-
tion. The significant enhancement of adhesion
could be explained because the wet electrospun
scaffold was produced using the low PES solution
concentration (20 wt % and 18 wt %). The nano-
fiber diameter of 20 wt % PES and 18 wt % PES
electrospun webs decreased to 329 nm and 215
nm, respectively, in agreement with the literature
relating fiber diameter to polymer solution con-
centration.*’™3 The low viscosity at low solution
concentration can also be one of possible causes
for the beading phenomenon of the electrospun
scaffold at 20 wt % PES solution (Table 1, S5) and
coalescence of electrospun web at 18 wt % PES
solution (Table 1, S6). The standard deviation
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decreased from 183 nm to 134 nm as the PES con-
centration decreased from 22 wt % to 18 wt %
(Fig. 6) indicating that the decrease of PES
concentration led to a narrower distribution of
electrospun fiber diameter.

Influence of Additives: Polyethylene Oxide (PEO)
in Electrospinning of PES

Various materials can be added to the polymer
solution that will affect the process and properties
of nanofiber by electrospinning. Blended poly-
mers, for instance, will retain certain properties
of all polymers in the resulting fiber. During this
investigation, polyethylene oxide (PEO, M, =
5000 kDa) was added into the PES solution. Even
though PEO had good miscibility with PES,**%°
PEO concentrations were kept low because of its
high molecular weight, which at even moderate
concentrations could greatly increase the viscosity
of the solution. PEO was chosen for two reasons:
(1) it could be used to enhance the hydrophilicity
of PES membrane,*® and (2) its long polymer
chains might improve the spinning process by
increasing the degree of polymer chain entangle-
ment, which could reduce the beading phenom-
enon. The chosen tests, as shown here, utilized a
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Figure 2. SEM images and fiber diameter distribution of electrospun Nano-PES/
PET composite substrates fabricated at different PES solution concentration. Electro-
spinning conditions, DMF/NMP = 60/40 (wt/wt); flow rate, 20 pl/min; voltage, 30
KV; relative humidity, 50%; distance between spinneret and PET non-woven sub-
strate, 10.5 cm; temperature, 25 °C (Table 2, no. 5-6). (a) 20 wt % PES solution,
mean diameter: 329 nm. (b) 18 wt % PES solution, mean diameter: 215 nm.

0.5 wt % of PEO. Table 2 illustrates that upon
addition of PEO, the nanofiber diameter increased
slightly from 329 to 349 nm for a 20 wt % PES
solution. The adhesion strength also increased
from 34.1 to 40.2 psi (Table 2, no. 7). The high poly-
mer concentration and correspondingly high solu-
tion viscosity could be the possible causes resulting
in an increase in the fiber diameter.*>*” Because
0.5 wt % PEO additive led to an increase of adhe-
sion of the nano-PES/PET substrate but only
affected slightly the nanofiber diameter, the 20
wt % PES solution with 0.5 wt % PEO additive was
used for the electrospinning process to make a po-
rous nano-PES/PET composite support substrate for
TFNC NF membrane, whose fabrication and per-
formance evaluation will be described elsewhere.

Influence of Relative Humidity in
Electrospinning of PES

Environmental conditions near the jet play a sig-
nificant role in the elecrospinning process. The
process may be quite sensitive to relative humid-

ity (RH), especially considering that PES is pre-
cipitated by water and both chosen solvents are
very hygroscopic. The presence of humidity may
also change the evaporation rate of the solvent
which, as we have already discussed, changes the
overall adhesive quality of the nanofibers. Figure
3 shows SEM images and fiber diameter distribu-
tion of electrospun nanofiber in nano-PES/PET
composite substrates fabricated under different
RH. High humidity led to significantly large fibers
as the fiber size increased from 266 nm at 45%
RH (Table 2, no. 8) to 492 nm at 70% RH (Table 2,
no. 10). This could be explained by the influence
of RH on the effect of electric field. At higher
humidities, more water molecules are between
the spinneret and the collector. The presence of
these molecules would increase the conductivity
of this region, thereby changing the properties of
the electric field due to the polarization of water
molecules.*® High humidity reduced the intensity
of the electric field (dampening). Consequently,
the electrospun fiber became thicker at high RH

Journal of Polymer Science: Part B: Polymer Physics
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Figure 3. SEM images and fiber diameter distribution of electrospun Nano-PES/
PET composite substrates fabricated at different relative humidity. Electrospinning
conditions, DMF/NMP = 60/40 (wt/wt); 20 wt % PES; 0.5 wt % PEO; flow rate,
20 pl/min; voltage, 30 KV, distance between spinneret and PET non-woven sub-
strate, 10.5 cm; temperature, 25 °C (Table 2, no. 7-10). (a) RH: 45%, mean diameter:
266 nm. (b) RH: 50%, mean diameter: 349 nm. (¢) RH: 60%, mean diameter: 382 nm.
(d) RH: 70%, mean diameter: 492 nm.
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Figure 4. SEM images and fiber diameter distribution of electrospun Nano-PES/
PET composite substrates fabricated using different flow rate. Electrospinning
conditions, DMF/NMP = 60/40 (wt/wt); 20 wt % PES; 0.5 wt % PEO; relative humid-
ity, 50%; voltage, 30 KV; distance between spinneret and PET non-woven substrate,
10.5 cm; temperature, 25 °C (Table 2, no. 11-13). (a) 15 ul/min, mean diameter:
312 nm. (b) 25 ul/min, mean diameter: 633 nm. (¢) 30 ul/min, mean diameter:

740 nm.

because a thick-diameter fiber could come from a
weaker applied electric field strength and hence a
smaller draw-down force.*® Another possibility is
that the water molecules were diffusing into the
jet causing “precipitation” of the polymer earlier
in its travel pathway to the collector surface. The
jet stream became thicker nearer to the spinneret
and became thinner as it approached the collector

surface. The standard deviation of fiber diameter
also increased from 81 to 211 nm as the RH was
increased from 45 to 70% (Table 2, no. 7-10),
indicating that high RH could lead to a wider
distribution of electrospun fiber diameter, possibly
due to the instability of the jet stream in the
electrospinning process caused by a combination
of decreased electric field strength and
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Figure 5. Use of “Primer Layer.” Electrospinning conditions, DMF/NMP = 60/40
(wt/wt); 20 wt % PES; 0.5 wt % PEO; voltage, 30 KV, distance between spinneret
and PET non-woven substrate, 10.5 cm; temperature, 25 °C; flow rate of “Primer
Layer,” 30 uL/min; flow rate of second layer: 15 ul/min, mean diameter: 318 nm

(Table 2, no. 14).

“precipitation” of polymers within the jet before
fiber deposition.

Overall RH also showed great influence on the
adhesion strength between electrospun PES
nanofiber and PET non-woven support. The adhe-
sion strength was 2.6 psi when the RH was 45%.
As the RH was increased to 50%, the adhesion
strength increased to 40.2 psi. But with further
increase in the RH to 60%, the adhesion strength
decreased slightly to 32.0 psi. When the RH was
increased to 70%, the adhesion strength de-
creased significantly to 4.70 psi (Table 2, 7-10).
These results could be attributed to the formation
of a PES skin layer after the jet of PES solution
came into contact with the surrounding environ-
ment. The rate of skin formation should increase
with an increase in humidity of the surrounding
environment. The skin formation should also
reduce the solvent evaporation. Therefore, when
the RH was low, for example, 45%, the speed of
skin formation should also be low, so the electro-
spun fiber had become drier when the jet fiber
reached the PET non-woven support, resulting in
weak adhesion strength (2.6 psi). When the RH
was increased to 50%, the rate of skin formation
should also be increased. So the electrospun fiber
would contain a significant amount of solvent
when it reached the PET non-woven support
because the presence of skin could reduce the rate
of solvent evaporation. As a consequence, slight
coalescence of fibers appeared in the nano-PES/
PET substrate at RH 50% [Fig. 3(b)] and the cor-
responding adhesion strength increased signifi-
cantly to 40.2 psi. When the RH was further
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increased to 70%, more water would be absorbed
during electrospinning, “precipitating” PES in the
jet stream, restraining the polymer mobility and
preventing coalescence of electrospun fibers [Fig.
3(d)]. Therefore, the adhesion strength signifi-
cantly decreased to 4.70 psi for the nano-PES/
PET composite substrate.

Influence of Solution Flow Rate in
Electrospinning of PES

The SEM images and fiber diameter distribution
of electrospun PES nanofibrous scaffolds in nano-
PES/PET substrates using different solution flow
rate are given in Figure 4. When the solution flow
rate was 15 pul/min, uniform and thin electrospun
fibers were obtained. The mean diameter of elec-
trospun fibers was 312 nm and the adhesion
strength was 2.6 psi (Table 2, no. 11). As the solu-
tion flow rate was increased to 30 ul/min, the
mean diameter of electrospun fiber gradually
increased to 740 nm, and the adhesion strength
gradually increased to 55.1 psi (Table 2, no. 13),
in accordance with the literature showing that
the diameter of electrospun fiber increased with
increasing flow rate.’° Wet fiber could be
produced with high flow rate, as more solvent was
being deposited. Therefore, it is reasonable to
expect that the adhesion strength increases with
increasing flow rate (Table 2, no. 10-13). The
standard deviation of fiber diameter increased
gradually from 112 to 408 nm as the solution flow
rate was increased from 15 to 30 yL/min, showing
that an increase in the solution flow rate could
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Figure 6. Tensile properties of PET non-woven and
electrospun nano-PES/PET composite substrates.
Electrospinning conditions are shown in Table 2.

widen the distribution of electrospun fiber
diameter.

Improving PES Nanofiber-PET Non-Woven
Adhesion by the Use of a “Primer Layer”

Electrospun PES nanofiber with strong PET non-
woven adhesion can be obtained by using a high
flow rate (30 uL/min). However, these electrospun
fibers are not small enough or sufficiently uniform
in order to support an ultra-thin selective barrier
layer in TFNC membranes. As the selective layer
is usually <500 nm in thickness and the fiber
diameter should be smaller in order to ensure
proper support without the formation of structure
defects (i.e., voids), both thin and uniform nano-
fibers can be obtained by using a low flow rate
(15 pL/min), but unfortunately these fibers do not
adhere well to the PET. Low flow rates also do not
lend themselves to scale up manufacturing. We
therefore implement the usage of a wet fiber de-
posited first as a “primer layer” before depositing
the smaller, more uniform nanofibers. A uniform
nanofiber top layer with 318 nm mean diameter
fibers and 42.9 psi adhesion strength (Fig. 5;
Table 2, no. 14) was obtained when the flow rate
of the primer layer was 30 uL/min, followed by a
second layer of the same solution at 15 ul/min.
The fiber deposited at 30 pul/min should provide
adhesive quality, whereas the fiber deposited at
15 ul/min could serve as the interface to the poly-
amide selective layer.

Tensile Properties of Nano-PES/PET
Composite Substrates

Figure 6 shows the results of tensile measure-
ments of PET non-woven support and electrospun
nano-PES/PET composite substrates. The stress-
strain curves of electrospun nano-PES/PET com-
posite substrates are almost the same as PET
non-woven support. The values of tensile modu-
lus, tensile strength, and elongation to break ratio
of the electrospun nano-PES/PET composite sub-
strates are also similar to that of PET non-woven
substrate (Table 2). This is in accordance with our
expectation that the PET non-woven support
could provide the bulk of the mechanical strength
of nano-PES/PET composite substrates.

CONCLUSIONS

The critical component for fabricating high-flux
TFNC membranes is to design and construct a
high quality mid-layer of nanofibrous scaffold,
which was demonstrated in this study. The chosen
TFNC membranes involve the fabrication of PES
nanofiber using electrospinning in a mixed
solvent (DMF and NMP) on the PET non-woven
support. The key learning points in this study can
be summarized as follows:

1. Fiber diameter and its distribution are two
important criteria for determining whether
or not a nanofiber scaffold is suitable for
supporting a thin selective barrier layer.
An increase in DMF/NMP ratio, PES
concentration, RH, and flow rate can result
in thick PES nanofibers and a wider distri-
bution of nanofiber diameter.

2. Adhesion between the nanofiber and the
PET non-woven support was also evaluated
by adjusting various processing parame-
ters. The PES nanofiber-PET non-woven
adhesion increased with an increase in
DMF/NMP ratio, PES concentration, high
flow rate, and the addition of PEO. PEO,
however, also exhibited the added effect of
slightly increasing the fiber diameter
(likely due to the viscoelastic effect associ-
ated with a higher solution viscosity).

3. Overall RH showed a complicated influence
on the PES nanofiber—-PET non-woven
adhesion. At low RH (<45%), the PES
nanofiber—PET adhesion was relatively low
(2.6 psi). As the RH was increased to 50%,
the PES nanofiber—PET adhesion increased
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significantly to 40.2 psi, possibly due to the
“skin” formation, preventing the evapora-
tion of solvent. A further increase in the
RH to 70% significantly decreased the PES
nanofiber—PET adhesion because of likely
“precipitation” of PES in the jet stream
during electrospinning.

4. A uniform nano-PES/PET composite sub-

strate with strong PES nanofiber—PET
non-woven adhesion could be obtained by
using a “primer layer” coating on PET
non-woven to enhance the deposit of a
layer of high quality thin nanofiber (e.g.,
mean diameter: 329 nm; total nanofiber
adhesion strength: 42.9 psi).

5. The tensile strength of nano-PES/PET com-

posite substrate, representative to the
TFNC membrane integrity, was found to
be determined exclusively by the PET non-
woven support and not the nanofiber layer.

This work was supported in part by Stonybrook Purifi-
cation, Inc. The authors thank Robert Riley (Separation
Systems Technology, Inc.) for valuable discussions.
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