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Tuning the gradient structure of highly breathable,
permeable, directional water transport in bi-
layered Janus fibrous membranes using
electrospinning
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In this paper, a novel bi-layered Janus fibrous electrospun membrane with robust moisture permeable,
breathable and directional water transport properties is successfully fabricated and reported for the first
time. This fibrous membrane consists of a thin inner layer of hydrophobic thermoplastic polyurethane
(TPU) and a thick outer layer of super hydrophilic polyacrylonitrile (PAN). The PAN layer is coated with
dopamine (PDA) to tailor the wettability. The subsequent TPU-PAN/PDA membrane demonstrates
outstanding wettability and thickness gradients, which facilitate directional water transport from the TPU
to the PAN/PDA layer and improve the WVT rate to 9065 g m~2 d~! and the air permeability to 100 mm
571 (5.0 times higher than a commercial membrane). Furthermore, a plausible mechanism explaining the
bi-layered Janus fibrous membrane performance is studied. The fibrous membrane is suggested to be
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1. Introduction

Directional water transport is a predominant property of func-
tional textiles used in daily life against continuous sweat
release."”” The growing demand for quick drying performance
has driven researchers to devote continuous efforts toward
improving the directional water transfer properties of textiles.
Directional water transport materials can be categorized into
two major types according to the wettability profile, namely
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a promising candidate for various applications, especially in moisture-wicking clothing.

those with a wettability gradient and those with Janus wetta-
bility. Traditional directional water transport textiles include
single-layered wettability gradient textiles and double-layered
Janus wettability microfiber- or nanofiber-based textiles.>* All
these textiles have their own advantages. Compared with
wettability gradient textiles, double-layered Janus wettability
microfiber- or nanofiber-based textiles have great potential for
achieving better directional water transport properties because
Janus membranes have layers with opposite wettability:
a hydrophobic inner layer that ensures low water absorption,
and a hydrophilic outer layer that draws sweat out from the
hydrophobic side and transports it to the hydrophilic side.
Owing to their remarkable advantages, which also include
simple preparation processes and the individual and facile
tailoring of wettability, various high-performance directional
water transport bi-layered Janus membrane nanofibers have
been processed via electrospinning and they have been widely
applied in sportswear, work-wear, and military uniforms.**> For
example, Dong et al® prepared a bi-layered nanofibrous
membrane containing polyacrylonitrile (PAN)-PVDF (core—
shell) and cellulose acetate; additionally, they developed bi-
layered polystyrene/polyacrylonitrile electrospun membranes
that exhibited effective one-way transport properties.* Cao
et al*® created tri-layered fibrous membranes consisting of
polyacrylonitrile (PAN-SiO,) fibers, and polyurethane-poly-
acrylonitrile (PU-PAN) fibers in combination with polyurethane
(PU) fibers; the PU-PAN fiber transfer layer could continuously
and spontaneously guide the directional water transport and
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thus prevent skin from being rewetted. Wang et al.** studied the
feasibility of preparing an antigravity directional water trans-
port polylactic acid/cellulose/polyurethane acetate (PLA/CA/PU)
electrospun composite membrane. Wu et al.*® designed and
prepared a heterogeneous and seamless coupling polyurethane/
crosslinked poly(vinyl alcohol) (PU/c-PVA) fibrous Janus
composite membrane with wettability properties. Xu et al.*®"”
presented a facile tunable method and design guidelines to
prepare a series of Janus membranes consisting of negatively or
positively charged nanofillers to enrich the number of potential
applications.

From a comfort perspective, people need to maintain
a comfortable microclimate when working or exercising under
special circumstances. In addition to good directional water
transport properties, the moisture permeability and breath-
ability of textiles are also of immense importance. To provide
insight into obtaining comfortable performance, we have eval-
uated the moisture permeable and breathable properties of
Janus membranes. Previous literature studies have reported
various designs for directional water transport Janus fibrous
membranes using electrospinning methods. Unfortunately, few
studies have been conducted relating to directional water
transport in functional and comfortable materials from the
perspective of moisture permeability and breathability proper-
ties. Ju et al. in 2017 (ref. 18) were the first to fabricate direc-
tional water transport, moisture-permeable, and breathable
thermoplastic polyurethane (TPU)/TPU-TBAC dual-layer elec-
trospun membranes. However, the membranes exhibited
limited moisture permeability of 2170 ¢ m > d™' and low
breathability of 1.16 mm s~ '. Further investigations were
carried out through changing the materials and tailoring the
thickness gradient, which increased the moisture permeability
to 12 110 g m > d ', but no evaluation of the breathability was
performed."™

To prepare Janus fibrous membranes with improved mois-
ture permeability, breathability and bi-layered directional water
transport properties, a composite material composed of at least
two heterogeneous layers with different performances is
needed. In this study, a TPU-PAN/PDA bi-layered Janus fibrous
membrane is fabricated for the first time. TPU is frequently
used in PU family moisture permeable and breathable textile
substrates, and it is chosen as the inner layer. PDA, which is rich
in hydrophilic groups, is often employed as a modifier to
improve the hydrophilicity and reactivity of substrates such as
polystyrene nanofibers,** polytetrafluoroethene,** clay,” and
even anodic aluminum oxide.”® In the present study, PDA is
used to tailor the surface hydrophilicity of the PAN outer layer
because PDA can be facilely coated onto nanofibers via in situ
polymerization.”® Our work focuses on designing a bi-layered
Janus fibrous membrane that combines asymmetric thickness
and surface energy gradients and offers ample opportunities to
achieve the excellent moisture permeable and breathable
performance of “push-pull effect” directional water transport
textiles. The morphology, surface chemistry structure, wetting
behavior, moisture permeable properties and breathability of
the superhydrophilic fibrous membrane are presented in this
paper. Moreover, the effectiveness of our asymmetric thickness
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gradient and surface energy gradient design in providing
moisture permeable, breathable, and directional water trans-
port properties in bi-layered Janus fibrous membranes is
demonstrated.

2. Experimental
2.1 Materials

The polymer TPU (Tecoflex EG-93A) was purchased from
Lubrizol Corporation (Wickliffe, Ohio, USA). N,N-Dime-
thylformamide (DMF) and LiCl were obtained from Tianjin
Kermel Chemical Reagent Co., Ltd, China. Dopamine (PDA),
and tris(hydroxymethyl)aminomethane (Tris) were provided by
Adamas Reagent Co., Ltd, Switzerland. Polyacrylonitrile powder
(PAN, average M,, = 90 000) was provided by Spectrum Chem-
ical Manufacturing Corp., California, USA. Distilled water was
used in this work.

2.2 Preparation of TPU and PAN nanofibers

The polymer solutions were prepared by dissolving TPU in LiCl/
DMF ionic solution under vigorous magnetic stirring at
ambient temperature for 12 h using a standard electrospinning
machine. The TPU concentration was kept at 18 wt% in all
solutions, while the LiCl concentration remained at 0.007 wt%.
Then, the TPU solution was pumped at a fixed rate of 0.8 mL h "
using a working voltage of 45 kV. The PAN solution was
prepared by dissolving PAN (3.6 g) in DMF (26.4 g) solution
under continuous stirring to ensure complete dissolution. The
fixed flow rate and direct current voltage were 0.8 mL h™* and 20
kv, respectively. The distance between the needle tip and the
collector was maintained at 15 cm. Afterwards, the obtained
membrane was vacuum-dried at 70 °C for 2 h.

2.3 Preparation of single-layer PAN/PDA

Dip-coating surface modification was applied to construct the
super hydrophilic nanofibrous layer. First, 0.12 g of Tris-HCI
and 0.20 g of dopamine were dissolved in 100 mL of distilled
water to prepare 2 mg mL ' dopamine solution. PAN nano-
fibrous membranes treated with plasma enhancement were
immersed in the dopamine solution for various treatment times
of 0, 3, 6, and 12 h. Subsequently, the coated membranes were
dried at 70 °C for 24 h in a laboratory dryer under hot air
circulation.

2.4 Preparation of bi-layered TPU-PAN/PDA Janus fibrous
membranes

In our study, two criteria are required during the design of Janus
fibrous membranes: (i) the Janus fibrous membranes must
enable directional water transport based on different surface
energy gradients; and (ii) the membrane should be sufficiently
thin to obtain an outstanding WVT rate and breathability
through the porous matrix. Fig. 1 shows the preparation process
for the bi-layered Janus fibrous membranes. First, the obtained
PAN fibrous membranes were activated using an oxygen plasma
enhancement machine (TS-10MT) from Shen Zhen Dongxin
Plasma Technology. The operating power and treatment time

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Preparation process for the bi-layered Janus fibrous membranes.

were controlled at 100 W and 100 s, respectively. Second, a super
hydrophilic membrane with a wider wetting area was designed
after PDA dip-coating treatment. Third, bi-layered TPU-PAN/
PDA Janus fibrous membranes were obtained via the electro-
spinning of the TPU/DMF solution on one side of the super
hydrophilic fibrous membrane. The obtained bi-layered TPU-
PAN/PDA Janus fibrous membranes are denoted as PAN-FM-y-
TPU (y is 15, 30, 45, or 60 depending on the PAN spinning time).
In addition, the TPU-PAN/PDA fibrous membranes are denoted
as PAN-NF-30-TPU~y (y is 0, 2, or 3 depending on the various
TPU spinning time: 0 represents 4 min, 2 represents 8 min, and
3 represents 12 min). Finally, the baking temperature and time
for the obtained fibrous membranes were 70 °C and 2 h,
respectively.

2.5 Measurements and characterization

Field emission scanning electron microscopy (SEM, TM3030,
HITACH]I, Tokyo, Japan) was used to measure the morphologies
of the fibrous membranes. The surface chemistry structure was
analyzed using a FT-IR spectrometer (NICOLET iS10, Thermo
Fisher Scientific, US). Wicking height tests were carried out as
specified in the AATCC TM 197 standard. Each sample had
a specified size of 200 mm x 25 mm, then rhodamine B was
added into the distilled water to track the movement of the
water. According to GB/T 21655.1-2008, the water evaporation
rate and water absorption data were measured. The membranes
were dropped into 0.2 g of distilled water, and then their
weights were measured every 5 min. In the water absorption
tests, samples with a size of 100 mm x 100 mm were soaked in
distilled water and dried at room temperature until no water
leaked from them; then, their weights were measured. The
wettability testing of the membranes was conducted using
a surface contact angle instrument (JC2000DM, Shanghai
Zhongchen Digital Testers, Shanghai, China). The water trans-
port behavior of the samples was tested using a moisture
management tester (MMT, SDL ATLAS). The WVT rates were
evaluated according to the ASTM E96-CaCl, standard desiccant
method, using a water vapor transmission tester (YG501D
testing chamber, Wenzhou Fangyuan Instrument Co., Ltd,

This journal is © The Royal Society of Chemistry 2020
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China); the testing was conducted in a test chamber at 23 °C
and 90% RH. The air permeability of the samples was measured
using an automatic air permeability instrument (YG 461E
testing chamber, Wenzhou Fangyuan Instrument Co., Ltd,
China).

3. Results and discussion

3.1 Morphologies, surface chemistry structures and wetting
behaviors of the super hydrophilic fibrous membranes

Fig. 2a-c shows SEM images of the pristine TPU, PAN, and PAN/
PDA fibrous membranes used in this work, respectively. Fig. 2d
and 3 present the surface chemistry structures and wetting
behaviors of the PAN/PDA fibrous membranes with respect to
the PDA treatment time. As presented in Fig. 2a and b, the
pristine TPU and PAN fibrous membranes exhibit uneven
morphology features. The super hydrophilic fibrous membrane
is obtained via introducing a PDA layer onto the PAN
surface.”*® Fig. 2c clearly demonstrates that PDA is well
deposited onto the surface of the PAN nanofibers owing to DA
self-polymerization.>*** This result is confirmed from the FT-IR
spectra. As shown in Fig. 2d, all the spectra display a charac-
teristic PAN peak at 2230 cm™ ' from the stretching vibration of
the nitrile group (-CN). However, this characteristic peak at
2230 cm~ ' decreased after the PAN was coated with PDA, an
outcome that may be attributed to the nanofibers being covered
with PDA. Meanwhile, the peaks related to the -OH stretching
and C-O vibrations of phenolic moieties in the spectra became
gradually stronger and could be seen at approximately 3300 and
1260 cm ™', respectively, indicating an increased concentration
of PDA.***

To study the wetting behaviors of the nanofibrous
membranes, wicking height, water evaporation rate, water
absorption, and water contact angle measurements were carried
out at different treatment times, as shown in Fig. 3a-e. Fig. 3a
shows that the maximum wicking height for the PAN/PDA
nanofibrous membranes is obtained after a treatment time of
12 h. Dopamine modification of hydrophobic polymer
membranes has been reported by Xi et al*® Jiang et al.”” have
demonstrated the mechanism of dopamine modification and
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Fig.2 SEMimages of (a) TPU, (b) PAN, and (c) PAN/PDA. (d) FTIR spectra of PAN membranes with different PDA treatment times: 0, 3, 6, and 12 h.

concluded that the thickness of the deposited PDA layer
increases with increasing reaction time. As a result, the PAN
surface turns from hydrophilic to superhydrophilic because
hydroxy and amino groups are successfully deposited on the
PAN surface. Benefiting from the plasma and coating treat-
ments, the fibrous membranes show excellent water-absorbing
abilities and superhydrophilic properties. Fig. 3b shows
a similar trend, where the water evaporation rate increases with
an increase in the treatment time, with 12 h as the maximum.
This can be attributed to the considerably wider water/air
evaporation interface along the superhydrophilic membrane
surface.”®?® Water absorption and WCA investigations likewise
show the improved hydrophilic performance of the fibrous
membranes as the treatment time increases (Fig. 3c-e). Signif-
icantly, the water absorption times of the fibrous membranes
are 5, 4, 4, and 1 s, respectively. Water droplets on the PAN/PDA
fibrous membranes are clearly shown to be unstable and to
quickly spread out in a short time. This finding indicates that
the fibrous membranes are much more hydrophilic, and that

the coating time plays a positive role in accelerating the wetting
behavior and triggering water transport.

3.2 Directional water transport, moisture permeability, and
breathability of the superhydrophilic fibrous membranes

To further study the water transport behaviors and comfort
properties of the PAN/PDA superhydrophilic nanofibrous
membranes, moisture management testing (MMT), air perme-
ability, and WVT rates are studied to evaluate the functional
membranes. The MMT results of the super-hydrophilic fibrous
membranes are assessed after different PDA treatment times.
Fig. 4a-d reveals no significant differences in the MMT results
from PAN/PDA fibrous membranes with 0, 3, and 6 h coating
treatment times, but a higher upward trend is shown when the
PDA treatment time was 12 h. This result is likely attributed to
the fact that PDA may not fully deposit on the film surface after
a very short coating time period.* This finding is also supported
by the wetting property results shown in Fig. 3a-e.
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Fig. 3 The wetting behaviors of the PAN membranes with different PDA treatment times: 0, 3, 6, and 12 h. (a) The wicking height, (b) water
evaporation rate, (c) water absorption, (d) WCA, and (e) apparent WCA of the corresponding fibrous membranes.
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Fig. 4 The MMT results from PAN/PDA fibrous membranes after different treatment times: (a) 0 h, (b) 3 h, (c) 6 h, and (d) 12 h.

As mentioned earlier, the evaluation of the hydrophilic
properties of porous nanofibers is crucial because the better
the hydrophilic performance, the stronger the capillary effect
will be, which will lead to improved water-wicking capabil-
ities. However, from a functional perspective, moisture
permeability and breathability are two other critical comfort-
related properties of textiles. As illustrated in Fig. 5a, the air
permeability results revealed no significant changes due to
the low deposition of PDA over the spinning times used,
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Fig. 5

This journal is © The Royal Society of Chemistry 2020

corresponding to the SEM outcomes shown in Fig. 2b and c.
Meanwhile, Fig. 5b shows that the WVT rate of the modified
membrane samples increased from 8850 g m > d " to 9200 g
m~>d~" with an increase in the treatment time. This outcome
is attributed to the capability of the hydroxyl structures of PDA
to effectively improve water solubility in PAN and the hydro-
philicity of the coating.** Thus, PAN nanofibrous membranes
with 12 h coating treatment are optimal candidates for further
modification.
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(a) Air permeability and (b) WVT rates of the PAN/PDA fibrous membranes as the treatment time increases.
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3.3 Directional water transport, moisture permeability, and
breathability properties of the bi-layered Janus fibrous
membranes

The MMT data from different bi-layered Janus fibrous
membranes are shown in Fig. 6a—d. The solid and dashed lines
represent the water content of the TPU surface (top side) and
PAN/PDA surface (bottom side), respectively. During the MMT
examination, 0.2 g of salted water was consistently dropped for
20 s on the TPU side and water movement in the bi-layered
Janus fibrous membrane was observed for 120 s. Excellent
moisture wicking performance can be obtained via tailoring the
thicknesses of the top and bottom layers. Fig. 6a-d exhibits the
water transport in bi-layered Janus fibrous membranes upon
changing the bottom layer thickness, while maintaining the
spinning time of the top layer (4 min). As illustrated in Fig. 6a,
when the spinning time of the bottom layer is 15 min, the solid
and dashed lines increase from the start and soon reach
a steady-state value because the membrane is so thin that water
can easily pass through the bi-layered Janus fibrous membrane.
However, for bottom layer spinning times of 30 and 45 min,
water can be effectively pushed into the pores in the top layer via
capillary motion and pulled out by the hydrophilic bottom layer
(Fig. 6b and c). This result can be attributed to the fairly large
difference in hydrophilicity between the two layers, which can
trigger directional water transport.*® Furthermore, for a bottom
layer with a spinning time of 30 min, the crossover of the two
lines occurred within 30 s, whereas for a bottom layer with
a spinning time of 45 min, the crossover occurred after 90 s,
indicating that the former exhibits a faster water transport
speed than the latter. Results for a bottom layer with a spinning
time of 60 min are displayed in Fig. 6d. The water content in the
top layer is higher than in the bottom layer, and no moisture
wicking performance is shown due to the increase in the
membrane thickness." The water transport performances from
different TPU spinning times are demonstrated in Fig. 6b, e and
f. Increasing the TPU layer spinning time has an adverse effect
on the water transport properties. In conclusion, a bi-layered
Janus fibrous membrane with a highly thick hydrophobic
layer can hinder water movement." Therefore, the optimum
electrospinning times for the bottom layer and top layer are 30
and 4 min, respectively.

As discussed above, the thickness, determined by the spin-
ning time, and the wettability gradient are the main elements
for improving the MMT results. The relationship between the
bottom layer/top layer spinning time and directional water
penetration is also illustrated in Fig. 7. The results in the figure
display that when the TPU membrane spinning time is fixed at
about 4 min, water can penetrate from the hydrophobic top side
to the hydrophilic bottom side when the electrospinning times
of the bottom layer are 30 and 45 min, respectively. However, if
the electrospinning time of the bottom layer is above 45 min,
then water droplets are absorbed by the bottom layer instead of
penetrating across this layer because of the poor wettability
gradient. Additionally, if the electrospinning time of the bottom
layer is below 15 min, then no sufficient capillary force is
provided by the super hydrophilic PAN/PDA membrane to
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overcome the resistance provided by the porous media channel
lengths. This finding is further supported by the MMT results
with and without PDA coating (Fig. 6b and g, respectively).

As seen in Fig. 6b, the TPU-PAN/PDA membrane can
unidirectionally pump water from the hydrophobic layer to the
superhydrophilic layer through an asymmetric wettability
gradient. By contrast, water cannot be transported from the top
hydrophobic surface to the bottom surface without PDA
coating, thus showing the weaker capillary force of PAN. The
MMT results were also compared for the two sides of the Janus
membrane (Fig. 6b and h, respectively). For directional water
transport Janus TPU-PDA/PAN fibrous membranes, the water
content changes showed different trends on the two surfaces.
When water was dropped on the hydrophilic surface (Fig. 6h),
the water content clearly increased because the water feeding
rate was higher than the water transport rate from the top to
bottom layer in the Janus fibrous membranes during that time
span. When the water feeding stopped, an apparent difference
in the water content values of the two layers was observed. This
phenomenon can be attributed to the pull-push effect of the
Janus membrane. This result also conforms with the mecha-
nism shown in Fig. 9.

To further observe the water transport properties, we evalu-
ated the moisture permeability and breathability properties of
the bi-layered Janus fibrous membranes. As shown in Fig. 8a
and b, the air permeability and WVT rate decrease as the
thickness of the bottom layer increases, showing a similar trend
to the MMT results. According to the previous literature,** the
porosity of fibrous membranes is commonly described via the
following equation:

Porosity = (1 — ) x 100% (1)

txSxp
where m, t, and S are the mass, thickness, and area per unit of
the measured membrane, respectively. In addition, p is the
density of the polymer raw material. In terms of the Janus
membranes, S and p are equal because the same materials are
used. However, the mass and thickness values exhibited an
increasing trend with different spinning times, with values of
4.338 and 4.942, and 5.118 and 5.572 g cm™ ", respectively. This
variation trend indicates that the increase in the mass of the
specimens was higher than the increase in thickness at a certain
area per unit, resulting in a lower porosity value. Specifically,
the porosity of the membranes decreased as the spinning time
of the bottom layer increased. As a result, the air permeability
decreased because of the decreased porosity (Fig. 8a). This
conclusion is consistent with published papers.**** However,
the spinning time not only affected the air permeability, but it
also influenced the WVT rate. The decreasing trends of the WVT
rate and air permeability can be attributed to competition
between capillary forces and resistance depending on the
bottom layer thickness." The resistance makes it harder for air
or water to penetrate the membrane. The above results confirm
that capillary forces and resistance force act against each other,
and the resultant force determines the difficulty of penetration.
When the bottom layer thickness is significantly decreased, the
resistance is also decreased, while the capillary force remains

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 MMT results from the bi-layered Janus fibrous membranes with respect to the electrospinning time used for the bottom layer: (a—d) 15,
30, 45, and 60 min, respectively; and the spinning time used for the top layer: (e and f) 8, and 12 min, respectively. (g) MMT results from a bi-
layered Janus fibrous membrane without PDA-coating (the electrospinning times for the bottom layer and top layer are 30 and 4 min,
respectively). The water is dropped onto the TPU surface. (h) MMT results from a bi-layered Janus fibrous membrane (the electrospinning times
for the bottom layer and top layer are 30 and 4 min, respectively). The water is dropped on the PAN/PDA surface.
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Fig. 7 The relationship between the bottom layer spinning time and
the unidirectional water penetration.

constant during this process. Therefore, the breathability and
moisture permeability can be tailed using the thickness
gradient. Additionally, the perspiration of a normal adult in
a state of motion is 1200-2000 g each day;"® this is to say that
a WVT rate of 2000 g m~ > d ™' can guarantee wearing comfort. A
comparison of the performances of a commercial PU
membrane, TPU/TPU-TBAC, and a TPU-PAN/PDA bi-layered
Janus fibrous membrane is presented in Fig. 8c to evaluate
the comfort performance. The figure clearly reveals that the bi-
layered Janus fibrous membrane exhibits outstanding air
permeability (100 mm s~ ') and a high WVT rate (9065 ¢ m >
d™"), superior to those of the commercial fabric (0.302 mm s,
1880 g m > d') and the TPU/TPU-TBAC double layer
membrane (1.16 mm s}, 2170 g m > d~ ). Consequently, the
bi-layered Janus fibrous membrane exhibits excellent moisture-
permeable and breathable performance and is suggested to be
a promising candidate for all kinds of potential applications
with respect to comfortable protective textiles.

The performances of bi-layered Janus membranes with and
without PDA coating were compared as well. The membranes
are denoted as TPU-PAN/PDA (with coating) and TPU-PAN

View Article Online

Paper

(without coating). As seen in Table 1, when PDA is deposited
onto the PAN membrane, the WVT rate increases slightly, con-
firming that better permeability performance occurs due to the
relatively larger quantities of -OH groups on the PDA/PAN
membrane. However, no large changes in air permeability
were observed with and without the coating. Air permeability
with and without the coating showed similar values.

3.4 The directional water transport mechanism in bi-layered
Janus fibrous membranes

Generally, wettability and thickness gradients across bi-layered
Janus fibrous membranes result in directional water transport
behavior in water-air systems. Fig. 9a and b demonstrates the
possible directional water transport mechanism in the bi-
layered Janus fibrous membranes. As shown in Fig. 9a, from
the hydrophobic side, with a fixed channel length, water can
quickly spread along the bottom surface (the superhydrophilic
layer) of the membrane because of competition between the
hydrostatic pressure, wettability gradient, hydrophobic force,
and capillary force. Among these factors, hydrostatic pressure
(Fup) results from the force of gravity, pushing water toward the
hydrophilic layer.”® The wettability gradient (Fwg) presents
relatively higher numbers of inter-fiber gaps that the water can
be pushed to move toward. However, hydrophobic force (Fyr)
plays a positive role in preventing the downward penetration of
water. Additionally, capillary force facilitates the spreading of
water in all possible directions. When the water reaches the TPU
interface, the phenomenon of water penetration through the
hydrophobic layer into the hydrophilic layer will happen once
Fyp and Fy are larger than Fyp. On the other hand, when the

Table 1 A comparison between bi-layered Janus fibrous membranes
with and without PDA coating

Performance TPU-PAN TPU-PAN/PDA

MMT test No transport
WVT rate, gm > d " 8720
Air permeability, mm s~ 102

One-way water-transport
9065
100

(a) 160 (b) 9500 (c) 10000
1401 9400 9000 { TPU/PAN-PDA 100
/ o~
9300 = Q
E 0 < T80 - WVTrate Lso &
E g 92001 { E 7000  ~@~ Air permeability £
> 1 &0
g 2 9100 = Lo &
2 ] = 60001 3
5 809 & 9000 g Y g
) = 1 |
= 5000
g 60 ; 89001 ; :
2 8800 \i 4000 1 Lo s
2 40 ) <
8700 30001 Commercial PU /
20 O———9 TPU/TPU-TBAC ro
8600 2000 —
— 8500 : . : T 5
15 30 45 60 15 30 45 60 1000 2

Effect of bottom layer spinning time (min)

Fig. 8

Effect of bottom layer spinning time (min)

Membranes

(a) Air permeability and (b) WVT rates of bi-layered Janus fibrous membranes with different bottom layer spinning times. (c) WVT rate and

air permeability data from a TPU-PAN/PDA bi-layered Janus fibrous membrane, a commercial PU membrane, and a double-layer TPU/TPU-

TBAC membrane reported by Ju et al..*®
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Fig. 9 The mechanism of unidirectional water transport on a bi-layered Janus fibrous membrane: (a) water drops onto the hydrophobic TPU
side and penetrates the membrane immediately; (b) water drops onto the superhydrophilic PAN/PDA side and spreads rather than penetrates.

penetration depth reaches the thickness of the TPU film, water
droplets wick into a superhydrophilic layer with capillary force
(Fcp)-2*** On the contrary, if a water droplet is dropped onto the
hydrophilic side, Fyp will push the water to penetrate through
the membrane, but Fyr offered by the TPU layer and Fwg
between the two layers will hinder further water penetration.
Meanwhile, Fcr offered by the hydrophilic layer ensures the
quick spreading of water droplets, thus reducing the per unit
Fup area.” The results indicate that no directional liquid
transport abilities exist from the hydrophilic to the hydrophobic
layer.

4. Conclusions

In summary, bi-layered Janus fibrous membranes are prepared
through the combination of PAN/PDA and TPU electrospun
nanofibers. The nanofibers with superhydrophilic PAN/PDA are
fabricated via plasma treatment and dip coating. The bi-layered
Janus fibrous membranes, designed with different spinning
times and coating treatment times, demonstrate that the
thickness gradient plays an important role in the directional
water transport, air permeability, and water vapor transmission
rate. Moreover, the construction of a surface energy gradient
introduces asymmetric wettability as another factor that pushes
water from the hydrophobic TPU inner layer to the super-
hydrophilic PDA/PAN outer layer. As a result, the combination
of a considered inner layer and outer layer leads to optimized
directional water transport properties, outstanding moisture
permeability of 9065 ¢ m~> d~', and distinct breathability of
100 mm s~ ' (5.0 times higher than a commercial membrane).
The results of this study prove that this is a valuable reference
for the design and tailoring of three-dimension electrospun
fibrous membranes with high breathability, high permeability,
and directional water transport properties.
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