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Abstract Through sequential electrospinning, a
sandwich Janus membrane (PU-(CA/PU)-CA) was
constructed with hydrophobic polyurethane (PU)
nanofiber membrane as the top layer, cellulose
acetate/polyurethane (CA/PU) blend nanofiber mem-
brane as the intermediate transition layer and hydro-
philic cellulose acetate (CA) nanofiber membrane as
the bottom layer. The effects of membrane structure,
composition and thickness on the mechanical proper-
ties, permeability and separation ability of PU-(CA/
PU)-CA nanofiber membrane were studied. The
results show that the transition sandwich structure
PU-(CA/PU)-CA membrane has good mechanical
properties, high permeability and selective separation
ability, and can realize the unidirectional transmission
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of water and efficient oil-water separation. When the
membrane thickness is 80 pm, the hydraulic perme-
ability is 3.4 £+ 0.4 x 10* L/(m? h bar), the oil-water
separation efficiency reaches 99 + 0.4%, and the
tensile strength is 95.8% higher than that of the
double-layer PU-CA membrane. The thermal stability
and antifouling ability of PU-(CA/PU)-CA nanofiber
membrane have also been improved, and the reusabil-
ity is good. CA/PU transition interlayer improves the
interfacial compatibility between CA and PU nanofi-
ber membrane, enhances the performance of PU-(CA/
PU)-CA nanofiber Janus membrane, and shows its
application prospect in the field of separation and
purification.
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Introduction

Electrospun nanofiber membrane has the advantages
of high specific surface area, good flexibility,
adjustable wettability, high porosity and good pore
connectivity. It can separate oil-water mixture with
high permeability and low energy consumption. It has
attracted more and more attention in the field of
wastewater treatment (Zhang, et al. 2019a, b; Su et al.
2021; Cardenas Bates et al. 2021). However, it is
difficult for single polymer and single-layer nanofiber
membranes to obtain the best mechanical strength,
permeability and selective separation ability at the
same time (Cui et al. 2020; Wang et al. 2016a, b).
Therefore, it is necessary to construct multilayer
nanofiber membranes with special structure and
properties to overcome this limitation (Ju et al. 2021;
Dai et al. 2020).

Janus membrane refers to the membrane with
asymmetric properties on both sides, and its asym-
metric properties come from different membrane
materials and/or membrane structures. The difference
in wettability on both sides of Janus membrane will
lead to unique transport behavior in the membrane
(Yang et al. 2016), such as unidirectional liquid
infiltration (Song et al. 2019; Liu et al. 2019, 2017; Xie
et al. 2021; Wu et al. 2012) and oil-water separation
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(Wang et al. 2016a, b; Li et al. 2019). This makes
Janus membrane have a unique position in the field of
separation and purification. Janus membranes can be
obtained by a simple sequential stacking method. For
example, Janus filter membranes are prepared by
sequentially filtering hydrophilic and hydrophobic
nanotubes or nanowires onto porous substrates (Zhang
et al. 2014; Hu et al. 2015), or Janus nanofiber
membranes are prepared by sequential electrospinning
of hydrophilic and hydrophobic polymers (Wu et al.
2012). The sequential superposition method can easily
control the thickness of each layer of membrane
material, and consequently adjust the filtration and
separation capacity of the membrane. However, in
order to ensure the mechanical strength of the prepared
Janus membrane, the interfacial compatibility
between two adjacent membrane materials must be
considered (Yang et al. 2016).

At present, a variety of polymers can be used for
electrospinning to prepare nanofiber membranes.
Among them, CA is one of the commonly used
membrane materials. It has good biocompatibility,
good hydrophilicity, fouling resistance and chlorine
resistance. Its disadvantages are poor mechanical
strength and low chemical resistance (Yao et al.
2021; Zhang et al. 2021; Jiang et al. 2020; Nosar et al.
2016). PU is a copolymer formed by alternating
arrangement of soft and hard chain segments, which
has unique mechanical properties, such as higher
tensile strength, flexibility and ability to withstand
extreme temperature conditions, which makes PU
competitive in many industrial membrane separation
applications (Zavastin et al. 2010; Riaz et al. 2016).
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PU is not only different from CA in wettability, but
also can make up for the deficiency of CA in
mechanical strength. Based on this, we constructed a
Janus membrane (PU-(CA/PU)-CA) with transition
sandwich structure composed of CA and PU nanofi-
bers by sequential electrospinning. The top layer of
PU-(CA/PU)-CA membrane is PU nanofibers, the
bottom layer is CA nanofibers, and the middle
transition layer is CA/PU blend nanofibers. The top
layer (hydrophobic) and bottom layer (hydrophilic) of
this Janus membrane have different wetting proper-
ties, which is expected to realize the functions of water
directional transmission and oil-water separation. The
transition interlayer increases the compatibility
between the top layer and the bottom layer, and can
enhance the mechanical properties of the membrane.
The properties of PU-(CA/PU)-CA nanofiber mem-
brane were systematically characterized by infrared
spectroscopy, thermogravimetric analysis, scanning
electron microscopy, filtration experiment and tensile
test. The contact angle, hydraulic permeability, oil—
water separation efficiency and mechanical properties
of the membrane were measured. The effects of
membrane composition and structure on permeability,
oil-water separation ability and mechanical properties
were studied.

Experiments
Materials

Cellulose acetate (degree of substitution 2.4) was
provided by Sichuan Push Acetati Co., Ltd. Polyur-
ethane (3390ARE), purchased from Shanghai Hiend
polyurethane company, is a block polyether polyur-
ethane with butanediol (BDO) as chain extender and
diphenylmethane diisocyanate (MDI) and polyethy-
lene glycol (PEG) as raw materials (Fig. S1). The
average molecular weight of soft segment PEG is
1000 Da. Methyl blue, 4-aminoazobenzene, n-hexane,
cyclohexane, petroleum ether, N, N-Dimethylac-
etamide (DMAc) and acetone were obtained from
Chengdu Kelong Chemical Co., Ltd. Sunflower veg-
etable oil was purchased from Wal Mart supermarket.
All materials are used directly without further
purification.

Preparation of nanofiber membrane

The preparation diagram of PU-(CA/PU)-CA nanofi-
ber transition sandwich Janus membrane is shown in
Fig. 1. Firstly, 10 g CA was dissolved in 90 g acetone-
DMACc (2:1, w/w) mixed solution to obtain 10 wt% CA
spinning solution. 10 g PU was dissolved in 90 g
DMACc to obtain 10 wt% PU spinning solution. 5 g CA
and 5 g PU were dissolved in 90 g acetone-DMAc
(2:1, w/w) mixed solution to obtain CA/PU blended
spinning solution. Electrospinning was carried out
successively with PU, CA/PU and CA spinning
solution at room temperature, voltage of 1.4-1.6 kV/
cm, relative humidity of 50 £ 5% and spinning
solution feeding speed of 1.0 mL/h. The thickness
ratio of PU layer, CA/PU layer and CA layer is 2:1:2.
The thickness and thickness ratio of each layer are
controlled by controlling the spinning time, and PU-
(CA/PU)-CA nanofiber Janus membranes (Fig. S2)
with total thickness of 50, 80, 120 and 150 um are
obtained, which are recorded as Msq, Mgg, M50 and
M50 respectively. Under the same electrospinning
conditions, pure CA membrane, pure PU membrane
and CA/PU blend nanofiber membrane were prepared
as control. In order to compare the effects of mem-
brane structure on the mechanical properties and
separation properties of the membrane, PU and CA
spinning solution were electrospun successively to
obtain PU-CA bilayer Janus membrane with a thick-
ness ratio of PU layer to CA layer of 1:1 as the control.

Characterization

Fourier transform infrared spectroscopy (FTIR) anal-
ysis of the membranes was performed by using Tracer-
100 infrared spectrum scanner (Shimadzu, Japan) with
arange of 4000-600 cm ™' and a resolution of 4 cm™".

TG 209 F3 thermal analyzer (Netzsch, Germany)
was used for thermogravimetric (TG) analysis of the
membranes. The heating rate was 10 °C/min and the
relative mass loss of the membrane samples (3—5 mg)
was recorded between 30 and 600 °C.

The morphology of the membranes surface before
and after used was observed by Nova Nano SEM 450
field emission scanning electron microscope (SEM)
(FEI, USA), and the fracture surface after the mem-
branes were brittle fractured in liquid nitrogen was
observed.
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Fig. 1 Schematic diagram of PU-(CA/PU)-CA nanofiber transition sandwich Janus membrane prepared by electrospinning

The water and oil contact angle of the membranes
were measured with DSA25 goniometer (KRUSS,
Germany) and the average of 5 measurements was
taken.

Jinteng 250 sand core filter and SHB-3 water
circulation multi-function vacuum pump (Beijing
Keweiyongxing, China) were used for (filtration
experiment at 25 °C. The filtration area of nanofiber
membrane was 3.14 cm?, and each experiment was
repeated five times. Firstly, the prepared nanofiber
membrane is fixed on the sand core filter, and then the
sand core filter is connected with self-made capillary
tee pressure regulator and the vacuum pump. The oil
water mixture to be separated is poured into the funnel
of the sand core filter, and the vacuum pump is turned
on. The transmembrane pressure, filtration volume and
filtration time are recorded. The membrane hydraulic
permeability (L,) is calculated by the following
expression (Yao et al. 2021):

4
=5 & M)

where S is the filtration area of membrane, ¢ stands for
the duration of the collection of the permeate, 4p is the
transmembrane pressure and V represents the volume
of permeate collected during the time interval ¢.

The oil-water separation efficiency was determined
by the weight ratio of the oil intercepted on the
membrane after separation to the oil in the oil-water
mixture before separation, and each test was repeated
5 times. The calculation formula is as follows (Liu
et al. 2018; Zhang et al. 2017):
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where my, is the weight of oil in the oil-water mixture

before separation and m is the weight of oil retained on

the membrane after separation.

Tensile tests were carried out on 5967 universal
testing machine (Instron, USA) with a load capacity of
1 kN and a stretching speed of 5 mm/min at room
temperature and humidity 60%. The mean value of 5
parallel measurements for each membrane was
calculated.

Results and discussion

Infrared spectroscopy and thermogravimetric
analysis

FTIR is mainly used to analyze the structure and
functional groups of polymer main chain. The FTIR
spectra of pure PU and pure CA nanofiber membranes
and CA/PU blend nanofiber membrane are shown in
Fig. 2a. The absorption peaks at 2944 and 1433 cm ™'
are the asymmetric tensile vibration peak and bending
vibration peak of CH, respectively, and the absorption
peak at 1730 cm™" is the carbonyl C=O stretching
vibration peak. These absorption peaks are character-
istic peaks of the same functional groups of CA and
PU. The absorption peak at 3334 cm™' is caused by
the stretching vibration of N-H, and the absorption
peak at 1528 cm ™' belongs to the bending vibration of
N-H. These absorption peaks are the characteristic
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Fig. 2 a FTIR and b TG and DTG curves of CA, PU and CA/PU nanofiber membranes

peaks of PU (Riaz et al. 2016; Yin et al. 2018; Tan
et al. 2015). The absorption peak at 3465 cm ™" is the
stretching vibration peak of O—H, which belongs to the
characteristic peak of CA (Zhang et al. 2021). After
PU and CA were blended, the strength of the stretching
and bending vibration peak of N-H decreased, while
the stretching vibration peak of O—H moved to the
high wave number direction, which may be caused by
the formation of hydrogen bond between the hydroxyl
group of CA and the amino group of PU.

In industrial applications, it is necessary for the
membrane to have good thermal stability. The thermal
behavior of nanofiber membrane was evaluated by
thermogravimetric (TG) analysis. As shown in
Fig. 2b, the thermal decomposition of pure CA
nanofiber membrane occurs between 282 and
384 °C, and the maximum decomposition temperature
is 354 °C. This weight loss of CA membrane material
comes from the degradation of CA chain, that is, the
pyrolysis of CA skeleton, followed by the deacetyla-
tion of CA (Arthanareeswaran et al. 2004; Lucena
et al. 2003). The thermal decomposition process of
pure PU nanofiber membrane is complex. The initial
decomposition temperature is 280 °C, and there are
two maximum decomposition temperatures, 324 and
374 °Crespectively. Because the aromatic ring system
has a destabilizing effect on the carbamate bond, the
hard segment (MDI) of PU begins to degrade first, and
the degradation rate is the highest at 324 °C. After
that, the soft segment (PEG) of PU is decomposed, and
the degradation rate reaches the maximum at 374 °C
(Zavastin et al. 2010; Coutinho et al. 2003; Petrovic¢
et al. 1994). After the blending of PU and CA, the two
maximum thermal decomposition temperatures of
CA/PU nanofiber membrane are significantly higher

than those of pure PU membrane, which are 356 and
394 °C respectively. This is because the carbamate
bond of PU is easier to degrade than CA chain, which
has a greater impact on the thermal stability of the
blended nanofiber membrane. The positive shift of
DTG peak and the increase of residue at 450 °C also
show that the thermal stability of CA/PU blend
nanofiber membrane has been improved (Riaz et al.
2016; Ighrammullah et al. 2020).

Membrane morphology

Figure 3a, b and c are SEM photos of the surfaces of
CA, CA/PU and PU nanofiber membranes, respec-
tively. It can be seen from the photos that there are
obvious differences in the morphology of nanofibers
constituting CA, CA/PU and PU membranes. The
nanofiber diameter of PU membrane is fine and the
number of fibers per unit area is large (Fig. 3c), while
the nanofiber diameter of CA/PU membrane is coarse
and uniform (Fig. 3b). The diameter distribution
ranges of nanofibers of CA, CA/PU and PU mem-
branes are 106—432 nm, 215-542 nm and 77-184 nm
respectively, and the average diameters are
243 + 99 nm, 351 + 87 nm and 124 + 26 nm sepa-
rately (Fig. S3). There is adhesion between the
nanofibers of PU membrane, which may be related
to the high boiling point of DMAc solvent used in
electrospinning. The volatilization speed of solvent
with high boiling point is slow, resulting in adhesion at
the fiber contact point (Tang et al. 2008). The
interaction between polymer molecular chains is one
of the main factors affecting the average diameter of
electrospun nanofibers. After CA and PU are blended,
due to the easy formation of hydrogen bonds between
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Fig.3 SEM images of the surfaces of a CA, b CA/PU and ¢ PU membranes, and SEM images of brittle fracture surfaces of d CA, e CA/

PU, f PU and g PU-(CA/PU)-CA membranes

hydroxyl, carbonyl and amide groups of CA and PU,
the interaction between molecular chains is enhanced,
and the stress relaxation time of CA/PU blend polymer
solution is increased, which leads to the formation of
large-diameter fibers during electrospinning (Fong
et al. 1999; Yao et al. 2008).

Figure 3d, e and f are SEM photos of brittle fracture
surfaces of CA, CA/PU and PU nanofiber membranes,
respectively. Obvious nanofibers can be seen on the
fracture surfaces of CA and CA/PU membranes
separately, while the fracture surface of PU membrane
shows a honeycomb structure composed of adhesive
bead fibers. This is because when electrospinning at
low concentration, the chain entanglement makes the
jet unstable, and the diameter of the jet shrinks under
the action of surface tension, making the solution form
bead fiber or bead (Cui et al. 2020). Figure 3g is a
brittle fracture surface photo of PU-(CA/PU)-CA
sandwich nanofiber Janus membrane. From Fig. 3g,
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three-layer membrane structure can be identified. The
upper layer is CA nanofiber membrane, the middle
layer is CA/PU blend nanofiber membrane, and the
lower layer is PU nanofiber membrane.

Wettability of CA, CA/PU and PU nanofiber
membranes

The wettability of membrane is usually characterized
by the contact angle of liquid on the membrane
surface. The test results of contact angle are shown in
Fig. 4a. The water contact angle (WCA) of CA
nanofiber membrane is 64.3 £ 5°, which may be
caused by the hydrophilicity of ester groups and
incompletely esterified hydroxyl groups of CA molec-
ular chain (Zhang et al. 2021). The WCA of PU
nanofiber membrane is 123.8 % 3°, indicating that PU
membrane is hydrophobic. The WCA of CA/PU blend
nanofiber membrane is 88.7 4+ 6°, which can be
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understood that CA/PU membrane is also hydrophilic,
but the hydrophilicity is not as strong as CA
membrane. The oil contact angle (OCA) test results
of CA, CA/PU and PU nanofiber membranes are all 0°,
indicating that the three membranes are super
lipophilic (Su et al. 2021; Qing et al. 2017).

In order to further understand the wettability of
liquid on nanofiber membranes, water dyed blue and
oil (cyclohexane) dyed yellow were dropped onto
different nanofiber membranes, and the wetting pro-
cess was recorded with a camera. Results as shown in
Fig. 4b, both water and cyclohexane can spread and
wet rapidly on the surface of CA nanofiber membrane.
CA membrane shows good hydrophilicity and
lipophilicity and less wetting time (#,,;). Cyclohexane
can also spread and wet on the surface of PU
membrane and CA/PU membrane, and the wetting
time (¢,,,) of cyclohexane on PU membrane is greater
than wetting time (¢,,,,) on CA/PU membrane, both of

b
e

CA/PU CA

PU

Pass through

('A/PU/ -
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Stop
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CA Water t F
\ - * <
% = _ % Spread
- B l-f_‘
CAPU 7 F, F
PU

diagram of water droplets passing through and staying on PU-
(CA/PU)-CA nanofiber membrane, and e force diagram of water
droplets diffusing from CA side of PU-(CA/PU)-CA membrane

which are greater than that on CA membrane
(twr > tym > t,p). Water has a certain degree of
wetting on the surface of CA/PU membrane, but not
on the surface of PU membrane. The wettability test
results show that the wettability of water to CA, CA/
PU and PU nanofiber membranes is significantly
different.

PU-(CA/PU)-CA Janus membrane with nanofiber
transition sandwich structure is composed of
hydrophobic PU nanofiber membrane (top layer),
CA/PU blend nanofiber membrane (middle transition
layer) and hydrophilic CA nanofiber membrane (bot-
tom layer). The directional transmission of water from
top layer to bottom layer can be realized by using the
difference of wettability. The photos of water droplets
passing through PU-(CA/PU)-CA membranes with
different thicknesses are shown in Fig. 4c. Water
droplets can quickly pass-through membranes Ms,
and Mg, with thickness of 50 and 80 pm respectively.

@ Springer



1848

Cellulose (2022) 29:1841-1853

This is because when the top hydrophobic layer (PU)
is thin, under the action of gravity (F,,), water droplets
can easily contact the transition layer (CA/PU) and
hydrophilic bottom layer (CA) through the hydropho-
bic layer. The downward hydrophilic force (F,) and
F,, jointly overcome the upward hydrophobic force
(F';), so that water droplets can pass through PU-(CA/
PU)-CA nanofiber membrane (Fig. 4d). With the
increase of top layer thickness, the chance of water
droplets contacting the transition layer and hydro-
philic bottom layer decreases under the action of
gravity. F'; prevents water droplets from continuing to
pass through PU-(CA/PU)-CA nanofiber membrane.
When the membrane thickness is 150 um (M), F;
and F,, are balanced, and the water droplets stay on the
top layer and cannot pass through the PU-(CA/PU)-
CA nanofiber membrane (Fig. 4d). On the contrary,
when water droplets penetrate from the CA side of PU-
(CA/PU)-CA nanofiber membrane, they first contact
with hydrophilic CA nanofiber membrane, and the
water droplets will spread rapidly and diffuse into CA
nanofiber membrane through capillary force (F,.). The
hydrophobic force F; of PU layer will also prevent
water droplets from further passing through PU-(CA/
PU)-CA nanofiber membrane (Fig. 4e) (Wu et al.
2012). Therefore, PU-(CA/PU)-CA nanofiber mem-
brane can realize the directional transmission of water
from the top PU layer to the bottom CA layer.

Oil water separation capacity of membrane

The wettability difference of PU-(CA/PU)-CA nano-
fiber membrane can be used for oil-water separation.
As shown in Fig. 5a, methyl blue (blue) and 4-aminoa-
zobenzene (yellow) were dissolved in water and oil
(cyclohexane) respectively for dyeing, then the blue
water and yellow oil were mixed, and then the oil—
water mixture was poured into a separator equipped
with PU-(CA/PU)-CA nanofiber membrane. When the
oil-water mixture contacts the hydrophobic top layer
of the membrane, the water in the lower layer of the
mixture flows into the flask through the PU-(CA/PU)-
CA nanofiber membrane driven by the transmembrane
pressure, but the oil is blocked on the membrane to
realize the oil-water separation (Video S1).

As an effective oil-water separation material, two
important conditions must be met, namely, high
separation flux and high separation efficiency (Zhang,
et al. 2019a, b; Su et al. 2021). Therefore, we studied
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the relationship between transmembrane pressure (P,),
membrane thickness and hydraulic permeability (L)
and oil-water separation efficiency (E;). Figure 5b
shows the relationship between E,, L, and P, of
membrane Mg. It can be seen from Fig. 5b that when
P, is small, the E; of membrane is very high (> 99%),
but L, is small. When P, reaches 0.3 bar, E; remains
above 99%, while L, increases to 3.4 &+ 0.4 x 10* L/
(m? h bar). With the further rise of P,, L, gradually
increases, but the E; of the membrane decreases
sharply. When P, reaches 0.5 bar, E, is 0%, and the
membrane loses the ability of oil-water separation.
This is because large P, enables the oil phase to pass
through the nanofiber membrane, which makes the
membrane lose the function of oil-water separation.
Therefore, appropriate P, is the key to ensure high E
and high L, of the membrane. In view of this, we
selected 0.3 bar as the P, for membrane Mgy,

Using the same method, the P, used for membranes
Mso, M50 and M 5o were determined to be 0.1, 0.4 and
0.6 bar respectively. Membranes with different thick-
nesses correspond to different P,, and the greater the
thickness of the membrane, the higher the correspond-
ing P,. The E; and L, of membranes with different
thicknesses under different P, are shown in Fig. 5c. As
can be seen from Fig. 5c, the E; of membranes is
higher, more than 98.5%, and the greater the mem-
brane thickness, the higher the E,. When the mem-
brane thickness is 150 um (M, 5p), the E, increases to
99.5 & 0.1%. L, decreases significantly with the
increase of membrane thickness. When the membrane
thickness is 150 pm, L, is only 0.15 & 0.06 x 10* L/
(m? h bar). Thus, for the sake of achieving high L, and
high E; simultaneously, the membrane thickness
should be reduced as much as possible while ensuring
that E; meets the requirements. Here, we selected the
membrane with thickness of 50 um (Msg) for follow-
up test.

In order to further evaluate the oil-water separation
ability of PU-(CA/PU)-CA nanofiber membrane,
different kinds of oil/water mixtures were selected
for separation experiments and compared with 50 um
thick PU-CA nanofiber membrane without transition
interlayer. As shown in Fig. 5d, PU-(CA/PU)-CA
nanofiber membrane M5, can successfully separate
oil/water mixtures such as n-hexane/water, cyclohex-
ane/water, petroleum ether/water and vegetable oil/
water, and both E; and L, are high. The E, and L, of
petroleum ether/water with poor oil-water separation
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«Fig.5 aphotos of oil-water separation experiment of nanofiber
membrane, b relationship diagram of E;, L, and P, of membrane
Mg, ¢ relationship diagram of E;, L, and PU-(CA/PU)-CA
membrane thickness under different P;, d E and L, diagram of
PU-(CA/PU)-CA membrane and PU-CA membrane for differ-
ent oil-water mixtures, e E; and L, diagram of PU-(CA/PU)-CA
membrane under different number of cycles, and f SEM images
of the surfaces of CA, CA/PU and PU membrane after 30 oil—
water separation cycles

also reaches 97.1 + 0.8% and 7.85 + 1.78 x 10* L/
(m2 h bar), respectively. The E; of PU-CA nanofiber
membrane for different kinds of oil-water mixtures is
equivalent to that of PU-(CA/PU)-CA membrane,
while L, is lower than that of PU-(CA/PU)-CA
membrane, which may be due to the PU layer
thickness (25 pm) of PU-CA membrane is greater
than that (20 pm) of PU-(CA/PU)-CA membrane
(Zhang et al. 2019a, b). The molecular weight cut-off
(MWCO) experiment shows that the MWCO of PU-
(CA/PU)-CA membrane is 550 kDa, while the
MWCO of PU-CA membrane is close to 1000 kDa,
and the macromolecular rejection ability of PU-(CA/
PU)-CA membrane is stronger than that of PU-CA
membrane (Fig. S4) (Arkhangelsky et al. 2012; Chen
et al. 2021; Yao et al. 2021).

In addition, the reusability and cyclic separation
efficiency of PU-(CA/PU)-CA nanofiber membrane
were also tested with cyclohexane/water mixture. As
shown in Fig. Se, after 30 cycles of separation
experiments, PU-(CA/PU)-CA nanofiber membrane
Ms, still maintains high E; (97.2 £ 0.5%) and L,
(8.34 + 0.7 x 10* L/(m* h bar)). Compared with the
initial E; (98.5 £ 0.2%) and L, (10.19 £ 1.37 x 10*
L/(m? h bar)) of the membrane Ms, the E, and L, of
the membrane Ms, after 30 cycles of use decreases,
which may be because the lipophilicity of the top PU
nanofiber membrane is easy to make the cyclohexane
adhere to the membrane surface, and the dissolution
and corrosion of cyclohexane on the PU nanofiber
membrane reduces the E; and L, of the membrane (Pan
et al. 2017). The cyclic separation experiment shows
that PU-(CA/PU)-CA nanofiber membrane has high
reusability.

Figure 5f is SEM photos of CA, CA/PU and PU
membrane surfaces after 30 oil-water separation cycle
experiments, respectively. It can be seen from Fig. 5f
that the nanofibers of the repeatedly used PU mem-
brane swell and adhere, which may be caused by the
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lipophilic PU membrane adsorbing cyclohexane, and
cyclohexane partially dissolving the PU nanofibers.
The nanofibers of CA membrane and CA/PU blend
membrane basically maintain their original morphol-
ogy after repeated recycling, which may be because
the hydrophilicity of CA membrane and CA/PU blend
membrane forms a protective water layer on the
membrane surface to avoid oil fouling (Lv et al. 2017,
De Guzman et al. 2021). This also indicates that the
antifouling performance of CA/PU nanofiber mem-
brane is improved after CA and PU are blended.

Tensile test of membrane

In order to understand the influence of the composition
and structure of nanofiber membrane on the mechan-
ical properties of the membrane, tensile tests were
carried out on pure PU membrane, pure CA mem-
brane, CA/PU blend membrane, PU-CA bilayer Janus
membrane without interlayer and PU-(CA/PU)-CA
transition interlayer Janus membrane. As shown in
Fig. 6, the tensile strength (7) and elongation at break
(E}p) of pure PU nanofiber membrane are the largest,
which are 3.59 + 0.38 MPa and 135.51 + 9.34%,
respectively, while the T and E,, of pure CA nanofiber
membrane are lower, which are 0.89 + 0.17 MPa and
8.99 + 1.46%, separately. After CA and PU are
blended, the T, and E; of CA/PU blend nanofiber
membrane are more than twice that of pure CA
nanofiber membrane, which are 1.93 4+ 0.04 MPa and
19.93 + 1.23% respectively. It shows that CA/PU
blend nanofiber membrane has the characteristics of
high strength of PU membrane and low elongation at
break of CA membrane. It can also be seen from Fig. 6
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Fig. 6 Tensile strength and elongation at break of nanofiber
membranes with different composition and structure
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that the 7 and E,, of PU-(CA/PU)-CA membrane with
CA/PU blend nanofiber as transition interlayer are
1.41 £0.22 MPa and 33.22 + 5.5%, which are
95.8% and 67.9% higher than that of PU-CA mem-
brane with double-layer structure, separately. This
indicates that PU-(CA/PU)-CA transition sandwich
Janus membrane has better strength and toughness
than PU-CA bilayer Janus membrane.

Conclusion

PU-(CA/PU)-CA nanofiber Janus membranes with
CA/PU blend nanofibers as transition interlayer were
constructed by sequential electrospinning. CA/PU
transition interlayer improves the thermal stability of
the membrane and the interfacial compatibility of
nanofiber membranes with different properties, and
enhances the mechanical properties of PU-(CA/PU)-
CA membrane. The T, of PU-(CA/PU)-CA nanofiber
membrane is 95.8% higher than that of PU-CA
double-layer nanofiber membrane. PU-(CA/PU)-CA
nanofiber membrane has high permeability and selec-
tive separation ability, and the L, and E; of the
membrane with a thickness of 80 pm reach
3.4 4+ 0.4 x 10* L/(m* h bar) and 99 + 0.4% respec-
tively. PU-(CA/PU)-CA nanofiber membrane also has
good antifouling performance and reusability. CA/PU
transition interlayer improves the performance of PU-
(CA/PU)-CA nanofiber Janus membrane, and shows
its application prospect in the field of separation and
purification.
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