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Abstract

A separation membrane with low or clean energy costs is urgently required for energy-saving and long-term service since
electric energy generated from burning non-renewable resources will gradually cause a burden to the environment. At
present, the conventional membrane being used in one mode is critical for a variety of scenarios in real life, which suffers
from a trade-off effect, short service life, being difficult to recycle after damage. Herein, we report a trimode purification
membrane composed of an eco-friendly polycaprolactone (PCL) substrate and functional graphene dioxide/polyaniline (GO/
PANI) particles. Due to the photothermal transfer and photocatalytic properties of GO/PANI blend, the composite membrane
can absorb 97.44% solar energy to handle natural seawater or mixed wastewater, which achieves a high evaporation rate of
1.47 kg m~2 h™! in solar-driven evaporation mode. For the photocatalytic adsorption—degradation mode, 93.22% of organic
dyes can be adsorbed and degraded after 12 h irradiation under 1 kW m~2. Moreover, electric-driven cross-flow filtration
mode as a supplement also shows effective rejection over 99% for organic dyes with a high flux over 40 L m=2 h~! bar~..
The combination of solar-driven evaporation, photocatalytic adsorption—degradation, and electric-driven cross-flow filtration
demonstrates a prospective and sustainable strategy to generating clean water from sewages.

Keywords Trimode purification - Eco-friendly substrate - Self-cleaning and anti-fouling - Energy-saving - Seawater
desalination

1 Introduction

Although 71% of our planet is covered by all kinds of water,
only a small part of it can be directly used as freshwater
due to the high salt content of seawater (97%), the limited
accessibility of glaciers, ground water, and others [1, 2].
Nevertheless, even this little part has been greatly polluted
by the rapidly growing population, industry development,
and natural disasters [3, 4]. According to the Sustainable
Development Goals (SDGs) report of the United Nations
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(UN), during 2015 and 2022, about 2.2, 3.5, and 2.0 billion
population cannot achieve safely managed drinking water,
sanitation, and basic hygiene services, respectively (SDG 6:
clean water and sanitation) [5].

As an effective solution to the severe water scarcity
problem, the membrane separation technology has been
widely used for the recycling of wastewater. The separa-
tion membrane can be fabricated by non-solvent induced
phase conversion [6, 7], interfacial polymerization (IP) [8,
9], vacuum filtration [10, 11] electrospinning [12, 13], etc.
Of note, the electrospinning nanofibrous membrane shows
great potential for water purification originated from its
high porosity, tunable pore size, and large specific surface
area [14, 15]. However, synthetic polymers, such as poly-
acrylonitrile (PAN) [15], poly(vinylidene fluoride) (PVDF)
[16], polyethyleneimine (PEI) [15, 17], and polyimide (PI)
[17, 18], are highly used for electrospinning due to their
easy processability and thermal stability. Most of them are
non-degradable and cause a great burden to the environment
when they are scrapped after long-term service [19]. Herein,
degradable materials have great potential for the sustainable
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development. PCL as one of the biodegradable polymers can
be highlighted, which is a semi-crystalline aliphatic polyes-
ter and the ester bond can be hydrolyzed to form acid mono-
mers. The nontoxic and flexible properties of PCL make it a
suitable candidate for electrospinning materials. Moreover,
it degrades relatively slowly due to its high crystallinity and
low hydrolysis rate, and after combine with other materials
it can be applied for long-term water purification [20, 21].

As for the membrane separation methods, most of them,
such as dead-end filtration, cross-flow filtration, and elec-
trodialysis, require extra electric energy to provide pressure
or electricity difference, which increase the environmental
risk since electric power is still mainly generated from coal
burning and fossil fuels. Therefore, a solar-driven interfa-
cial evaporation method based on photothermal phenom-
enon emerges and is urgently hoped to be an alternative way
since solar energy is clean, safe, and sustainable [22, 23].
Moreover, light will be reflected continuously in the pores
and nanofibers of the electrospinning membrane, making
full use of diffuse reflection and enhancing light absorption
[24]. Thus, the combination of electrospinning technology
and solar-driven interfacial evaporation technology shows
great potential in the water purification field. Nevertheless,
the evaporation rate of solar-driven evaporation membranes
(usually below 3 kg m~2h~! sun™!) is generally smaller than
the flux of traditional filtration membranes (such as nano-
filtration, which usually exceeds 10 L m~2h~! bar™!) and
the membrane is prone to be contaminated after long-term
service, which hinders its application [25-27]. Therefore,
a multi-scenario applicable membrane with self-cleaning
property that can be used in multi-mode is urgently needed
for the diversity demands in real life.

The solar-driven interfacial evaporation process is real-
ized utilizing photothermal conversion materials, such as
metals and metal compounds [28], carbon materials (car-
bon black, graphene, carbon nanotubes, MXene, etc.) [29,
30], polymers (polydopamine, polypyrrole, polyaniline, etc.)
[31-34], and others. Of them, conductive PANI attracted
widespread interests owing to its merits of excellent envi-
ronment stability, low cost, and convenient production [35].
Most importantly, PANI consisting of benzenoid and qui-
nonoid units is a special organic semiconductor photocata-
lysts, which has a wide range of delocalized z—z conjugated
structures in its molecules [36-38]. Thus, photothermal
and photocatalyst properties of PANI provide a strategy
for multi-functional purification membrane. However, pure
PANI is limited by its poor quantum efficiency and mechani-
cal strength, which calls for the combination with other
materials. Graphene is an effective choice, which is also
a photothermal material that shows excellent performance
in mechanical properties, such as extremely high modulus
(about 1 TPa), tensile strength (about 100 GPa) [39, 40],
thermal stability, and electrical conductivity [41, 42]. It has
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wide spectra of absorption capacity, which can enhance its
ability to convert solar energy into heat to generate vapor
[43-46]. Besides, GO can be mixed with polymer solution
for electrospinning, therefore embedded within the polymer
matrix rather than coating on the surface [47].

In this study, a nanofibrous membrane substrate has been
fabricated by electrospinning of PCL/GO and then modified
by in situ polymerization process as the huge specific surface
area of GO nanoparticles and nanofibers offers numerous
sites for the attachment of PANI. Of them, polymer PCL
provides the basic skeleton of the membrane, which is bio-
degradable that will not cause burden to the environment
when it becomes invalid after long-term work. Meanwhile,
GO and PANI work synergistically as functional materials
to obtain better photothermal and photocatalytic properties.
After characterizing functionalization, chemical composi-
tions, morphology, wettability, and solar absorption prop-
erty of membranes, the purification performance and the
mechanism were evaluated in detail. It turns out that the
fabricated composite membrane can be applied in trimode
of solar-driven evaporation, photocatalytic degradation,
and cross-flow filtration for recycling wastewater in differ-
ent circumstances. This work provides a new strategy of
purification membrane that is highly efficient, sustainable,
and practical for solving the serious water crisis problem or
recovering scarce resources from sewage.

2 Experimental Section
2.1 Materials

Polycaprolactone (PCL, M, =80,000) was supplied by
BOWENSHUHUA Co., Ltd. (China). Graphene nanoplate-
lets (6—8 nm thick, 15 pm wide), nitric acid (HNO;, 69%
purity), n-dimethylformamide (DMF, 99.5% purity), ace-
tone (99.5% purity), phytic acid (50% purity), aniline (99%
purity), ammonium persulfate (APS, 98% purity), Methyl
Orange (MO, C,,H,,;N;SO;Na), and ethanol (EtOH) were
all provided by FUJIFILM Wako Pure Chemical Co., Ltd.
(Japan). The deionized (DI) water was supplied by WG250B,
Yamato Scientific Co., Ltd. (Japan).

2.2 Synthesis of Graphene Dioxide

GO was obtained by functionalizing pristine graphene for
further use. In detail, 1 g graphene was mixed with 100 mL
3 mol/L HNO; solution and stirred at 120 °C for 8 h. After
cooling to room temperature, the mixture was filtered and
washed by deionized water through Buchner funnel con-
nected with a vacuum pump. The synthesized GO was dried
in oven for 12 h at 50 °C and then grinded homogeneously
before use.
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2.3 Preparation of Nanofibrous Membrane

For the preparation of nanofiber-support layer, PCL pellets
were dissolved in DMF/Acetone (7:3 by volume) solvent
mixture by stirring at 60 °C for 12 h to obtain 16 wt% aque-
ous solution. Afterward, the fibrous membranes were fabri-
cated by an electrospinning machine assembled by our lab.
The spinning solutions were loaded to a plastic syringe (5
mL) equipped with a 21 G stainless steel needle (outer diam-
eter =0.80 mm). The electrospinning process was performed
under the following parameters: 9.5 kV voltage, 1 mL/h feed
rate, 20 cm distance from needle tip to the collector which
was covered by aluminum foil. During the spinning process,
temperature and relative humidity (RH) were controlled at
25+5 °C and 35 + 5%, respectively. Then, the concentration
of PCL was stabled at 16 wt%, several PCL/GO composite
spinning solutions were prepared with a gradient mass ratio
of GO (1, 3, 5, and 7 wt%) with respect to the PCL con-
tent, which were named PG1, PG3, PG5, and PG7. And PG
means all the PCL/GO nanofibrous membranes, P16 means
the pure PCL membrane.

2.4 In Situ Polymerization of Polyaniline

PANI was in situ-polymerized on the surface of PG5 via dip-
coating method. First, phytic acid and aniline were added to
DI water, stirring for 30 min. The nanofibrous membrane
was then dipped in the solution and mixed for 1 h. Mean-
while, APS particles were dissolved in another 20 mL DI
water and stirred until completely dissolved. After that, APS
solution was gradually added to above-mentioned combined
solution within 20 min and then stirred for another 2 h. The
polymerized membrane was washed by EtOH and DI water
several times to remove superfluous solvent and additives
under ultrasonic conditions. The total solution volume is
100 mL, and the concentration ratio of phytic acid, aniline,
and APS was fixed at 1:10:10, and the concentration of ani-
line was varied across several levels: 0.01, 0.03, 0.05, 0.1,
and 0.2 mol/L. The fabricated composite membranes were
named as PGA1, PGA2, PGA3, PGA4, and PGAS, respec-
tively, while PGA means all the PCL/GO/PANI composite
membranes.

2.5 Characterization

The Raman spectroscope (Hololab 5000, ST Japan Inc.) was
applied to characterize the graphene before and after func-
tionalization. Chemical composition and functional groups
of membranes were analyzed by the X-ray photoelectron
spectroscopy (XPS, AXIS-ULTRA HSA SV, Japan) and
Fourier-transform infrared spectrophotometer (FTIR-6600,
Jasco, Japan). Surface morphology and cross-sectional
structure of the prepared membranes were investigated

by field emission scanning electron microscopy (FESEM,
JSM-IT800SHL, Japan). The wettability of membranes was
observed by a contact angle meter (DMs-400, Kyowa Inter-
face Science Co., Ltd., Japan). Optical absorbance, transmis-
sion, and reflection of membranes were measured by a ultra-
violet—visible—near-infrared spectrophotometer (UV-3600,
MPC-3100, Shimadzu Co., Ltd., Japan). The concentrations
of salt ions (Na*, Mg?*, K*, and Ca**) were analyzed by an
inductively coupled plasma emission spectroscopic analyzer
(ICP, SPS3100, Hitachi Co., Ltd., Japan). The dye concen-
trations were measured by UV-vis spectroscopy (UV-2700,
Shimadzu Co., Ltd., Japan).

3 Results and Discussion

3.1 Fabrication and Characterization of PCL/GO/
PANI Composite Membrane

As shown in Fig. 1, for trimode recycling of wastewater,
graphene was first synthesized into GO for incorporation of
hydrophilic chemical groups like -OH and ~-OOH (Fig. 1a),
which could be blended more evenly with PCL and offer
more position for hydrogen band (Fig. 1d). GO particles
were then mixed with biodegradable polymer PCL uniformly
for electrospinning, and then PANI was in situ-polymerized
on the base of above nanofibrous membrane (Fig. 1b). Mem-
brane of pure PCL was denoted as P16, PCL/GO membranes
were called PG, and PCL/GO/PANI was named as PGA.
Raman spectroscopy was used to evaluate structural
integrity and functionalization degree of carbonaceous
materials such as GO, which exhibits two characteristic
bands: the disorder mode D band (& 1350 cm™") and the
tangential stretching mode (vibrations along the tube axis)
G band (1500-1600 cm™") [48, 49]. Generally, the D band
is assigned to sp3 carbon atoms at defect sites, while the
G band is associated with sp2 carbon atoms, and the I:
I band intensity ratio provides a metric of the overall gra-
phene structure [50, 51]. As shown in Fig. 2a, both pris-
tine graphene and GO exhibit two peaks at 1344 cm™' and
1575 cm™!, which relate to D band and G band. Furthermore,
the Iy: I ratio of GO (1.00) is obviously higher than the
pristine graphene (0.64), which indicates the high function-
alization degree of graphene after the surface modification.
XPS was utilized to analysis the surface chemical compo-
sition of the nanofibrous membrane, and the survey spectra
of three typical membranes (P16, PG5, PGA3) is shown in
Fig. 2b. For the P16, two characteristic peaks of C1s around
285 eV and Ols around 530 eV can be detected obviously,
while these two peaks still can be found in PG5 and the
intensity of Ols is scarcely decreased [52]. It indicates that
GO nanoparticles are embedded into PCL polymer evenly
and conform nanofibers together but not just stack up on
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Fig. 1 Schematic illustration of a trimode functional PGA membrane.
a Synthesis of graphene dioxide. b Preparation of nanofibrous mem-
brane and in situ polymerization of PANI. ¢ Solar-driven evaporation,

the surface of PCL nanofibers, since the intensity of Ols is
clearly smaller than the intensity of C1s for pure GO powder
(Fig. S1). Three characteristic peaks are exhibited in the sur-
vey spectra of PGA3, despite from Cls and Ols same as P16
and PG5, a new peak of N1s around 400 eV appears due to
the existence of PANI after in situ polymerization [53, 54].

To further confirm the existence of PANI and struc-
ture of each component in the composite membrane,
FTIR spectrums were tested and the results are shown in
Fig. 2c. For the P16, two strong peaks near 1723 cm™' and
1166 cm™! are due to C=0 stretching and C-O stretching
of PCL, respectively. Meanwhile, two weaker characteris-
tic peaks around 2948 cm™! and 2856 cm™! correspond to
asymmetrical stretch and symmetrical elongation of CH,,
respectively. Besides, the asymmetrical elongation peak of
C-O-C appears at 1244 cm™!, and the peak at 1047 cm™! is
according to the existence of C-O [52, 55, 56]. Because of
the scarce IR activity of carbonaceous materials, P16 and
PGS show similar characteristic peaks since GO is scarcely
detectable [57]. After the modification of PANI, two new
peaks at 1585 cm™!, 1497 cm™! originated from C=C on
the quinone ring mixed with -NH bending vibration, C=N
stretching vibration mixed with C—H bending vibration
appear, respectively. Notably, a new peak at 3240 cm™!
attributed to —OH stretching vibration is found in PGA3
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adsorption—degradation, and cross-flow filtration trimode recycling of
wastewater. d Interfacial interactions between PCL, GO, and PANI

(Fig. S2), which was generated from the strong interactions
between GO/PANI (including electrostatic forces, hydrogen
bonding, and 7z—z conjugation as shown in Fig. 1d) and the
adoption of phytic acid [58, 59]. Moreover, those six typical
peaks of P16 and PGS still exist, suggesting that the in situ
polymerization does not destroy the component integrity of
substrate membrane.

Optical observations of P16, PG, and PGA membranes
are shown in Fig. S3. From the digital photographs, we
can see that the pure PCL membrane (P16) is white and
turns to gray (PG) after the introduction of GO, and the
gray deepens as the GO mass increases. The color eventu-
ally becomes dark green (PGA) after in situ polymerization
of PANI, which apparently proves the success of the sur-
face modification. The surface morphologies were further
characterized by FESEM. For PG nanofibrous membranes
(Fig. 2d1-d5), a typical interconnected pore structure net-
work is observed, and the inset figure shows the distribution
of nanofibers diameters. The comparison of average diam-
eter changes is listed in Fig. 2d6. The diameter decreases
slightly while adding more GO nanoparticles, but when
the content of GO increases to 7 wt%, some agglomera-
tion appears, which is harmful to the structure uniformity
(Fig. 2d5). Therefore, the concentration of GO is fixed at 5
wt%, and PANI is decorated on the base of PGS5. Different



Advanced Fiber Materials

o
=n

——PGA3
- PGS O1ls
P16 .

Intensity (a.u.)
Intensity (a.u.)

1 18
- By

C
Cl1s ——PGA3
—— PG5
Nis )
2 l ] 2l 1497
S s s
2
=
=
£ I LD‘M
=]
@*
< J_"k—
osse 113 1047
2948

1200 1400 1600 1800 700 600 500 400 300 200 4000 3500 3000 2500 2000 1500 1000 500
d Raman shift (em~!) Banding energy (eV) Wavenumber (¢cm-1)
la1 e d2 m : I
&V’ ‘#so * ‘#u
’( : o ».Q.i\ : I
t ﬁ !'z‘o "‘ _. u l
10

g%"»“;'" = Saing sg %’{4
|v “‘ ‘AS Py = ‘ﬁ

40|

d4

X
Qg

=10}

00702 04 3aed T 1704 14
Diameter (um)

Fig.2 Characterizations of GO powders and PG membranes. a
Raman spectrum of graphene before and after modification. b Wide
XPS spectra and ¢ FTIR spectra of P16, PG5, PGA3 membranes. d

magnification images of PGA composite membranes are
shown in Fig. 3a—e. Contrary to the smooth surface of PG,
PGA membranes turn to be roughness owing to the numer-
ous PANI particles wrapped on the nanofibers. The high spe-
cific surface area of nanofibers and GO nanoparticles offers
tremendous sites for the attachment of PANI, it visibly grows
in number when the concentration of aniline increased from
0.01 to 0.05 mol/L (Fig. 3a—c), and then almost reaches a
balance which does not change too much with the concentra-
tion growth (Fig. 3c—e). Since the over aggregation of PANI
will block the pores of nanofibrous membranes severely thus
decline the water flux and light absorption property, PGA3
was therefore adopted for the further analysis. The color and
morphology vary once again, verifying the existence of GO
and PANI, which are consistent with the Raman, XPS, and
FTIR results.

3.2 Solar-Driven Evaporation Performance
Photothermal materials can adsorb solar energy at differ-

ent wavelengths and turn into thermal energy which can be
used to heat wastewater. Liquid water will be transformed
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into water vapor and harvested as fresh water, while other
pollutants particles are difficult to be evaporated and there-
fore separated from water molecules. Therefore, the ultra-
violet—visible—near-infrared (UV—-vis—NIR) absorption of
membranes with different components were measured to
assess the solar-harvesting performance before evaporation
test. As shown in Fig. 3f, the absorption of pure PCL mem-
brane (P16) is around 33.52%, which greatly increases to
84.41% (PGS) after incorporating GO, showing a significant
enhancement across a wide spectral range of 300-1800 nm.
Moreover, the absorption reaches up to 97.44% (PGA3)
for the PANI-modified membrane, verifying the essential
of GO and PANI in improving the light absorption prop-
erty and indicating an outstanding photothermal effect. The
water contact angle (WCA) was measured for wettability
evaluation, and the result is shown in Fig. 3g and Fig. S4
(inset image of P16 and PG5 were taken at 1000 ms, but for
PGA3, they were taken at 200 ms since the water was totally
adsorbed by PGA3 at 1000 ms). It can be seen that WCA
decreases to below 90° after PANI modification, indicating
an improvement in wettability, which is beneficial for puri-
fication membrane. A more hydrophilic surface generally
enhances the speed at which water molecules traverse the
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Fig.3 Morphology and property of membranes. a—e FESEM images
of PGA membranes with different magnifications. f Solar absorption
spectra of P16, PG5 and PGA3 (left-hand side axis), and solar spectra

membrane and reduces fouling by forming a hydration layer
between the membrane and the feed solution [60—-63].

For purifying wastewater on sunny days by the use of
solar energy (Fig. 4a), a simulated evaluation system was
self-assembled. As shown in Fig. 4b, a solar simulator (XES-
40S3-TT, SAN-EI Electric, Japan) and a custom-made inter-
facial solar evaporator is adopted the same as our previous
study at temperature of 26 +2 °C and humidity of 50 +5%
[25]. The real-time weight loss of water was recorded by an
electronic balance (GR-200, A&D company, Limited, Japan)
connected to a computer. Besides, the surface temperatures
of membranes were monitored by an infrared thermal imag-
ing camera (Testo 875-2 I setV3, German).
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On the one hand, the photothermal effect can be evaluated
by evaporation rate v through Eq. (1).

po .
A X At @)

where m, and m, (kg) refer to the weight of evaporator before
and after evaporation, respectively. A (m?) refers to effective
evaporation area and Af (h) refers to evaporation time. As
presented in Fig. 4c, the mass change of PGA membranes is
significantly higher than that of PG, P16, and other control
samples. The evaporation rate for 1 h solar illumination of
blank DI water is only 0.44 kg m™ h™!, which increases to
0.67 kg m~2 h™! after adding cotton wick due to capillary
effect (Fig. 4d). However, P16 shows a lower evaporation
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Fig.4 a Schematic illustration of wastewater recycling by solar-
driven evaporation. b Self-assemble lab scale evaporation evaluation
system. ¢ Curves of mass change over 1 h of irradiation. d, e Aver-

rate of 0.62 kg m~2 h™! because PCL is not photothermal
material and the membrane is hydrophobic which hinders
the transportation of water. On the contrary, although PG5
is also hydrophobic, the efficient photothermal material GO
shows better solar absorption property which can still lead
to a higher evaporation rate at 1.17 kg m=> h~!. Correspond-
ingly, PGA membranes are all over 1.2 kg m~2 h™! (PGA1
to PGAS at 1.25, 1.30, 1.35, 1.35, and 1.34, respectively)
owing to the synergistic effect of two photothermal materi-
als GO/PANI and the super-hydrophilic surface of PGA, as
shown in Fig. 4e.

On the other hand, the photothermal effect can be
accessed by monitoring temperature rise under light inten-
sity of 1 sun (1 kW m™2). As shown in Fig. 4f, g, the sur-
face temperature of pure PCL membrane reaches 39.7 °C

age evaporation rate of membranes over 1 h of irradiation. f Tem-
perature—time relationship of membranes. g Infrared images of mem-
branes at various time

after 1 h of irradiation, while that of PG5 increases to
47.0 °C, and PGA3 reaches around 50.3 °C. After illumi-
nated for 30 min, the temperature of membrane surface
generally gets stable, indicating the balance between heat
generation and steam evaporation. The temperature vari-
ety is in accordance with the absorption result: the P16
absorbs the least solar energy which caused smallest tem-
perature rise, while PGA3 absorbs the most solar energy,
which leads to the largest temperature rise. Besides, the
temperature in the wet state (evaporating DI water) is
lower than in the dry state (without DI water), due to the
cooling effect of DI water and the consumption of thermal
energy to vaporize the water.

GO has wide-spectrum absorption capacity as a typical
carbon material, while narrow bandgap material PANI can

@ Springer



Advanced Fiber Materials

be excited by low-energy photons due to protic acid dop-
ing since the photogenerated electrons can transfer between
valence band (VB) and conduction band (CB), which pro-
motes the thermal energy generated from accelerating elec-
tron transfer [64]. The synergistic effect between GO and
PANI significantly enhances the light absorption capacity
and the photothermal conversion capacity.

Although more PANI doping increases the evaporation
property, it shows a limitation at PGA3, which may due
to the fully occupation of polymerization sites and block
of water transportation channel inside nanofibrous mem-
brane. Therefore, PGA3 was adopted for further applica-
tion. Natural seawater achieved from North Pacific Ocean
(35.5774164, 139.7850123 in Toyoko Bay, Japan,) was
used to evaluate the potential practical evaporation prop-
erty. The mass change for 12 h constant irradiation and the
evaporation rate every 0.5 h under 1 sun were recorded and

calculated (Fig. 5a, b). Similar to DI water, the evaporation
rate is gradually increased during the first 0.5 h, and does
not change too much in the remaining 11.5 h. The highest
evaporation rate is 1.38 kg m~2 h™! during balance state. The
evaporated vapor was collected and the concentrations of
four main salt ions (Na*, Mg?*, K*, and Ca**) were analyzed
by an inductively coupled plasma emission spectroscopic
analyzer (ICP). As shown in Fig. 5c, the concentrations
of four ions are tremendously diminished by three to four
orders of magnitude after evaporation, and they are obvi-
ously below the safe salinity line of World Health Organiza-
tion (WHO) and Environmental Protection Agency (EPA)
for drinking water standard.

Despite from seawater, textile dying water with toxic dyes
and high salinity also causes great problem to ecosystem
since everyone in the world demands for colorful clothes.
Although most of the textile dyeing water is purified before
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Fig.5 The mass change a and evaporation rate b every 0.5 h of natu-
ral seawater under 12 h constant irradiation. ¢ Concentrations of four
main salt ions (Nat, Mg?*, K*, and Ca®*) before and after evapora-
tion. The mass change d and evaporation rate e every 0.5 h of mixed
wastewater under 12 h constant irradiation. f The UV absorbance
spectra of feed and evaporated solution. g Conductivity of seawater
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before and after evaporation, mixed wastewater before and after evap-
oration, using a multimeter with a constant distance between elec-
trodes and solution. h Surface images of membranes before and after
12 h evaporation. i Salt crystal dissolution phenomenon of PGA3
membrane



Advanced Fiber Materials

emission, part of it will still exists and eventually goes to
lakes or the sea. Therefore, a mixed wastewater composed
of 10,000 ppm NaCl and 10 ppm methyl orange (MO) was
simulated and the evaporation performance was evaluated
the same as seawater. The mass change and the evaporation
rate trend are similar with seawater, and the highest evapora-
tion rate of mix wastewater attains 1.47 kg m~2 h~!, which
exhibits good evaporation performance compared with other
2-dimensional membranes (Fig. 5d, e, Table S1). Moreover,
the evaporation water of mixed wastewater was collected
to assess dye purification effect. The UV-vis spectroscopy
shows the decrease of absorbance compared to feed solution,
which is close to baseline and demonstrates a high rejection
of organic dyes, and the inset images also prove the clean
quality of evaporation (Fig. 5f). Besides, the conductivity
of seawater and mixed wastewater after evaporation is all
lower than before and close to DI water attributed to the
high rejection of salty and heavy metal ions (Figs. 5g and
S4). Of note, even after 12 h constant service, no salt or
dye crystal precipitates on the surface of membrane, which

proves the high anti-fouling performance of prepared com-
posite membrane (Fig. 5h). In order to verify this phenom-
enon, 1 g NaCl was put on the upper surface of a membrane
which already worked for 12 h of seawater evaporation. It
is noteworthy that all the salt crystals are dissolved after
irradiated under 1 sun for 1.5 h (Fig. 5i). The remarkable
salt/dye tolerance is owing to the super-hydrophilic surface
and porous interconnect structure of the nanofibrous PGA
membrane, which promote the infiltration-transportation of
water molecules and dissolve of salt/dye ions [44, 46].

3.3 Photocatalytic Adsorption-Degradation
Performance

In addition to photothermal evaporation, the photocata-
lytic adsorption—degradation can also make use of solar
energy for sewage purification without any extra waste-
water transportation or clean water collection equipment.
Here, photocatalytic degradation and adsorption perfor-
mance were assessed by organic dyes. Before evaluation, the

a b c
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Fig.6 a Schematic illustration of wastewater recycling by photocata-
lytic adsorption—degradation and self-assemble lab scale evaluation
system. b—h UV absorbance spectra of P16, PG5, PGA3 in darkness

Wavelength (nm)

Wavelength (nm)

(b, d, g) and under irradiation of 1 sun (c, e, h), respectively. f Purifi-
cation efficiency of PGA3 in black and sunshine irradiation state
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photostability of dyes was investigated to avoid the influence
of dyes themselves. Three typical dye solutions of neutral
red (NR), methyl orange (MO), and methylene blue (MEB)
were irradiated under 1 sun for 12 h without membranes.
Only MO still retains the original color while NR and MEB
were both partly degraded (Fig. S6). Therefore, MO of 10
ppm is adopted as the simulating organic contaminant and
the photocatalytic adsorption—degradation of three typical
membranes was analyzed in sealed beakers (Figs. 6a and
S7). The solution volume was fixed at 20 mL, and 3.5 mL
of the solution was taken for the UV-vis spectroscopy test
after every 4 h irradiation.

Two different environments were created for compari-
son, one is under irradiation of 1 sun (S) and another is in
black (B) as control. For pure PCL membrane (P16), the
absorbances almost retain the same even with the increase
in irradiation time and in different circumstances, owing to
the hydrophobic surface and no functional particle addition
(Fig. 6b, c). The color changes of wastewater at different
time point are in accordance with absorbance variety (Fig.
S8). The absorbance of PG5 in black decreases slightly due
to the absorption property originated from high specific area
and oxygen-containing functional groups of GO (Fig. 6d).
However, the mass ratio and the targeted functional groups
of GO are not enough for PG5 to have a hydrophilic sur-
face which hinders further diffusion of solution molecules.
Besides, due to the photothermal effect of GO, when it is
in irradiation state, a little part of water was evaporated to
the top and side of the sealed beaker, which increased the
concentration of MO, and thus the absorbance was higher
than black situation (Fig. 6e).

Nevertheless, the absorbance of PGA3 in black decreases
obviously proportion to processing time since PANI mol-
ecules contain plenty of primary and secondary amino and
imine groups, which results in strong affinity with hydro-
philic reactants, such as heavy metal ions and salt ions in
water (Fig. 6g). As one of the most practical chelating func-
tional groups, amino groups is beneficial to the enrichment
of various pollutants from sewages owing to its high nucleo-
philicity and reactivity [65]. Of note, the concentration of
MO in irradiation state diminishes even much more than
black state (Fig. 6h). In order to quantitative compare the
purification level of those two states, the concentration of
MO mixture at maximum absorption wavelength was chosen
for linear fitting, and therefore the linear correlation for-
mula between the concentration of dye and the UV absorb-
ance is established (Fig. S9). The purification efficiency of
black state is 26.81% while the irradiation state reaches up
to 72.77% after 4 h and attains 93.22% after 12 h, which
verifies the superior photocatalytic adsorption—degradation
performance (Fig. 6f). Accordingly, the adsorption capacity
of the PGA3 in black at different time is shown in Fig. S10.
As a special organic semiconductor photocatalysts, PANI
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consisting of benzenoid and quinonoid units has a wide
range of delocalized 7—x conjugated structure in molecules
that can efficiently improve a rapid photoinduced charge
separation and a relatively slow charge recombination [37,
38]. Furthermore, the PGA3 composite membrane is tested
for three cycles without cleaning; the results are shown
in Fig. S11. Compared to the first cycle, the purification
effect decreases due to the excessive accumulation of dyes
in the membrane. However, by increasing the irradiation
time in the third cycle, it can still maintain the photocata-
lytic adsorption—degradation process. Therefore, it can be
a useful supplement to solar-driven evaporation mode. The
synergistic effect of GO and PANI contributes to excellent
photocatalytic adsorption—degradation performance of the
composite membrane and can also provide anti-fouling and
photocatalytic self-cleaning property when used in solar-
driven evaporation mode for complex wastewater that con-
tains degradable organic contaminants.

3.4 Cross-Flow Filtration Performance

During rainy, cloudy, night, and other dark circumstance,
solar will be invalid and other purification methods will be
demanded as supplements. Thereby, traditional electric-
driven filtration performance was evaluated by a custom-
made cross-flow filtration device (Fig. 7a). The pure water
flux J,, was measured by filtrating 1 h of DI water at 1 bar
after pre-pressed. Then it was switched to 10 ppm MO solu-
tions for 1 h at 1 bar, so that the foulant flux J, and rejection
ratio R can be measured. The flux of the membrane was
calculated by the volume of permeate per unit time accord-
ing to Eq. (2) and foulant rejection ratio R was estimated

by Eq. (3).

S___ AV
T AXAIXAp @)

e GG

~ T, 3)
where J (L m~2 h™! bar™") refers to flux, AV (L) refers to
permeate volume, A (m?) refers to effective membrane area,
At (h) refers to collection time, Ap refers to transmembrane
pressure (bar), C, and C, refer to concentrations of feed and
permeate solutions, respectively.

In order to withstand the impact of water crash dur-
ing cross-flow filtration and be able to filtrate small size
foulants, two PGA3 membranes were hot-pressed into one
piece at 45 °C for 10 min under 15 MPa pressure. Besides,
P16 and PG5 were processed by same way, which were
used as control. For the pure water flux J,, membrane
PGA3 shows the highest value at 46.75 L m~2 h~! bar™!
(Fig. S12). The foulant flux J, of PGA3 decreases a bit
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Fig. 7 a Schematic illustration of wastewater recycling by cross-flow
filtration and self-assemble lab scale evaluation system. b Foulant
flux and rejection of membranes. ¢ Flux of every 0.5 h for the 2 h DI
water and MO alternately lasted for 14 h constant filtration test. d UV

to 45.35 L m~2 h™! bar~! when filtrating 10 ppm MO
sewage (P16 at 20.76 L m~2 h™! bar~! and PG3 at 38.69
L m~2 h~! bar™!, respectively) but achieves a high rejec-
tion of 99.15%, which is much better than P16 and PG5,
owing to the superior hydrophilicity, structure stability,
and adsorption property of membrane after PANI deco-
ration (Fig. 7b). The PGA3 membrane exhibits excellent

CO, H,0

HOMO

absorbance spectra of permeate solution of three cycles MO filtration,
inset picture is the corresponding images of feed and permeate solu-
tion. e Mechanism of trimode wastewater recycling

filtration performance compared with other 2-dimentional
membranes (Table S2). Moreover, 14 h (2 h DI water, 2 h
MO solution alternately) constant filtration test without
cleaning was processed to verify the excellent separation
performance of PGA3. The flux of every 0.5 h is calcu-
lated and although there is some fluctuation it stabilizes
at 40.60 L m™> h™! bar™! in the last 0.5 h, which is 89%
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of the first 0.5 h (Fig. 7c). The UV absorption spectra
of permeate solution (P1, P2, P3) for three MO cycles
decrease sharply after cross-flow filtration (Fig. 7d), and
the rejection rates are all over 99%, which indicates the
effective filtration of organic dye foulants of fabricated
membranes for long-term service.

3.5 Mechanism of the Eco-friendly Trimode
Purification Membrane

The biodegradable polymer PCL serves as a basic frame-
work for adding functional particles, thereby imposing
a lighter burden on the environment (Fig. 7e). For the
solar-driven evaporation mode, the combination of two
photothermal materials, GO and PANI, greatly increases
the absorption of solar energy in the whole UV—vis—NIR
spectra. Furthermore, light is continuously reflected
within the pores and nanofibers of the electrospinning
membrane, optimizing diffuse reflection and enhanc-
ing light absorption. Thus, the composite membrane can
effectively transfer solar energy to thermal energy and
then heat the water solution into vapor through the mem-
brane, which can be harvested as clean water since the
boiling point of contaminants is quite higher than water.
Besides, the super-hydrophilic nature of membrane allows
it to disperse salt and dye ions promptly, preventing crys-
tallization, thereby enhancing the service efficiency and
life cycle.

For the photocatalytic adsorption—degradation mode,
(1) first, the super-hydrophilic surface allows solution to
fully penetrate into membrane. (2) Furthermore, the high
specific surface area of GO and PANI particles, along
with the affinity of amino groups in PANI, enhances the
adsorption of contaminants on the membrane surface. (3)
After that, the efficient solar absorption provides pho-
tons with energy the same as or higher than the band
gap energy of the semiconductor polymer PANI, so that
some electrons in the valence band (VB of the highest
occupied molecular orbital, HOMO) may be excited to the
conduction band (CB of the lowest unoccupied molecular
orbital, LUMO). Therefore, plenty of negatively charged
electrons (e™) appear in CB while positively charged holes
(h*) stay in VB, which triggers chemical transformation
of reduction and oxidation, and the organic dye can even-
tually be oxidized and degraded into CO, and H,O.

For the cross-flow filtration performance, on the one
hand, the interconnect structure of nanofibrous mem-
brane and PANI decoration provides lots of small pores,
which can intercept contaminants of large size, but per-
mit small water molecules to pass through. Besides, the
super-hydrophilic surface of PGA membrane provides
the possibility of forming a hydration layer between the
membrane and solution, which can hold back foulants

@ Springer

ions. On the other hand, some parts of foulants can be
absorbed by the membrane due to the synergistic adsorp-
tion effect of GO/PANI particles and nanofibers, which
can be rushed and flow back to feed tank by cross-flow
filtration method.

4 Conclusions

In summary, an attempt has been made to establish a trimode
composite membrane for solving water crisis problems. The
biodegradable substrate PCL electrospinning nanofibrous
membrane showed an eco-friendly option as a purifica-
tion membrane. When nanoparticles of GO are blended in
and then combined with PANI decoration, the composite
membrane can be used in multiple scenarios. The compos-
ite membrane can work stably for 12 h constantly, both for
natural seawater and mixed salt/dye wastewater; the highest
evaporation rate can reach up to 1.47 kg m~2 h™! and the
water quality is better than drinking water (the concentra-
tion of four main salt ions are far below the drinking water
standard of WHO and EPA). The membrane can also be
used in photothermal adsorption—degradation mode, which
improves the self-cleaning property and reduces equipment
demand. Besides, the cross-flow filtration mode as a sup-
plement can also effectively reject 99% organic dyes with a
higher flux of over 40 L m~> h~! bar™!. This facile trimode
design shows a sustainable strategy for hybrid nanofibrous
membranes with eco-friendly and energy-saving properties,
which is promising for long-term service and multi-scenario
application of wastewater recycling.
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