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Sphagnum Inspired g-C;N, Nano/Microspheres with Smaller
Bandgap in Heterojunction Membranes for Sunlight-Driven

Water Purification

Lingtong Ji, Luke Yan, Min Chao,* Mengru Li, Jincui Gu,* Miao Lei, Yanmei Zhang,
Xun Wang,* Junyuan Xia, Tianyu Chen, Yujing Nie, and Tao Chen*

Membrane separation is recognized as one of the most effective strategies to
treat the complicated wastewater system for economic development. How-
ever, serious membrane fouling has restricted its further application. Inspired
by sphagnum, a 0D/2D heterojunction composite membrane is engineered
by depositing graphitic carbon nitride nano/microspheres (CNMS) with
plentiful wrinkles onto the polyacrylic acid functionalized carbon nanotubes
(CNTs-PAA) membrane through hydrogen bond force. Through coupling
unique structure and chemistry properties, the CNTs-PAA/CNMS heterojunc-
tion membrane presents superhydrophilicity and underwater superoleopho-
bicity. Furthermore, thanks to the )-type aggregates during the solvothermal
process, it is provided with a smaller bandgap (1.77 eV) than the traditional
graphitic carbon nitride (g-C;N,) sheets-based membranes (2.4-2.8 eV). This
feature endows the CNTs-PAA/CNMS membrane with superior visible-light-
driven self-cleaning ability, which can maintain its excellent emulsion separa-
tion (with a maximum flux of 5557 + 331 L m2 h™" bar™" and an efficiency of
98.5 t 0.6%), photocatalytic degradation (with an efficiency of 99.7 £ 0.2%),
and antibacterial (with an efficiency of =100%) ability even after cyclic experi-
mental processes. The excellent self-cleaning performance of this all-in-one
membrane represents its potential value for water purification.

treatment technology an extremely tough
task!) Currently, membrane separation
technology has become the main channel
to remediate the water environment attribu-
ting to its advantages, such as environ-
mental sustainability and energy saving.l
Particularly, graphene oxide (GO) and
carbon nanotubes (CNTs), have attracted
comprehensive attention on constructing
multifunctional separation membranes in
the scientific field.®! For one thing, they
possess high surface areas that are ben-
eficial to achieve effective adsorption with
water-soluble pollutants (dye molecules,
bacteria, et al.).) For another, they can be
taken as secondary reaction platforms for
designing functional membranes through
chemical crosslinking, interface assembly,
and nanoparticle modification, which will
enhance their capture ability for target
compounds.’! To date, the research on
carbon-based membranes with versatility
has brought inspiring achievements.

1. Introduction

With thousands of hazardous contaminations, polluted water
has become a primary environmental concern in various
domains of human society, which searched for generic water

For example, Liu and co-workers have

designed a SiO,/GO composite mem-
brane through the modification of SiO, nanoparticle and eth-
ylenediamine.”! It can purify the oil-in-water (O/W) emulsion
with the flux of 470 L m™ h™! and high retention capacity for
dye molecules. Chen et al. have constructed a series of super-
hydrophilic CNTs-based composite membranes via hydrophilic
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polymer functionalization as well as subsequent assembly of
nanoparticles.”l These membranes can simultaneously realize
O/W emulsion separation with high efficiency (> 98.5%) and
the catalytic degradation for various dye molecules (such as
methyl blue, p-nitrophenol) once the polluted water passed
through the tortuous internal channels of these membranes.
Despite considerable progress, the fatal challenge is the irre-
versible membrane fouling, which demands repeated and
complicated cleaning procedures to keep their initial perfor-
mances.®] Worse still, these procedures inevitably cause not
only secondary pollution but also a sharp decline of separation
flux and efficiency.’! Therefore, it is a pressing need to explore
advanced materials with excellent self-cleaning performance to
treat multicomponent wastewater effectively.

Recently, graphitic carbon nitride (g-C3N,) has generated
tremendous attention for designing advanced separation mem-
branes attributing to its inherent merits.'] The 77 structure of
the g-C3;N, can accelerate charge separation and restrain charge
recombination. Therefore, it can realize photocatalytic degrada-
tion of the pollution under the drive of visible-light irradiation
at an appropriate bandgap (2.4-2.8 eV).['!l Besides, it possesses
other superior characteristics, such as stability, nontoxicity,
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self-cleaning, and antibacterial properties.l’?) By these advan-
tages, numerous exciting breakthroughs on g-C;N, based
membranes have sprung up. For example, Li et al. fabricated
a GO-based multifunctional membrane via vacuum-assisted
filtration.¥] Its wettability can be controlled by adjusting the
relative dosage of g-C3N, sheets. Dye molecules can be easily
adsorbed on the surface of this membrane due to its large
specific surface area. Jiang et al. developed a 2D GO/g-C;N,@
TiO, composite membrane through intercalating g-C;N,@TiO,
heterojunctions into GO nanosheets. The g-C;N, sheets can
enlarge the interlayer spacing of GO membrane. Therefore, it
can achieve O/W emulsion separation with a flux of 500 L. m
h~! bar™L. Moreover, it displayed a superior self-cleaning ability
with a high separation recovery ratio (> 95%) even after cyclic
permeations. Recently, Lu et al. fabricated a GO/g-C3N, com-
posite membrane via a self-assembly process.™ It presented
an outstanding self-cleaning capacity for cyclically separating
the O/W emulsion. Despite the significant improvement in the
self-cleaning ability of separation membranes, the introduction
of g-C3N, sheets often causes a pronounced trade-off between
permeation flux and antifouling property.'® Furthermore, the
photocatalytic efficiency of the g-C3N, sheet-based membrane
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Figure 1. Schematic description of the preparation of CNTs-PAA/CNMS composite membrane with self-cleaning ability for continuous water purifica-
tion under the drive of sunlight. a) The sphagnum showed self-cleaning and antibacterial properties due to its porous structure and self-secretion of
antibacterial substances (sphagnum acid and sphagnum phenol). b) The CNTs was modified with hydrophilic PAA. c) The wrinkled CNMS was assem-
bled on the surface of CNTs-PAA membrane through hydrogen bond and subsequent vacuum filtration. d) The CNTs-PAA/CNMS composite membrane
endowed with all-in-one self-cleaning property, which can continuously treat wastewater with multicomponents, including oils, dye molecules, and
bacteria.
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Figure 2. a) The SEM and responding TEM images of CNTs-PAA. b) SEM image and size distribution of the CNMS. ¢) Schematic illustration of the
formation process of CNMS. d) The SEM image and photograph of CNTs-PAA/CNMS composite membrane. e) The cross-sectional SEM image of

the CNTs-PAA/CNMS composite membrane.

should be further promoted because of their larger bandgap.!”!

Hence, it is highly anticipated to fully exploit the unmatched
features of g-C3N, to enhance the visible-light sensitivity for
realizing the functional integration of separation membrane.

As a magical creator, nature has provided an array of
super-wetting surfaces with specific features. For example,
sphagnum shows special superhydrophilicity because of its
porous structure with a size of 10-20 um (Figure 1a). It can
uptake its gravity 10-25 times that of water. Furthermore, it
presents antibacterial ability because it can secrete sphagnum
acid (SA) and sphagnum phenol (SP) to effectively inactivate
bacteria.'®l Here, inspired by sphagnum, we have engineered
a 0D/2D heterojunction composite membrane by integrating
graphitic carbon nitride nanomicrospheres (CNMS) with sub-
stantial folding morphology and hydrophilic polyacrylic acid
functionalized carbon nanotubes (CNTs-PAA) membrane
(Figure 1b,c). Interestingly, the designed CNTs-PAA/CNMS
composite membrane can not only separate various O/W emul-
sions with the maximum flux of 5557 + 331 L m~2 h~! bar ! and
the effectiveness of 98.5 + 0.6%, but also has a superior pho-
tocatalytic degradation for dye molecules (with the efficiency
of 99.7 £ 0.2%) and antibacterial ability (with the efficiency of
=100%). Surprisingly, attributing to its smaller bandgap, this
membrane demonstrated an excellent self-cleaning property
with stable separation, photocatalytic degradation, and anti-
bacterial performance even after repetitive pollution processes
(Figure 1d). Furthermore, it can realize the continuous treat-
ment of contaminated water with multicomponents. These
properties will open up new opportunities to construct all-in-
one separation materials for simplifying the treatment process
of complex wastewater systems.
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2. Results and Discussion
2.1. Membrane Structures and Chemical Components

The micromorphology of CNTs membrane and CNTs-PAA
membrane was shown in Figure 2a; and Figure S1 (Sup-
porting Information). It can be seen that the diameter of CNTs
increased from 24.7 + 4.6 to 42.5 + 4.9 nm, which proved that
PAA was successfully modified on the CNTs membrane.
Furthermore, the micromorphology of CNMS was studied
through the scanning electron microscope (SEM). The average
size of CNMS was about 1.6 um (Figure 2b). There w ere innu-
merable wrinkles on the surface of CNMS, which was synthe-
sized through solvothermal method (Figure 2c; and Figure S2,
Supporting Information). The small size and rough structure
of CNMS can promote its effective contact with contamina-
tions. This result was consistent with that of transmission
electron microscopy (TEM) (Figure S2, Supporting Informa-
tion). In addition, the average pore size of CNTs-PPA/CNMS
composite membrane was about 0.5 um (Figure S3, Supporting
Information). The chemical composition of CNMS was fur-
ther tested by the Fourier-transform infrared spectroscopy and
Raman spectroscopy (Figure S4, Supporting Information). The
broad absorption peak at 3000-3400 cm™! was attributed to the
stretching of N—H in the surface amino group and C—H on
the tri-s-triazine ring (Figure S5a, Supporting Information).l!”]
The wide absorption band at 1100-1700 cm™ was assigned to
aromatic C—N heterocyclic, and the sharp peak at 807 cm™
was corresponding to tri-s-triazine ring units (Figure S5a, Sup-
porting Information).”) Figure S5b (Supporting Information)
showed the X-ray diffractometer (XRD) curve of CNMS. There
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Figure 3. a) The surface roughness of the CNTs-PAA membrane, CNTs-PAA/CN composite membrane, and CNTs-PAA/CNMS composite membrane.
b) The CLSM image of CNTs-PAA/CNMS composite membrane. c) The XPS spectra of CNTs-PAA membrane, CNTs-PAA/CN and CNTs-PAA/CNMS
composite membranes. d) The N1s spectrum of the CNTs-PAA/CN (upper) and CNTs-PAA/CNMS (down) composite membranes. e) The wettability
of each membrane in air (1-CNTs-PAA, 2-CNTs-PAA/CN, 3-CNTs-PAA/CNMS-5, 4-CNTs-PAA/CNMS-10, 5-CNTs-PAA/CNMS-15, 6-CNTs-PAA/CNMS-
20, 7-CNTs-PAA/CNMS-25). f) The underwater oil contact angles of the CNTs-PAA/CNMS-20 composite membrane. g) Schematic illustration of the
wettability of CNTs-PAA and CNTs-PAA/CNMS-20 composite membrane in air, respectively. h) The underwater oil adhesion process on the CNTs-PAA/
CNMS-20 composite membrane. i) Schematic illustration of the oil contact angle underwater of the CNTs-PAA/CNMS-20 composite membrane.
j) The contact angles of chloroform underwater on the CNTs-PAA/CNMS-20 composite membranes after being immersed in different corrosion

solutions for 72 h.

were two characteristic peaks of g-C;N, located at 13.6° for (100)
reflection and 274° for (002) reflection, which was corresponded
to the diffraction of the in-plane repeating and graphitic-like
aromatic structure, respectively.l’]

The photograph of sphagnum and its responding SEM
image was shown in Figure la. It was composed of count-
less cells that evenly arranged on the inner of sphagnum and
formed a porous structure with a size of =10-20 um. Therefore,
the sphagnum presents hydrophilic capacity. Furthermore,
the sphagnum is endowed with antibacterial property due to
its cell secretions.”] Analogously, the microstructure of CNTs-
PAA/CNMS composite membrane was in detail characterized.
As displayed in Figure 2d, the CNMS layer (with thickness of
~3.9 um, Figure 2e) was closely packed on the surface of the
CNTs-PAA membrane (thickness about 0.5 um, Figure S6, Sup-
porting Information), which was like the cells in the sphagnum.
Moreover, the roughness of the CNTs-PAA/CNMS composite
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membrane (169 + 35.55 nm) was distinctly far higher than that
of the CNTs-PAA membrane (64.43 £ 16.19 nm) and polyacrylic
acid functionalized carbon nanotubes/graphitic carbon nitride
(CNTs-PAA/CN) composite membrane (83.67 + 16.65 nm)
(Figure 3a). The enhanced roughness will enhance the visible-
light absorptive capacity to decompose pollutants.?!] This differ-
ence was further verified by their responding SEM images and
confocal laser scanning microscope (CLSM) images. As shown
in Figure 3b; and Figures S7-S8 (Supporting Information),
the CNTs-PAA and the CNTs-PAA/CN composite membranes
were smoother than that of the obtained CNTs-PAA/CNMS
composite membrane. The enhanced roughness can not only
increase the effective contact area between the membrane and
contaminants but also can improve the absorption capacity of
sunlight, which was confirmed by the UV-vis diffuse reflec-
tion spectra of these membranes (Figure S9, Supporting
Information).

© 2021 Wiley-VCH GmbH
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The surface elemental compositions of these membranes were
further investigated by X-ray photoelectron spectroscopy (XPS). As
shown in Figure 3c, both C 1s and O 1s peaks appeared in the
CNTs-PAA, CNTs-PAA/CN, and CNTs-PAA/CNMS composite
membranes. The C 1s spectrum could be divided into three peaks
at 284.76, 285.18, and 289.99 eV, which were assigned to C=C,
C—C, and —COOH, respectively (Figure S10, Supporting Infor-
mation).?2! A strong N 1s peak (at =399 eV) was seen in the XPS
spectrum of the CNTs-PAA/CN and CNTs-PAA/CNMS composite
membranes. However, there was no N 1s peak in the CNTs-PAA
membrane (Figure 3d). The N 1s spectrum can be decomposed into
three peaks, which included C—N=C, N—C;, C—NH, at around
399.15, 399.96, 401.12 eV, respectively.?l It was worth noting that
the hydrophilic C-NH, group in the CNTs-PAA/CNMS composite
membrane increased to 702% in comparison with that of CNTs-
PAA/CN composite membrane (3.51%) (Table S1, Supporting
Information), which will be favorable to improve the self-cleaning
ability of the CNTs-PAA/CNMS composite membrane.

2.2. Surface Wettability

The surface wettability of these composite membranes was
also comprehensively investigated through water contact angle
(WCA) measurement. The CNTs-PAA membrane showed
hydrophilicity with the initial contact angle of 51.4° + 6.0". It took
about 8 s for water (4 [LL) to spread on the surface of this mem-
brane (Movie S1, Supporting Information). However, due to the
hydrophilic amino group in g-C;N, sheets, the CNTs-PAA/CN
composite membrane was more affinity to water with the
original contact angle of 20.3° £ 0.8". The water droplet passed
through this membrane within 3 s (Movie S2, Supporting Infor-
mation). These results indicated the successful modification of
g-C3N, sheets on the surface of CNTs-PAA membrane. Further-
more, the surface wettability of CNTs-PAA/CNMS composite
membrane changed distinctly along with the volume change of
CNMS dispersion. The water droplets inserted into the inner
of this membrane within only 1 s when the volume of CNMS
dispersion reached to 20 mL (Figure 3e; and Movie S3, Sup-
porting Information). On the one hand, abundant hydrophilic
functional groups (e.g., —COOH and —NH,) on the surface
of the CNTs-PAA/CNMS-20 composite membrane endowed it
with good affinity with water. 24 On the other hand, according
to Wenzel mode, the roughness produced by the CNMS hier-
archical structure made the hydrophilic interface more hydro-
philic.?’l These resulted in accelerating the diffusion and
penetration of water droplets (Figure 3g). In addition, this
membrane demonstrated underwater superoleophobicity with
oil contact angle angles all greater than 150° (Figure 3f). The oil
droplets can be rapidly detached from the CNTs-PAA/CNMS-20
composite membrane once it was contacted with its surface
(Figure 3h). The special wettability of the CNTs-PAA/CNMS-20
composite membrane was mainly attributed to its chemical
composition and interface morphology.?l Due to its superhy-
drophilicity, the CNTs-PAA/CNMS-20 composite membrane
was completely infiltrated by water and formed a continuous
water layer at the air/water/solid three-phase interface, which
resulted in the reduction of the effective contact area between
the oil phase and the membrane surface (Figure 3i).””] The
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wetting stability of CNTs-PAA/CNMS-20 composite membrane
was further studied by immersing it into the hybrochloric acid
(HCl), sodium hydroxide (NaOH), and sodium chloride (NaCl,
35 g L) solutions for 72 h, respectively. As demonstrated in
Figure 3j, there were almost no changes even being corroded
under these harsh environments, indicating the excellent
chemical adaptability of the CNTs-PAA/CNMS-20 membrane.

2.3. Emulsion Separation and Self-Cleaning Performance

The particular wettability made the CNTs-PAA/CNMS-20 heter-
ojunction membrane a promising material for emulsion sepa-
ration. Here, chloroform-in-water (C/W) emulsion was selected
as a representative O/W emulsion to evaluate its separation
capacity. As shown in Figure 4a, the CN'Ts-PAA membrane pre-
sented a high separation flux (1960 + 114 L m= h™! bar™) for
C/W emulsion with the efficiency of 94.3 £ 0.5%. However, after
the modification with g-C;N, sheets or CNMS, their separation
efficiencies improved to 98.3 £ 0.5% and 98.5 + 0.6%, respec-
tively in despite of a slight drop of separation flux. Notably, the
separation flux of CNTs-PAA/CNMS-20 composite membrane
(1960 + 82 L. m~2 h™! bar™}) was higher than that of the CNTs-
PAA/CN (1465 + 30 L m™2 h™! bar!) composite membrane. This
was ascribed to the accumulation of CNMS on the membrane
surface, providing more water channels than g-C3N, sheets with
stacking structure. Dynamic light scattering measurement was
also carried out to qualitatively analyze the separation ability of
the CNTs-PAA/CNMS-20 composite membrane. As displayed
in Figure 4b; and Figure S11 (Supporting Information), the
feed emulsion showed a milky white with a size of =120 nm.
In comparison, the filtrate was almost transparent and not
any droplets can be observed. These results have been further
proved through optical microscopy (Figure S11, Supporting
Information). In addition, the stability of the CNTs-PAA/
CNMS-20 composite membrane was evaluated by performing
cyclic separations for C/W emulsion. As displayed in Figure 4c,
the separation performance did not display remarkable change
after sixteen cycles of separation process. Similar results were
also achieved for other emulsions (Figure 4d; and Figures S12
and S13, Supporting Information), including methylene
chloride-in-water (M/W) emulsion, hexane-in-water (H/W)
emulsion, toluene-in-water (T/W) emulsion, silicone oil-in-
water (Si/W) emulsion, soybean oil-in-water (So/W) emulsion.
They have displayed excellent separation flux with of 1750 + 20,
4468 + 292, 5557 + 331, 1700 + 36, and 3761+ 32 L m~2 h~! bar™,
respectively.

The emulsion separation mechanism of CNTs-PAA/
CNMS-20 heterojunction membrane was deduced as follows.
This membrane was hydrophilic in the air, so the water phase
can spread on its surface spontaneously and formed a water
layer due to the capillary effect (AP < 0) from its hydrophilic
pores.?®28]  Moreover, the CNTs-PAA/CNMS-20 composite
membrane showed oil-repellent property with an underwater
oil contact angle above 150°. In this case, the demulsification
phenomenon occurred once the emulsion touching with the
CNTs-PAA/CNMS-20 composite membrane.l? The water drop-
lets agglomerated and passed across the CNTs-PAA/CNMS-20
composite membrane but the oil was restricted (Figure 4e).
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Figure 4. a) Separation efficiency and flux of each membrane for C/W emulsion. b) The oil droplet size in the feed and filtration of the C/W emulsion.
c) The flux and separation efficiency of the CNTs-PAA/CNMS-20 composite membrane during cyclic emulsion separation. d) The separation ability of
the CNTs-PAA/CNMS-20 composite membrane for various O/W emulsions. e) Schematic of demulsification mechanism for O/W emulsion. f) The ini-
tial and recovery flux of the CNTs-PAA membrane, CNTs-PAA/CN composite membrane and CNTs-PAA/CNMS-20 composite membrane, respectively.
(Jo: initial flux, J;: water flux after emulsion separation, J,: water flux after being washed with water, J5: water flux after being irradiated under sunlight).
g) The flux recovery ratio (FRR), the total fouling ratio (R;), irreversible fouling ratio (R;), and reversible fouling ratio (R,) of the CNTs-PAA, CNTs-
PAA/CN, and CNTs-PAA/CNMS-20 composite membranes, respectively. h) UV-vis absorption spectra of CNTs-PAA, CNTs-PAA/CN, and CNTs-PAA/
CNMS-20 composite membranes, respectively (Inset: the plots of (Ahv)/2vs hvofthe CNTs-PAA/CNMS-20 and CNTs-PAA/CN composite membranes).

The antifouling performance is a key index to assess the
comprehensive performance of membrane separation mate-
rials for practical application.*®! The self-cleaning ability of
the CNTs-PAA/CNMS-20 composite membrane was studied
by calculating the water flux before and after C/W emulsion
separation. As shown in Figure S14 (Supporting Information),
there was a lot of oil pollutants adsorbed on the surface of the
CNTs-PAA/CNMS-20 composite membrane. However, after
irradiated under sunlight, this membrane has recovered to ini-
tial structure, which indicated the excellent the sunlight absorp-
tion and self-cleaning ability of this membrane. Furthermore,
the initial water flux (J,) of the CNTs-PAA, CNTs-PAA/CN, and
CNTs-PAA/CNMS-20 composite membranes were 11 000 £ 791,
4200 + 270, and 10 500 + 413 L m™2 h7! bar™!, respectively
(Figure 4f). During the emulsion separation process, the water
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flux (J;) of these membranes has sharply declined to 2010 + 70,
1650 + 20, and 1899 + 65 L m™ h7! bar™!, respectively. This
was due to the aggregation and adhesion of oil droplets on the
membrane surface. After alternative cleaning with water and
ethanol, the water flux (J,) of these membranes have recov-
ered to 7000 * 227, 2700 + 259, and 4700 + 396 L m~ h™! bar™},
respectively. Interestingly, with regard to CNTs-PAA membrane
and CNTs-PAA/CN composite membrane, after the irradiation
with sunlight, their recovery water flux (J;) have only increased
to 7741 + 371, 3208 + 196 L m™2 h™! bar™!, respectively. These
results suggested the lower self-cleaning property of CN'Ts-PAA
and CNTs-PAA/CN composite membranes. On the contrary, the
recovery water flux of CNTs-PAA/CNMS-20 composite mem-
brane was attained to 10 436 + 397 L m= h™! bar! just under
the drive of sunlight (Figure 4f). Furthermore, the fouling ratio
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of these membranes was evaluated by calculating the change
of separation flux before and after emulsion separation. It can
be seen that the total fouling ratio (R, of CNTs-PAA, CNTs-
PAA/CN, and CNTs-PAA/CNMS-20 composite membranes
were 82.7 + 1.9%, 64.7 + 2.4%, and 82.2 + 1.1%, respectively.
However, the water flux recovery ratio (FRR) of CNTs-PAA/
CNMS-20 composite membrane (99.5 £ 0.5%) was larger than
that of the CNTs-PAA membrane (70.4 £ 1.6%), CNTs-PAA/CN
composite membrane (76.2 + 9.3%) (Figure 4g). In addition, the
CNTs-PAA/CNMS-20 composite membrane revealed the lowest
irreversible fouling ratio (R;) of 0.8 + 0.4% and the highest
reversible fouling ratio (R,) of 81.3 + 0.9% compared with that of
the CNTs-PAA membrane (R;, = 29.7 £ 1.6%, R, = 50.2 £ 0.4%)
and CNTs-PAA/CN composite membrane (R;, = 23.8 £ 9.4%,
R, = 41.0 £ 76%) (Figure 4g). The excellent self-cleaning ability
of the CNTs-PAA/CNMS-20 composite membrane was attrib-
uted to the synergetic effect of special wettability and the pho-
tocatalytic degradation property of g-C;N,. On the one hand,
the hydrophilic functional groups (—COOH, —NH,) can effec-
tively prevent oil from adhering to its inner/outer surface. On
the other hand, the absorption band edges of the CNTs-PAA/
CNMS-20 and CNTs-PAA/CN composite membrane were
different in the visible-light region from 400 to 550 nm. The
absorption edge of CNTs-PAA/CNMS-20 composite membrane
presented a redshift compared with that of the CNTs-PAA/CN
composite membrane (Figure 4h). This result was due to the
high condensation degree of CNMS, which can be proved by
XRD.BU This difference endowed the CNTs-PAA/CNMS-20
composite membrane with enhanced visible-light absorptive
capacity to decompose pollutants. Moreover, the CNTs-PAA/
CNMS-20 composite membrane (1.77 eV) has a smaller
bandgap than that of CNTs-PAA/CN composite membrane
(2.42 eV) (Figure 4h), which was mainly due to the improve-
ment of inter-planar accumulation and electron delocalization
of the J-type aggregates during the solvothermal process.!l

2.4. Photocatalytic Degradation Performance

Photocatalytic degradation is thought of as the most practicable
means to eliminate water-soluble pollutants.?!! RhB was chosen
as a representative dye molecule to assess the photocatalytic
degradation ability of the CNTs-PAA/CNMS heterojunction
membrane under visible-light (4 > 420 nm). As presented in
Figure 5a, the CNTs-PAA/CNMS composite membrane dem-
onstrated higher photocatalytic activity than that of the CNTs-
PAA membrane and CNTs-PAA/CN composite membrane.
Moreover, with the increasing volume of CNMS dispersion,
the photocatalytic degradation capacity increased until it came
up to 99.7 £ 0.2%. Excessive dosage of CNMS may bring
about agglomeration and even accumulation phenomena,
which resulted in lower photocatalytic efficiency. The photo-
catalytic activities of these composite membranes were further
determined by a pseudo-first-order kinetic equation with a
linear fit of In(Cy/C) against time. It can be revealed that there
was a three-stage kinetics process of CNTs-PAA/CNMS-20
composite membrane during the photocatalytic degradation
process of RhB (Figure 5b). Besides, the photodegradation rate
increased along with the irradiation time. This was because
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the decoloration of RhB can decrease the reflection and refrac-
tion of incident sunlight on the dye solution.?’) The CNTs-
PAA/CNMS-20 composite membrane can receive stronger
irradiation intensity and further increase the reaction rate.
Remarkably, the maximum photodegradation rate constant of
CNTs-PAA/CNMS-20 composite membrane for RhB reached
0.0736 min~! in the third stage (0.0168 min™! in the first stage
and 0.0376 min™' in the second stage), which were 14 and
26 times than that of CNTs-PAA/CN (0.0050 min~') and
CNTs-PAA (0.0028 min~!) membrane, respectively.

Furthermore, we studied the photocatalytic degradation
capacity of these membranes by UV-vis spectrophotometer.
As shown in Figure 5c, the intensity of the maximum absorp-
tion peak (RhB, A, = 554 nm) of the CNTs-PAA membrane
declined with the extension of irradiation time. Moreover, there
was no shift of the maximum absorption wavelength and each
absorption curve was almost parallel to each other. This indi-
cated that there was only the adsorption process of the CNTs-
PAA membrane for RhB. As to CNTs-PAA/CN composite
membrane, it has displayed a blueshift of the A,., of RhB,
which revealed that the photocatalytic reaction has occurred on
the membrane surface and the by-products were generated. For
CNTs-PAA/CNMS-20 composite membrane, its A,,,, has gradu-
ally shifted from the initial 554 nm toward shorter wavelength,
eventually reaching 497 nm. This phenomenon of the CNTs-
PAA/CNMS-20 composite membrane was associated with the
N-de-ethylation process, which included RhB (=554 nm), N, N,
N'-tri-ethylated rhodamine (=539 nm), N, N’-di-ethylated rhoda-
mine (=522 nm), N-ethylated rhodamine (=510 nm), and de-eth-
ylated thodamine (=497 nm).*¥ Simultaneously, the conjugate
structure of rhodamine was broken down into small molecules
upon continuous visible-light irradiation.?¥ The stability of the
CNTs-PAA/CNMS-20 heterojunction membrane was further
assessed by monitoring the cyclic photocatalytic degradation for
RhB. As presented in Figure 5d, the CNTs-PAA/CNMS-20 com-
posite membrane maintained its outstanding photocatalytic
degradation performance (> 90%) after ten cycle’s experiments,
suggesting that the CNTs-PAA/CNMS-20 composite membrane
can keep an efficient photocatalytic activity in long-term use.
Besides that, this membrane can be used for degrading other
dye molecules, such as methyl blue (MB), malachite green (MG)
with the efficiency of 98.8%, 95.3%, respectively (Figures S15
and S16, Supporting Information), which further indicated
its potential application value in wastewater treatment. The
photocatalytic degradation mechanism of the CNTs-PAA/
CNMS-20 composite membrane for dye molecules can be
deduced as the following equations®”

CNMS+hv —h" +e” 1)
h* + pollutant — CO, + H,0 (2)
e +0, —+0; (3)
+0; + pollutant — CO, + H,0 (4

During the photocatalysis process, the CNMS can stimu-
late a m—7* electronic transition by absorbing photon energy
(hv) under the condition that it is larger than the energy gap
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Figure 5. a) Photocatalytic activities of CNTs-PAA membrane, CNTs-PAA/CN composite membrane, and CNTs-PAA/CNMS composite membranes with
different amounts of CNMS for RhB. b) Photocatalytic rates of the CNTs-PAA membrane, CNTs-PAA/CN composite membrane, and CNTs-PAA/CNMS-20
composite membrane for RhB. c) UV-vis absorption spectra for RhB solution after being treated with CNTs-PAA membrane, CNTs-PAA/CN membrane, and
CNTs-PAA/CNMS-20 membrane under sunlight. d) Cycling photocatalytic performance of CNTs-PAA/CNMS-20 composite membrane for RhB solution.

of CNMS (Equation (1)), The produced photoinduced elec-
trons (e7) will transfer from its valence band (VB) across the
forbidden band to the conduction band (CB). In contrast, the
photoinduced positive holes (h*) are left its conduction band.
Subsequently, the e~ and h* will migrate to different positions
of CNMS under electric field. Lastly, the h* will directly oxidize
pollutants adsorbed on the surface of g-C3;N, into CO, and H,0
(Equation (2)). Moreover, the e~ will reduce O, into highly active
O,~, which will undergo redox reactions with organic pollut-
ants adsorbed on the CNMS layer and eventually degrade these
contaminations into CO, and H,0 (Equations (3) and (4)).

2.5. Photocatalytic Antibacterial Performance

g-C3N, has received increasing attention owing to its photoin-
duced sterilization ability.?®! As a typical waterborne bacterium,
Escherichia coli (E. coli) was selected to evaluate the antibacterial
performance of CNTs-PAA/CNMS-20 composite membrane.
As depicted in Figure 6a,b, the CNTs-PAA membrane exhib-
ited lower antibacterial efficiency (38.29 £ 8.0%) due to its poor
visible-light response. After being modified with g-C;N, sheets,
the antibacterial ability of the CNTs-PAA/CN composite mem-
brane increased to 70.92 + 7.0%. This remarkable change was
attributed to the absorption capacity of the sunlight in the visible
spectra range of g-C3N, sheets (2.42 eV). Surprisingly, the

Small 2021, 17, 2007122 2007122

CNTs-PAA/CNMS-20 composite membrane presented better
antibacterial ability than that of the CNTs-PAA/CN composite
membrane. As shown in Figure 6a—d, almost all the bacteria,
such as E. coli, Staphylococcus aureus (S. aureus), and Proteus
mirabilis (P. mirabilis), lost their activities within 2 h after the
photocatalytic antibacterial process of the CNTs-PAA/CNMS-20
composite membrane. For one thing, this superior performance
came from the inherent antibacterial property of g-C;N,.1’! First,
the bacteria adhered to the surface of the CNTs-PAA/CNMS-20
composite membrane. Second, under the illumination of sun-
light, the CNMS produced reactive oxygen species, such as
hydroxyl radicals and superoxide radicals, which can directly
induce the cellular constituent oxidation.’>3#! Finally, the bac-
terial cell wall was destroyed and the living substances leakage
from the cell inside, which resulted in the inactivation of bacteria
(Figure 6e). For another, the rough micromorphology came from
the CNMS brought more active sites and produce more active
0O,~, which was conducive to accelerate the inactivation of bac-
teria.l’¥ In addition, its excellent hydrophilicity was beneficial to
the effective contact between bacteria and membrane surface.*”)

2.6. All-in-One Water Purification

The purification of actual domestic sewage remains a very
challenging task because there are thousands of hazardous

(8 of 12) © 2021 Wiley-VCH GmbH
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Figure 6. a) Photographs of the photocatalytic antibacterial effects of the CNTs-PAA membrane, CNTs-PAA/CN composite membrane, and CNTs-PAA/
CNMS-20 heterojunction membrane against E. coli, respectively. b) The photocatalytic antibacterial efficiency of the CNTs-PAA membrane, CNTs-PAA/CN
composite membrane, and CNTs-PAA/CNMS-20 heterojunction membrane, respectively. ¢) The photocatalytic antibacterial efficiency of the CNTs-PAA/
CNMS-20 heterojunction membrane for S. aureus and P. mirabilis. d) Photographs of the antibacterial effects of CNTs-PAA/CNMS-20 heterojunction mem-
brane against S. aureus and P. mirabilis, respectively. ) Photocatalytic antibacterial mechanism of the CNTs-PAA/CNMS-20 heterojunction membrane.

compounds in polluted water. The continuous sewage treat-
ment ability of the CNTs-PAA/CNMS-20 composite mem-
brane was further explored to evaluate its potential application
value. It included three steps (Figure 7a). First, the CNTs-PAA/
CNMS-20 composite membrane was applied to purify the
wastewater containing bacteria. As displayed in Figure 7b,c,
this membrane can completely inactivate the bacteria under
the irradiation of sunlight within 2 h. Moreover, this mem-
brane kept its initial macromorphology without visible loss.
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Second, the CNTs-PAA/CNMS-20 composite membrane,
after being used for the antibacterial experiment, was applied
to separate C/W emulsion. It can be seen that the permea-
tion flux drastically decreased to 710 + 42 L m™2 h! bar!
after three times of separation even though the separation
efficiency still remained above 98.2%. This dramatic change
was due to the membrane fouling coming from the collective
effect of the dead bacteria and demulsified oil. They can block
the separation channel and increase mass transfer resistance.
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sion separation, dye degradation, and self-cleaning. b) Photographs of the CNTs-PAA/CNMS-20 composite membrane at different stages. c) The antibac-
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after the treatment of sunlight in the second stage. e) Photocatalytic degradation performance of the CNTs-PAA/CNMS-20 composite membrane for RhB
under the irradiation of sunlight in the last stage. f) The cyclic self-cleaning and purification process of the CNTs-PAA/CNMS-20 composite membrane.

Nevertheless, the separation flux of the C/W emulsion can
be recovered to 1548 £ 49 L m~2 h™! bar™! and the separation
efficiency kept 98.6 + 0.8% only under the illumination of
sunlight. These demonstrated the splendid sunlight-driven
self-cleaning ability of the CNTs-PAA/CNMS-20 composite
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membrane (Figure 7d). Finally, the treated membrane was
further employed as a photocatalytic material to purify
the polluted water containing RhB. Encouragingly, it still
maintained its excellent photocatalytic degradation perfor-
mance for dye molecules with an efficiency of 99.3 * 0.6%
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(Figure 7e). Notably, the CNTs-PAA/CNMS-20 composite
membrane possessed stable water purification capability after
a multistep and continuous separation process (Figure 7f; and
Figures S17-S19, Supporting Information). At the same time,
there were no obvious morphological changes during the all-
in-one purification cycles, which proved excellent mechanical
stability of the CNTs-PAA/CNMS-20 composite membrane
(Figure S20, Supporting Information). The excellent compre-
hensive performance of the CNTs-PAA/CNMS-20 composite
membrane (Table S2, Supporting Information) will make it
a promising material to simultaneously remove coexisting
contaminations in water.

3. Conclusion

In summary, an all-in-one CNTs-PAA/CNMS composite
membrane has been presented by imitating the hierarchical
structure and functions of sphagnum. The joint effect of hydro-
philic CNTs-PAA and CNMS with wrinkled structure endowed
this membrane with the superior overall performance for water
purification. To be specific, this membrane can not only sepa-
rate various O/W emulsions with the maximum flux up to
5557 = 311 L m™2 h™! bar! and the efficiency of 98.5 + 0.6%,
but also can realize the catalytic degradation for various dye
molecules with the efficiency of 99.7 + 0.2% and antibacterial
ability with the ratio close to 100%. Remarkably, it presented
outstanding self-cleaning ability attributing to its smaller
bandgap (1.77 eV), which was smaller than that of the traditional
g-C3N, sheets-based photocatalytic membrane. Therefore, it can
continuously purify multicomponent wastewater without any
loss of performance. This work may open up a door to develop
advanced materials with multifunctional integration to restore
the water environment.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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