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Research Highlights

e The g-CsN4/TiO2 heterojunction nanoparticles are firmly immobilised on PAA/PTFE UFM,;

e The g-CsN4/TiOo/PAA/PTFE UFM shows superb hydrophilicity, anti-fouling and water flux;
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e Exceptional visible-light regeneration of the fouled g-CsN4/TiO2/PAA/PTFE is demonstrated.

e The enhanced anti-fouling and photocatalytic self-cleaning mechanisms are reasonalised.

Abstract

Membrane fouling due to superhydropobicity of polytetrafluoroethylene ultrafiltration membranes (PTFE
UFMs) represents a grand challenge for their practical applications in diverse water treatment industries.
Surface immobilisation of hydrophilic and chemically stable inorganic metal oxides (TiO,, ZrO,, etc) has
been developed to improve hydrophilicity of the PTFE UFMs, though they still suffer from expensive and
repeating regenerations once fouled. To address such issues, we strive to firmly immobilize g-CsN4 modified
TiO; (g-C3N4/TiO,, hereafter CNTO) onto PTFE UFM via a facile plasma-enhanced surface graft technique
using polyacrylic acid (PAA) as a bridging agent. As reported here, the obtained CNTO/PAA/PTFE UFM
shows much smaller surface water contact angle (WCA) of 62.3° than that of bare PTFE UFM(115.8°),
leading to enhanced water flux of 830 Lem<h* in the initial ultrafiltration of MB-modelled waste-water. The
CNTO/PAA/PTFE UFM is also highly resistant to fouling in the prolonged filtration of 1000 mg/L bovine
serum albumin (BSA) solution, while the fouled CNTO/PAA/PTFE UFM is able to regenerate rapidly under
either UV or visible-light irradiation. The enhanced performance of the novel CNTO/PAA/PTFE UFM is
reasonably attributed to the high wettability and robust photocatalytic activity of the g-CsN4/TiO- coating

that takes different self-cleaning mechanisms under UV and visible light irradiations.

KEYWORDS: PTFE; g-CsNy; TiOg; visible-light photocatalysis; anti-fouling; self-cleaning.

1. Introduction

Porous polytetrafluoroethylene ultrafiltration membrane (PTFE UFM) is one of the most stable and widely
applied polymeric UFMs in diverse filtration industrial processes, owing to its superb chemical stability,

mechanical strength, anti-erosion and biocompatibility ™ 2. However, the superhydrophobicity of PTFE often
2



causes increased bio-fouling and reduced water flux in operation that requires extra energy and costly
membrane regeneration 4. As a viable solution to improve hydrophilicity of PTFE UFM, the surface
modification using inorganic metal oxides (MOs) has been extensively explored® € | for which TiO,
photocatalyst is redeemed an ideal coating material enabling a hydrophilicity, antifouling and photocatalytic
self-cleaning PTFE surfacell. Nevertheless, the tight binding between TiO, and polymeric materials is an
enormous challenge [%12 because the intrinsic superhydrophobicity of PTFE prevents inorganic MOs

immobilising firmly onto its surface %3],

Recently, we established a novel and effective 3-step successive manufacturing protocol for tightly binding
TiO. layer onto PTFE UFM [16 171: First, the strong C-F and C-C bonds of PTFE surface were broken by
active plasma to generate free radicals on the membrane surface, which immediately transformed to relatively
stable peroxy radicals once exposed to air. In the following second step, as the plasma-treated PTFE
immersed into acrylic acid (AA) solution, the peroxy radicals would initiate in-situ polymerization of AA to
form ultra-thin yet strong bonded poly acrylic acid (PAA) film on PTFE. The tight immobilisation of TiO;
onto PAA/PTFE was finally realised by sequential dip-coating of TiO; sol, because the as-formed PAA layer
provided sufficient carboxyl groups as grafting sites to coordinate with Ti cations in strong covalent bonds.
In the whole modification process, plasma-grafted PAA acted as a bridge with one end coordinating firmly

with TiO, and another rooting on the surface of plasma-activated polymerst&-22,

Although the surface TiO, functional layer can greatly improve the hydrophilicity and antifouling properties
of the PTFE UFMs, their self-cleaning ability can only be realised under energy-intensive UV illumination
owing to the large band gap energy (3.2 eV) of TiO, "2, Therefore, it is vital to coat visible-light-responsive
TiO; on to the PTFE UFMs for better use of the larger portion of the sunlight and thus further reducing
operation costs in energy consumption and maintenance?* 2, Among various strategies to enhance visible
light absorption of TiO, combination TiO, with a narrow-bandgap semiconductor to form heterojunction is
particularly engineering viable because of its operation simplicity and wider possibility. In addition, such

heterojunctions can greatly promote charge separation due to built-in electric fields across the interface of



the coupled semiconductors. Among various enabling visible-light photocatalysts, the graphite-like CsN4(g-
CsN4) emerged as a promising semiconductor because of its high stability, small bandgap (~2.7-2.8 eV),
appropriate band edges (conduction band minimum and valence band maximum, hereafter CBM and VBM,

respectively) 26281 and desirable photocatalytic activity 12429,

In the present work, surface modification of porous PTFE membranes by g-CsN4/TiO, was realised via a
plasma-enhanced surface graft of PAA prior to coating g-CsN4/TiO; layer. The obtained g-CsN4/TiO2/PTFE-
UFMs (CNTO/PAA/PTFE) were well characterized using scanning electron microscopy (SEM), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
and water contact angle measurements. The exceptional anti-fouling and the self-cleaning property of the
CNTO/PAA/PTFE UFMs were confirmed by the experiments of ultrafiltration of bovine serum albumin

(BSA), photocatalytic removal of MB and photocatalytic regeneration of the fouled UFMs.

2. Experimental

2.1 Materials

Bare PTFE microfiltration membrane (0.5 um) which uses PET as the substrate and the commercial
hydrophilic PTFE membrane were both supplied by Valqua Shanghai Co., Ltd. (China). Melamine, Ti(OBuU)4,
acetic acid (AA), potassium persulfate, and bovine serum albumin (BSA; Mw = 67,000 Da) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (China). The commercial TiO2 nanoparticle (P25) was supplied
by Aladdin Reagent Co., Ltd. Analytical grade acetic acid; nitric acid, absolute ethanol, and ethylene glycol
were obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd. (China). All reagents were used without

further purification. Distilled water was used throughout the study.

2.2 CNTO composites synthesis

The g-CsN4/TiO, composite photocatalyst (CNTO) was synthesized by a simple calcination of the mixture
of melamine powder with commercial TiO; particles. 5.0 g melamine powder was mixed with 2g P25 in the

fixed mass ratio of 2.5. The mixture was first combined in beaker and mixed with deionized water with
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sufficient stirring and then dried at 60 °C for 1 h to evaporate all the water. The obtained powder was
annealed in muffle furnace up to 520 °C for 4 h in a 2 °C min™* heating ramp and cooled to room

temperature to get the CNTO composites.

2.3 Membrane modification procedures

A 3-step modification methodology was developed to modify the PTFE membranes, including the successive
processes [71.: plasma pre-treatment of PTFE, graft polymerization of AA onto pre-treated PTFE to form
PAA/PTFE, and TiO; self-assembly onto the PAA/PTFE to obtain the composite membranes. Briefly, plasma
(10 sccm) was generated using a CTP-2000 K device (Corona Lab, China) at an excitation frequency of 10
KHz. The clean and dry bare PTFE membranes were placed 8 mm distance from the plasma electrode within

the chamber of plasma generator which is filled with flow No..

After 120s plasma treatments at discharge power of 60 W, the pre-treated membranes were then exposed to
air for 10 min before immersing in an aqueous AA solution for in-situ graft PAA polymer. The aqueous AA
solution contains 20 wt% AA monomer, 1 wt% potassium persulfate as initiator and the ethylene glycol (EG)
as crosslinker (the molar ratio of EG:AA= 1:6.5). The plasma-treated PTFE membrane was immersed in the
monomer solution for 5 min and then rolled the residual AA use a clean glass rod for coating PAA evenly.

The membrane was then placed between two clean glass plates before drying in a vacuum oven at 75°C for
4 h. The grafting step could form an appropriate layer of PAA on the PTFE membrane surface, which is a
crucial step because the coated PAA provides COO- to functional groups that will coordinate with Ti** to

form a tight TiO- coat in the following step.

In the third step, the as-prepared PAA/PTFE membranes were dipped in either 53.5 ml TiO; sol or 53.5ml
0.05 wt% CNTO suspended water solution for 20 min, following with before thorough washing and then
drying in the oven at 60 °C for 12 hours. The TiO./PAA/PFFE and CNTO/PAA/PTFE composite membranes

were thus formed. The above mentioned TiO; sol was prepared according to our previous work!],

2.4 Characterizations



The modified PTFE membrane were characterized by the following methods. The surface morphology was
observed on a Sirion 200 E scanning electron microscope (SEM) and transmission electron microscope
(TEM). The samples were treated by desiccation and sprayed gold before SEM observation. The chemistry
nature of the membranes was investigated using a Thermo Fisher Nicolet 6700 Fourier transform infrared

(FTIR) spectrometer and Kratos X-ray photoelectron spectroscopy (XPS).

2.4.2 Photocatalytic degradation of MB

Methylene Blue (MB) was used as a model pollutant to preliminarily evaluate the photodegradation ability
of CNTO/PAA/PTFE modified membranes under UV light and visible light irradiation, respectively. As for
the CNTO/PAA/PTFE modified membranes, the membrane sample with certain area was tailored to unify
the TiO; loading of 10 mg on the membrane, and then immersed them in 100 mL methylene blue (MB,
10mg/L) aqueous solution in a beaker. The pH of the MB solution was adjusted to neutral (pH=7.0) using
dilute sodium hydroxide (NaOH) and chloride acid (HCI). At ambient temperature, the beaker was positioned
directly under simulated sunlight irradiation generated from a 500 W Xe lamp (15 cm above the dishes) light
source, to which a 400 nm cutoff filter would be mounted to remove UV light. Before light irradiation, the
UFMs were suspended in a beaker containing MB solution under magnetic stirring in dark for an hour to
establish a MB adsorption—desorption equilibrium on the UFMs. During photocatalysis, a 4 mL reaction
solution was taken out every 10 min, filtered and measured using a UV-visible spectrophotometer
(Perkinelmer, Lambda 650, USA). For comparison, the photodegradation of MB on bare PTFE membrane

was also conducted using the same method.

Since the MB concentration of the aqueous solution was rather low, its photodegradation followed a pseudo-

first-order reaction. The kinetic rate equation can be expressed as:

where k is the apparent rate constant, C, the initial MB concentration at adsorption-desorption equilibrium,

C the temporal MB concentrations, and t the irradiation duration in minute while sampling.
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2.4.3 Membrane filtration performance

The antifouling property of CNTO/PAA/PTFE and TiO2/PAA/PTFE modified membranes was assessed
through filtration experiments conducted in a dead-end filtration cell with a total filtration area of 0.0139 m?,
Under the transmembrane pressure of 100 KPa at room temperature, the accumulated volume of permeation
was collected for 15 min after 30 min of pre-operating in terms of LMH (Lem2h'!). The average water flux

(Jwo) was calculated through Darcy law:

Jwo = e )

where V is the permeate volume (L), A the membrane area (m?), and At the permeate time (h).

To investigate fouling property, the sample was fouled in 2 h filtration of the fresh solution of 1 g/L BSA in
phosphate buffer saline at pH 7.4. The amount of permeate during filtration was recorded every 30 s using
electronic balance, which indicates the decrease of flux during fouling. After continuous filtration of BSA,
the pure water flux of the fouled membrane (Juw1) was measured to reflect the decrease of filtration capability.

The thick protein cake layer left on the membrane surface because protein blocked the pores.

To measure the recovery ability of the membranes, the blocked membranes were cleaned via rinsing with
pure water and 15 min and 30 min light irradiation using a 300 W Xe lamp as sunlight simulator. The pure
water flux on the recovered membrane (Juwe) was then measured to evaluate the performance of the modified

membranes. The relative flux recovery ratio (FRR) was calculated using the following equation:

FRR =22 x 100% (3)

wo

3. Results

3.1 XRD analysis
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Fig. 1 XRD patterns of the bare PTFE and modified PTFE composite membranes.

Fig. 1 shows the XRD patterns of bare PTFE membrane, PAA/PTFE, TiO2/PAA/PTFE and CNTO/PAA/PTFE
composite membranes. In the XRD patterns of the PTFE UFM, the strongest peak at 18.3° can be attributed
to the crystalline PTFE and PET while the latter peaks are due to the (100) and (200) diffractions of PET
substrate, respectively, in accordance with the components of the PTFE/PET UFM. As for the PAA/PTFE
UFMs, the shoulder peak at 18.7° is attributed to PAA with low crystallinity overlapped with the diffraction
peak of PTFEEY | meanwhile the PTFE diffraction peak shifts to greater Bragg angle, suggesting the plasma
treatment and PAA coating break the PTFE surface C-F bond to form PAA-PTFE composites with different
crystalline symmetry from that of PTFE. As either TiO, or CNTO coated onto PAA/PTFE, the PTFE
diffraction peaks became sharper because of the strong interaction between the inorganic coatings and
PAA/PTFE UFMs. The strong interaction between the inorganic coatings and the PTFE/PET UFM is also
confirmed by the shifts of PET XRD peaks to smaller Bragg angles.

The loading of TiO, can be verified by comparing the XRD patterns between PAA/PTFE and
TiO/PAA/PTFE UFMs. There are no significant differences between the XRD patterns of TiO2/PAA/PTFE

and CNTO/PAA/PTFE UFMs, because the small loading of C3N4 did not change neither the phase nor the



symmetry of the TiO; species. In all, the peak shifts of the XRD patterns of these UFMs membranes suggest
that the TiO, and CNTO composite can be well fixed onto PAA/PTFE UFMs with strong interactions that
may be due to the chemical bonds formed between Ti** and the -COOH of PAA/PTFE substrates. The

chemical bonding of the TiO, or CNTO to the PAA/PTFE UFMs can be well verified by FTIR spectra 116 171,

3.2 FT-IR analysis

Fig. 2 shows the FTIR spectra of the PTFE and the modified PTFE membranes. The two strong vibration
absorption peaks at 1201 cm™and 1148 cm™ associated to CF stretching vibrations can be observed on the
bare PTFE membranel®2, which become weaker as coated with PAA. On the PAA/PTFE UFM, the weaker
PTFE vibrations and a new peak at 1715 cm™, which is due to C=0 bond stretching of carboxyl groups in

PAA, suggest the successful graft of PAA onto PTFE via chemical bonds!?2,

The FTIR spectra of the TiO,/PAA/PTFE and CNTO/PAA/PTFE UFMs are completely different from those
of PTFE and PAA/PTFE. The vibration peaks due to CF, become even weaker after coating with TiO, and
CNTO upon PAA/PTFE. Meanwhile, strong and broad absorption bands appeared in the region within 500-
1100 cm™ may be attributed to the vibrations of Ti-O-Ti and Ti-O bonds in TiO; for TiO2/PAA/PTFE, which
are further confirmed by the replacement of carboxyl group vibrations (1715 cm™) by the carbonate vibrations
(1610 ~1360 cm™). Such IR vibration bands of carbonate species within 1610 ~1520 cm™ and 1440~1360
cm?® for TiO./PAA/PTFE reveal the bidentate coordinate binding between Ti cations and carbonyl groups of
PAAL 171 In addition, the broad and weak stretching vibration band around 3200 cm™ may be assigned to

Ti-OH and surface-adsorbed watert?.,
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Fig. 2 FT-IR spectra of the PTFE, PAA/PTFE, TiO./PAA/PTFE, CNTO/PAA/PTFE UFMs.

More sensitive than XRD, the distinct differences between FTIR spectra (Fig.2) of TiO2/PAA/PTFE and
CNTO/PAA/PTFE UFMs verify that the existence of CsN4 in the CNTO/PAA/PTFE: the new multiple peaks
in the FTIR bands between 600 and 900 cm™ are due to -NH, vibrations, and the vibration bands of 1200-
1640 cm™ are associated to the typical stretching and rotation vibration of C-N and C=N. The -OH vibration
at 3200 cm* becomes weaker and broader than those peaks of TiO./PAA/PTFE because the lower density of

surface —OH group on the CNTO than TiO..

Furthermore, the frequency difference (Avy) between the antisymmetric (v.s, 1610~1520 cm?) and
symmetric (vs, 1440~1360 cm™* ) stretching vibrations for titanium carboxylates can be applied to define the
surface COO™-Ti binding nature, by comparing Av; of COO™-Ti bands with Av of sodium carbonatef? 33,
As shown in Tablel, the smaller Av; of the TiO.-based PTFE UFMs than that of Na,COs reveals the Ti and
the surface carbonyl groups on PAA/PTFE UFMs are bidentate coordinated (Av: < Avg), which is much
stronger than the monodentate (Av: > Avo) and bridging bidentate (Av: = Avo) binding modes®. The stronger
titanium-carboxylate species are also evidenced by the blue shifts of O 1s and C 1s XPS spectra (see in

section 3.3) for the TiO/PAA/PTFE and CNTO/PAA/PTFE UFMs relative to those of PAA/PTFE.
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Table 1 Vibration frequency of surface carboxylate species

Vibration modes v (COO-M)/cm?  va,(COO-M)/em? v vilem™

COO-Na 1573 1408 165 (AV,)
COO™-TiO; 1525 1374 151 (AV,)
COO-CNTO 1505 1407 98 (AV,)

3. 3 XPS analysis

The XPS survey spectra (Fig.3) of the PTFE, PAA/PTFE, TiO2/PAA/PTFE and the CNTO/PAA/PTFE UFMs.
Compared to the XPS survey spectrum of PTFE, the enhanced O 1s XPS signals as well as the reduced C
and F XPS signals for the PAA/PTFE reveal PAA was successfully grafted onto PTFE via chemical
bonding[¢l. Different from the reduced XPS signals of the C 1s (binding energy, B.E, of 292.3 eV) and F 1s
(B.E of 687.1 eV) , the O 1s XPS signals (B.E ~ 531.6 eV) are even stronger for the TiO/PAA/PTFE and
CNTO/PAA/PTFE UFMs, due to the increased surface oxygen moieties from surface TiO2 and sublayer PAA.
The successful coating of TiO; for the TiO./PAA/PTFE and CNTO/PAA/PTFE UFMs are verified by the Ti
XPS signals at ~464.7 eV in their XPS survey spectra, while the unique N 1s XPS peaks around 397.8 eV

for the CNTO/PAA/PTFE membrane prove that g-CsN. exists in the CNTO/PAA/PTFE UFM.
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Fig. 3 XPS survey spectra of bare and the modified PTFE UF membranes

Fig. 4a shows the XPS spectra of C1s of the modified PTFE composite membranes. The two strong peaks
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centered at 290.3 eV and 289.8 eV of bare PTFE are assigned to CF, and CF bonds®¥, though they turn
weaker after modifications because of the graft of PAA and immobilisation with inorganic mdofiers (TiO-
and CNTO). Moreover, in the C1s XPS spectrum of CNTO/PAA/PTFE, the broad peak around 286.0 eV and
282.0 eV can be well fitted into several absorption peaks, ascribed to C=N at 286.9 eV, C-N at 286.3 eV,
C=0 at 286.4 eV, and Ti-C at 282.6 eV, Fig.4b comparatively shows the O1s core level XPS spectra of
TiO/PAA/PTFE and CNTO/ PAA/PTFE, in which the binding energies of 531.2 eV can be ascribed to the

hydroxy! radicals and carbonyl group while the peak at 529.9 eV is assigned to the lattice oxygen of TiO,[®¢,

(@) C1s

,C=C,C-H (b)O1s co Ti-o
CF2

TiO,/PAA/PTFE
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T T T T T T T T T

. . . : . :
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Fig. 4 The core level (a) C1s and (b) O1s XPS spectra of bare and modified PTFE UFMs, (c) N1s and (d)
Ti2p XPS spectra of CNTO/PAA/PTFE UFM.

The asymmetrical N1s XPS spectrum (Fig. 5¢) of the CNTO/PAA/PTFE UFM suggest the co-existence of a
number of distinguishable nitrogen environments: the peak at 398.1 ev and 399.9 eV are due to the N=C

atoms bonds in sp? modes and the N-(C)s group in sp* coordination, respectively. Ti 2p XPS spectra of

12



TiO/PAA/PTFE and CNTO/PAA/PTFE UFMs (Fig. 5d) are attributed to the Ti 2pa, (462.8 eV) and Ti 2ps2

(457.2 eV) with the binding energy split of 5.7 eV,

3.4 SEM analysis

The surface morphology evolution of PTFE membranes with respect to the modification process was
investigated by SEM and the obtained images of the membranes are shown in Fig.5. Fig.5a shows the SEM
image of the bare PTFE membrane which is composed of uniform microfibers (diameter of 0.5 pum)
interweaven to form multi-scale micropores. The SEM image of the PAA/PTFE (Fig.5b) reveals that the
plasma-treatment and surface graft of PAA don’t change the fibrous morphology of PTFE but significantly

change the surface roughness.

The PTFE fibers cannot be observed in the SEM images of TiO»/PAA/PTFE (Fig.5¢) and CNTO/PAA/PTFE
(Fig.5d) because the PAA/PTFE fibres are well masked by the TiO, and CNTO inorganic coatings. The high
resolution SEM image of the TiO-/PAA/PTFE (Fig.5e) suggests that amorphous TiO; has been well coated
on PAA/PTFE UFM though sub-micrometre TiO; particles (diameter in ~0.3 pum) and their aggregates are
randomly anchored on the TiO; coating. However, the closer SEM observation of CNTO/PAA/PTFE (Fig.5f)
shows CNTO aggregates on the PAA/PTFE fibres in smaller nano-particles without continuous amorphous
TiO; coating. Although the immobilised CNTO aggregates possess greater sizes than the TiO; islands of
TiO/PAA/PTFE, such hierarchical CNTO particles are comprised of smaller nano-particles of TiO, and C3Na.
The mixture of CsN4/TiO, would lead to enhanced photocatalytic active surface (see section 3.6), whereas
the lower coverage of CNTO on PAA/PTFE fibres might cause lower wettability of CNTO/PAA/PTFE than
that of TiO./PAA/PTFE. Therefore, one can imagine that these PTFE-based UFMs would display distinct

surface properties due to their different surface components and morphologies.
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Fig. 5 SEM images of Bare PTFE (a), PAA/PTFE (b), TiO./PAA/PTFE (c), CNTO/PAA/PTFE(d), and
high-resolution SEM images of the TiO2/PAA/PTFE (e) and CNTO/PAA/PTFE(T).

3.5 Surface hydrophilicity

The surface wettability is a crucial factor determining the performance of ultrafiltration membranes and the
excellent hydrophilicity is desired for high water flux for ultrafiltration. Herein, the sessile drop method was
adopted to measure the water contact angle (CA) on the PTFE-based UFMs and to index their surface
hydrophilicity. As shown in Fig.6a, the CA of PAA/PTFE decreases to 81.9 ° as compared to 115.8 ° of PTFE

UFM, which is due to the relatively higher hydrophilicity of PAA than PTFE. Now that the inorganic TiO>
14



and CNTO materials are more hydrophilic than PAA, the contact angles further decrease to 35.0° and 62.3°
once the PAA/PTFE UFMs are coated with TiO, and CNTO, respectively. In addition, the exposure of PTFE
fibres and the larger roughness of CNTO/PAA/PTFE are responsible for higher CA than that of
TiO/PAA/PTFE. The evolution of water contact angles during PTFE UFMs modification clearly verify that

our modification strategy can effectively promote the surface hydrophilicity of the PTFE UFMs.

Indeed, the steady state (after initial 20 minutes) water flux of the modified PTFE UFMs are improved
dramatically as compared to the zero flux of hydrophobic bare PTFE membranes. As indicated in Fig.6b, the
water flux of CNTO/PAA/PTFE UFM is ~822.86 Lem?eh!, comparable to that (848.57 Lem?¢h?) of
TiO/PAA/PTFE. More importantly, the hydrophilic CNTO and TiO; coatings are very stable, without

significant water flux reduction after 60-hour stability tests under rigorous stirring.

1050

900 4 (b) 848.57 822.86

Contact angle (°)
Water flux (LMH)

PAAIPTFE TiO2/PAA/PTFE ~ CNTO/PAA/PTFE

Fig. 6 The water contact angle (a) and water flux (b) of the bare and modified PTFE UFMs

3.6 Photocatalytic activity and stability

Methylene Blue (MB) was used as a model compound to investigate the photocatalytic self-cleaning ability
of TiO./PAA/PTFE and CNTO/PAA/PTFE UFMs under UV-vis irradiation using a 500 w Xe lamp. As
shown in Fig. 7a, after 100 min UV-vis illumination, the approximately 5% MB removal rate is achieved on
the bared PTFE membrane, owing to the UV-initiated photodegradation of MB, though the MB removal rates
achieve 90% and 82% on the CNTO/PAA/PTFE and TiO2/PAA/PTFE UFMs, respectively. The enhanced

MB removals can be well assigned to the excellent photocatalytic activity of CNTO and TiO,. The slightly
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higher photocatalytic MB removal ability on the CNTO/PAA/PTFE than that on TiO2/PAA/PTFE are due to

the fact that CNTO is responsive to both UV and visible light but TiO; solely responses to UV.
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Fig. 7 MB photodegradation on the bare and modified PTFE UFMs under UV-vis (a) and visible light (b)
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Fig. 8 The cycling tests of MB photodegradation performance on the CNTO/PAA/PTFE UFM

As shown in Fig. 7b, under visible light irradiation (A>400 nm) for 100 minutes, the MB removal achieves
78% on the CNTO/PAA/PTFE, much higher than the 40% MB removal rate of the TiO2/PAA/PTFE. The
former is due to the visible-light photocatalytic degradation of MB while the latter is due to the MB dye-
sensitised photocatalytic effects. It is worth noting that due to higher coverage and specific surface area

(SSA=134.5 m?/g) of the TiO,, TiO./PAA/PTFE membranes exhibits higher equilibrium adsorption capacity
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of MB than those of PTFE and CNTO/PAA/PTFE of which the SSA is 89 m?/g. Although the SSA and
equilibrium adsorption of CNTO/PAA/PTFE are relatively lower than TiO/PAA/PTFE, its shows superb
photocatalytic activity, which may be assigned to the synergy of the visible-light response of CNTO, the dye
sensitisation effects and the enhanced charge carrier separation due to the staggered heterojunction between
g-C3sN4 and TiO2 (as discussed in section 4). Moreover, the high MB photodegradation activity on
CNTO/PAA/PTFE remains in the multi-cycle tests (Fig.8) although they are slightly declined than the fist
test, verifying its excellent stability and great promise as a self-cleaning UFM for wastewater purification
practice. The slight decline of decolorisation activity is induced by the incomplete mineralisation of organic

species in the previous cycling tests runs.

3.7 Antifouling and photocatalytic regeneration
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Fig. 9 Time-dependent water flux of the modified PTFE UFMs in ultrafiltration of 1g/L BSA at 0.1MPa (a)

and the flux recovery ratios of the modified PTFE UFMs washed with different methods.

Fig.9a shows the water fluxes of the PAA/PTFE, TiO,/PAA/PTFE, and CNTO/PAA/PTFE UFMs for
continuous filtration of BSA (1000 ppm) solution. The water flux of the PAA/PTFE declines ~80% after 20
min continuous ultrafiltration operation, whereas the water fluxes decline much more slowly for the
TiO/PAA/PTFE and CNTO/PAA/PTFE UFMs. The protein retention rates, which is another important index
for UFMs, achieve ~72% of TiO/PAA/PTFE, and CNTO/PAA/PTFE UFMs in the steady filtrations,

revealing their excellence antifouling property. However, water fluxes of TiO./PAA/PTFE and
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CNTO/PAA/PTFE decrease remarkably after 120 minute continuous operation in such an accelerated fouling

tests. The declined water flux is due to the accumulated fouling which requires membrane regeneration.

The recovery of water flux by washing is vital to assess the reliability of the UFMs for the practical
applications of UFMs, while the UFM washing is energy and environment unfriendly process. Herein, water
flux recovery of the BSA-fouled UFMs is compared after water resining and photocatalytic resining under
UV and visible light illumination, respectively, so as to assess the effectiveness of photocatalyst modification.
As shown in Fig. 9b, the PAA/PTFE, TiO,/PAA/PTFE and CNTO/PAA/PTFE UFMs displayed comparable
water flux after direct water resining without light assistance, though illuminating by UV-vis light can greatly
enhanced water flux recovery ability for the photocatalyst modified UFMs, suggesting that photocatalysis

can significantly facilitate regeneration of fouled UFMs.

e quantitative comparison of the flux recovery ratio (FRR, listed in Table 2) indicates that water flux on the
washed TiO/PAA/PTFE and CNTO/PAA/PTFE UFMs recovered 82% and 98% after 15-min UV exposure,
approximately 1.5 times that of PAA/PTFE (59%). Further UV exposure up to 30-min can completely recover
the water fluxes of the fouled TiO./PAA/PTFE and CNTO/PAA/PTFE UFMs. The results  confirm the core
roles of the photocatalysts for self-cleaning, because the water flux of the fouled PAA/PTFE cannot be fully
recovered in 30-min UV illumination although UV illumination itself can promote regeneration. It is also
notable that the CNTO/PAA/PTFE exhibited superior water flux to TiO/PAA/PTFE in the 15-min UV
regeneration process, which is mainly attributed to the improved separation of charge carrier on the C3Na-

TiO; than TiO; because they both are responsive to UV.

Table 2 Antifouling performances of the modified PTFE membranes.

FRR (%)
Membranes
Water rinsing  UV/15min  UV/30 min  Visible/15 min  Visible/30 min
PAA/PTFE 26 59 76 33 42
TiO2/PAA/PTFE 30 82 99 44 59
CNTO/PAA/PTFE 25 98 100 93 100
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Under visible-light (>400 nm) irradiation, the flux recovery ability of the CNTO/PAA/PTFE is much higher
than those of PAA/PTFE and TiO./PAA/PTFE. Under visible-light irradiation, the negligible time-dependent
increments of FRR on the PAA/PTFE and the TiO,/PAA/PTFE UFM suggest the adsorbed BSA is hard to
remove and visible-light is not effective for these UFMs. However, the CNTO/PAA/PTFE displays excellent
recovery rate of the FRR, achieving 93% and 100% after 15 and 30 min of visible light irradiation,
respectively. Apparently, the visible-light-responsive regeneration ability of CNTO/PAA/PTFE is
comparable to that induced by UV irradiation. Because the non-photocatalytic water-resining regeneration
ability of CNTO/PAA/PTFE is lower than that of TiO./PAA/PTFE, the superior FRR of CNTO/PAA/PTFE

under irradiations should be dominated by the photocatalytic self-cleaning effects of CNTO coating.

4. Discussion

The above experimental results suggest that the superior self-cleaning and photocatalytic regeneration on the
CNTO/PAA/PTFE to those of TiO/PAA/PTFE UFM under both UV and visible-light are arisen from the
enhanced the photocatalysis on the CNTO coating. The recent research and review articles indicated that the
photocatalytic performance of semiconductor materials highly depends on their band structures, including
bandgap and band edges®’*%, because the bandgap energy (Eg) determines the light absorption while the
band edges determine the activities of the photogenerated charge carrierst®” 3 4% In order to unravel the
mechanistic origination of the self-cleaning and enhanced regeneration ability, the band structures of the
coated CNTO materials is analysed, which is peculiarly important for understanding its excellent visible-

light regeneration performance.

4.1 Energy band diagrams of CNTO

The Mulliken electronegativity methodology, which was proved adequate and has been widely applied 242"
29,37, 41-44] "was adopted to estimate the band structure of the CNTO composite. The band edge potentials can

be estimated by inserting the experimental Eg values of C3N4 (2.75 eV) and TiO> (3.2 eV) and the compound
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electronegativity values into the following empirical equations ©1-441:
Evem =X — B¢+ 0.5EQ ..oevvoeeeeeee. 4)
Ecem = Evem ng ........................... (5)

Where Evem and Ecgm are the potentials of the VB and VB edge, X the electronegativity of the semiconductor
compounds (4.72 eV for g-CsN4, 5.81 eV for TiOy), E® the free electron energy of standard hydrogen electrode
(SHE at pH=0, 4.5 eV versus vacuum). Fig. 10 illustrates the calculated VBM and CBM potentials of g-CsNa
and TiO; in the SHE scale, 1.60 eV and -1.15 eV of g-CsN4, 2.91 eV and -0.29 eV for TiO, respectively.
Because g-C3N4 and TiO, are combined intimately in CNTO as proved by SEM (Fig. 5), they should form a

staggered heterojunction in terms of their band edge alignment (Fig. 10).
4.2 Mechanism of visible-light-driven photocatalytic self-cleaning on CNTO/PAA/PTFE

Under the visible light irradiation (>400 nm) of our CNTO/PAA/PTFE, as shown in Fig.10a, its g-CsN4 can
be excited to generate e” and h* for photocatalytic self-cleaning rather than the TiO; constituent. which also
interprets why TiO2/PAA/PTFE cannot display enhanced FRR under visible-light regeneration (Table 2)
despite the fact that it is active in MB photodegradation (Fig.7b). The slightly higher FRR TiO2/PAA/PTFE

than PAA/PTFE would be due to the intrinsically higher hydrophilicity of TiO» than PAA and PTFE.

b) UV

Energy (eV, vs SHE)
Energy (eV, vs SHE)

0= CO,+H,0

Fig.10 The proposed photocatalytic self-cleaning mechanism of CNTO/PAA/PTFE under visible light (a),
under UV light (b)
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Furthermore, on the CNTO/PAA/PTFE, the photogenerated h* (~1.60 eV) of g-C3N4 is energetically adequate
to break down the adsorbed pollutants, meanwhile the photogenerated e- at CBM (-1.15 eV) of excited g-
CsNs can be transferred to TiO, CBM (-0.29 eV), and then react with dissolved O to generate active -Oy
species for oxidising surface adsorbed MB and BSA. It is worth stressing that TiO, cannot photogenerate e-
and h* under visible-light for oxidising pollutant, however it has no VBM h* to accept and recombine with
the CBM e either, so that the TiO, serves as e capture to cause enhanced separation and reduced

recombination of photogenerated charge carriers.

In order to confirm the roles of TiO; and g-C3sNa4 in the CNTO/PAA/PTFE, visble-light (400 nm) laser exicited
PL spectra of the bare TiO,, bare g-CsN. and g-CsN4/TiO, hybrid materials are collected and displayed in
Fig.11(a). The strong emission peak centred at about 450 nm for the bare g-CsN4 sample, which was similar
to the literatures, while PL maxima at 450 nm (3.22eV) and 468 nm of the bare TiO, photocatalyst are
negligible. For g-CsN4/TiO, hybrid materials, the position of the emission peak in the PL spectrum was
similar to that of the bare g-CsN., but the emission intensity significantly decreased, verifying the
recombination of photogenerated charge carriers was greatly inhibited by such donor-acceptor electron
transfer. Therefore, under visible light condition, both the e”at TiO, CBM and h* at VBM of g-C3sN,4 endowed
CNTO/PAA/PTFE UFM with the superior photocatalytic activity and self-cleaning/regeneration ability

under visible light irradiation, which is hard to achieve for to TiO/PAA/PTFE UFM.
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Fig. 11 PL spectra of CNTO composites, as-prepared g-CsN. and TiO, under excitation wavelength
400nm (a) and under excitation wavelength 350nm (b)
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4.3 Mechanism of UV-driven photocatalytic self-cleaning on CNTO/PAA/PTFE

Under UV irradiation, the photocatalytic self-cleaning of UFMs follows different mechanism from the above
visible light photocatalysis process (Fig.10b). For PAA/PTFE, the UV itself can break down both MB and
surface adsorbed BSA, so that enhance water flux during the UV-assisted waster resining. The intrinsic
contribution of UV to self-cleaning is also existing on the TiO2/PAA/PTFE and CNTO/PAA/PTFE UFMs,

though the photocatalysts play the core roles for self-cleaning.

When the ultrafiltration on TiO2/PAA/PTFE occurs under UV irradiation, the UV can excite TiO- to generate
e and h* of sufficient redox potentials to decompose MB and BSA, resulting much faster MB
photodegradation and enhanced water flux. Meanwhile, the UV irradiation also promotes the concentration
of—OH groups on TiO; surface of TiO,/PAA/PTFE UFM, leading to higher wettability and water flux as well

as extended lifetime in the UF time on stream of BSA.

On the CNTO/PAA/PTFE, the UV-light can excite both g-CsN. and TiO,. Similar to that on visible-light
photocatalysis, the photogenerated e” of g-CsN4 will flow from its CBM to TiO, CBM, on which it also hosts
UV-exited photogenerated e from TiO, VBM. Meanwhile, the photogenerated h* from TiO, VBM will
transfer to g-CsN4 VBM, leading to more holes available on g-CsN4 VBM. Such charge carrier transportation
is driven by the built-in electric fields existing in the CNTO heterojunction. Thereby, the e- density on TiO;
CBM and h* density on g-CsN4 VBM are both improved, causing enhanced photocatalytic MB degradation

(Fig. 7a) and BSA decomposition (higher water flux after regeneration Table 2).

Because the e” and h* on CNTO/PAA/PTFE and TiO./PAA/PTFE UFM are in sufficient redox potentials to
break down surface pollutants, the photocatalytic self-cleaning behaviour should be influenced by
photocatalytic kinetics and concentration of dissolved oxygen. Indeed, in terms of the regeneration rate, the
faster photocatalytic recoveries of water flux in initial 15 minutes than those at steady states ( 15~30 mins)

are observed on the two photocatalyst-modified UFMs (Table 2). Such fast initial kinetics is due to the
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regeneration reaction rapidly consumes the dissolved O in solution and decomposes surface-adsorbed

organics. The detailed study of the kinetic-influence on the self-cleaning mechanism is ongoing.

As shown in Fig.11b, the PL spectrum of bare TiO photocatalyst shows a broad PL maximum around 385
nm (3.22eV) and a weak maximum at approximatelyt450 nm. The former corresponds to recombination of
photo-induced band-gap electrons and holes and the second one is likely caused by midgap recombination
of electron and holes due to impurity or structural defects. The bare g-CsN4 photocatalyst displays one
intensive broad PL band at 450 nm (2.75 eV) due to the bandgap transition of electrons between antibonding
7* and bonding = states as well as between the n* and the defect states. For the TiO2/g-C3sN4 photocatalyst,
its PL is very weak, which can be assigned to the effective separation of charge carriers due to the built-in

electric field within the staggered heterojunction.

4.4 Origin of enhanced surface wettability of TiO./PAA/PTFE and CNTO/PAA/PTFE

The enhanced wettability of the TiO/PAA/PTFE UFM should be attributed to the intrinsic hydrophilicity of
the inorganic semiconductor coatings, which was ever discussed elsewhere in detail 6 171, The slightly
weaker wettability of CNTO/PAA/PTFE relative to TiO/PAA/PTFE UFM may be attributed to the

hierarchical architectures and the lower hydrophilicity of C3N4 than TiO-.

5. Conclusion

In this article, the CNTO composite was firmly coated onto PAA/PTFE UFM in which the PAA was
immobilised via plasma-induced graft of PAA precursor following with ex-situ polymerisation on PTFE
UFM. The CNTO/PAA/PTFE UFM displayed small water contact angle of 62.3°, which is slightly greater
than that of TiO./PAA/PTFE UFM (35.0°) but much smaller than that of PTFE (115.8 °). The enhanced
wettability of the modified PTFE UFMs led to enhanced water fluxes, 848.6 and 822.9 Lem?2+h™ on the
CNTO/PAA/PTFE and TiO./PAA/PTFE UFMs, respectively. In the continuous ultrafiltration of BSA

solution, the CNTO/PAA/PTFE and TiO,/PAA/PTFE UFMs respectively remain 200 and 250 Lem2¢ht water
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fluxes in the 120-minute UF operations, much longer than that of PAA/PTFE ( ~ 60 Lem¢htin only 20-
minute ultrafiltration). The improved wettability, longer lifetime (6-times at least) and stabilised water flux

of the modified PAA/PTFE are reasonably assigned to intrinsic hydrophilicity of the coated CNTO and TiO».

The water flux of the fouled CNTO/PAA/PTFE can be fully recovered after 30 minute regeneration
treatments under either UV-vis or visible light, though TiO,/PAA/PTFE UFM can only be fully regenerated
by UV irradiation. The water flux recovery rate under visible-light of the fouled CNTO/PAA/PTFE is
comparable to that under UV through different mechanisms: Under visible light (>400 nm) irradiation, the
photocatalytic regeneration is governed by the photogenerated h* at CsN, VBM and e at TiO, CBM, in which
serves as electron capture/reservoir yet contribution of its VBM is negligible. Under UV, the photogenerated
h* at CsNs VBM and e at TiO, CBM determine photocatalytic self-cleaning. Although their e and h* are in
higher density because generated from both CsN4 and TiO,, the rate cap is influenced by the kinetics of the

dissolved O; and diffusion of interface pollutant.

In all, we provide an effective method for manufacturing CNTO/PAA/PTFE UFM with unprecedented high-
performance and promise for practical UF. The excellent ultrafiltration and photocatalytic self-cleaning of

CNTO/PAA/PTFE are due to intrinsic hydrophilicity and photocatalytic property of CNTO.
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