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Abstract

Organic pollution poses a serious threat to global water safety, while traditional treatment
technologies suffer from low efficiency, high costs, and secondary pollution issues. This
study successfully develops a highly efficient separation and photocatalytic degradation
composite bismuth oxychloride@graphene oxide/polyimide (BiOCI@GO/PI) membrane
by loading GO and BiOCI photocatalysts onto PI supporting membrane. The results show
that this composite membrane achieves a rejection of 99.8% for methylene blue (MB) and
87.6% for tetracycline hydrochloride (TC). Under UV irradiation, the membrane exhibits a
retention rate decline of only 6.8% after five cycles, with water flux stably maintaining at
605 L m~2 h~! bar~!. Compared to dark conditions, it demonstrates remarkable flux recov-
ery. This is attributed to the membrane’s excellent photocatalytic degradation activity under
UV irradiation. After five degradation cycles, the degradation efficiency is decreased from
97.5 to 88.3%. Studies on radical scavengers indicate that UV irradiation generates free rad-
icals, thereby conferring excellent catalytic activity to the membrane. Its unique synergistic
effect between separation and photocatalysis endows it with outstanding self-cleaning per-
formance. This research provides an innovative integrated solution for antibiotic pollution
control, demonstrating significant potential for environmental applications.

Keywords: antibiotic treatment; membrane separation; BiIOCI@GO/PI composite membrane;
photocatalytic degradation; self-cleaning

1. Introduction

W) Check for updates With the rapid advancement of industrialization, pollutants such as dyes and antibi-
Received: 5 December 2025 otics have been discharged in large quantities into water bodies [1-3]. These contaminants
Revised: 11 January 2026 not only directly impact the ecological health of water bodies and destroy the habitats
Accepted: 13 January 2026 of aquatic organisms, but also pose potential threats to human health [4,5]. Numerous
Published: 16 January 2026 novel water treatment technologies, including adsorption, membrane separation, elec-
Copyright: © 2026 by the authors. trocatalysis and photocatalysis, have been applied to the treatment of organic pollutants
Licensee MDPI, Basel, Switzerland. such as antibiotics [6-8]. Amongst the technologies, membrane separation technology
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low separation selectivity and suffer from severe fouling during operation, leading to rapid
deterioration in membrane performance and limiting their widespread application [11,12].

Photocatalytic membranes consist of nanocatalysts embedded and immobilized within
a polymer or ceramic membrane substrate, where the activity of nanocatalysts is achieved
through direct light irradiation of the membrane surface [13]. The combination of mem-
brane separation technology and photocatalysis process could produce synergistic effects.
On one hand, the photocatalyst could effectively degrade pollutants on the membrane
surface, significantly mitigating fouling issues. On the other hand, the immobilized photo-
catalyst could ensure thorough contact with pollutants for efficient degradation [14-16].
Yu et al. [14] prepared a novel photocatalytic polysulfone ultrafiltration (UF) membrane
by adding mesoporous graphitic carbon nitride/titanium dioxide nanocomposite with the
phase inversion method. This membrane was able to degrade the antibiotic sulfamethoxa-
zole efficiently when exposed to the sunlight. Zhang et al. [15] loaded TiO, nanofibers onto
the surface of hollow fiber ceramic membranes by using an immersion coating method,
which achieved a removal rate up to 90% for humic acid and demonstrated an excellent
anti-fouling capability. However, conventional photocatalytic membrane catalysts are often
embedded within the membrane matrix, leading to severe encapsulation of the catalyst.
Alternatively, the preparation process for catalytic membranes is highly complex, limiting
their widespread application. Therefore, it is necessary to develop novel composite catalytic
membranes that simplify the preparation process while maintaining their high catalytic
activity [17].

Recently, graphene oxide (GO)-laminated membranes have been extensively studied
since they exhibit outstanding molecular separation performance [18,19]. Ruiz-Torres
et al. [20] developed oxidation-controlled nanoporous graphene laminate membranes by
using graphite intercalation chemistry, creating nanopores (1-4.5 nm) with controlled
oxidation to prevent excessive interlayer spacing. In forward osmosis desalination, the
membranes could effectively remove >98-99% of typical seawater ions and maintain high
performance under acidic conditions, chlorine exposure, and prolonged use (30 days). Ma
et al. [21] developed a bimetallic MOF (Ti, Zr) composite membrane (GO/UIO@MIL) by
using an MOF-on-MOF growth strategy. The hydrophilic MOF with micro/nano-rough
architecture provided the membrane with excellent anti-fouling properties, which exhibited
a high permeation flux (>2010 L m~2 h~! bar~!) and >99.4% separation efficiency for oil-
in-water emulsions. Joseph et al. [22] investigated the removal of carbamazepine (CBZ) by
reduced graphene oxide (rGO) as both an adsorbent and a carrier for TiO, photocatalyst,
which resulted in 39.8% of CBZ removal. It demonstrated the potential application of rGO
for removing persistent pharmaceuticals in advanced water treatment technologies. Hence,
high-performance composite membranes for antibiotic wastewater treatment might be
obtained by designing or modifying GO membranes [23,24].

Bismuth oxychloride (BiOCl) is an excellent photocatalyst material, exhibiting high
catalytic activity and chemical stability, with its morphology easily tuned. It demonstrated
an outstanding photocatalytic activity in dye and antibiotic degradation [7,25,26]. BiOCl
photocatalysts are typically nanomaterials used in suspensions, requiring subsequent
filtration and recovery after use, which increases wastewater treatment costs and process
complexity [27]. Due to the poor affinity between inorganic nanomaterials and polymer
matrices, it is difficult to maintain stable presence on membrane surfaces [28]. Therefore, a
photocatalytic membrane based on BiOCl with both excellent photocatalytic and separation
properties has not been reported yet.

Based on the aforementioned, this study ingeniously introduces BiCls into the GO
membrane solution. Through vacuum filtration self-assembly on a polyimide (PI) support
membrane, a photocatalytic BiOCI@GO/PI composite membrane with outstanding photo-
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catalytic performance and separation selectivity is prepared. The preparation process of the
membrane fully leverages the hydrolysis of BiCl; to form BiOCl. During the formation of
the membrane, the polymerization reaction of dopamine hydrochloride (DA-HCI) produces
polydopamine (PDA) and enhances the bonding strength between the PI support, GO,
and BiOCl, resulting in a highly stable composite membrane. This approach achieves
uniform dispersion of the nanocatalyst, avoiding the loss of the catalyst. This approach
achieves highly synergistic membrane separation and photocatalytic reactions. Detailed
investigations are conducted on the membrane’s separation selectivity and anti-fouling
performance, while also exploring the catalytic membrane’s cycling stability and degra-
dation mechanisms. This research provides a novel solution for the efficient treatment of
antibiotic and dye wastewater.

2. Materials and Methods
2.1. Materials

PI (P84, M,: 25,000) was provided by HP Polymer Inc. (Linz, Austria). Graphene
oxide (GO) multilayer nanosheets (Tanfeng Tech Inc., Suzhou, China) were used as the func-
tional layer material. N,N-dimethylacetamide (DMAc), polyvinylpyrrolidone (PVP, K30),
DA-HC], BiCls, ciprofloxacin (CIP, C17H18FN303, My,: 331.34), tetracycline hydrochloride
(TC-HCL C22H25C1N203, My: 480.9), Rhodamine B (RhB, C28H31C1N203, My: 479.01),
methylene blue (MB, C1cH;3CIN3S, My,: 319.85), isopropanol (IPA), ethylenediaminete-
traacetic acid disodium salt (EDTA-2Na), and p-benzoquinone (PBQ) were all analytical
grade and obtained from Aladdin (Shanghai, China) without further purification.

2.2. Preparation of the Composite Membrane

According to our previous work [29], the PI support membrane cast on polyester
nonwovens with 14 wt.% of Pl and 3 wt.% of PVP in DMAc solution was prepared by the
immersion phase inversion method using deionized water as the coagulation bath, which
was designated as M0 and selected as the control sample. The experimental procedure
for preparing composite materials including M1, M2, and M3 via the filtration method
was as follows [30]. M1 was taken as an example. First, 20 mg of GO was dispersed in
50 mL of deionized water and subjected to ultrasonic treatment for 20 min to obtain a
uniformly dispersed solution. Subsequently, the system was magnetically stirred under
constant temperature at 40 °C. A total of 10 mL of BiCls ethanol solution (2 g L~ 1) was
added into the system dropwise at a rate of 1 mL min~! by using a dropping funnel. After
that, the ultrasonic treatment was continued at 40 °C for 20 min. Next, a total of 10 mg of
DA-HCl was added into the system and maintained ultrasonication at 40 °C for 20 min
to achieve the uniform formation of the composite. Under continuous magnetic stirring,
10 mL of KMnOy solution (2 g L~!) was slowly added at the same rate. Finally, the resulting
mixed suspension was vacuum filtered by using a vacuum filtration apparatus to uniformly
deposit the product onto the surface of the PI substrate membrane. For M2 membrane,
DA-HCl and BiCl3 contents were changed to 20 and 2.5 mg, respectively. For M3 membrane,
DA-HCI and BiCl3 contents were both changed to 20 mg. The preparation procedure and
membrane composition are shown in Scheme 1 and Table 1.

Table 1. Composition of the membrane solution.

Name GO (mg) DA-HCI (img) BiCl; (mg)
MO 0 0 0
M1 20 10 2.5
M2 20 20 2.5
M3 20 20 20
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Scheme 1. The preparation procedure of composite membrane.

2.3. Characterizations

Contact angle goniometer (CA100A, Shanghai Innuo Precision, Shanghai, China) was
used to test the surface hydrophilicity of the membrane. The membranes were coated with
a thin layer of gold to capture the scanning electron microscope (SEM, ZEISS Sigma 300,
Oberkochen, Germany) image at an acceleration voltage of 15 KV. Meantime, the energy
dispersive spectroscopy (EDS, Oxford Xplore 30, Oxford, UK) was used for elemental
content analysis. The elemental composition of the material was analyzed using an X-
ray photoelectron spectrometer (XPS, ESCALAB 250Xi, ThermoFisher, MA, USA). An
X-ray diffractometer (XRD, Rigaku SmartLab SE, Tokyo, Japan) was applied to analyze the
diffraction patterns of membranes with a scanning range from 5 to 60° at a scanning rate of

5° minL.

2.4. Separation and Photocatalytic Performance Examination of BIOCI@GO/PI Membrane

The membrane flux (F) was characterized by the setup of solvent filter with a dead-end
method under a vacuum pump at room temperature, which was calculated by Equation (1).

W

F= M

where W (L) was the total volume of water or solution permeated during filtration process,
A (m?) was the effective membrane area, and t (h) was the operating time.

The concentrations of salt were determined by conductance meter (DDS-11A, Leici,
Shanghai, China) and the concentrations of organic compounds were tested with a UV-vis
spectrophotometer (UV-4501S, Tianjin Gangdong Science and Technology Development,
Tianjin, China). The membrane rejection (R) was computed by Equation (2):

Cp
R=1-—+ )
cf
where ¢, (mg L™") and ¢f (mg L™") were the concentration of the permeate and feed solution,
respectively.
The photocatalytic degradation rate (D) of CA/BiOCl membranes with a diameter
of 60 mm under UV irradiation in 10 mg L of TC (100 mL) was evaluated. A 36 W
UV lamp (254 nm) was used as the light source. After the degradation system was left
in the dark for 30 min to equilibrate the adsorption, the UV lamp was switched on for
irradiation, and the same volume of sample solution (2 mL) was taken out at every half
an hour. The absorbance was then measured by using a UV-vis spectrophotometer, and
the photocatalytic degradation efficiency of the composite membrane was calculated by
Equation (3):
G —C

D (%) = = ®
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where Cy (mg L) and C; (mg L1) were the initial absorbance and absorbance at time # for
TC (or other organics), respectively.

2.5. Photocatalytic Mechanism and Cycle Stability Study of BiOCI@GO/PI Membrane

To detect the specific active species in the photocatalytic process, hydroxyl radical
(-OH), superoxide radical (-O%"), and hole (h*) were investigated by adding trapping
agents IPA, PBQ, or EDTA-2Na, respectively. The method was similar to the former
photocatalytic activity test with the addition of 1 mM of quencher into 200 mL of RhB
solution (20 mg L) with photocatalytic membrane [31]. The BiOCI@GO/PI composite
membrane was added into the solution and exposed to UV light at 254 nm for 6 h. The
absorbance before and after treatment was measured by using a UV-vis spectrophotometer,
then photocatalytic degradation efficiency was calculated according to Equation (3). By
comparing the degradation rate with that of the solution without the scavenger, the radical
species involved in the scavenging process and their influence intensity were examined.

To investigate the performance of BiOCI@GO/PI composite membranes in the cyclic
photocatalytic degradation of TC, 100 mL of a 0.01 g L~! TC solution was placed in a 250 mL
beaker. A 60 mm membrane sample was then introduced into the solution-containing
beaker. First, the membrane was placed in a dark, stationary TC solution for 30 min to
reach the adsorption equilibrium. After measuring the absorbance, the membrane was
exposed to UV light. Absorbance measurements were conducted every 2 h. The 60 mm
membrane sample was reused for five times. After each use, the membrane was immersed
in 150 mL of anhydrous ethanol for 12 h to clean the membrane.

To investigate the self-cleaning performance of the BIOCI@GO/PI composite mem-
brane, the same membrane was subjected to five consecutive cycles of excess filtration.
Each filtration cycle involved filtering 100 mL of a 20 mg L' RhB solution (200 mL). After
filtration, 200 mL of clean water was added and then the membrane was exposed to 254 nm
UV irradiation for 3 h before initiating the next cycle.

3. Results and Discussion
3.1. Membrane Characterization

The SEM images of M0 and M1 are shown in Figure 1. It is observed that M0 shows a
porous structure with uniform pores about 1 um; see Figure la—c. With the introduction
of the GO functional layer, the membrane surface is changed from a loose and smooth
structure to a dense and rough one; see Figure 1d—f. It also reveals ultra-thin, highly dense
GO nanosheets. Figure 1g—i shows the rough surface of the M3 membrane because of
the large content of BiOCI crystals in the membrane surface. As shown in the elemental
mapping, Figure 1j-o, C, O, N, Cl, and Bi elements are uniformly distributed in the M1,
confirming the successful fabrication of the BiIOCI@GO/PI composite membrane. The N
element is originated from the PI backbone, and the Bi and Cl elements are derived from
the BiOCl nanocrystals. No large nanoparticles are observed on the surface of M1, implying
that BiOCl is formed with a very homogeneous distribution by in situ growth of BiClz
during immersion in water coagulation bath.

The elemental composition of the composite membrane is shown in Table 2. The
C content is relatively high (45.97%), primarily originating from the support film and
GO. However, the membrane also exhibits elevated levels of Bi (10.53%) and Cl (13.91%),
attributed to the formation of substantial amounts of BiOClI crystals intercalated between
graphene oxide layers.
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Figure 1. SEM images of membranes at different magnifications (a—c) M0, (d—f) M1, and (g—-i) M3;
(j) EDS zero-loss image and elemental mapping images (k-o) of C, O, N, Cl, and Bi elements of M1.

Table 2. Element composition of the composite membrane M1.

Element Atomic %
Bi 4f 10.53
Cls 45.97
Cl2p 13.91
N s 5.84
Ols 23.74

The cross-sectional structures of M0 and M1 were also examined by SEM and the
results are shown in Figure 2. The cross-section of the support membrane exhibits a high
porosity, displaying a typical sponge-like pore structure. It is clearly seen that the layer
structure of composite differs markedly from the support layer. In addition, the composite
layer structure is relatively dense, with a thickness of approximately 28.5 um.

The AFM morphologies of the composite membrane M1 with a fixed scan area of
3 um x 3 um have been provided. Asillustrated in Figure 3, the membrane surface displays
an average roughness (Ra) of 5.498 nm, indicating a relatively rough topography. The
3D-view image of the composite membrane reveals peak-like protrusions on the composite
membrane surface, which may originate from BiOCl nanocrystals and PDA nanospheres in
the GO layer.

Figure 4a shows FTIR spectra of M0 and the composite membranes (M1, M2, and M3).
The characteristic absorption peaks at 1778 and 1724 cm™ belong to the stretching vibration
of C=0 in the backbone of PI. The absorption peak located at 1310 cm™! is assigned to
the stretching vibration of C-N of PI. For M1, the characteristic adsorption peaks of PI
disappeared because infrared beams cannot penetrate the GO membrane of the functional
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layer. The characteristic peak at 1573 cm ! corresponds to the N-H characteristic peak of
PDA, and one at 1048 cm™! is assigned to the C-O-C stretching vibration of GO [32]. These
results indicate that BiOCI@GO/PI composite membranes with in situ grown BiClO have
been successfully prepared [31].

50.00

40.00

30.00 '599“‘
¥ Ra=5.498 nm

17.82 Rq=7.039 nm

Figure 3. AFM images of composite membrane M1: (a) 2D view; (b) 3D view.
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Figure 4. (a) FTIR spectra of membranes; (b) XRD patterns of BiOCl and membranes.

Figure 4b shows XRD patterns of pure BiOCl, M0, M1, M2, and M3 membranes. The
BiOCl sample has several diffraction peaks at 20 = 11.99°, 24.10°, 32.53°, and 46.64° for (001),
(002), (110), and (200), respectively, corresponding to the crystallographic planes of BiOCl
(PDF#06-0249). These diffraction peaks are also observed in the M3 sample, suggesting
a successful synthesis of BiOCI in the membrane. For M1 and M2 samples, peaks for
(101) and (110) also appear in the XRD patterns. The relatively high PDA content may be
responsible for the weaker intensity of the crystalline peaks. Since PI is a non-crystalline
polymer, it has no distinct crystalline peaks.
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The composite membrane M1 was also tested by XPS. In Figure 5a, the wide-scan
XPS spectrum provides the chemical composition of M1. It is noticed that the functional
layer of M1 primarily contains elements such as C, O, N, Cl, Bi elements. Table 1 illustrates
the content of various elements. The atomic content ratio of Bi and Cl elements reaches
10.53 and 13.91%, respectively, indicating that a significant amount of BiOCl is successfully
incorporated into the functional interlayers of GO. In the high-resolution XPS C 1s spectrum
of Figure 5b, there are three peaks at 287.7, 286.2, and 284.8 eV, corresponding to C=0,
C-N/C-0O, and C-C, respectively. Figure 5c shows the high-resolution XPS O 1s spectrum
with three deconvoluted binding energy peaks at 532.45, 530.85, and 529.98 eV, respectively.
These peaks are from C-O, C=0, and Bi-O groups of GO, PDA, and BiOCl. Figure 5d
provides the high-resolution XPS N 1s spectrum, depicting two fitted peaks centered at
401.59 and 399.78 eV that are originated from PDA and attributed to pyrrolic N and pyridinc
N, respectively. Figure 5e exhibits two binding energy peaks centered at 199.5 and 197.2 eV
that can be assigned to the CI 2p3,, and Cl 2py /5, respectively. Figure 5f displays two
binding energy peaks at 164.5 and 159.2 eV, which are assigned to Bi 4f;,, and Bi 4f5;,
respectively [33]. These results confirm the presence of BiOCl in the composite membrane.

(a) (b)
":\ Cis Qzp

Nils \
V/\/Luj‘/-h/l\

1000 800 600 400 200 0 295 290 285 280

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

Binding energy (eV) Binding Energy (eV)
(e) Ols| (d) Nls
N
_ / \ 52098 eV _ 399,78 eV
;; 530.85 eV /1 ’\ |:’ ( ; Pyridine N
z =0 //\ z
Z S\ 2
£ [ £
- ~ \ = ~
\\ /
\\ L
\\
/ A\ )
A .
537.5 535.0 532.5 530.0 5275 405.0 402.5 400.0 397.5 395.0
Binding Energy (eV) Binding Energy (eV)
(e) azpf () Bi4r

197.2 eV
159.2 eV

P
7 Bidfg,

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

205.0 202.5 200.0 197.5 1950 167.5 165.0 162.5 160.0 157.5 155.0
Binding Energy (eV) Binding Energy (eV)

Figure 5. (a) Wide-scan XPS spectrum of M1; high-resolution XPS spectra of (b) C 1s, (c) O 1s, (d) N 1s,
(e) Cl 2p, and (f) Bi 4f of M1.

3.2. Separation Performance of the BiOCIQGO/PI Membrane

The water contact angle and pure water flux of MO-M3 were tested, and the data
are shown in Figure 6. The water contact angles of M0, M1, M2, and M3 are found to
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be 63.5°, 26.4°, 21.1°, and 11.9°, respectively. These values decrease significantly with
the addition of BiCl3 during membrane preparation. This suggests that these composite
membranes are much more hydrophilic than the support membrane, primarily due to the
presence of hydrophilic GO, BiOCl nanocrystals, and PDA in the functional layer. The
MO exhibits a high pure water flux of 5425 L (m~2 h~! bar~!) due to its loose structure, as
demonstrated in SEM images. However, upon introducing the functional layer of GO, the
dense composite membrane structure results in significant mass transfer resistance, causing
the decrease in the membrane flux to 636 L (m =2 h~! bar™1). Despite variations in BiClj
and DA-HCI contents, the membrane flux remains relatively stable, indicating that mass
transfer resistance is primarily concentrated on GO nanosheets.

L. |);1I‘l}

‘N

-m2-h

: I 26.4°
= 5l i 21.1°
= -
o 11.9°
:= ~ ——
“ L L | 1 \ | L
MO M1 M2 M3

Figure 6. Pure water flux and water contact angle of the membranes. The direction of arrow means
the corresponding y axis.

The separation selectivity of M0 and composite membranes M1-M3 to inorganic salts,
such as NaCl, Na,;SO4, MgCl,, as well as organics, such as TC, CIP, RhB and MB, was
tested, and the results are shown in Figure 7. Due to its large pore size and relatively
loose structure, the MO membrane has a very high permeate flux and low rejection of most
solutes, except MB. The high rejection of MB may be due to the strong electrostatic attraction
between its positive charge and the negative charge of residual carboxyl groups on the PI
backbone. The introduction of the dense functional layer GO causes the rapid decrease in
permeate flux. Furthermore, with increasing BiOCl concentrations, the membrane exhibits
gradually increasing flux. This may be from an increased formation of BiOCl nanocrystals
that are intercalated into GO nanosheets. This intercalation increases the interlayer spacing,
enhancing permeate flux. At the same time, the M3 exhibits an improved rejection to
inorganic salts, such as NaCl (5.9%), MgCl, (8.6%), and NaySO4 (16.8%), as well as organics,
such as TC (87.6%), CIP (92.5%), MB (99.9%), and RhB (97.1%). Notably, the rejection of
different antibiotics by the M3 increases significantly, while the rejections of inorganic salts
are lower than 16.8%. Therefore, the composite membrane M3 can be used for desalination
of antibiotics with high selectivity [29].
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Figure 7. Separation performance of the membranes including rejection and permeate flux.

3.3. Self-Cleaning Performance of the BiOCI@GO/PI Membrane

Two-dimensional membrane materials with layered nanoscale channels are commonly
used for screening dyes and micropollutants [34]. However, separated contaminants could
accumulate and clog the membrane surface or pores, leading to membrane fouling and
subsequent deterioration in performance [35]. Incorporating photocatalytic materials into
the membrane separation layer structure enables the effective removal of accumulated
contaminants without the need for chemical cleaning. As shown in Figure 8a, in the dark
condition, the rejection of M3 to dye decreased from 83.1 to 53.5% after five cycles, while its
flux decreased by 17.7% due to membrane fouling from the adsorption of dye. Yet, under
UV irradiation, the rejection of M3 to dye remains essentially unchanged, while its flux
decreased by only 8.1%. These experimental results confirm that the composite membrane
M3 possesses an excellent self-cleaning capability when exposed to UV light, effectively
degrading the organic compounds that adhere to its surface arising from the introduction
of photocatalytic BiIOCI nanocrystals [36].
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Figure 8. Study on self-cleaning performance of composite membrane M3 during five cycles (200 mL
of 20 mg L~! RhB solution). (a) Rejection declines under dark condition; (b) rejection declines under

UV condition; (c) flux declines under dark condition; (d) flux declines under UV condition.

To investigate the reasons behind the membrane’s highly efficient self-cleaning prop-
erties, we have examined its photocatalytic activity. Figure 9 shows the degradation
performance of M3 when treating 100 mL of different organics at an initial concentration of
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10 mg L. In Figure 9a, under dark conditions, the RhB concentration remains virtually
unchanged. After the addition of M3, the RhB concentration is decreased by around 22%
due to the adsorption. Under UV irradiation, the M3 degrades 97.6% of RhB, whereas the
dye concentration decreased by only 18% in the absence of a membrane within the same
time frame of 2.5 h. Figure 9b shows the photocatalytic performance of M3 in degrading
MB. Compared to the dark condition, the M3 degrades 96.0% of MB within 3.5 h. The M3
also exhibits an excellent photocatalytic degradation activity against the antibiotics TC and
CIP, as shown in Figure 9¢,d. It degrades 97.5% of TC and 98.2% of CIP within 4.5 h. The
introduction of nanophotocatalysts endows M3 with excellent photocatalytic degradation
activity towards various organic compounds. Consequently, under UV irradiation, the
membrane can degrade pollutants deposited on its surface into smaller molecules, thereby
mitigating membrane fouling and achieving a superior self-cleaning performance.

(a)
LOf

0.8}

=06}

~04f

(B " \
0.2} VM \\\ 02fF b AN
—o—Dark M o Dark M \\\W
0.0 0.0}

0 0.5 1 1.5 2 25 0 05 1 15 2 25 3 35

Time (h) Time (h)
ol ::HMHFH*H_“*“ LN S

0.8} ~ I \\ =
\\ ~ 0.8 S
<06} N T | Losf \\\ S
¥ . .
= ~ S
Dark e N
I ~ h

“ 04

i S w ™
02f ——uvM 0.2 —_::’:r:l \
—Dark M \\ — Dark M
0'0 I A 1 A 1 1 U.U I

005 1 15 2253 35 4 45 0 05 1 15 2 25 3 35 4 45
Time (h) Time (h)

Figure 9. Photodegradation performance of composite membrane M3 against (a) RhB, (b) MB, (c) TC,
and (d) CIP.

To investigate the role of reactive species in the photocatalytic degradation of TC by
the composite membrane M3, various radical scavengers were added into the reaction
system and experiments were conducted to detect reactive species. IPA, PBQ, and EDTA-
2Na were selected as scavengers for hydroxyl radicals (-OH), superoxide radicals (-O, ™),
and holes (h*), respectively. Figure 10 shows the extent to which photocatalytic activity
is inhibited by the different scavengers. The addition of IPA reduces the photocatalytic
degradation efficiency of TC by 23.0%, indicating that -OH plays a role in TC photocatalytic
degradation. The TC photocatalytic degradation efficiency decreased by 13.2% because of
the addition of EDTA-2Na, suggesting that holes (h*) are generated during the degradation
process. In the photocatalytic system, with the addition of PBQ, the TC photocatalytic
degradation rate decreased to 46.7%, suggesting that -O, ™ is the key active species in TC
degradation. These results suggest that -OH, -O,~, and h* are all active species, with -O,~
being the most active in the photocatalytic degradation of TC. The proposed self-cleaning
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mechanism is illustrated in Figure 10b. When the membrane is exposed to UV irradiation,
electrons and holes within the material are separated. Electrons (e™) are excited from
the valence band (VB) into the conduction band (CB), leaving positively charged holes
(h*). These charge carriers react with surrounding water and oxygen to produce reactive
oxygen species (ROS) such as -O?~, which efficiently degrade the organic pollutants on
the surface of membrane into CO; and H;O, thereby maintaining the membrane’s high
self-cleaning performance. In contrast, membranes not exposed to UV radiation exhibit
significant performance degradation within five cycles; see Figure 8a.

(a) (b)

100
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3 2
- -0y
> 80F 1 \ 5
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Figure 10. (a) Photodegradation efficiency of M3 with different radical trapping agents and
(b) proposed mechanism of self-cleaning performance.

To investigate the stability and reusability of the photocatalytic membrane M3, its pho-
tocatalytic performance was tested for five cycles and 80 h. As shown in Figure 11, the TC
degradation efficiency by M3 membrane decreased from 97.5 to 88.3%. The photocatalytic
activity of the membrane is still high after five cycles, demonstrating its excellent stability.

This is attributed to the mussel-inspired PDA firmly anchoring the nanocatalysts between
GO layers.

1.0 |
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04}
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Figure 11. Cycle stability of the composite membrane M3.

4. Conclusions

In this study, a series of BiIOCI@GO/PI composite membranes were produced using
the vacuum filtration method, which involves intercalating BiOCl nanoparticles between
graphene oxide (GO) layers. The presence of BiOCl nanoparticles significantly improves
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the hydrophilicity of the composite membranes, achieving a water contact angle of 11.9°.
The composite membranes exhibit a high rejection of antibiotics such as TC (87.6%) and
CIP (92.4%), and dyes including RhB (97.1%) and MB (99.8%). However, they exhibit low
rejection of different salts, making them excellent candidates for the desalination of antibi-
otics and dyes. Notably, the composite membranes exhibit an outstanding self-cleaning
performance and maintain an excellent separation performance under UV irradiation.
While the flux gradually decreases to 91.9% of the initial value after UV irradiation, the
dye removal rate of the composite membrane remains essentially unchanged. This high
self-cleaning performance originates from the BiOCl nanocrystals between the GO layers,
which have a high photocatalytic degradation efficiency. Integrating membrane separa-
tion technology with photocatalytic technology enhances the photocatalytic activity of the
composite membranes, providing new approaches and insights for the comprehensive
utilization of water resources.
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