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ABSTRACT

By incorporating three-dimensional (3D) nanoparticles into two-dimensional (2D)
nanosheets, the number of nanofluidic channels can be increased, thereby significantly
improving membrane permeability. In this study, Zr-porphyrin metal-organic
frameworks (MOFs) nanoparticles were grown in-situ on a porous graphene oxide sheet
structure to fabricate a multifunctional composite nanofiltration membrane. The results
demonstrated that the growth of Zr-porphyrin on the porous graphene was limited,
resulting in a more uniform distribution, smaller particles, and a larger specific surface
area. The water permeability of the membrane was 29.2 LMH bar’!, which was
significantly higher than that of the TFC membrane (8.9 LMH bar™!). Furthermore, the
selectivity of the membrane was maintained, rejection rate exceeding 99.9% for four
dyes, NaxSOq4 rejection rate of 97%, and NaCl rejection rate of 18%. This membrane
also demonstrated a good stability in continuing operation for 72 h. In addition, the
membrane displayed excellent photocatalytic and antibacterial activities. This work
presents a versatile strategy for developing multifunctional composite nanofiltration
membranes with high permeability, superior decolorization ability, outstanding divalent

salt removal, excellent photocatalytic activity, and antibacterial properties.
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1. Introduction

The increasing issue of water pollution caused by climate change, urbanization,
and industrialization has become one of the major obstacles to social and economic
development [1]. In recent years, there are many water treatment technologies such as
adsorption [2], photocatalysis [2-4], and membrane separation. Membrane separation
technology has gained a significant attention [5], especially in wastewater treatment,
due to its environmental friendliness, energy efficiency and cost-effectiveness.
Nanofiltration (NF) can effectively intercept multivalent ionic organic molecules with
molecular weight ranging from 200 to 2000 Da [6,7]. This capability broadens the
application prospects of composite nanofiltration membranes [8]. However, the
majority of composite membranes are vulnerable to contamination [9]. It primarily
occurs attributed to the deposition of suspended solids or solutes on the membrane's
outer surface, pore, or wall via physical or chemical adsorption [10], as well as the
growth and multiplication of bacteria attached to the membrane surface. This
phenomenon decreases the permeability and separation efficiency of the membrane,
thereby limiting its application in desalination and dye wastewater treatment [10].
Consequently, a key research direction within the field of membrane technology
includes mitigating membrane contamination as well as improving membrane
permeability and separation efficiency.

Numerous studies have shown that membranes with hydrophilic surfaces have
excellent fouling resistance [11], the increase in hydrophilicity of the membrane surface
facilitates the formation of a hydration layer, which prevents the adherence of dyes to
the membrane surface. The materials within the selective layer of the membrane play a
crucial role. Graphene [2,12], metal-organic frameworks (MOFs) [13-17] and covalent
organic frameworks (COFs) [14,18] have been widely used in environmental treatment,
providing more options for selective layer materials in membranes. Bruggen et al. [19]
employed erythritol as an agueous phase monomer to fabricate hydrophilic liquid-phase

nanofiltration (LNF) membranes. The DR23 dye was used as a simulated contaminant,
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and the permeability recovery could reach 94.39% after two cycle tests. The formation
of a thin hydrated layer on the surface of the hydrophilic membrane can prevent
contaminants from direct contact with the membrane. However, when the interaction
strength between the membrane surface and impurities is greater than that between the
membrane surface and the water medium, the hydration layer may be broken or even
replaced, leading to increased contamination severity of the membrane [20,21]. Thus,
the development of membranes with self-cleaning capabilities represents an essential
step in the effective wastewater treatment.

Photocatalytic degradation of organic pollutants is a green, simple and effective
approach. Under visible or ultraviolet light, organic matter can be decomposed into
carbon dioxide and water [22]. By combining photocatalysis with membrane separation,
it is possible to achieve photocatalytic self-cleaning membranes with better antifouling
ability and excellent permeation recovery. Zr-porphyrin metal-organic frameworks
(MOFs) were found to have excellent photocatalytic activity and effectively degrade
membrane surface organic pollutants [23]. This is due to the MOFs have tunable
functionality, high porosity, and the fact that porphyrin consists of four pyrrole
substituents interconnected by a methyl bridge (=CH-), a heterocyclic macrocyclic
compound with unique photophysical properties and adaptive light trapping [24].
Therefore, the utilization of porphyrin-based MOFs for nanofiltration membranes is
promising for self-cleaning.

Additionally, ZnO, TiO2, graphene oxide (GO) and their derivatives have been
successfully applied to the development of self-cleaning membranes [25,26]. Among
them, GO, a representative inorganic two-dimensional nanomaterial, has been widely
used in the field of membrane separation [27]. GO has rich oxygen-containing
functional groups [2], which improve the hydrophilicity of membranes to increase the
membrane's resistance to contamination [28]. However, due to the strong interactions
between neighboring nanosheets, they will be easily stacked together. This reduces the

water permeation. Thus, treating graphene oxide as porous graphene oxide (PG)
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effectively avoid stacking by increasing the pore structure on the graphene surface. This
provides channels for water molecules and intercepts substances larger than the channel
size. Besides the size screening, oxygen-containing functional groups also interact with
hydrated ions to enhance selective ion permeation [12,29], thereby significantly
enhancing membrane permeability and separation efficiency. Park et al. reviewed the
basis for the permeability-selectivity trade-off, the state of the art in approaches to
membrane materials design to overcome the trade-off, designing thin active layers and
preparing composite nanofiltration membranes are among the potential solutions to
overcome the trade-off [6]. To enhance the permeability without compromising
separation performance, this can be achieved by constructing water transport channels
with varying dimensions. For example, the layer spacing can be increased by
incorporating porous nanoparticles to provide additional water channels [30], thereby
enhancing the membrane permeability. Meanwhile, MOFs nanoparticles with three-
dimensional (3D) structures were grown in-situ on or between the lamellae of two-
dimensional (2D) materials. This process served to reduce the size of the nanoparticles,
thereby increasing their surface area and enhancing the contact area with the polymer.
Additionally, it aimed to reduce the presence of non-selective defects. The objective
was to maintain optimal separation performance and construct 3D and 2D water
transport channels, which significantly enhanced the membrane permeability.
Improving membrane contamination resistance as well as balancing membrane
selectivity and permeability requires comprehensive consideration of material selection,
structural design, nanoparticle size and distribution, and the chemical and physical
stability of the membrane. The development of efficient separation membranes that
meet specific application needs can be achieved by combining the unique properties of
nanomaterials of different sizes and chemistries through continuous material innovation
and structural optimization [31]. In this work, Zr-porphyrin MOFs nanoparticles with
photocatalytic activity and PG with antibacterial activity and interlayer channels were

selected as the materials. The design idea of in-situ growth of 3D nanoparticles on 2D
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nanosheet materials was employed. Zr-porphyrin MOFs nanoparticles were grown in-
situ on PG to synthesize Zr-porphyrin@PG hybrid nanoparticles, which were added to
an aqueous phase solution containing piperazine to be prepared as a composite
membrane by interfacial polymerization. The trade-off effect between membrane
selectivity and permeability was overcome while enhancing the antifouling capabilities
of the nanocomposite membranes to obtain multifunctional nanofiltration composite
membranes with dye wastewater treatment capabilities, self-cleaning and antibacterial
properties.

2. Experimental section

2.1. Materials

No additional treatment was applied to all the chemicals. Chemicals and materials
were described in detail in the Supporting Information.
2.2. Synthesis of the Zr-porphyrin MOFs

The Zr-porphyrin MOFs were prepared following the synthesis of PCN-223 in the
existing literature [32]. Shortly, 200 mg ZrCls, 4.8 mL acetic acid, and 1 mL H>O were
added in 40 mL of DMF. Then, 200 mg Ni-TCPP was mixed into the solution and stirred
magnetically for 10 min followed by ultrasonication for 30 min until thoroughly mixed.
Samples were centrifuged at 8000 rpm for 8§ min and then washed three times with
ethanol to obtain Zr-porphyrin MOFs.

2.3. Synthesis of the Zr-porphyrin@PG

Zr-porphyrin MOFs nanoparticles were in-situ grown on PG to synthesize Zr-
porphyrin@PG hybrid nanoparticles. The synthesis of PG was shown in the Supporting
Information.

0.05 g PG was dispersed in 60 mL DMF and sonicated for 90 min. Then, 0.15 ¢
ZrCls, 3.6 mL acetic acid and 0.15 g Ni-TCPP were added. The solution was stirred on
a magnetic plate for 20 min, then sonicated for 20 min and transferred to a high-pressure
reactor (120°C, 24 h). Finally, it was cooled to room temperature, washed by methanol

centrifugation 3 times (8000 rpm, 6 min) and placed in a vacuum oven at 60°C to obtain
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Zr-porphyrin@PG1. Following the same procedure, Zr-porphyrin@PG?2 particles and
Zr-porphyrin@PG3 particles were synthesized using 0.10 g and 0.15 g of PG,
respectively. The different synthesis ratios of Zr-porphyrin@PG are detailed in Table
S1.

2.4. Fabrication of the Zr-porphyrin@PG/HPAN membranes

Polyacrylonitrile (PAN) substrate membranes were placed in NaOH solution (1
mol L, 50°C) for 1 h to improve hydrophilicity, resulting in the fabrication of
hydrolyzed polyacrylonitrile (HPAN) membranes.

0.01 wt% Zr-porphyrin@PG1 was added to 10 mL 0.25 wt% PIP solution, which
was vacuum-filtered into the substrate membrane and fixed in a stainless-steel mold
(S=2.83x10" m?). 2 mL hexane solution containing 2 mg mL"' TMC was added for 2
min, then the membrane was cleaned with hexane to remove unreacted TMC and placed
in an oven (80°C, 30 min) to obtain the membrane (M-1). The same method was used
to fabricate M-21, M-22, M-23, M-24, M-3 and TFN-3D membranes, respectively. The
detailed parameters are shown in Table S2. The membrane preparation process is

illustrated in Fig. 1.

TMC in .
Organic phase G -“5;::fIMC/n-Hexane‘-I;’l' R
PIPin
Aqueous phase

Interfacial
¥ polymerization |

Fig. 1. Process diagram of membrane preparation by interface polymerization.

2.5. Characterization

The physicochemical properties of the nanoparticles and membranes were
obtained by Fourier transform infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy

(AFM), contact angle instruments (CA), the SurPASS zeta ({) potential analyzer and
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electrochemical station. The details of nanoparticles and membranes characterization
were described in the Supporting Information.
2.6. Membranes performance evaluation

Detailed procedures for evaluating membrane permeability, selectivity,
photocatalytic and antimicrobial properties were described in the Supporting
Information.

3. Results and discussion
3.1. Characterization of Zr-porphyrin@PG

To investigate the PG content effect on the synthesis of hybrid nanoparticles, Zr-
porphyrin@PGx (x=1, 2, 3) were prepared by changing the PG content (0.05, 0.10 and
0.15 g). The properties of these three types of hybrid nanoparticles were characterized,
and their performance was assessed and compared.

Fig. 2 shows the PG content effect on the morphology of Zr-porphyrin@PG hybrid
nanoparticles synthesized via hydrothermal method. From Fig. 2a it can be observed
that the morphology of Zr-porphyrin@PG1 remains hexagonal prism-like with a
particle size of about 80 nm, indicating that the presence of PG does not affect the
crystal morphology of Zr-porphyrin MOFs. However, due to the relatively low PG
content, Zr-porphyrin MOFs nanoparticles can not completely grow on the PG sheet,
resulting in particle aggregation. The SEM image of Zr-porphyrin@PG2 particles
reveals that Zr-porphyrin MOFs can grow uniformly on PG (Fig. 2b). Additionally, the
TEM image of Zr-porphyrin@PG2 (Fig. 2d) also shows that Zr-porphyrin MOFs grows
between the layers of PG, with a particle size of 20-30 nm, significantly smaller than
Zr-porphyrin@PGL1. The Zr-porphyrin MOFs particle sizes are 300-500 nm as shown
in Fig. 2e. These findings indicate that the in-situ growth of Zr-porphyrin MOFs on the
PG interlayer was limited, making it more uniform, obtaining smaller particles and
larger specific surface area. However, with a further increase in PG content, Zr-
porphyrin MOFs can not grow uniformly in the PG layers or interlayers leading to the

stacking of PG layers (Fig. 2c). This may be attributed to PG acting as a nucleation
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template for Zr-porphyrin nanoparticles [33]. At low concentrations of PG, the growth
kinetics of Zr-porphyrin MOFs are predominantly dictated by the precursors,
specifically TCPP and Zr-O clusters, with PG exerting a negligible influence on the
resulting morphology. However, at high PG content, the PG layer competes with TCPP
for Zr-O cluster coordination, the synthesis of Zr-porphyrin MOFs is severely interfered
and the crystal structure may be disrupted [34,35]. The formation process of Zr-
porphyrin@PG?2 is shown in Fig. 2g.

Generally, the growth process of Zr-porphyrin MOFs on the PG is quite complex
and influenced various factors such as growth conditions and the structure of the PG
sheet [35]. The ratio optimization results showed that the MOFs material on Zr-
porphyrin@PG2 was uniformly dispersed on the PG or interlayer, and the crystal
particle size was 20-30 nm, which reduced the size without changing the particle

appearance.
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&
Zr cluster ,@g\

Fig. 2. SEM images of (a) Zr-porphyrinP@PG1, (b) Zr-porphyrin@PG2, (c) Zr-
porphyrin@PG3, (e) Zr-porphyrin MOFs. TEM images of (d) Zr-porphyrin@PG2, (f)
Zr-porphyrin MOFs. (g)The process of Zr-porphyrin@PG2.

To further confirm the chemical structure of the synthesized hybrid nanoparticles

and the chemical binding of Zr-porphyrin MOFs with PG during in-situ growth on PG,
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Zr-porphyrin@PG samples with various PG loading were characterized by FT-IR. In
Fig. 3a, the stretching vibration of C=0 (1719 cm™) on the organic ligand porphyrin,
C-H (787 cm™) on pyrrole in porphyrin heterocycle and C=C (1600 cm™) on the
benzene ring. Zr-porphyrin MOFs exhibit a characteristic peak at 1413 cm
corresponding to the O-C-O after the coordination of Ni-TCPP and Zr, confirming the
successfully coordinated of Zr** with Ni-TCPP. The FT-IR spectrum of Zr-
porphyrin@PG2 is comparable to that of Zr-porphyrin MOFs, the stretching vibration
of C=C (1500-1600 cm™) on the benzene ring. However, Zr-porphyrin@PG2 exhibits
a shifted C=0 stretching vibration peak of -COOH on the TCPP group from 1719 cm”
1t0 1710 cm™ compared to Zr-porphyrin MOFs, which can be attributed to the n-n
stacking of PG and the hydrogen bonding between PG and TCPP ligand [36]. Therefore,
Zr-porphyrin MOFs particles are successfully grown in-situ on PG sheet. In Fig. 3b,
there is almost no difference in the infrared spectra among samples with different PG
contents, indicating a similar chemical structure of the hybrid nanoparticles and the

presence of hydrogen bonding between PG and TCPP ligands.

(2) (b)

Zr-porphyrin

Zr-porphyrin@PG3

Zr-porphyrin@PG2

Transmittance (%)
Transmittance (%)

Zr-porphyrin@PG1

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm") Wavenumbers (cm'l)

Fig. 3. FT-IR spectra of (a) Zr-porphyrin and Zr-porphyrin@PG2, (b) Zr-
porphyrin@PGx (x=1, 2, 3).

3.2. Effect of different PG contents on membranes

To determine the amount of PG added in the synthesis of Zr-porphyrin@PG
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particles and to assess membrane performance after dispersing Zr-porphyrin@PG into
the separation layer of the membrane. A series of membranes were obtained using the
fabrication method detailed in section 2.5, with specific parameters shown in Table S2.
In Fig. 4a, the water permeability of membrane M-1 (22.1 LMH bar?) and membrane
M-3 (19.8 LMH bar?) is smaller than that of TFN-3D membrane (27.6 LMH bar™),
while the water permeability of M-2 membrane is 29.2 LMH bar, which is slightly
larger than that of TFN-3D membrane. These differences are related to the Zr-
porphyrin@PG particles morphology. From the SEM images of the particles, the
morphology of Zr-porphyrin@PGL1 is not as regular as that of Zr-porphyrin MOFs
when the PG content is 0.05 mg. This is caused by too less PG content, which makes
the Zr-porphyrin MOFs unable to grow completely on the PG, and aggregation occurs,
which leads to the decrease of the M-1 membrane water permeability. However, As the
PG content increased to 0.15 mg (Zr-porphyrin@PG3), PG sheet stacking drastically
reduces the water permeability of the M-3 membrane. The PG content is 0.10 mg, Zr-
porphyrin MOFs were uniformly dispersed on the PG or interlayer (Zr-porphyrin@PG2)
(Fig. 2e), which provides additional interlayer channels, enabling the highest water
permeability of the M-2 membrane.

The separation performance of TFN-3D and M-1, M-2 and M-3 membrane was
studied individually (Fig. 4b). The rejection rates of these membranes for four dyes
(DR23, MB, RB5, CR) are very high (> 99.3%), indicating the effective rejection of
organic dyes. Notably, higher rejection of divalent salts (Na,SO4) compared to
monovalent salts (NaCl) in all membranes. Specifically, the rejection of Na>SO4 for
TFN-3D, M-1, M-2 and M-3 were 56%, 85%, 97% and 96%, respectively. However,
the NaCl rejections for TFN-3D, M-1, M-2 and M-3 were 15%, 18%, 24% and 34%,
respectively. These results may be attributed to both the construction of water transport
channel and the Donnan effect [37-40].

The zeta potential values of Zr-porphyrin, Zr-porphyrin@PGx (x=1, 2, 3) were -
62.07, -60.10, -64.15 and -62.17 mV, respectively. These indicate the negative charge
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carried by all four types of nanoparticles, with similar electronegativity among them.
This observation may be attributed to the electronegativity of both Zr-porphyrin MOFs
and PG [41], contributing to the membrane negative charge. The results from Zr-
porphyrin@PG2 particle morphology show that Zr-porphyrin MOFs were uniformly
grown on the surface and within the interlayers of the PG. The size of Zr-
porphyrin@PG2 was reduced (from 300-500 nm to 20-30 nm) compared to Zr-
porphyrin MOFs, while maintaining the particle morphology and enabling uniform
dispersion of nanoparticles on the layers or interlayers of PG. Based on these findings,
Zr-porphyrin@PG2 nanoparticles were selected the most suitable for the preparation of

composite nanofiltration membranes, which were subsequently studied further.

(a) (b)
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Fig. 4. (a) The permeability of TFN-3D, M-1, M-2 and M-3 membranes, (b) The dyes
and salts rejection of membranes (P=4 bar, T=room temperature, C+=0.5 g/L (dye), 1

g/L (salt)).

3.3. Characterization of membranes with different Zr-porphyrin@PG?2 contents
To investigate the impact of Zr-porphyrin@PG2 content on the composite

nanofiltration membrane, a series of membranes were fabricated (Table S2). It is

noteworthy that the M-22 membrane mentioned here is the same as the M-2 membrane

discussed in Section 3.2.
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The M-21 membrane with a lower Zr-porphyrin@PG2 particles concentration
exhibits fewer wrinkles (Fig. 5), which may result in reduced permeability. Fig. 6
illustrates that as the concentration of Zr-porphyrin@PG2 particles increased, the
surface roughness gradually increased and particle aggregation became evident on the
membrane surface, as seen in the M-23 and M-24 membranes. The observed
agglomeration is attributable to the combination of 7-7 interaction or both covalent and
noncovalent bond interactions among the excess particles [42]. The presence of
agglomerates may also cause an increase in membrane surface roughness, resulting in
membranes more susceptible to contamination. The surface of M-22 membrane is
relatively smooth (Ra=18.5 nm) with uniform wrinkles, which is consistent with the
surface SEM image. These features are beneficial for enhancing permeability.

The cross-section structure of the membrane is shown in Fig. 7. It can be observed
that the composite nanofiltration membrane is consists of two layers: a support layer
with finger-like pores, and a separation. The membrane performance is related to the
thickness of the separation layer. The average thicknesses of the M-21, M-22, M-23 and
M-24 membranes corresponding to filler contents of 0.005, 0.01, 0.02, and 0.03 wt%
were 100, 120, 218 and 400 nm, respectively. The further increased loading of Zr-
porphyrin@PG2 leads to a denser and thicker separation layer, which may affect the

membrane permeability [43].
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Fig. 6. AFM images of M-21, M-22, M-23 and M-24.
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Fig. 7. Cross-section SEM images of M-21, M-22, M-23 and M-24.

The surface hydrophilicity of the membranes was characterized by measuring their
water contact angles (CA). Fig. 8a shows that the CA values of TFC, M-21, M-22, M-
23 and M-24 membranes were 55.0°, 42.0°, 34.0°, 32.0° and 29.0°, respectively. The
PG lamellar structure in Zr-porphyrin@PG2 contribute to better dispersion of
nanoparticles on the supporting membrane surface during interfacial polymerization.
These results indicate that with an increase in Zr-porphyrin@PG2 loading, the CA of
composite nanofiltration membranes gradually decreases, indicating enhanced
hydrophilicity. This will positively affect the membrane permeability and enhance its
resistance to contamination [44].

The membranes surface charge properties were characterized by zeta potential ({)
(Fig. 8b). The { value of TFC range from -56.12 to 6.68 mV under pH conditions of 4-
10, and its negative charge is attributed to the carboxyl group produced by the
hydrolysis of acyl chloride. The electronegativity of the TFN-3D membrane was
enhanced due to the presence of a large number of carboxyl groups on the porphyrin

ring as compared to the TFC membrane [45]. The electronegativity of the M-22
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membrane is between that of the TFC and TFN-3D membranes. At pH 7, the (-value
of the M-22 membrane was -50.12 mV, which still indicated relatively strong

electronegativity.
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Fig. 8. (a) Contact angles of TFC, M-21, M-22, M-23 and M-24 membranes, (b)
Zeta potential of the TFC, TFN-3D and M-22 membranes at the pH=4-10.

3.4 Performance of membranes with different Zr-porphyrin@PG2 contents

To further investigate the effect of Zr-porphyrin@PG2 nanofiller content on
composite nanofiltration membrane performance, the water permeability of membranes
with different Zr-porphyrin@PG2 content was measured, as shown in Fig. 9a. The
results showed an initial increase followed by a decrease in water permeability with the
increase of Zr-porphyrin@PG2 concentration. Specifically, as Zr-porphyrin@PG2
concentration increased from 0 to 0.005 wt%, water permeability rose from 8.9 to 22.1
LMH bar!. The M-22 membrane's water permeability was 29.2 LMH bar . However,
as the Zr-porphyrin@PG?2 loading further increased, the water permeability of the M-
23 and M-24 membrane was 23.1 and 19.8 LMH bar’!, respectively. These trends
correlate with membrane morphology and structure. The surface wrinkle structure can
improve water permeability, while one-dimensional channels may be formed between

layers due to nanoparticle growth within PG sheet.
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The membrane separation performance was evaluated using four dyes (DR23, MB,
RB5, CR) and inorganic salts (Na2SO4 and NaCl) (Fig. 9b). These membranes have
high rejection (> 99.9%) for four dyes, and the 94% rejection of Na,SOs by TFC
membrane is attributed to the dense polyamide layer developed in the HPAN
membranes. The M-21 membrane exhibited 85% Na>SOs rejection, while its water
permeability was over twice that of the TFC membrane. The rejection rate of M-22, M-
23 and M-24 membranes for Na,SO4 were 96.2%, 97.4% and 97%, respectively. The
NaCl rejection of these membranes increased from 15 to 36%. These membranes
showed better rejection of divalent anions than monovalent anions. The M-22
membrane exhibits the highest permeability and good rejection of dyes and divalent
salts, so the optimal content of Zr-porphyrin@PG2 nanoparticles in the composite

nanofiltration membrane is 0.01 wt%.
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Fig. 9. (a) The permeability and (b) dyes and salts rejection of the TFC, M-21, M-22,
M-23 and M-24 (P=4 bar, T=room temperature, C+=0.5 g/L (dye), 1 g/L (salt)).

The permeability and dye rejection of M-22 membranes were compared with other
reported composite nanofiltration membranes and the results are summarized in Fig. 10
and Table S3. The M-22 membrane in this work exhibits a high dye rejection with

excellent permeability.
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Fig. 10. Performance comparison of the M-22 membrane with other works.

The photocatalytic self-cleaning performance of M-22 membrane was tested by
four cycles of DR23 dye degradation within 60 h, as shown in Fig. 11a. The fresh
membrane was tested for dye rejection performance on a cross-flow filtration device.
After continuous operation for 15 h, the membrane permeability decreased from 29.2
to 25.3 LMH bar! and the rejection of DR23 still remained over 99.9%. Following
exposure to visible light range in a photocatalytic device for 5 h, the permeability of the
membrane was recovered to 28.4 LMH bar . This operation was performed four cycles.
For each cycle, the water permeability recovery rate exceeded 97%, and the water
permeability decline rate was less than 13%. Notably, the rejection rate of dyes
remained consistently above 99.9%. The color that was discernible with the naked eye
on the membrane surface had almost disappeared (Fig. 11a). To further demonstrate
that the membrane has photodegradation ability under visible light, we conducted a

comparative experiment (Fig. 11b). The fouled TFC membrane surface did not fade out
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under visible light for 5 h. Moreover, no apparent change of the fouled M-22 membrane
surface color was observed in the dark for 5 h. These results confirm that the M-22
membrane demonstrates remarkable photodegradation self-cleaning capabilities,
allowing the water permeability recovery rate of the contaminated membrane to over
97% under visible light while maintaining excellent dye rejection.

Fig. 11c illustrates that Zr-porphyrin@PG2 has a band gap (Eg) of 1.65 eV on the
Tauc diagram, which is lower than that of Zr-porphyrin (Eg=2.77 eV) [23]. The energy
of visible light is approximately between 1.65 eV and 3.1 eV, so Zr-porphyrin@PG2
can absorb the visible spectrum more completely than Zr-porphyrin. The mechanism of
photocatalytic degradation of the M-22 membrane for DR23 is shown in Fig. 11d. When
the light energy is greater than or equal to the band gap [46], the electrons in valence
band (VB) can be activated and combined with H>O, H>O: or O2 to form free radicals,
which can oxidize and degrade the hazardous organic dyes into green products.
Therefore, the in-situ growth of Zr-porphyrin@PG2 on PG sheets ensured a uniform

distribution of catalytically active sites, which enhanced its photocatalytic performance.
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Fig. 11. (a) Photodegradation of DR23 by M-22 membrane under visible light, (b) the

photography of the fouled TFC membrane under visible light for 5 h and the

photography of the fouled M-22 membrane in the dark (without visible light) for 5 h,

(c) Tauc plots of Zr-porphyrin@PG2, (d) Photocatalytic mechanism diagram of M-22

membrane.
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To investigate the chemical stability of the membrane in practical applications, a
long-term operation experiment was conducted (Fig. 12). After 72 h of continuous
filtration testing for DR23 aqueous solution, the permeability of M-22 membrane
declined from 29.2 to 22.2 LMH bar™. The initial drop in permeability within the first
12 h was due to the accumulation of dye on the membrane surface, after which it
remained relatively stable [47]. The rejection rate for DR23 was consistently high (>
99.9%) throughout the process. These indicate that the M-22 membrane maintains

outstanding stability in removing dyes from water solutions.

'-|L35-maoooooooooooo000-100
230-M
h.
z @
= 20- 60 2.
)
£ s >
= 40 %
glo- -
- 20
S 51
[~
0| T T T T T 1 ! 0

0 10 20 30 40 S0 60 70
Operating time (h)
Fig. 12. Long-term stability of M-22 membrane (the test conditions: P= 4 bar, 7=room

temperature, C=0.5 g/L).

The number of viable E. coli colonies gradually decreased and the surface
inhibition rate increased (80.5%, 91.0%, 92.4%, and 94.7%) from M-21 to M-24,
correlating with the increased content of Zr-porphyrin@PG?2 particles (Fig. 13). These
results demonstrate the excellent antibacterial performance of the M-22 membrane,

which may relate to the antibacterial properties of PG. The antibacterial effects of PG
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may be attributed to its interaction with bacteria. For instance, PG exhibits an anti-
adhesion property to bacteria, because the sharp edges of PG can penetrate bacterial

cell membranes to inactivate and oxidize bacterial cell components [48,49].
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Fig. 13. Antibacterial properties of membranes against E. coli.

4. Conclusion

In summary, a multifunctional membrane with desalination, dyes separation,
photodegradation, and antibacterial properties was prepared. The membrane exhibited
a water permeability of 29.2 LMH bar’!, and a rejection exceeding 99.9% for four dyes.
The rejection for Na;SO4 and NaCl were 97% and 18%, respectively. This research
presents a strategy for constructing multifunctional composite nanofiltration
membranes. By combining the characteristics of PG and Zr-porphyrin, the membranes
not only improve water permeability and salt rejection but also expand the application
range of porphyrin MOFs. The construction of water transport channels with different
dimensions further enhances membrane selectivity and permeability. Additionally, Zr-
porphyrin in-situ growth on the PG facilitated uniform dispersion of effective active
sites within the hybrid nanoparticles, which provided the membrane with
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photodegradation properties.
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