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Abstract 

A novel poly(ionic liquid) nanofiber membrane (PIL NF) was synthesized by the cyclization of 

polyacrylonitrile (PAN) with piperazine, converting the nitrile groups into imidazoline units, 

followed by quaternization with 1-bromobutane. The resulting PIL NF was further functionalized by 

loading the photocatalyst, phosphomolybdic acid (PMo), via anion exchange, forming a new type of 

photocatalytic material, PM-PIL. Under visible light irradiation, the PM-PIL photocatalyst achieved 

an impressive methyl blue degradation rate of 98%. Additionally, the nanofiber membrane 

morphology facilitates the efficient recovery of the catalyst, with 98% of the initial degradation 

efficiency maintained after five photocatalytic cycles. This robust, highly efficient, and recyclable 

material provides a new approach for catalyst support. To the best of our knowledge, PM-PIL is the 

first reported photocatalyst of this kind. This cost-effective, functionalized membrane material 

utilizes solar light as an economical and clean energy source, offering promising potential for 

sustainable environmental applications. 

Keywords: poly (ionic liquid); polyacrylonitrile; nanofiber membrane; visible light photocatalyst 

 

1. Introduction 

Polyacrylonitrile (PAN) nanofiber membranes (PAN NFs) have gained significant attention due 

to their low density, excellent flexibility, and cost-effectiveness. These advantageous properties have 

led to their widespread use in industries such as textiles, construction materials, and as precursors 

for carbon fibers [1–4]. In addition, the chemical reactivity of the nitrile group in PAN allows for its 

functionalization into various groups, such as amino[5], carboxyl[6], and pyridine[7], which further 

expand its application scope, including metal ion adsorption, catalysis, and catalyst supports. These 

developments have provided valuable insights for the design of novel functional materials based on 

PAN NF membranes, particularly in the context of nitrile group functionalization[8]. 

Polyionic liquids (PILs), which combine the properties of ionic liquids and traditional 

polyelectrolytes, have garnered considerable attention in recent years. They are particularly suitable 

as carriers for functional materials through simple anion exchange processes. Traditional methods of 

synthesizing PILs often involve the free radical polymerization of ionic liquid monomers with vinyl 

groups[9]. This method is straightforward and holds broad application potential; however, the low 

polymerization degree of PILs limits their range of applications[10]. An alternative approach is to 

modify the nitrogen-containing side groups (such as imidazole or pyridine) in synthetic polymers. 

Given that PAN can undergo cyclization with piperazine to form poly-vinylpyridine, it is 

hypothesized that PAN-based PILs could be prepared by ionizing the pyridine groups, while 

maintaining the high polymerization degree and nanofiber membrane morphology of PAN. 
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In recent years, the treatment of wastewater containing organic dyes has emerged as a key 

research area in environmental remediation[11]. While techniques such as membrane separation, 

adsorption, and biodegradation have made significant progress[12], challenges remain, including 

low pollutant removal efficiency, the generation of secondary pollution, and the formation of harmful 

intermediates[13–16]. As a result, these methods face practical limitations in real-world applications. 

Recently, photocatalytic degradation of organic dyes in wastewater, particularly under visible light 

irradiation, has attracted significant interest due to its effective use of renewable energy and 

environmentally friendly nature compared to other catalytic systems[17–19]. 

Polyoxometalates (POMs) are a class of stable transition metal oxide compounds with 

semiconductor properties[20,21]. However, the separation and recovery of water-soluble POMs 

present significant challenges. To address this issue, loading POMs onto carrier surfaces has proven 

to be an effective strategy[22–24]. Therefore, developing a low-cost, readily available, and highly 

immobilized stable carrier material is crucial. 

Table 1 summarizes recent advancements in photocatalytic membrane materials. By comparing 

the characteristics of photocatalysts in terms of raw material selection, preparation methods, 

degradation substances, preparation costs, reusability, and visible light responsiveness, it is 

concluded that the development of a visible-light-responsive, low-cost, easily recyclable, flexible, and 

water-insoluble polymer catalyst is an effective approach for dye wastewater degradation. 

Polyacrylonitrile (PAN) nanofiber membranes (NF) are well-known for their low cost, excellent 

flexibility, and wide range of applications, including in textiles, construction materials, and carbon 

fiber precursors. However, their inherent properties can be further enhanced by functionalization, 

such as the conversion of nitrile groups into various functional groups, which broadens their 

applications in areas such as metal ion adsorption and catalysis. In recent years, poly(ionic liquid)s 

(PILs) have attracted considerable attention due to their unique combination of ionic liquid and 

traditional polyelectrolyte properties, making them ideal candidates as functional material carriers 

via simple anion exchange processes. However, traditional methods for preparing PILs often involve 

low polymerization degrees, limiting their application potential. 

In this study, a novel approach is introduced wherein low-cost and flexible PAN NF membranes 

are modified into PILs and further functionalized with the photocatalytically active 

phosphomolybdic acid (PMo). The resulting PM-PIL composite membrane exhibits excellent 

photocatalytic performance for the degradation of methyl blue (MB) under visible light irradiation, 

demonstrating the potential of composite photocatalytic materials with high molecular weight and 

nanofiber membrane structures. This study highlights the excellent catalytic activity, reusability, and 

stability of PM-PIL as an efficient photocatalyst, providing a promising platform for sustainable 

environmental applications, particularly in the field of wastewater treatment. 

Table 1. Comparison of photocatalytic membrane materials. 

Photocatalytic 

Membrane 

Preparation 

Method 

Degradation 

Target 
Cost Recyclability 

Visible Light 

Responsiveness 

PM-PIL Membrane Independent Methyl Blue Low Easy Yes 

Al2O3/TiO2 [25] Coating Carbamazepine High Difficult No 

Ceramic/TiO2 [26] Coating Acid Red 4 High Difficult No 

PVDF/TiO2 [27] Mixing Wastewater High Difficult No 

PU/ZnO [28] 
Membrane 

Immersion 
Methyl Blue High Difficult No 

Carbon Nanotube/ 

ZnO-TiO2 [29] 

Membrane 

Immersion 
Methyl Blue High Difficult No 

PVDF/ZnO-TiO2 [30] 
Membrane 

Immersion 
Methyl Blue High Difficult No 

PSF/Cu2O [31] 
Chemical 

Vapor 
IBP High Easy Yes 
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Deposition on 

Membrane 

GO/Fe2O3-TiO2 [32] 

Hydrothermal 

Synthesis, 

Membrane 

Immersion 

Humic Acid High Difficult No 

PVDF/ZnIn2S4 [33] 
Membrane 

Immersion 
Water High Easy Yes 

RGO/Bi2WO6 [34] 
Membrane 

Immersion 

Ciprofloxacin 

(CIP) 
High Difficult Yes 

RGO/PDA/Bi12O17Cl2 

[35] 

Membrane 

Immersion 
Methyl Blue High Easy Yes 

Steel/CeO2 [36] 
Membrane 

Immersion 
Methyl Blue High Difficult No 

Ceramic/TiO2 [37] 
Membrane 

Immersion 
Humic Acid High Difficult No 

PVDF/TiO2 [38] 

Electrospinning 

and 

Hydrothermal 

Reaction 

CO2 High Easy No 

PES/TiO2 [39] 
Physical 

Deposition 
Acid Red 1 High Difficult No 

2. Results and Discussion 

2.1. FTIR and SEM Analysis 

The structural properties of the PAN, PVPy, Br-PIL, PM-PIL nanofiber (NF) membranes and 

PMo were characterized using Fourier transform infrared (FT-IR) spectroscopy, and the results are 

shown in Figure 1a. In the FT-IR spectrum of PAN, the absorption peak at 1451 cm⁻¹ corresponds to 

the in-plane C-H vibration, while the peaks at 2246 cm⁻¹ and 1074 cm⁻¹ are attributed to the stretching 

and bending vibrations of the C≡N group, respectively[40–42]. In the FT-IR spectrum of PVPy, the 

characteristic peak at 2246 cm⁻¹, associated with the C≡N group, disappears, and new peaks at 1673 

cm⁻¹ and 1389 cm⁻¹ are observed, corresponding to the C=N and C-N stretching vibrations in the 

pyridine ring. This confirms the successful transformation of the C≡N group into pyridine units via 

cyclization with piperazine[43,44]. 

The FT-IR spectrum of PMo exhibits characteristic absorption peaks at 1074 cm⁻¹, 998 cm⁻¹, 892 

cm⁻¹, and 813 cm⁻¹, corresponding to the P-O, W-O, WO-W corner, and W-O-W edge vibrations, 

respectively. In the FT-IR spectrum of the PMo-PIL composite, the absorption peaks at 1074 cm⁻¹ and 

998 cm⁻¹ are related to the P-O group vibrations and W-O resonance, while the peaks at 1673 cm⁻¹ 

and 1074 cm⁻¹ correspond to the vibrations of the pyridine structure[45]. These results clearly indicate 

the successful preparation of the PMo-PIL composite. 

Figure 1b presents the scanning electron microscopy (SEM) images of the PAN and PM-PIL NF 

membranes. Compared to the PAN membrane, the surface of the PM-PIL membrane exhibits a 

rougher texture, which can be attributed to the uniform distribution of polyoxymethylene (POM) on 

the surface of the PM-PIL membrane. Additionally, a honeycomb-like cavity structure is observed on 

the surface of the PM-PIL NF membrane. This unique morphology may enhance the specific surface 

area and adsorption capacity of the membrane[46], suggesting that the PM-PIL membrane has the 

potential to serve as an ideal polymer support material for various applications. 

The FT-IR and SEM analyses collectively confirm the successful fabrication of the PM-PIL 

composite membrane and provide valuable insights into its structural characteristics. The 

incorporation of POM and the unique nanofiber morphology are expected to contribute to the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 December 2025 doi:10.20944/preprints202512.2168.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2168.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 15 

 

enhanced photocatalytic performance and reusability of the PM-PIL membrane, which is further 

investigated in the following sections. 

 

Figure 1. (a) FT-IR spectra of PAN (A), PMoPIL (B), Br-PVPy (C), PMo (D), and PVPy (E). (b) SEM images of the 

PAN NF membranes (A–C) at different magnifications ；SEM images of the PMo–PIL NF membranes (D–F) at 

corresponding magnifications (scale bars: 2 μm, 200 nm, and 100 nm, respectively). 

2.2. XPS Analysis 

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface chemical 

composition and elemental valence states of the PM-PIL NF membrane. As shown in Figure 2a, the 

survey XPS spectrum reveals the presence of C, O, N, P, and W elements on the membrane surface. 

The C and N signals originate from the PAN-derived polymer backbone, while the appearance of P 

and W elements can be attributed to the successful immobilization of phosphomolybdic acid (PMo) 

onto the PIL nanofiber membrane. Notably, the tungsten content reaches 5.14 wt%, indicating that 

the anion exchange process proceeded efficiently and that PMo was effectively loaded onto the PIL 

framework. 

To further elucidate the chemical states of nitrogen species, high-resolution N 1s XPS spectra 

were analyzed (Figure 2b). Two distinct peaks were observed at binding energies of 400.7 eV (N1) 

and 402.3 eV (N2), which are characteristic of nitrogen atoms in pyridine-like structures. These results 

are consistent with the FTIR analysis and confirm the successful conversion of nitrile groups into 

nitrogen-containing heterocyclic units during the cyclization and ionization processes. The presence 

of positively charged nitrogen sites is crucial for stabilizing PMo anions through electrostatic 

interactions, thereby enhancing the immobilization efficiency of the photocatalyst. 

The high-resolution C 1s spectrum (Figure 2c) can be deconvoluted into three main components. 

The dominant peak corresponds to C–C/C–H bonds, indicating the polymer backbone structure. Two 

additional peaks with lower intensities are assigned to C–N and C=N bonds, respectively, further 

confirming the formation of pyridine-type structures and other nitrogen-containing functional 

groups on the membrane surface. These nitrogen-rich functionalities not only provide anchoring sites 

for PMo but may also facilitate charge transfer during the photocatalytic process. 

Overall, the XPS results provide compelling evidence for the successful fabrication of the PM-

PIL NF membrane, demonstrating effective PMo immobilization via anion exchange and the 

formation of a nitrogen-enriched polymer surface. The coexistence of PMo species and pyridine-

based PIL structures on the nanofiber membrane surface is expected to play a synergistic role in 

enhancing visible-light-driven photocatalytic activity and structural stability during repeated 

catalytic cycles. 
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Figure 2. (a) XPS survey spectra of PAN (A), PMo (B), Br-PVPy (C), and PMo–PIL (D). (b) High-resolution N 1s 

XPS spectrum of PMo–PIL. (c) High-resolution C 1s XPS spectrum of PMo–PIL. 

2.3. UV-Vis and XRD Analysis 

To investigate the light absorption properties of the raw materials and their modified products, 

UV–visible diffuse reflectance spectroscopy (DRS) was conducted on polyacrylonitrile (PAN), PMo, 

PVPy, brominated poly(ionic liquid) (Br-PIL), and PM-PIL nanofiber (NF) membranes. The 

corresponding spectra are shown in Figure 3a. As expected, pristine PAN exhibits negligible 

absorption in both the ultraviolet and visible light regions, indicating its photo-inactive nature. 

Similarly, pure PMo shows almost no absorption in the visible region (>400 nm), which significantly 

limits its photocatalytic performance under visible light irradiation. 

In contrast, the PM-PIL NF membrane displays pronounced absorption across both the 

ultraviolet and visible regions. This enhanced light-harvesting capability can be attributed to the 

charge transfer characteristics of the poly(ionic liquid) framework, which effectively extends the light 

response of PMo into the visible region[47]. These results suggest that the PIL matrix plays a crucial 

role in improving the visible-light utilization efficiency of the PMo photocatalyst. Based on the UV–

vis DRS data and calculated using the Kubelka–Munk function, the band gap energy of PM-PIL was 

determined to be 3.09 eV, which is favorable for visible-light-driven photocatalytic reactions. 

X-ray diffraction (XRD) measurements were performed to examine the crystalline structures of 

PAN, PMo, PVPy, Br-PIL, and PM-PIL, and the results are presented in Figure 3b. The PAN NF 

membrane exhibits a diffraction peak in the 2θ range of 16–17°, which is attributed to the (100) plane 

of the hexagonal crystal system[48]. Additionally, a weaker diffraction peak observed at 

approximately 28–29° corresponds to the (110) plane. In the XRD pattern of PVPy, the (100) diffraction 

peak at 2θ = 17° shows a noticeable shift, accompanied by other structural changes, which can be 

ascribed to the introduction of pyridine units and the resulting alteration of the polymer crystal 

structure. 

For PMo, characteristic diffraction peaks are observed at 2θ values of approximately 10°, 20°, 

23°, 25°, 28°, and 31°, corresponding to the (110), (200), (220), (310), (222), and (400) crystal planes, 

respectively. These diffraction features are in good agreement with the standard XRD pattern of PMo 

reported in the literature[49] and match well with the data from JCPDS card No. 50-0657, confirming 

the high crystallinity and phase purity of PMo. 

The XRD pattern of Br-PIL shows a diffraction peak at 2θ = 17°, similar to that of PVPy, while 

the signal at approximately 29° is significantly weakened[50]. A comparison between the Br-PIL and 

PVPy patterns indicates that the ionization process has a limited influence on the crystalline structure 

of PVPy. Notably, in the XRD pattern of PM-PIL, no impurity peaks are detected, demonstrating the 

high purity of the composite material. Compared with PAN, the diffraction peaks at 2θ = 17° and 29° 

disappear, while two new peaks emerge at 2θ values of approximately 8° and 23°, which can be 

assigned to the (200) and (001) crystal planes of PMo, respectively. These results further confirm the 
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successful incorporation of PMo into the PIL NF membrane and the formation of the PM-PIL 

composite. 

Overall, the UV–vis DRS and XRD analyses collectively demonstrate that the introduction of the 

PIL framework not only significantly enhances the visible-light absorption capability of PMo but also 

enables its stable immobilization within the nanofiber membrane without generating impurity 

phases. This synergistic combination of optical and structural advantages is expected to play a key 

role in the excellent visible-light photocatalytic performance of the PM-PIL NF membrane. 

 

Figure 3. (a) UV–vis diffuse reflectance spectra (DRS) of PMo–PIL (A), PMo (B), Br-PVPy (C), PVPy (D), and 

PAN (E). (b) X-ray diffraction (XRD) patterns of PAN (A), Br-PVPy (B), PMo–PIL (C), PVPy (D), and PMo (E). 

2.4. Visible-Light Photocatalytic Degradation Analysis 

The photocatalytic performance of the PM-PIL NF membrane was evaluated through the 

degradation of methyl blue (MB) in an aqueous solution under visible light irradiation. MB, a typical 

azo dye, contains chromophoric azo groups that are primarily degraded via oxidative pathways. In 

the presence of oxidizing agents such as polyoxometalates (POMs) or ozone, the azo bonds undergo 

oxidative cleavage, leading to dye decolorization and mineralization. Therefore, MB was selected as 

a model pollutant to assess the visible-light-driven photocatalytic activity of the PM-PIL catalyst, and 

the corresponding degradation results are presented in Figure 4a [51]. 

To clarify the role of PM-PIL in the photocatalytic process, control experiments were conducted 

under identical conditions, including reactions without any catalyst and reactions using a simple 

physical mixture of polyacrylonitrile (PAN) and PMo. During the photocatalytic experiments, 

aliquots were withdrawn at regular intervals, and the concentration of MB was monitored by 

recording the UV–vis absorption spectra. As shown in Figure 4a, the degradation efficiency of MB 

under dark conditions was only approximately 1%, indicating negligible adsorption or self-

degradation of MB in the absence of light irradiation. 

In contrast, under visible light irradiation, the PM-PIL NF membrane exhibited outstanding 

photocatalytic activity, achieving up to 98% degradation of MB within the same reaction time. The 

gradual color fading of the MB aqueous solution during the reaction process is clearly illustrated in 

Figure 4c, further confirming the efficient photocatalytic degradation capability of PM-PIL. These 

results demonstrate that PM-PIL acts as an effective visible-light photocatalyst for MB degradation, 

benefiting from the synergistic interaction between PMo and the poly(ionic liquid) nanofiber 

matrix[52,53]. 

Moreover, as shown in Figure 4a,b, the photocatalytic degradation efficiency of MB reached only 

about 20% when a simple PAN/PMo mixture was used under the same experimental conditions. This 

significantly lower activity highlights the critical role of the PIL framework in enhancing 

photocatalytic performance. The immobilization of PMo within the PIL NF membrane not only 

improves light absorption and charge separation efficiency but also promotes effective contact 
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between the catalyst and the dye molecules. Consequently, the PM-PIL composite membrane exhibits 

superior photocatalytic efficiency compared to physically mixed systems. 

Overall, these results clearly demonstrate that the rational design of PM-PIL NF membranes 

enables efficient visible-light-driven degradation of MB, outperforming conventional polymer-

supported or physically blended photocatalysts. This enhanced performance can be attributed to the 

improved light-harvesting capability, effective charge transfer, and stable immobilization of PMo 

within the PIL nanofiber network, making PM-PIL a promising candidate for practical wastewater 

treatment applications. 

 

Figure 4. (a) UV–vis absorption evolution of methylene blue (MB) during the dark adsorption stage and the 

subsequent photocatalytic degradation under visible-light irradiation: (A) MB without photocatalyst, (B) MB in 

the presence of PAN/PMo blended sample, and (C) MB in the presence of PM–PIL under visible light. (b) 

Recyclability of the immobilized photocatalyst PM–PIL for MB photodegradation (catalyst loading: 1 mg mL⁻¹; 

20 mg catalyst dispersed in 20 mL aqueous solution; Mo concentration: 50 ppm). Aliquots were collected every 

100 min for a total of five samples. (c) Digital photographs showing the macroscopic appearance changes of the 

MB aqueous solution recorded every 10 min during the photocatalytic degradation process. 

The recyclability of heterogeneous photocatalysts is a critical factor for their practical 

application. To evaluate the reusability of the PM-PIL nanofiber (NF) membrane, the catalyst was 

recovered from the photocatalytic reaction system after each cycle, thoroughly washed with 

deionized water and ethanol three times, and then dried in a vacuum oven at 60 °C for 8 h. The 

regenerated PM-PIL NF membrane was subsequently reused for the next photocatalytic degradation 

experiment under identical conditions. 

As shown in Figure 4b, the PM-PIL NF membrane exhibits excellent cycling stability. After five 

consecutive photocatalytic cycles, the degradation efficiency of methyl blue remained as high as 98% 

of the initial value, indicating negligible loss of photocatalytic activity. This outstanding reusability 

demonstrates that PM-PIL is not only an efficient visible-light photocatalyst but also a robust and 

durable material suitable for repeated use. 

The superior recyclability of the PM-PIL NF membrane can be attributed to its freestanding 

nanofiber membrane structure, which enables facile separation from the reaction system without the 

need for additional centrifugation or filtration steps typically required for powder-based catalysts. 

Moreover, the strong electrostatic (Coulombic) interactions between the negatively charged PMo 

anions and the positively charged pyridinium groups within the PIL framework play a crucial role 

in stabilizing the immobilized photocatalyst. These interactions effectively suppress PMo leaching 

during the photocatalytic process, thereby maintaining high catalytic activity over multiple cycles. 

Overall, the combination of structural integrity, strong electrostatic immobilization, and 

membrane-based morphology endows the PM-PIL NF membrane with excellent reusability and 

operational stability. These advantages significantly enhance its potential for practical applications 

in wastewater treatment, offering a cost-effective, efficient, and recyclable solution for visible-light-

driven photocatalytic degradation of organic pollutants. 
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2.5. Photocatalytic Mechanism Analysis 

Based on the molecular energy levels and structural characteristics of the PM-PIL NF membrane, 

a plausible visible-light-driven photocatalytic mechanism is proposed and illustrated in Figure 5. 

According to the UV–vis diffuse reflectance spectroscopy (DRS) results, the PM-PIL composite 

exhibits a band gap energy of 3.09 eV, indicating its ability to absorb a broad range of ultraviolet and 

visible light. Further analysis using the Kubelka–Munk model suggests that the photogenerated 

electron migration energy of PM-PIL reaches approximately 0.09 eV, demonstrating efficient visible-

light absorption and charge transfer capability within the composite material [54]. 

 

Figure 5. Schematic illustration of the band structure of PM–PIL and the photogenerated charge-carrier 

separation/transfer behavior under light irradiation, showing the excitation of electrons from the valence band 

to the conduction band and the corresponding hole formation, as well as the subsequent charge separation and 

migration processes. 

The enhanced photocatalytic performance of PM-PIL can be attributed to the strong electrostatic 

interaction between the positively charged pyridinium groups in the poly(ionic liquid) matrix and 

the negatively charged PMo anions. This Coulombic interaction induces the formation of an internal 

electric field at the PMo–PIL interface, which effectively promotes the separation and directional 

migration of photogenerated charge carriers. As a result, the recombination of electron–hole pairs is 

significantly suppressed, thereby improving the overall photocatalytic efficiency. 

Previous studies have shown that polyoxometalates (POMs) can be regarded as low-

dimensional semiconductor-like materials with well-defined valence band (VB) and conduction band 

(CB) structures[55]. Under visible light irradiation, electrons in PMo are excited from the VB to the 

CB. The photogenerated electrons in the CB subsequently react with dissolved oxygen (O₂) adsorbed 

on the catalyst surface to generate superoxide radicals (O₂•⁻). Simultaneously, the photogenerated 

holes remaining in the VB interact with hydroxide ions (OH⁻) or water molecules to produce highly 

reactive hydroxyl radicals (•OH). These reactive oxygen species (ROS) play a dominant role in the 

oxidative degradation of methyl blue molecules adsorbed on the catalyst surface. 

Furthermore, hydrogen peroxide (H₂O₂), employed as an initiator in the reaction system, serves 

as an effective electron acceptor and ROS promoter. H₂O₂ can react with both •OH and O₂•⁻ radicals 
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to generate additional reactive oxygen species, thereby accelerating the photocatalytic degradation 

process and enhancing the overall reaction kinetics[56–58]. The synergistic effects of efficient light 

absorption, internal electric field-assisted charge separation, and abundant ROS generation 

collectively account for the outstanding visible-light photocatalytic activity of the PM-PIL NF 

membrane. 

In summary, the rational integration of PMo within the PIL nanofiber matrix not only improves 

light-harvesting capability but also facilitates charge carrier separation and transfer through 

electrostatic interactions. This synergistic mechanism under visible light irradiation endows the PM-

PIL NF membrane with superior photocatalytic performance, providing valuable insights for the 

design of advanced polymer-supported photocatalysts for environmental remediation. 

3. Experiment 

3.1. Materials and Methods 

Polyacrylonitrile nanofiber (PAN NF, average molecular weight = 150,000) electrospun 

membranes were purchased from Fushun Petrochemical Company (Fushun, China). N,N-

dimethylformamide (DMF), hydrogen peroxide (H₂O₂), propylenediamine, toluene, ethanol, 

phosphomolybdic acid (PMo), 1-bromobutane, methyl blue (MB), ethylene glycol, and acetone were 

obtained from Aladdin Reagent Co., Ltd. (Shanghai, China). All chemical reagents used in this study 

were of analytical grade and were used as received without further purification. 

Fourier transform infrared (FT-IR) spectra were recorded using a Nicolet iS50 FT-IR 

spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) to identify the chemical structures of 

the samples. The surface morphology and microstructure of the nanofiber membranes were observed 

using a scanning electron microscope (SEM, Hitachi S-4800, Hitachi Ltd., Tokyo, Japan). X-ray 

diffraction (XRD) patterns were collected on a Rigaku D/MAX-2500 diffractometer (Rigaku 

Corporation, Tokyo, Japan) using Cu Kα radiation (λ = 0.15406 nm) to analyze the crystalline 

structures of the materials. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a PHI 5000 

VersaProbe III system (Physical Electronics, Chanhassen, MN, USA) to determine the surface 

elemental composition and chemical states. UV–visible diffuse reflectance spectra (UV–vis DRS) were 

obtained on a UV–vis spectrophotometer (Shimadzu UV-2600, Shimadzu Corporation, Kyoto, Japan) 

equipped with an integrating sphere, and BaSO₄ was used as the reflectance standard. Photocatalytic 

degradation experiments were conducted under visible light irradiation using a 300 W xenon lamp 

(CEL-HXF300, CEAULight, Beijing, China) with a 420 nm cutoff filter to eliminate ultraviolet light. 

3.2. Sample Preparation 

3.2.1. Sample Preparation for Pyridine-Containing Polymer Membrane (PVPy) 

Polyacrylonitrile nanofiber (PAN NF) membranes (200 mg) were cut into small pieces and 

immersed in a mixed solution containing ethylene glycol (2 mL), propylenediamine (2 mL), N,N-

dimethylformamide (DMF, 20 mL), and deionized water (20 mL). The reaction mixture was heated 

to 80 °C and maintained under a nitrogen atmosphere for 4 h to promote the cyclization reaction of 

the nitrile groups. 

After completion of the reaction, the mixture was allowed to cool naturally to room temperature. 

The resulting modified membranes were thoroughly washed with deionized water and acetone three 

times to remove residual reagents and by-products. Finally, the membranes were dried in a vacuum 

oven at 60 °C for 8 h to obtain pyridine-functionalized poly(2-vinylpyridine) nanofiber membranes, 

denoted as PVPy[7]. 
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3.2.2. Sample Preparation for Bromide-Based Poly(ionic liquid) Nanofiber Membrane (Br-PIL) 

Pyridine-functionalized nanofiber membranes (PVPy NFs, 100 mg) were placed in a reaction 

flask containing N,N-dimethylformamide (DMF, 40 mL). Subsequently, 1 mL of 1-bromobutane was 

added to the system. The reaction mixture was heated to 80 °C and maintained at this temperature 

for 24 h to allow the quaternization reaction to proceed. 

After completion of the reaction, the system was cooled naturally to room temperature. The 

resulting light-yellow membranes were collected and thoroughly washed with deionized water and 

ethanol three times to remove unreacted reagents and residual solvent. Finally, the membranes were 

dried in a vacuum oven at 60 °C for 8 h to obtain the bromide-containing poly(ionic liquid) nanofiber 

membranes, denoted as Br-PIL. 

3.2.3. Sample Preparation for PMo-Based Poly(ionic liquid) Nanofiber Membrane (PM-PIL) 

Phosphomolybdic acid (PMo, 100 mg) and bromide-containing poly(ionic liquid) nanofiber 

membranes (Br-PIL, 20 mg) were dispersed in deionized water (40 mL). The mixture was stirred at 

60 °C for 4 h to complete the anion exchange process. 

After the reaction, the resulting gray–green membranes were collected and washed thoroughly 

with deionized water three times to remove excess PMo and residual bromide ions. Subsequently, 

the membranes were dried in a vacuum oven at 60 °C for 8 h. The final product, a poly(1-butyl-2-

vinylpyridinium) phosphomolybdate nanofiber membrane with PMo₁₂O₄₀³⁻ as the counter anion, 

was obtained and denoted as PM-PIL (as illustrated in Figure 6). 

 

Figure 6. Schematic illustration of the synthetic routes for PVPy, Br–PIL, and PM–PIL, including the preparation 

of pyridine-functionalized polymer (PVPy), subsequent quaternization to obtain Br–PIL, and the final 

assembly/ion-exchange with PMo to form PM–PIL. 

3.2.4. Sample Preparation for PM-PIL Nanofiber Membrane 

The synthesis route of the PM-PIL nanofiber (NF) membrane is illustrated in Scheme 1. Briefly, 

polyacrylonitrile (PAN) nanofiber membranes were first prepared by an electrospinning process. The 

nitrile groups in the PAN nanofibers were subsequently converted into pyridine functionalities 

through a cyclization reaction with propylenediamine, yielding pyridine-containing poly(2-

vinylpyridine) nanofiber membranes, denoted as PVPy. 

The obtained PVPy NF membranes were then subjected to a quaternization reaction with 1-

bromobutane to generate bromide-based poly(ionic liquid) nanofiber membranes (Br-PIL). Finally, 

an anion exchange reaction between Br-PIL and phosphomolybdic acid (PMo) was carried out to 

replace Br⁻ with PMo₁₂O₄₀³⁻, leading to the successful fabrication of PMo-based poly(ionic liquid) 

nanofiber membranes, referred to as PM-PIL. 
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This stepwise modification strategy enables the retention of the nanofibrous membrane 

morphology while introducing ionic liquid functionalities and photocatalytically active PMo species, 

providing a robust platform for visible-light-driven photocatalytic applications. 

3.3. Photocatalytic Degradation of Methyl Blue and Recycling Tests 

The photocatalytic performance of the samples was evaluated by the visible-light-driven 

degradation of methyl blue (MB) in an aqueous solution. A 500 W xenon lamp (CHFXQ500W, Beijing 

Chengxin Technology Co., Ltd., Beijing, China) equipped with a 400 nm cutoff filter was used as the 

visible light source to eliminate ultraviolet irradiation. The light intensity was adjusted to 100 mW 

cm⁻². 

The photocatalytic degradation experiments were carried out in an aqueous system. Typically, 

20 mg of PM-PIL nanofiber (NF) membrane and 10 mL of hydrogen peroxide (H₂O₂) were added to 

20 mL of MB aqueous solution with an initial concentration of 50 ppm. Prior to light irradiation, the 

suspension was magnetically stirred in the dark for 120 min to establish adsorption–desorption 

equilibrium. Subsequently, the reaction system was irradiated under visible light at room 

temperature for 2 h to initiate the photocatalytic degradation process. 

For comparison, control experiments were performed under identical conditions without 

adding any photocatalyst or by using a physical mixture of PAN and PMo instead of PM-PIL. During 

the photocatalytic reaction, aliquots were withdrawn at regular intervals (every 20 min), and the 

residual concentration of MB was monitored by measuring the UV–vis absorption spectra of the 

solution. 

To investigate the recyclability of the supported photocatalyst, the PM-PIL NF membrane was 

removed from the reaction system after each photocatalytic cycle, washed sequentially with 

deionized water and ethanol three times, and then dried in a vacuum oven at 60 °C for 8 h. The 

regenerated membrane was reused for subsequent photocatalytic degradation experiments under the 

same conditions. 

3.4. Characterization Methods 

The surface morphology of the samples was examined using a scanning electron microscope 

(SEM, Hitachi S-4800, Hitachi Ltd., Tokyo, Japan) operated at an accelerating voltage of 15 kV. The 

UV–visible absorption spectra of liquid samples were recorded using a UV–vis spectrophotometer 

(TU-1901, Purkinje General Instrument Co., Ltd., Beijing, China). 

The UV–vis diffuse reflectance spectra (DRS) of solid samples were obtained using a Shimadzu 

UV-2550 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) equipped with an integrating 

sphere, with BaSO₄ employed as the reflectance standard. The wavelength range for DRS 

measurements was set from 200 to 800 nm. 

Fourier transform infrared (FT-IR) spectra were collected on a PerkinElmer Spectrum 1600 FT-

IR spectrometer (PerkinElmer Inc., Waltham, MA, USA) to analyze the chemical structures of the 

samples. X-ray diffraction (XRD) patterns were recorded using a Rigaku D/max-2500 diffractometer 

(Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation (λ = 0.15406 nm) operated at 40 kV and 150 

mA. The diffraction data were collected over a 2θ range of 5°–90°. 

The anion exchange degree and surface elemental composition of the samples were determined 

by X-ray photoelectron spectroscopy (XPS, ESCA MK II, Kratos Analytical Ltd., Manchester, UK). 

Photoluminescence (PL) spectra were recorded using a fluorescence spectrophotometer (FS5-TCSPC, 

Edinburgh Instruments Ltd., Livingston, UK) equipped with a 150 W ozone-free xenon lamp as the 

excitation source. 

4. Conclusions 

In summary, a robust, flexible, and recyclable poly(ionic liquid) (PIL) nanofiber (NF) membrane 

was successfully fabricated by sequential cyclization, quaternization, and anion exchange 
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modification of low-cost polyacrylonitrile (PAN) nanofiber membranes. The resulting PM-PIL NF 

membrane effectively immobilized polyoxometalate (POM) photocatalysts and was applied to 

visible-light-driven photocatalytic degradation reactions in aqueous systems. 

The PM-PIL membrane exhibited excellent photocatalytic performance, achieving a degradation 

efficiency of approximately 98% under visible light irradiation, while maintaining nearly unchanged 

catalytic activity after five consecutive recycling cycles. The outstanding stability and reusability of 

the membrane can be attributed to the strong electrostatic interactions between the negatively 

charged POM anions and the positively charged pyridinium groups within the PIL framework, as 

well as the freestanding nanofiber membrane structure that enables facile recovery without 

additional separation steps. 

From an economic perspective, conventional PILs are expensive, with market prices reaching 

approximately USD 150,000 per kilogram, whereas PAN is several orders of magnitude less costly. 

By using PAN as a precursor, the overall material cost is significantly reduced, making the proposed 

strategy economically attractive. Moreover, unlike powder-based photocatalysts that require energy-

intensive centrifugation for recovery, the membrane-based photocatalyst offers a simple and efficient 

recycling process. 

To the best of our knowledge, this work represents the first report on a PM-PIL photocatalyst. 

The low-cost, functionalized PIL NF membrane developed in this study demonstrates strong 

potential for large-scale production and provides an economical and sustainable approach for visible-

light-driven photocatalytic degradation. By utilizing solar energy as a clean and renewable light 

source, this photocatalytic membrane system offers a promising pathway toward environmentally 

friendly and sustainable processes. Future research will focus on the development of photocatalysts 

with enhanced visible-light activity and the expansion of their applications in environmental 

remediation and beyond. 
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