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Stabilization of Flavin Mononucleotide by Capturing Its “Tail” 
with Porous Organic Polymers for Long-Term Photocatalytic 
Degradation of Micropollutants

Peixin Tanga, Bolin Jib, Gang Suna,*

aDepartment of Biological and Agricultural Engineering, University of California Davis, CA 95616, 
USA

bCollege of Chemistry, Chemical Engineering and Biotechnology, Donghua University, Shanghai, 
201620, China

Abstract

Flavin mononucleotide (FMN) produces photo-induced reactive oxygen species (ROS), making 

it a bio-based and sustainable photosensitizer for micropollutant degradation. However, the rapid 

self-degradation of FMN under light poses challenges in practical applications. We propose for 

the first time to use porous organic polymer (POP) structures as particles and in situ grown on 

nanofibrous membranes to capture the ribityl side chain (“tail”) of FMN by electrostatic-driven 

guest-host interaction. By restraining the free bending mode of FMN in POP, its self-degradation 

is highly inhibited, showing a prolonged half-life (102.7 and 79.7 times to that in solution and in 

β-cyclodextrin, respectively) without any impact on the ROS production even after 16 hours of 

UVA irradiation. As a proof-of-concept, the photocatalytic degradation efficiency of FMN-POP 

complexes can be achieved at 58–93% against micropollutants under UVA. The stabilization 

of FMN by the “tail” capture in the POP allows its photocatalytic degradation function to be 

continuously online.

Environmental Implication: Porous organic polymer (POP)-decorated bacterial cellulose 

nanofibrous membrane (BCM) improves the photostability of flavin mononucleotide (FMN) 

by 100 times, allowing it to show constant production of reactive oxygen species under 

repeated light irradiations. The as-fabricated photosensitive material is promising for long-

term photo-degradation of micropollutants in water stream. The combination of bio-based 

photosensitizer FMN with biodegradable fibrous substrate BCM provides a new approach of 

solving environmental pollution by an efficient, safe, lasting, and sustainable manner.
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1. Introduction

With the rapid development of modern industries around the world, the occurrence of 

water pollutions caused by persistent organic compounds, including dyes, pesticides, 

pharmaceuticals, and plastic precursors, has posed concerns to the ecosystem and human 

health (Lu, et al., 2017; Quesada, et al., 2019). Although porous adsorbents with high 

specific surface area and micro/mesopores, such as activated carbons (Delgado, et al., 2019; 

Wang, et al., 2021), metal-organic frameworks (MOF) (Joseph, et al., 2019; Ma, et al., 

2019), porous organic polymers (POP) (Alsbaiee, et al., 2016; Fan, et al., 2018), and zeolites 

(Jiang, et al., 2018; Vakili, et al., 2019) have been applied as adsorbents for wastewater 

treatments, challenges exist in the post-treatments of pollutant-contaminated slurries.

Photocatalytic degradation (shorted as photo-degradation) of micropollutants has attracted 

much attention in recent years because of the utilization of light as a renewable, easily 

available, and sustainable energy source (Gmurek, et al., 2017; Sahoo, et al., 2021). 

The usage of suitable photosensitizers (PS) could manipulate the requirement of high 

energy light (e.g., ultraviolet light, 254 nm) to UV lights with longer wavelengths (e.g., 

UVA, 365 nm) or even in the visible range, making the photo-degradation process more 

economical and safer. The incorporation of PS onto a solid support is crucial to avoid 

secondary pollution from added PS and to make PS be recyclable and reusable. In this case, 

3,3’,4’,4’-benzophenone tetracarboxylic dianhydride (Yi, et al., 2020), porphyrins (Neves, 

et al., 2019; Han, et al., 2021; Lyubimenko, et al., 2021), and rose Bengal-hybrid (Bielska, 

et al., 2015) were successfully incorporated onto fibrous materials and plastic films for 

efficient photo-degradation of different micropollutants. However, some of these PS possess 

potential toxicity despite their excellent photoactivity (Alharthi, et al., 2020; Lee, et al., 

2021; Routoula and Patwardhan, 2020). Thus, the exploration of natural-derived PS and the 

investigation of their photocatalytic functions have become a promising research direction.

Riboflavin (Rf), also known as vitamin B2, is a naturally derived photoactive compound 

that can be massively found in food. Its metabolite, flavin mononucleotide (FMN), is more 

promising in functional materials fabrication because of its good water-solubility. Due to no 

known safety concerns, FMN has a great potential to be used as a PS for water treatment. 
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Although FMN has been proved to be photoactive with the production of ROS, its fast 

self-degradation highly limited its practical use as an environmentally friendly, recyclable, 

and robust ROS generator for water treatments (Holzer, et al., 2005; Orsuwan, et al., 2019). 

The stability of FMN must be improved before it can be used as a naturally derived, green, 

and nontoxic PS in practical applications.

The self-degradations of flavin derivatives have been studied for more than thirty years 

(Rochette, et al., 2000; Schuman, et al., 1975; Insińska-Rak, et al., 2020). It was concluded 

that the intramolecular abstraction of hydrogens (H) from the ribityl side chain of FMN 

by their triplet excited states is the cause of its self-degradation (Schuman, et al., 1975; 

Insińska-Rak, et al., 2020). More importantly, this degradation process is governed by the 

free bending of the FMN molecules (Schuman, et al., 1975). The photostability of flavins 

could be improved by controlling the production of their triplet excited state, but their 

photo-reaction efficiency in water treatment was subsequently decreased as well (Huang, 

et al., 2004; Natera, et al., 2012; Cabezuelo, et al., 2021). Based on the mechanism of the 

self-degradation reaction, restraining the free bending of FMN by introducing molecular 

steric hindrance is considered as an alternative and effective approach in reducing and 

preventing the self-degradation of FMN. Porous organic polymers (POP) are materials 

with high specific surface area and unique micro/mesopores, which have shown excellent 

adsorption capacity and served as host molecular carriers of selected guest chemicals (Lu, et 

al., 2021). Thus, POP material could be a potential carrier to capture FMN and prevent its 

self-degradation hypothetically.

Herein, we propose for the first time to use a triazine-based POP structure as a carrier 

to capture the ribityl side chain of FMN. The formation of the FMN-POP complexes is 

expected to inhibit the self-degradation of FMN by restraining its free molecular bending 

because of the large steric hindrance from the POP. With the success of in situ growing POP 

particles on bacterial cellulose nanofibrous membrane (BCM), the inhibition of FMN self-

degradation was retained and demonstrated on a flexible fibrous material. The FMN-POP 

complex on the BCM (FMN-POP@BCM) provides benefits for photocatalytic degradation 

of micropollutant with easy handling and recyclability compared with the relevant particles. 

As a proof-of-concept study, both FMN-POP particles and FMN-POP@BCM are employed 

to perform UVA-irradiated degradation to a span of micropollutants with various molecular 

sizes and charges. The significant improvement of FMN photostability as forming FMN-

POP complex allows the photo-degradation function of such materials to be continuously 

online. These findings demonstrate the effectiveness of using POP to inhibit the FMN 

self-degradation and helping to achieve its long-term and repeated uses for wastewater 

treatments in a safer and greener manner.

2. Materials and methods

2.1 Chemicals

Flavin mononucleotide (FMN) and N, N’-dimethyl-4-nitrosoaniline (p-NDA) were 

purchased from Spectrum Chemicals & Laboratory Products (Gardena, CA, USA). 

Melamine, cyanuric chloride, 1-naphthol (NPT), 1-aminoanthraquinone (AAQ), bisphenol 

A (BPA), reactive blue 4 (RB4), methylene blue (MB), L-histidine, lumichrome, and 
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riboflavin (Rf) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Bacterial 

cellulose nanofibrous membrane (BCM) was bought from ZHONGBC, Hainan Guangyu 

Biological Technology Co. Ltd. (Hainan, China). All solvents were purchased from Fischer 

Scientific (Waltham, MA, USA). All chemicals were used as received.

2.2 Synthesis of POP and in situ growth on bacterial cellulose nanofibrous membrane 
(BCM)

The synthesis of a triazine-based POP was carried out by following our previous protocol 

(Tang, et al., 2021). With a sufficient purge of N2 gas into the synthesis system using a N2 

gas tank for 10 min, the overoxidation of the POP is avoided. The final POP particles show a 

white color, and the actual yield was weighted and calculated as 78.88%.

The in situ growth of POP on BCM (POP@BCM) followed the procedures reported 

previously with modifications (Tang, et al., 2021). Specifically, BCM (~0.5 g) was first 

immersed in dimethylacetamide (DMAc) for 24 h to process a solvent exchange since water 

in the membrane could induce the hydrolysis of cyanuric chloride and lower the grafting 

ratio of POP. Then, the resultant BCM was transferred into 100 mL DMAc containing 2.8 

mmol of cyanuric chloride and 1 mL of Et3N for BCM activation. This process lasted for 

60 min at 0 °C in an ice-water bath. The activated membrane was then immersed in 100 mL 

dimethyl sulfoxide (DMSO) containing 5.6 mmol of melamine with 1 mL of Et3N as the 

catalyst. An additional 2.8 mmol of cyanuric chloride in 20 mL of DMSO was added to the 

above system. The reaction was sealed after N2 gas purging for 10 min, and then reacted 

at 150 °C for 24 h. The resultant POP@BCM was obtained by washing the material with 

DMSO, H2O, and MeOH, and dried at 60 °C under vacuum for overnight. The grafting ratio 

was calculated based on the weight gain of the membrane as 92.03%.

2.3 Fabrication of FMN decorated POP particles (FMN-POP) and nanofibrous membranes 
(FMN-POP@BCM)

The assemble of FMN in POP particles and on POP@BCM was achieved through 

adsorption at room temperature. Different initial concentrations of FMN ranging from 

50 mg/L to 1000 mg/L in distilled water were prepared. Around 200 mg of POP or 

POP@BCM was put into 30 mL FMN solution. At different adsorption time points, the 

residual concentration of FMN in the solution was collected and measured by a UV-vis 

spectrophotometer (Evolution 600, Thermo Fisher, USA) (the original solution was diluted 

by 10 times) based on a calibration curve of y = 0.0014x+0.0004, R2 = 0.9999. The y is 

the absorbance intensity at 446 nm, and x is the concentration of FMN in a unit of mg 

L−1. The FMN uptake on the POP and POP@BCM at adsorption equilibrium was measured 

by inductively coupled plasma mass spectrometry (ICP-MS), and the results are shown in 

Fig. S1a. The detailed ICP-MS testing procedures are shown in the following section. The 

time-dependent adsorption curves of FMN on the POP and POP@BCM were plotted by 

measuring the initial and residual FMN concentrations in the solutions at specific timepoint 

by using UV-vis spectrophotometer (Fig. S1b–c). The bright yellow FMN-POP particles and 

FMN-POP@BCM were dried at 60 °C under low pressure overnight.
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2.4 Characterizations

The SEM images were captured by a Quattro ESEM (Thermo Fisher Scientific, MA, 

USA). All the samples were coated with a thin layer of gold (~10 nm) before SEM 

scanning. The diffuse reflectance UV-vis spectra were obtained by an Evolution 600 UV-

vis spectrophotometer (Thermo Fisher Scientific, MA, USA). N2 adsorption-desorption 

isotherms were obtained from a physisorption system of ASAP 2020 (Micromeritics Co., 

GA, USA). The samples were de-gassed at 60 °C for 4 h before testing. The Brunauer-

Emmett-Teller (BET) surface areas and porous structures were calculated according to BET 

and Horvath-Kawazoe (HK) theory models. 1H NMR spectra were collected using a Bruker 

400 MHz NMR spectrometer (MA, USA). Deuterium oxide and deuterium chloroform were 

used as the solvents. The fluorescence spectra of FMN-in-water and FMN-POP suspensions 

were collected in a SpectraMax ID5 spectrometer (Molecular Devices CA, USA) with an 

excitation wavelength at 365 nm. The spectra were acquired in the range of 400–700 nm. 

The sample was prepared by dispersing different amounts of POP particles in 10 mL 100 

mg L−1 FMN solutions and incubated under dark at room temperature for 24 h to ensure 

the capture of FMN by POP reached equilibrium. ICP-MS results were acquired in an 

Agilent 7500a ICP-MS (Agilent Technologies Inc., CA, USA) after a microwave digestion 

treatment with a CEM Mars6 Microwave reactor (CEM Co., NC, USA). Specifically, 

precisely weighted (100 mg) samples were treated by 10 mL of concentrated HNO3 and 

were brought up to a final volume of 20 mL with MilliQ water, resulting in clear solutions. 

The microwave digestion program was performed by heating the system to 200 °C within 15 

min and holding at 200 °C for another 15 min with digestion power of 1800W.

2.5 Measurement of FMN and lumichrome

The concentration of FMN in solution was directly measured using the UV-vis 

spectrophotometer. Its concentration in the FMN-POP particles and FMN-POP@BCM was 

extracted by 10 mL of 0.02 M NaOH overnight. The extracted solution was measured by 

recording the UV-vis absorbance intensity at 446 nm. On the other hand, the quantification 

of lumichrome in/on different systems, including FMN solution, FMN-POP, and FMN-

POP@BCM, was performed using chloroform as the extraction solvent. For solution 

samples, 1.5 mL of chloroform was added into 1 mL of sample solution, and the mixture 

was vortexed vigorously for 30 s. In the case of membrane samples, 10 mL of chloroform 

was used to wash the tested membrane under vortex for 30 s. Then, the chloroform layer was 

collected for UV-vis measurements in quartz cuvettes. The concentration of lumichrome was 

calculated based on a calibration curve of y = 0.0217x+0.0074, R2 = 0.9988, where y is the 

absorbance intensity at 352 nm, and x is the lumichrome concentration in a unit of mg L−1. 

The calibration curve was obtained by preparing a serial of lumichrome standard solutions 

in chloroform. The UV-vis spectra fit of standard lumichrome in chloroform, and chloroform 

extracted photolysis product are shown in Fig. S2.

2.6 Measurement of ROS

The measurements of hydroxyl radical (HO•) and singlet oxygen (1O2) were achieved by 

using p-NDA and p-NDA/L-histidine solutions prepared in phosphate-buffered saline (PBS, 

pH = 7.4), respectively (Zhang, et al., 2019; Zhang, et al., 2021). The light source was 

Tang et al. Page 5

J Hazard Mater. Author manuscript; available in PMC 2024 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



provided by a Spectrolinker™ 1500-XL crosslinker box (Spectronics Co., NY, USA) with 

six 15 W UVA bulbs. The UVA intensity was measured as 30 W m−2 by an Ultra-Violet 

radiometer (Fisher Scientific, MA, USA). FMN-POP particles or FMN-POP@BCMs were 

weighted as around 20 mg in a 20 mL glass vial. Then, 10 mL of 40 μM p-NDA or 120 μM/

0.10M p-NDA/L-histidine solutions were added to the vial. The vials were exposed to light 

for a specific duration, and the residual concentrations of p-NDA were determined by UV-

vis spectroscopy based on a calibration curve of y = 0.3387x-0.0095, R2 = 0.9998. Where 

y is the absorbance intensity at 430 nm, x is the concentration of p-NDA (10−5 M). The 

bleaching of p-NDA is mainly attributed to HO• production, while the co-existence of HO• 

and 1O2 causes the bleaching of p-NDA/L-histidine system. The generation of 1O2 in the 

system was determined based on the p-NDA consumption difference between the p-NDA 

and p-NDA/L-histidine systems. It is important to note that after 30-min of UVA irradiation, 

all p-NDA in the p-NDA/L-histidine system was consumed by produced 1O2 from FMN-

POP particles, so the 1O2 measurement (i.e., from 30 min to 90 min) was continued by 

transferring the particles to another 10 mL of p-NDA/L-histidine solution. Since the FMN-

in-water system could not be recycled, the measurement of its 1O2 production was only 

tested for 45 min until all p-NDA was consumed.

H2O2 was quantified based on the oxidation of potassium iodide (Zhang, et al., 2021). 

Specifically, solution A was prepared with 66 g L−1 potassium iodide, 2 g L−1 sodium 

hydroxide, and 0.2 g L−1 ammonium molybdate tetrahydrate in distilled water. Solution B 

was made by dissolving 20 g L−1 potassium hydrogen phthalate in distilled water. During 

the test, 20 mg of FMN-POP or FMN-POP@BCM was immersed in 10 mL of distilled 

water in a 20 mL glass vial and exposed to light for different durations. At each testing time 

point, 1 mL of the sample solution was collected and mixed with 1 mL of solution A and 1 

mL of solution B. The mixture was shaken in dark for 5 min before the UV-vis spectroscopy 

test. The produced H2O2 (μM) was quantified by recording the absorbance intensity at 350 

nm and calculated based on a calibration curve of y = 0.0094x+0.0187, R2 = 0.9993.

The relative quantum yield of 1O2 of FMN-in-water and FMN-POP complex were measured 

by using rose Bengal as a benchmark photosensitizer (Paczkowski, et al., 1985). The 

concentration of rose Bengal, FMN both in water and in FMN-POP were controlled as 

5 mg L−1. The relative quantum yield was calculated based on the consumption amount of 

10 mL 60 μM p-NDA by generated 1O2 from per mole of photosensitizer after 10 min of 

UVA irradiation.

2.7 Photocatalytic degradation studies

Photocatalytic degradation studies were performed in 20 mL glass vials. In studies involving 

POP, FMN-POP and FMN-POP@BCM, the materials (20 mg) were incubated with 10 

mL of 0.1 mM pollutants in the XL-1500 crosslinking box equipped with six 15 W UVA 

(365 nm) bulbs (UVA intensity = 30 W m−2). The initial concentrations of the pollutants 

were much higher than the environmentally relevant values to ensure the photocatalytic 

efficacy of FMN-POP complexes for real applications (Alsbaiee, et al., 2016; Oulton, et 

al., 2010). The direct photo-degradations of pollutants were performed under the same 

condition without addition of materials as controls. After a specific light irradiation duration, 
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1 mL of solution was collected and scanned in the UV-vis spectrophotometer for residual 

concentration determinations of BPA, MB (diluted by 10 times), and RB4. Given the turbid 

solutions of NPT and AAQ, 1.5 mL of chloroform was vortexed with 1 mL of the sample 

solution for 30 s. Then, the chloroform phase was collected for pollutant concentration 

determination by UV-vis spectroscopy. The calibration curves and limit of detection (LOD) 

of each pollutant are summarized in Table S1.

The efficiency of pollutant photo-induced degradation (in %) was determined according to 

Equation (1).

Degradation efficiency = C0 − Ct
C0

× 100 %

(1)

Where C0 (mM) and Ct (mM) stand for the pollutant concentrations before and after photo-

degradation, or physical adsorption under the dark condition.

2.8 Computational calculations

All theoretical calculations, including ground-state structure optimization and frequency 

calculation, were performed with Gaussian 09 at unrestricted DFT-B3LYP/6-311G(d,p) level 

of theory. The UV-vis spectra were predicted based on the TD-DFT-B3LYP/6-311G(d,p) 

level of theory under vacuum or in H2O system. The HOMO and LUMO orbital images 

were obtained based on optimized geometries and viewed by GaussView 5.0.

3. Results and discussion

3.1 Fabrication of FMN-POP complex and its stabilization function

In this study, the term of “self-degradation” is used to describe the degradation of FMN 

under light treatment, while the “photocatalytic degradation” or “photo-degradation” stands 

for the removal of micropollutants under light treatment. With an energy input (e.g., light 

irradiation), there is a trend to convert FMN from an unfolded geometry to a folded one (Fig. 

1a), making the intramolecular H-abstraction and subsequent self-degradation “sterically” 

allowed. The POP synthesized from cyanuric chloride and melamine possesses cationic 

feature, ultrahigh specific surface area (SBET = 1843.35 m2 g−1), micropores (pore width 

= 0.783 nm), and large pore volumes (2.023 cm3 g−1), making it a structural stabilizer 

of FMN via formation of a complex structure (see detailed characterizations of POP and 

its related materials including FMN-POP particles, POP@BCM, and FMN-POP@BCM in 

the Supplementary Material in Fig. S3–S10). Considering the pore size fit, the capture 

of FMN by POP driven by electrostatic-driven guest-host interaction could be achieved 

by filling the POP micropores by the ribityl side chain (i.e., the “tail”) of FMN (Fig. 1b 

and Fig. S9). In this case, the large molecule of POP restricts the movement (such as the 

bending back) of the isoalloxazine ring (i.e., the FMN’s “head”), thus sterically inhibiting 

intramolecular H-abstraction and self-degradation. Here, the microporous POP behaves like 

a magic golden fillet of monkey king described in the popular Chinese classic novel named 

The Journey to the West (Fig. 1b). Proved by experimental results, FMN dissolved in the 
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water system (FMN-in-water) was unstable under ultraviolet light (UVA, 365 nm) exposure. 

The concentration of FMN in water dropped quickly within minutes and almost disappeared 

after 45 min of light exposure. The degradation of FMN can be plotted according to the 

first-order kinetics with a rate constant (kd) of 0.074 min−1. The fast decomposition of FMN 

was also found under daylight exposures (kd = 0.0178 min−1) or nitrogen atmosphere (kd = 

0.0585 min−1) (Fig. S11 and Table S2). On the contrary, the degradation of FMN in POP 

(FMN-POP) could almost be ignored within hours of UVA irradiations. With prolonging 

the UVA irradiation time to 16 h, the FMN can still be retained around 55% (Fig. 1c). 

The FMN self-degradation rate constant, in this case, was plotted as 0.00072 min−1, and 

its stability has been improved by 102.7 times. The capture of FMN in POP successfully 

extended the half-life of FMN from 9.37 min to 16.05 h (Fig. 1c and Table S2). Given 

the self-degradation mechanism of FMN (Schuman, et al., 1975), the H-donating function 

of POP could also play an essential role in the photo-stability of FMN by replacing the 

H-donation potential of the FMN side chain (Tang, et al., 2021). To further understand the 

stabilization mechanism, the H-donor sites in the POP were purposely consumed by reacting 

with methyl iodide (MeI) (Fig. S12a–b). The photo-stability of FMN in the FMN-POP-MeIx 

(x refers to the volume of MeI injected and incubated with the FMN-POP particles for 24 h) 

was even improved than that of the FMN-POP, with more than 70% FMN retained after 16 

h of UVA irradiation (Fig. S12c). This improved stability is caused by the decreased ROS 

production from the FMN-POP-MeIx system due to the loss of H-donors from POP (Fig. 

S12d), which is consistent with our previous results and the literature (Huang, et al., 2004; 

Natera, et al., 2012; Tang, et al., 2021). Thus, the stabilization mechanism of the FMN-POP 

complex has been proved as the restraining effect on the FMN bending provided by the 

“magic golden fillet” of POP rather than its H-donor feature.

The major product of the self-degradation of FMN, lumichrome, can be easily detected from 

FMN-in-water system after 5 min of UVA treatment. By increasing the light irradiation time, 

the concentration of lumichrome in the system increased to 212.31 μmol L−1 at 30 min 

and slightly decreased as further prolonging the photo-irradiation to 60 min. The decrease 

of lumichrome production could be caused by the decomposition of lumichrome by the 

generated ROS from FMN. Interestingly, the production of lumichrome was comparable 

to the initial concentration of FMN (250 μmol L−1), confirming that lumichrome is the 

major product of the FMN self-degradation. The side products can contain lumiflavin and 

others (Holzer, et al., 2005). However, the addition of POP in the FMN system significantly 

inhibited the self-degradation of FMN. The inhibition effect was enhanced by increasing 

the molar ratio of POP: FMN from 0:1 to 26.0:1, resulting from that more FMN molecules 

were able to be captured by the POP. When the POP: FMN ratio reached 10.4:1 or 26.0:1, 

the production of lumichrome became negligible during the testing period. It can also be 

estimated that each FMN molecule was captured by a space constructed by tens of layers of 

POP repeating rings (i.e., been built by six triazine rings connected by secondary amines).

Interestingly, the fluorescence of FMN has been quenched when the FMN-POP complex 

was formed. As shown in Fig. 1e, increasing the molar ratio of POP: FMN, the fluorescence 

intensity dropped accordingly from 3.15×108 to 8.40×105, which further indicated the 

complex formation between FMN and POP. The fluorescence quenching in the FMN-POP 

complex is a result of photo-induced electron transfer (PET) effect as that FMN and POP 
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worked as an electron acceptor and an electron donor, respectively (Rhee, et al., 2009). 

This interaction can be experimentally proved by matching the electrochemical properties 

of POP and FMN according to the reported experimental results (Xue, et al., 2018; Xie, 

et al., 2020; Leonat, et al., 2013). The HOMO and LUMO energy levels of POP and 

FMN were reported as –4.155 eV and –4.900 eV, respectively, making the electron transfer 

from POP to FMN allowed. Additionally, the electron transfer between POP and FMN was 

predicted via the density functional theory (DFT) (Fig. 1f and Fig. S13). The predicted result 

shows a characteristic absorbance at 353.55 nm, which refers to the intermolecular electron 

transfer from the triazine-N in POP (HOMO-1 orbital of the FMN-POP complex) to the 

isoalloxazine ring of FMN (LUMO orbital of the complex) (Fig. 1g). On the other hand, the 

absorbance of FMN at 429.57 nm, which is attributed to the intramolecular electron transfer 

of the isoalloxazine ring (i.e., nHOMO–π*LUMO), kept constant in the FMN-POP complex, 

ensuring no impact on photoactivity of FMN. The FMN characteristic peaks at 371 nm and 

445 nm undergo a redshift to 383 nm and 467 nm in FMN-POP, respectively, which further 

proved the intermolecular interaction between FMN and POP. The photo-induced excitation 

process of FMN molecule was also predicted under DFT, and the results are summarized in 

Fig. S14–S16.

To get a concrete insight into the complex geometry of FMN-POP, several tests have been 

conducted. Based on the cationic feature of POP under acidic and neutral conditions (see 

Zeta potential results in Fig. S8), the interaction between POP and FMN (mainly on the 

“tail” end) can be governed by an electrostatic interaction, and an alkaline solution could 

break this connection. As a result, 76% of the FMN can be washed off from the FMN-POP 

particles by 0.02 M NaOH solution. Secondly, the stabilization effect of POP toward Rf 

(vitamin B2) was examined. Due to the lack of anionic groups in Rf, its photostability in the 

POP complex can only be improved by 7.74 times compared with that in the solution (Fig. 

S17 and Table S3). Moreover, β-cyclodextrin (β-CD), a popular natural-based adsorbent 

with a hydrophobic cavity (pore width = 0.60–0.65) (Saenger, 1980), was used to capture 

FMN, and the photostability of the complex was tested for comparison. With a molar ratio 

of β-CD: FMN = 10.4: 1, the self-degradation of FMN could not be highly improved, which 

degradation rate constant was examined as 0.0574 min−1 and the half-life only increased 

to 12.08 min, respectively. The fourth strategy was conducted by comparing the uptakes 

of FMN and lumichrome on POP. Because the lack of an anionic “tail” in lumichrome 

structure, the molar uptake of lumichrome was only one-third to that of the FMN, which is 

consistent with the removable amount of FMN in alkaline solutions. Here, the adsorption of 

lumichrome is mainly due to the π–π stacking from the ultrahigh specific surface area of 

POP.

In conclusion, the capture of FMN in POP is dominated by the interaction between the 

anionic “tail” in FMN and the cationic POP, and the complex structure restrains the free 

bending back of the “head” to undergo the intramolecular H-abstraction from the “tail” (Fig. 

1b).

The photocatalytic production of ROS, including hydrogen peroxide (H2O2), HO•, and 1O2 

by FMN-in-water and FMN-POP was examined under the UVA irradiation. As shown in 

Fig. 2a, the production of H2O2 from the FMN-in-water was initially higher than that of the 

Tang et al. Page 9

J Hazard Mater. Author manuscript; available in PMC 2024 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FMN-POP particles (i.e., from 0 to 30 min), but no more production was noticed afterward. 

The production of H2O2 from FMN-POP particles kept linearly increasing with prolonging 

the irradiation time. The generation of HO• from the FMN-in-water and the FMN-POP 

particle showed a comparable increasing trend under the UVA irradiation (Fig. 2b). The 

continuous growth of HO• from the FMN-in-water could be caused by the decomposition 

of pre-generated H2O2 in the system. In addition, the production of 1O2 was monitored, and 

the results are shown in Fig. 2c. Similar to the trend of H2O2 generation, the production 

of 1O2 from the FMN-in-water reached the maximum after 10 min of light irradiation, but 

the FMN-POP particles could continuously produce 1O2 (Fig. 2c). According to the poor 

FMN photostability in solution (Fig. 1c–d), its photodegraded products (i.e., lumichrome) 

could also contribute to the generation of 1O2 during the measurement. Lumichrome was 

reported as a good 1O2 producer with a quantum yield of 0.85 in methanol (Sikorska, 2004), 

while this value for FMN was only 0.51 (Baier, et al., 2006). Comparing the generation 

amounts of HO• and 1O2, the type II photoreaction (i.e., performing 1O2 production) 

of FMN either in solution or in POP is dominant over the type I (i.e., production of 

H2O2 and HO•). Surprisingly, the constant production of sufficient amounts of ROS was 

observed by UVA-aged FMN-POP particles, even after 16 h of UVA-irradiations (Fig. S18). 

Given the excellent photostability, FMN-POP particles exhibited continuous photocatalytic 

production of ROS, allowing such materials capable for green, robust, and long-term photo-

degradations of environmental micropollutants.

Comparing to the production of 1O2 by rose Bengal, which is a well-accepted benchmark 

photosensitizer with a known 1O2 quantum yield in water (φ=0.75) (Paczkowski, et al., 

1985), the relative 1O2 quantum yields of FMN-in-water and FMN-POP particles can be 

obtained (Fig. 2d). The measured relative quantum yield of FMN (φ=0.569) is slightly lower 

than that of the rose Bengal. The decreased quantum yield of FMN-POP particles (φ=0.430) 

could be caused by its water insolubility. The macroscale aggregation of FMN-POP particles 

could cause a self-quenching effect, which can be ignored in the case of FMN-in-water.

3.2 Incorporation of FMN-POP complex on BCM

By in situ growing POP on BCM, the inhibition of the FMN self-degradation of the complex 

system could also be achieved on a flexible fibrous material, making applications of such 

materials in photocatalytic decontamination of water practical and feasible. Taking the 

same chemistry that was applied in growing POP on cotton fibers (Tang, et al., 2020), 

POP was homogeneously grafted on the BCM. The SEM and BET results proved the 

homogenous growth of POP on the BCM, thus allowing the POP@BCM to possess a 

high specific surface area (SBET = 255.52 m2 g−1) and massive porosity (pore volume 

= 0.743 cm3 g−1) (Fig. S3). As a comparison, FMN was adsorbed on a quaternary 

ammonium salt modified BCM (Cationic@BCM), and its modification process is available 

in the in the Supplementary methods and Fig. S19. The Cationic@BCM can provide 

the desired electrostatic interactions between the cationic cellulose and anionic FMN but 

without the “magic golden fillet” capturing function on the ribityl side chain of FMN. 

Under SEM imaging, the uniform growth of nanosized POP on the BCM enlarged the 

fiber diameter of POP@BCM from 68.03±16.62 nm to 107.53±20.20 nm, while the 

Cationic@BCM showed minor changes to the fiber morphology and diameter (Fig. 2a and 
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Fig. S20). The incorporation of FMN on POP@BCM and Cationic@BCM was achieved 

by physical adsorption at room temperature (see FMN uptake results in Fig. S1). Firstly, 

the photostability of FMN on the two types of membranes (i.e., FMN-POP@BCM and 

FMN-Cationic@BCM) were examined by performing diffuse reflectance UV-vis spectra 

(DRS) according to different UVA irradiation times. The fast degradation of FMN on 

Cationic@BCM can be noticed after 5 min of light exposure, presenting a drop of peak 

intensity of FMN at 450 nm (Fig. 3b–c). The peak intensity of FMN-POP@BCM also 

decreased but retaining its peak pattern in the range of 330–600 nm. To get an insight into 

the chemical component changes on these two membranes after UVA irradiation, different 

solvents were used to extract specific compounds from the membranes for identification 

and quantification. In detail, FMN residues on the membranes were washed off by 0.02 

M NaOH solution, while chloroform was used to extract photodegraded products from the 

solution. As summarized in Fig. 3d, the concentration change of FMN on two membranes 

was consistent with the DRS results. The FMN content on the Cationic@BCM dropped 

in the first 5 min and continuously decreased to around 35% of its original concentration 

after 60 min of UVA irradiation, whereas the loss of FMN on the POP@BCM was much 

slower, presented around 70% FMN retention after 60 min of UVA irradiation. On the 

other hand, the produced lumichrome can only be detected on the FMN-Cationic@BCM, 

while no detectable lumichrome was found on the FMN-POP@BCM (the detection limit of 

lumichrome from UV-vis spectroscopy was tested as 0.045 μM).

The above phenomenon triggered us to investigate the slight decrease of the absorbance 

on FMN-POP@BCM under the UVA irradiation. According to the photoreaction diagram 

of flavins illustrated in Fig. 3f, the triplet excited state of FMN can abstract H from its 

surrounding H-donors to generate its reduced form, flavin semiquinone, which shows a 

decreased absorbance intensity, specifically in the visible range (~400 nm), than the parent 

FMN. The reduced form of FMN can be converted back to FMN after interactions with 

sufficient O2, which ensures the regeneration of FMN for photocatalytic water degradations. 

The generation of reduced FMN (i.e., flavin semiquinone) can also be noticed from the 

DRS results as a peak gradually appeared around 300 nm, which was proved by the DFT 

calculation (S2, 282.65 nm) (Fig. S21).

The continuous production of ROS on the FMN-POP@BCM is essential to be monitored. 

As shown in Fig. 3g–i, the generation of type I and type II ROS was quantified for six cycles 

(each cycle lasted 60 min). Given the stabilization function of POP, the FMN-POP@BCM 

can continuously produce all three types of ROS in each cycle. Since the occurrence of type 

I and type II photoreactions is always competitive, both consuming the triplet excited state 

of FMN, the close position of FMN to POP (i.e., good H-donors) in the complex could 

favor the type I reaction and result in the constant production of H2O2 and HO• as the UVA 

irradiation time is increased. Aging of the materials is shown by the gradual decrease of the 
1O2 production (Fig. 3i). However, the FMN-Cationic@BCM was only able to sufficiently 

generate ROS in the first cycle. In other words, the FMN-Cationic@BCM is only suitable 

for one-time use due to the self-degradation of FMN, while FMN-POP@BCM could 

continuously provide the photocatalytic micropollutant degradation for a longer duration.
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3.3 Micropollutants removal and photo-degradation

The fabrication processes of FMN-POP and FMN-POP@BCM and their applications on 

micropollutant photo-degradation are exhibited in Scheme 1. The ultra-high specific surface 

area and permanent porosity of POP structures enable the massive and stable uptake of 

FMN in the resultant materials for efficient and continuous production of ROS under light 

irradiation. Meanwhile, the high specific surface area of the FMN-POP@BCM also provides 

adsorption sites to interact with pollutants, which is crucial to the photo-degradation 

efficiency achieved by the short-lived ROS. The photo-degradation functions of FMN-POP 

particles and FMN-POP@BCM were examined by challenging the materials with a span of 

micropollutants in aqueous solutions, including endocrine disruptor, organic dyes, pesticide 

metabolites, and aquatic hazards (Fig. 4a). Specifically, bisphenol A (BPA) is an endocrine 

disruptor from plastic products; methylene blue (MB) and reactive blue 4 (RB4) are cationic 

and anionic dyes that were applied as medication and in textile industries; 1-naphthol (NPT) 

is a metabolite from insecticides of carbaryl and naphthalene; and 1-aminoanthraquinone 

(AAQ) is a colorant used in drugs, textiles, and food but toxic to aquatic lives. The 

FMN loading amount of 34.21 mg g−1 on the complexes was selected based on the ROS 

production and the degradation efficiency toward RB4 as a pollutant representative (Fig. 

S22 and S23). Under UVA irradiation, both FMN-POP particles and FMN-POP@BCM 

showed 58–93% removals of the parent compounds (synergistic effect of photo-degradation 

and physical adsorption) of all tested pollutants from the water system within 180 min. 

However, the removals of these pollutants either with POP under UVA irradiation (Fig. S24) 

or with FMN-POP under dark condition (Fig. 4c and 4e) presented slower rates and lower 

uptakes, revealing the essential role of ROS produced by FMN complexes in facilitating 

micropollutant photo-degradation. It is also worth to note that the self-degradation of the 

pollutants under UVA irradiation can be ignored compared with the clean-up efficiency that 

was achieved under FMN-POP photocatalysis scenario. Although the intrinsic production 

of ROS by MB is well-known, the MB self-degradation under UVA only reached to 20% 

(Fig. S24). The optical images of the samples under photocatalytic degradation by the 

FMN-POP@BCM are shown in Fig. S25. Meanwhile, negligible FMN leaching from the 

complexes was found under acidic and neutral conditions and different temperatures, which 

ensured the material stability under the environmentally relevant and wide-scale conditions 

(Fig. S26).

In addition, different photo-degradation rates and efficiencies could be noticed among all 

tested compounds, which were highly related to their molecular sizes and charges. The 

efficiency difference was more evident by using FMN-POP@BCM as the photo-degradation 

material (Fig. 4d). For instance, the rates of detoxifying neutral compounds are mainly 

determined by the size (predicted from DFT calculation) and the conjugation complexity 

(evaluated by the degree of unsaturation (DoU)) of the molecules (Table S4). The photo-

degradation of the simplest NPT was most efficient and followed by that of BPA and AAQ, 

which possess similar molecular sizes, yet the latter one has a more extensive conjugated 

system. The charges on the pollutants also play an essential role in controlling the photo-

degradation performance of the materials. RB4 is an anionic dye, while MB contains a 

positive charge, which led to different degradation efficiency. The electrostatic interaction 

between anionic RB4 and cationic POP allowed more physical uptakes and close contact of 
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RB4 with the detoxifying material surfaces, where the reactive and short-lived ROS were 

densely produced and efficiently functioning. In this case, the photo-degradation efficiency 

of RB4 by the FMN-POP@BCM could be achieved as 88.88%, in the second place among 

five tested pollutants, even though that its large molecular size could limit the adsorption 

kinetics and uptake capacity to some degree (Table S4). Under the dark condition, around 

60% of RB4 was adsorbed on the FMN-POP@BCM. On the contrary, the electrostatic 

repulsion between POP and MB resulted in slower and less efficient photo-degradation of 

MB, with photo-degradation efficiencies achieved at 79.83% and 56.54% on FMN-POP 

particles and FMN-POP@BCM, respectively (Fig. 4b–e). The weakest adsorption ability 

of the materials toward AAQ is because of its low water solubility. In conclusion, the photo-

degradation efficiencies of FMN-POP particles and FMN-POP@BCM membrane against 

pollutants are highly related to the physicochemical properties of the target chemicals.

We employed 1H NMR to check the chemical components in the system after photo-

degradation. The decrease or disappearance of characteristic peaks of pollutants can be 

noticed (Fig. S27). Given the efficient and continuous production of ROS, the photo-

degradation of the micropollutants could reach the mineralization step (i.e., converting 

parent compounds to CO2 and H2O), making the degraded concentrations of intermediates 

lower than the detection limit in the 1H NMR. On the other hand, the massive porosity and 

high specific surface area of FMN-decorated materials could retain degraded intermediates 

in the treated water by physical adsorption. Although the analysis of degraded products is 

not the focus of this work, more detailed analysis of the treated water should be addressed 

in the future to understand their photo-degradation pathways when the FMN-POP materials 

are employed in water treatments. Fortunately, the structures of ROS-triggered degraded 

products of BPA, MB, naphthalenes, and anthraquinone dyes have already been reported 

elsewhere (Lee and Lane, 2009; Liu and Sun, 2011; Tsai, et al., 2009; Da Silva, et al., 2014; 

Khataee, et al., 2011).

Unlike FMN-POP particles, recycle and reuse of the FMN-POP@BCM are much easier and 

more convenient to handle without material loss between each application cycle. Herein, 

the repeated uses of FMN-POP@BCM for NPT photo-degradation were performed to 

demonstrate the application robustness of such materials (Fig. 4f). During the first UVA 

irradiation cycle, 92.20% of NPT was removed by the membrane within 60 min. After 

seven application cycles, the FMN-POP@BCM could still degrade 62.5% of NPT within 

60 min. The decrease of the photo-degradation efficiency during the long-term use could 

be attributed to the partial occupancy of the adsorption sites by previously adsorbed NPT 

or its degraded products, which limited the close contact between additional NPT and the 

short-lived ROS, or the decreased generation of 1O2. This conclusion was evidenced by the 

fact of a constant production of ROS except for 1O2 but a decreased adsorption ability of 

FMN-POP@BCM after seven cycles of NPT photo-degradation (Fig. 2 and S28).

4. Conclusion

In summary, we fabricated a cationic POP to capture the “tail” of photoactive FMN, 

achieving controlled self-degradation of FMN under UVA irradiation, by avoiding the 

intramolecular H-abstraction via FMN free bending restriction. The geometry of FMN-POP 
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complex has been proved via experimental and theoretical studies. The stabilization effect 

of POP successfully improved the photoactivity of FMN by 102.7 times in terms of FMN’s 

half-life (962.70 min vs. 9.7 min) and the self-degradation rate constant (0.00072 min−1 

vs. 0.074 min−1) with efficient and constant ROS production. Applying this strategy, 

we developed highly efficient and robust photocatalytic materials, including FMN-POP 

particles and FMN-POP@BCM membranes, for water purification. The improved stability 

of FMN in such materials ensured the use of FMN as a sustainable, green, and nontoxic 

photosensitizer for repeated and long-term water treatment, making the photo-degradation 

function continuously online.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a) Unfolded and folded geometry of FMN and the Gibbs free energy difference between 

two geometries at 298.15 K and 1 atm. b) The optimized geometry of the FMN-POP 

complex (The Monkey King: picture credit to Miss. Chuhan Luo). c) Time-dependent 

degradation and kinetics of FMN in solution and in POP. The FMN concentration in the 

solution (72 mg L−1) was prepared according to the uptake of FMN in POP (i.e., 34.10 

mg g−1 measured by ICP-MS) d) Time-dependent production of lumichrome from FMN 

self-degradation under different POP: FMN ratios. e) Fluorescence spectra of FMN-POP 

complexes with different POP: FMN molar ratios. f) Predicted and experimental UV–vis 

spectra, and g) photoexcitation related molecular orbitals of the FMN-POP complex. HOMO 

and LUMO represent the highest occupied molecular orbital and the lowest unoccupied 

orbital, respectively.
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Fig. 2. 
Time-dependent UVA-induced production of a) H2O2, b) hydroxyl radical, and c) singlet 

oxygen by FMN-in-water and FMN-POP particles. d) Relative quantum yields of singlet 

oxygen of FMN-in-water and FMN-POP particles in H2O by taking rose Bengal as a 

benchmark.
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Fig. 3. 
a) SEM images of FMN-Cationic@BCM (left) and FMN-POP@BCM (right). The yellow 

bar refers to 500 nm. DRS of b) FMN-Cationic@BCM and c) FMN-POP@BCM after 

different UVA irradiation times. d) Self-degradation of FMN and e) production of 

lumichrome on nanofibrous membranes according to UVA irradiation time. f) Reaction 

pathway of FMN under light treatment with performing recyclable ROS production. 

Continuous production of g) H2O2, h) HO•, and i) 1O2 by FMN decorated nanofibrous 

membranes under UVA irradiations
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Fig. 4. 
Removal of different micropollutants (0.1 mM) in water. a) Chemical structures of interested 

micropollutants in this study. b) Time-dependent photo-degradation (UVA light) and c) 

adsorption (under dark) by FMN-POP particles. d) Time-dependent photo-degradation (UVA 

light) and e) adsorption (under dark) by FMN-POP@BCM. f) Repeated photo-degradation 

of NPT by FMN-POP@BCM.
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Scheme 1. 
Fabrication and application of FMN-POP particles and FMN-POP@BCM on micropollutant 

photo-degradation.
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