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Highlights 

 Electro-spun Polyethersulfone fibers possesses high surface area  

 Addition of DMF improved flux, mechanical strength and hydrophobicity 

 Photocatalytic OH• radical from PES fibers gave efficient MB degradation  

 PES fibers also exhibited antibacterial activity 

 

Abstract 

Photocatalytic bacterial removal and dye degradation by polyethersulfone (PES) 

fibers under visible light is reported here. PES fibers were arranged in a random mesh 

structure using electro-spinning technique that allows utilization of maximum surface 

area of the fibers. The influence of concentration of PES polymer, type of solvent and 

surface chemistry of the fibers on their mechanical properties and photocatalytic 

activities was investigated. Ratio of solvent (DMF (Dimethylformamide) to NMP (N-

Methyl-2-pyrrolidone)) while preparing the PES fibers was found to be crucial in 

terms of  the PES fiber thickness, fluid flux, mechanical strength and hydrophobicity 
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of the fibers. The as-prepared PES fibers showed considerable amount of OH• radical 

generation under visible light excitation resulting in efficient degradation of model 

dye contaminant methylene blue (MB) and disinfection of model bacterium  

Escherichia coli (E. coli). However increased hydrophilicity of the fibers using 

oxidation treatment resulted in reduction in the generation of OH• radicals showing 

less photocatalytic activity by the PES fibers. FTIR investigations confirmed no self-

destruction of the PES fibers due to the generation OH• radicals indicating potential 

application of PES fibers as a useful photocatalytic polymer material for bacterial 

removal and decontamination of water.  

Keywords: Polyethersulfone; polymeric fiber; photocatalysis; water bacterial 

removal; methylene blue 

1. Introduction  

     Recent scientific research on water treatment has emerging interest toward the uses 

of polymeric fiber membranes and modification of them to improve the filtration 

features at all different scales[1]. Polymeric fibers received a great deal of attention in 

water treatment because of their special features such as hydraulic permeability, 

mechanical strength and stability in required applications [2-4].  

The key advantage of polymeric fiber membranes is their high selectivity for water 

components at different sizes during separation process which depends on the method 

of fabrication [5, 6]. Moreover, polymeric membranes are fabricated in different 

filtration configurations and modules like reverse osmosis (RO), nanofiltration (NF), 

ultrafiltration (UF) and microfiltration (MF). Polymeric microfiltration membranes 

are widely used as pre-treatment in water filtration which can separate particles 

between 0.1 and 10 μm [6, 7]. Polyethersulfone (PES) polymer has unique 

characteristics like thermal stability, heat resistant and high pH resistance compared to 

other commonly used polymers in filtration application [6, 8-10].  

Mostly, microfiltration PES membrane is fabricated using Nanospinner instrument 

[11-13]. Nanospinner is a simple technique that applies electrostatic force to form 

fibers in nanometer size [6]. Several studies have mentioned that the average diameter 

of electrospun nanofibers ranges from 100 nm to 500 nm and it is affected by several 

factors like polymer concentration, viscosity of solvents, flow rate of the solution,  

voltage used to create potential between collector and nozzle inside nanospinner, 

distance between collector and nozzle, rotation of the collector and humidity inside 
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the nanospinner [14, 15]. The exceptional features which make nanofibers extensively 

used in water treatment membrane is the uniform fibers, the small pore size between 

fibers network and the large surface area [6, 16].  

In general, electrospun PES fibers are hydrophobic and this limited their efficiency in 

water application because of low flux [17, 18]. Furthermore, the performance of any 

membrane in terms of fouling, membrane rejection and permeate flux is affected by 

its level of hydrophobicity [19-21]. Several studies have had mentioned the methods 

used to reduce the hydrophobicity, which lead to increase the membrane’s water 

applications [18, 22]. For instance, inorganic nanoparticles such as metal oxides can 

reduce the hydrophobicity of the membrane [23]. On the other hand, hydrophilic 

membranes has a tendency to swell in water and thereby reducing their lifetime [24]. 

Consequently, a reduction in both mechanical strength of the membrane and 

rejections of particles happen [24, 25].  

Another obstacle that faces the water pre-treatment units is the membrane fouling, 

which is attachment and growth of microbial organisms, such as bacteria [26, 27]. 

This process results in  may results in pore blocking, adsorption of hydrophobic 

particles and nonpolar solutes, gel layer formation and cake layer formation [26]. 

Likewise, microbial bio-fouling results in shorter membrane lifetime [27].  

To overcome the problem associated with membrane biofouling, bacterial removal of 

water by chlorine, ozone, silver nanoparticles [28] and metal oxide photocatalyst [29, 

30] are more common and have been used for various water applications [31, 32]. 

Metals oxide have shown photocatalytic behaviour under light due to their wide gap 

energies [33]. The process of photocatalysis initiate when the light illumination is 

excited above band gap energy, generating exciton pairs. These photo-generated 

charges then interact with the surrounding and produce highly reactive species at the 

surface of photocatalyst that can break down organic contaminants and disinfect 

bacteria by oxidation or reduction process [34-36]. Similarly PES has also been 

reported to generate OH• radicals under visible light through various chemical 

reactions [37] giving these fibers self-cleaning properties. OH• is considered to be a 

strong oxidizing agent [38], consequently, it can be used efficiently for microbial 

removal [39].           
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For the best of our knowledge, the photoctalytic (PC) behavior of electrospun PES 

fibers has not been reported yet. This work addresses this issue and probe the 

formation of PES fibers network which are photocatalytic in nature. PES nanofibers 

were prepared by using Nanospinner and their photoctalytic activity was investigated 

using MB dye and E.coli bacterium as model contaminants. The fiber’s properties 

were characterized using different techniques such as scanning electron microscope 

(SEM), Fourier transform infrared (FTIR), water contact angle (WCA) and 

mechanical strength measurements. Various factors, such as material concentration, 

surface chemistry and solvent types affecting the photocatalytic behavior of the PES 

fibers have been studied and the possible mechanism behind the photocatalytic 

properties of PES fibers is discussed. 

2. Experimental  

2.1 Fabrication of PES nanofibres  

PES (nominal granular size: 3mm, from Goodfellow Cambridge limited company, 

PE29 6WR England, UK) was dissolve in N-methyl-pyrrolidinone (NMP) and 

Dimethylformamide (DMF, from Sigma–Aldrich) at certain volume ratio by mild 

stirring in oil bath ( ̴ 60 ͦ C) for 48 hours. Then the mixture was sonicated for another 

40 minutes to ensure the complete dissolving of the polymer. Moreover, ammonium 

persulfate (APS, from Sigma–Aldrich) was used in some cases to reduce 

hydrophobicity of the fibers [25]. 

Multi nozzle Nanospinner (NS24) was used to prepare the PES fibers. Three different 

PES concentrations were tried (22%, 26%, and 28%) and the different volume ratios 

of DMF in NMP were used (1:1, 2:3, 7:3). During electrospinng process, all 

parameters were optimized. The feeding rate was fixed at 1.00 mL/hr using syringe 

pump, the collector rotation speed was 220 rpm and the distance between the collector 

and the spinneret was optimized to be 130 cm. The prepared PES solutions were 

electrospun onto aluminium foil at a high voltage of 23.5 kV. After electrospun 

process, the PES meshes were air dried for 1 day and then easily removed from 

aluminium foil. 

2.2 Characterization 

Surface morphology of PES nanofibers was characterized by Field Emission Scanning 

Electron Microscope (Jeol JSM-7600F FESEM) operated at 20 kV. The fibers were 

dried completely in a desiccator and then coated with platinum to minimize the 
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charging effect prior to carrying out SEM [29]. The fiber diameters were also 

measured from SEM images by using the Scion_ image analysis program. To measure 

the mechanical strength of the fibers, Instron tensile machine (Tinius Olsen-

H5KT)was used. The gauge length was 20 mm, the width at the centre was 20 mm, 

the specimen thickness was about 200 µm and the electrospun fibers piece was (2cm 

x 2cm). The results show force, the ultimate tensile strength and strain at break were 

measured, and Young’s modulus was calculated. Moreover, Attenuated Total 

Reflection Fourier Transform Infrared (ATR-FTIR) was used to examine the surface 

groups of the PES fibers. To evaluate the electrospun PES surface hydrophobicity, 

water contact angle (WCA) was measured using One Attension program. Sessile drop 

method was used to get the angle using DI water with 5 µL as the probe liquid in five 

different places and then the average contact angle was calculated. 

2.3 Photocatalytic tests 

Methylene blue (MB) and the bacterium E.coli were used to study the photocatalytic 

activity of the PES fibers and all photocatalytic tests were conducted under visible 

light. MB with a concentration of 10 μM was prepared in DI water. A 30 mL of MB 

solution was kept in 100 mL beaker as a control, and same amount was added to the 

PES fibers (3cm x 3cm). The beakers were placed under visible light source using a 

solar simulator ( AM 1.5G radiation) equipped with IR filter to cut off any heat 

generated from the light source and the distance between the lamp and the beakers 

was adjusted so the light intensity is 1000 W/m2 using a pyranometer (Iso-Tech ISM 

410).  

Approximately 1 mL of MB solution was taken as initial concentration (c0) at zero 

time and measured its absorbance using ocean optics program in the range of 500–760 

nm in order to monitor the degradation of MB. Before starting the photocatalytic 

degradation test, both control and the membrane were kept in dark for 2 hours to 

ensure that MB reach adsorption-desorption equilibrium with the PES fibers. Then, 

the optical absorption spectra were recorded at regular intervals in order to monitor 

the photocatalytic degradation spectra for MB by PES fibers. The absorption intensity 

of MB photo degradation was measured at λmax = 665nm and the spectrum were 

plotted as Ct/Cₒ versus the irradiation time.  
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Similar photocatalytic setup was used in case of E.coli microbial removal. First, E.coli 

(ATCC 25922) bacterium was cultured in sterile LB Broth (Sigma-USA) and 

incubated without shaking for 12 hours at 37°C. After that, the bacterial suspension 

was centrifuged at 5,000 g and re-suspended in fresh autoclaved LB Broth to obtain 

an absorbance 620 of 0.900 ± 0.05 at 600 nm. Photocatalytic setup was used to study 

rejection rate of bacteria using each type of fibers. E.coli samples were collected 

every one hour for total of 6 hours. To determine the number of  alive bacteria in 

samples viable cell count was used [35]. The numbers of Colony Forming Units 

(CFU) in 1 ml of each sample were determined by plating of 0.1 ml of 50-times 

diluted sample onto a Petri dish containing sterile nutrient agar (Difco, USA).The 

plates were incubated without shaking at 37 °C for 24 hour to allow microbial growth. 

Then the number of colonies was counted manually and transformed into. CFU/mL 

using the formula; CFU/mL = Number of colonies X Dilution factor / Plated volume 

(mL) 

2.4 Photoluminescence measurement 

In order to estimate the extent of OH•  radical generation by the PES fibers under 

visible light excitation, PL spectra of aqueous terephthalic acid (TA) was probed by  

using Perkin Elmer LS55 fluorescence spectrometer. Excitation wavelength of 315 

nm was used in all PL measurements [40]. 0.5 mM of terephthalic acid in basic media 

containing NaOH (2 mM) was used in this case. 30 mL of 0.5 mM terephthalic acid 

was added to PES fibers (3cm x 3cm) and kept it under light irradiation for 3 hours 

with intensity 1000 W/m2. The emission was measured at every 15 min for total of 3 

hours. The same procedure was also repeated in absence of light for electrospun PES 

fibers and TA alone as control. 

2.5 Filtration performance tests 

Dead-end cell system (Sterlitech, HP4750) was used to perform the flux of water and 

bacteria media. Electrospun PES nanofibers were placed in the cell without applying 

any external pressure. The effective filtration area of the cell was 28.7 cm2 and the 

levels of water and media were maintained during the experiment. The water flux was 

estimated by measuring the flux in mL each 15 min for total of 2 hours and calculated 

using equation J= Qp/Am. where J= flux, Qp = filtration flow rate through the 

membrane ( L/hr ) and Am=surface area of the membrane ( m2 ). 
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3. Results and discussion 

3.1 PES nanofibers characterization 

In order to investigate the effect of PES polymer percentages on fibers formation, 

three different percentages of PES were added in a mixture of DMF and NMP. The 

morphology of the obtained PES electrospun nanofibrous membranes with 22%, 26%, 

28% of PES in 7:3 DMF:NMP mixture were then investigated using SEM as shown 

in Fig. 1. The morphology at 26% PES shows uniform and smooth fibers, while at 

22% PES particulate structure were obtained instead of fibers and at concentration 

higher than 26% beaded fibers were formed. Therefore, 26% PES sample has been 

used here for the rest of the investigations. The ratio of DMF and NMP was 

previously established as shown in Table 1, where different ratios of DMF can change 

the physical properties of the solution such as solvent volatility polymer concentration 

and solvent viscosity [41]. Similar to other studies, increasing amount of added DMF 

contribute in smaller fibre diameter which is mainly attributed to the higher electric 

conductivity, lower vapour pressure and  higher dielectric constant of the solvent. [25, 

41] .Thinner fibers were observed at 7:3 DMF:NMP ratio with reasonably good 

hydrophobicity. However with increasing DMF concentrations the mechanical 

strength of the fibers were observed to reduce gradually, while flux was increased 

continuously. The SEM micrographs of fibers obtained with different ratio of DMF 

and NMP are shown in the supplementary data (Fig S1).  

The hydrophilicity of the fibers was further reduced in order to increase the water flux 

by oxidizing the fibers using ammonium persulfate [25]. Oxidation using ammonium 

persulfate did not change fiber diameter, as shown in Supplementary data (Fig S2). 

The WCA after oxidation was reduced to 42.25 degree, indicating the hydrophilic 

nature of the fibers (Supplementary data Fig S3). For the ammonium persulfate 

treated fibers the pure water flux reached up to 522.65 L/hr.m2.  

3.2 Photocatalysis and Photoluminescence tests:  

PES polymer has been reported to have both direct (~2.92 eV) and indirect (2.60 eV) 

band gaps [42], and so the PES molecule by itself could show photocatalytic property 

under light irradiation.  Moreover, it has been reported that PES polymer can produce 
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OH• radicals as a result of photo irradiation [37]. This means that PES nanofibers 

have self-cleaning properties. In order to investigate the photocatalytic activity of 

fabricated PES fibers, photocatalytic degradation was carried out on ISO standard 

model dye methylene blue (MB) under stimulated visible light [43]. The presence of 

OH• radicals as a consequence of photo-irradiation, initiated reactions leading to MB 

degradation [44]. Fig. 2 shows the course of degradation of MB with respect to its 

change in concentration (Ct/Cₒ) upon irradiation time for both in absence (control) and 

in the presence of hydrophobic PES nanofibers. Under illumination condition PES 

fibers show more than 80% reduction in MB concentration compared to the control 

sample where no PES fibers was present.  

To further investigate generation of OH• by PES fibers under visible light irradiation, 

PL measurement using terepthalic acid (TA) has been carried out. Fig. 3a shows the 

PL spectra of TA solution under visible light obtained at different time in the presence 

of PES. Highly fluorescent product, 2-hydroxyterephthalic acid was detected, which 

is a product of the chemical reaction between OH• radicals and TA during light 

illumination [40, 45] , where the source of OH• radicals is the PES fibers in this case. 

The PL signal at 425 nm indicated the formation of 2-hydroxyterephthalic acid 

compound and the intensity is proportional to the amount of OH• radical generated by 

PES fibers that was observed to increase continuously with time (Fig. 3b). In absence 

of PES, TA alone did not show significant increase in PL intensity at 425 nm. In 

absence of light, formation of OH• radicals was not observed as shown in Fig S4 of 

supplementary data. These results confirmed that PES fibers in the presence of light 

produces OH• radicals that can degrade organic pollutants. However with the 

chemically treated hydrophilic fibers, the formation of OH• radicals was found to 

reduce due to the chemical oxidation treatment as shown in Fig. 3b. 

We further investigated if there is any self-destruction of the PES fibers due to the 

generation of highly reactive OH• radicals. The investigation was carried out by FTIR 

analysis to confirm any change in the functional groups of PES polymer. It appeared 

that there is no considerable change in the functional groups of the polymer structure 

as shows in Fig. 4. Moreover, a weak peak was observed to appear at around 1027 

cm-1 after continuous light irradiation. This new band can arise from the formation of 

sulfonic acid derivatives (R-SO3H) as a result of prolonged light illumination, as 
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reported previously [37]. The reaction between oxygen and PES surface during light 

irradiation is fast and non-specific, and the formation of –SO3H group is the 

predominant process in this case[46]. Moreover, the amount of light dose is 

proportional to amount formation of this group. However, this group has no effect in 

photocatalytic process since SO2
- has already reacted to form –SO3H group.[46] 

3.3 Photocatalysis densification of E.coli                        

        According to earlier studies, PES membranes modified with metal oxide 

nanoparticles such as TiO2 and ZnO showed inhibition of the growth of 

microorganism [29, 47, 48]. However, no previous reports showed antimicrobial 

activity of PES fibers alone due to photocatalysis. Here we further studied the 

antibacterial activities of our PES fibers against E. coli bacteria and the antibacterial 

performance was evaluated by estimating the number of viable bacterial cells (CFU). 

From Fig. 5, it was observed that, after six hours of photocatalytic treatment, 

hydrophilic fibers showed almost 16 % reduction in colony forming units (CFU) 

whereas on the other hand hydrophobic PES fibers showed significantly higher 

reduction in colony forming units (  ̴78%). As the observed antimicrobial effect was 

significantly higher in light experiment in comparison with the dark experiment where 

P>0.05, the observed photocatalytic antimicrobial effect of PES fibers can be 

attributed to the production of hydroxyl radicals (OH•) by PES fibers. The 

antimicrobial mechanism of reactive oxygen species is well known [49]. These 

hydroxyl radicals being extremely reactive indiscriminately attack polysaccharides, 

membrane lipids and membrane proteins which are essential to maintain membrane 

integrity in bacterial cells. Overall oxidative stress generated through the production 

of hydroxyl radicals causes E. coli cell death via fibers damage, lipid peroxidation and 

by causing structural changes in cell envelope [50]. Better performance of 

hydrophobic fibers over hydrophilic fibers was also evident with bacterial flux 

measurements. Higher antibacterial activity of the hydrophobic fibers can be 

explained with the several folds higher production of hydroxyl radicals compared to 

hydrophilic fibers as shown in Fig. 3. 

According to the literatures [37] [42] and photocatalysis results tests, the mechanism 

of photocatalysis by PES fibers can be explain as in Fig. 6.   

When PES fibres are exposed with visible light, electron-hole pairs generate through 

bandgap absorption resulting hydroxyl radicals (OH•) and superoxide radicals (O2
-). 
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The O2
- radicals can further undergo cascaded reactions with H+ and photogenerated 

electrons (e-) producing peroxides (H2O2) and subsequently more OH• radicals. These 

OH• radicals can oxidize organic molecules and can disrupt the microbial cell wall 

through oxidative stress resulting in degradation of organic pollutants and microbes in 

water in the presence of light. 

Therefore,  PES fiber  photocatalytic activity can be compare to others some polymer 

or semiconductor catalysts as shown in table 2.  

The filtration flux experiment was then conducted to investigate applicability of  the 

electrospun fibers  in water treatment. Fig. 7 shows the number of rejected bacterial 

by hydrophobic electrospun PES fibers in presence of light using E.coli as test 

contaminant where the flow flux was 33.49 L/hr.m2. The reduction in the number of 

colonies could be explained by two hypothesis ; 1) photocatalytic behaviour of the 

PES fibers and 2) accumulation of rejected bacteria on the surface of the membrane. 

However, SEM results (Fig. 7) revealed that no E.coli bacteria adsorbs to the fiber 

surface permanently and hence making the surface self-cleaning surface with less 

pore blocking effect. 

To further confirm the photocatalytic stability of PES fibers, repeatably tests were 

carried out, the results showed in Fig. 8 and found that the photocatalytic performance 

of the fibres initially drops (about 20%) when repeated for 3 times. However, after 3 

cycles, the performance remained almost unchanged and consistently showed ~78% 

reduction in MB concentrations after 180 minutes when repeated for another 3 times. 

Currently we are investigating strategies to improve the stability of the fibres and 

therefore the stability results are not included in the present manuscript. 

4. Conclusion 

Nanofibers of electrospun PES polymer were successfully prepared by using higher 

percentage of highly-volatile DMF and lower percentages of NMP as solvents. The 

average fibers diameter was decreased almost 3.8 times by increasing the percentage 

of DMF. Therefore, it contributes in the increasing the surface to volume ratio and 

decreases the water barriers in water application. However, the mechanical strength of 

the fibers was reduced due to the lower percentages of NMP, where NMP increase the 

adhesion between fibers. The amount of PES polymer during the growth of the fibers 

was also found to be crucial for the formation of fiber structure, where lower amount 
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of PES resulted in no fiber formation while excess PES exhibited beaded fibers. PL 

and FTIR studies revealed that under visible light illumination PES can be a source of 

OH• radicals leading to improved photocatalytic degradation of organic dyes, as well 

as effective bacterial growth inhibitor. By changing the surface chemistry through 

oxidation to make the fibers more hydrophilic resulted in improvement in water flux, 

however reduced their ability to produce OH• radicals. The photocatalytic nature of 

the PES fibers therefore gives the surface a self-cleaning property which will surely 

have a great impact in future membrane design technology.  
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Fig.1 SEM micrographs showing the morphology of the PES fibers at three different 

concentrations of PES fibers in 7:3 DMF/NMP mixture which were electrospun at 

1.00 ml/hr rate. (a) 22% PES shows particulate structure, (b) 26% PES shows uniform 

and smooth fibers and (c) 28% PES shows beaded fibers. 

 

 

Fig. 2 Photocatalytic degradation of MB by hydrophobic PES nanofibers in dark and 

under visible light irradiation. Rate of MB degradation was determined by using first 

order exponential decay fitting [fitting data not shown here] 

 

ACCEPTED M
ANUSCRIP

T



 

Fig. 3 (a) PL spectral changes under visible light irradiation with increasing time for 

hydrophobic PES fibers in 0.5mM terephthalic acid, (b) PL intensity at 425 nm under 

visible light irradiation as a function of time for TA alone, as prepared PES fibers and 

chemically treated fibers. 

 

 

Fig.  4 The FTIR spectra of PES membrane before and after exposure to the light for 

three hours. 
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Fig.5  Number of colonies of E.coli for hydrophobic and hydrophilic fibers in dark 

and under light condition. 
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Fig.6: Illustration showing the mechanism of photocatalytic methylene blue (MB) 

degradation and bacterial removal using the PES fibres. 
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Fig. 7 Number of colonies of E. coli bacteria for hydrophobic fibers in dark and under 

light condition during filtration flux experiment.  

 

 

Fig 8: Repeatability test of PES fibres against MB solution. PES fibers were washed 

with 5% HCl in Methanol in between the repeated cycles [55]. MB concentration in 

terms of % after 180 minutes of photocatalytic degradation is presented. 

 

Table 1: Effect of percentage of DMF in NMP as solvent mixture in PES electrospun 

fibers  

DMF : NMP Fiber diameter  Mechanical 

strength 

Contact angle Pure water 

flux 
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(nm) Ultimate 

strength 

(MPa)  

Young 

Modulus 

(MPa) 

(Degree) (L/hr.m2) 

1:1 740 ± 80 4.12 71.82 143.29 ± 0.89  10.87 

3:2 320 ± 20 1.71 40.15 134.52 ± 1.30 41.39 

7:3 193 ± 25 0.79 14.73 126.14 ± 0.99 93.86 

 

 

Table 2: Shows photocatalytic activity comparison of some commonly used 

semiconductors with PES fibers. 

Photocatalyst Band gap 

(eV) 

Photocatalytic applications Ref 

PES 2.92 Organic dye (methylene blue) and bacteria (E. 

coli) 

This 

work 

ZnO 3.37 Oxidise organic contaminant,  organic 

contaminants, and can cause fatal damage to 

microorganisms by disrupting their cell wall. 

Removal of toxic potassium cyanide5 

[51] 

TiO2 anatase 3.2 Degrade natural organic matters 

photocatalytic removal of toxic Hg(II) and 

CH3Hg(II) chlorides 

[52] 

ZnS 3.54 degrade Azo dye [53] 

α-Fe2O3 2.1 photodegradation of phenol [54] 
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