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A B S T R A C T   

Polyacrylonitrile and its TiO2 composites were electrospun into nanofibers in N, N’-dimethylformamide for 
photocatalysis and antifouling experiments. The resultants nanofibers were characterized using field emission 
scanning microscope, Fourier transform infrared spectroscopy, x-ray diffraction, x-ray photoelectron spectros-
copy and contact angle analyses. Fourier transform infrared spectroscopy confirmed the formation of poly-
acrylonitrile-TiO2 composite nanofibers with their diameter ranging from 10 to 340 nm. The x-ray photoelectron 
spectroscopy results indicate the formation of O–Ti–C bonds on polyacrylonitrile-TiO2 matrix. polyacrylonitrile- 
TiO2 and polyacrylonitrile nanofiber surfaces showed superhydrophobicity with water contact angle of 155 ± 1 
and 154 ± 1, respectively at 120 s. The photocatalytic properties of polyacrylonitrile nanofibers and poly-
acrylonitrile-TiO2 nanofibers were investigated under a simulated visible light source of 1000 W/m2 using 
methylene blue. About 90% of methylene blue was degraded within 3 h of exposure using polyacrylonitrile-TiO2 
nanofibers while 55% methylene blue degradation was achieved for polyacrylonitrile nanofibers. Photo-
luminescence experiment conducted on both materials showed that polyacrylonitrile-TiO2 could produce OH 
radicals 10-fold compared to polyacrylonitrile nanofibers. Antimicrobial tests were conducted using E. coli and 
Bacillus sp. The results showed that only polyacrylonitrile-TiO2 under visible light hindered the growth of these 
bacteria with a greater effect on the Gram-positive bacterium, Bacillus sp. The photo-degradation and microbial 
growth inhibition properties of polyacrylonitrile-TiO2 showed that the material could be used as an antifouling 
material under visible light.   

1. Introduction 

Wastewater is full of contaminants, such as organic and inorganic 
compounds, bacteria and their toxins. Membrane processes are one of 
the key components of wastewater reclamation [1]. In membrane 
treatment of wastewater, the problem of fouling arises. Fouling includes 
accumulation of chemical molecules (chemical fouling) and biological 
organisms (biofouling) on the membrane. The fouling could be because 
of macro organic compounds, or organisms, or both depending on the 

application of the membrane. One major organic foulant is dye mole-
cules. Dye molecules tend to accumulate over time and eventually block 
the membrane. Fouling of membranes by dye molecules is a major 
problem to resolve in textile industries [2,3]. In marine industries, 
however, biofouling is recognized as a threat as it affects the economy 
and the functionality of equipment [4]. Biofouling is defined as the 
accumulation or adsorption of micro- or macro-organisms on surfaces of 
materials [5,6]. Unlike dye molecules that can be removed using low pH 
feed water, biofoulants are so recalcitrant that when they are removed 
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by pre-treatment of the feed water, there are still enough microbes left to 
grow by utilizing biodegradable substances [5]. Altogether, the impact 
of fouling leads to significant economic impacts, with previous work 
estimating the costs of biofouling and biofouling control to be as high as 
30% of the plant’s total operating costs [7,8]. Fouling has been tackled 
with methods such as surface coatings (using antifouling materials) and 
surface modification (changing the surface chemistry of the membrane) 
so as to reduce the adhesion of foulants [5,6]. Finding a benign and self- 
cleaning material becomes imperative. Researchers have made several 
efforts in finding materials with such properties. For instance, polymers 
have been reported for developing antifouling coatings [9]. 

Removal of organic pollutants such as methylene blue [3,10,11] has 
been widely report in literature, using methods such as; sedimentation, 
chemical treatments, electrochemical methods, advanced oxidation 
processes, biological treatments, membrane filtration, adsorption and 
ion exchange [3,12]. Apart from the fact that some of the methods 
require the use of chemicals, two or more of them have to be combined 
for better removal results [3,12]. Meanwhile, in the past few decades, 
researchers have also been looking into the advantages of solar energy in 
water remediation technologies such as advanced oxidation processes 
(AOP) [13]. AOPs are based on the generation of oxidizing agents such 
as the hydroxyl radicals that can attack many pollutants present in 
waters [14]. The production of hydroxyl radicals could be initiated by an 
electric field, ultrasound or by light irradiation. Therefore, in the pres-
ence of a catalyst, the light energy coming from the sun could be used as 
an initiator in the production of the hydroxyl radical. This process is 
known as photocatalysis. 

In literature, photocatalytic method has shown excellent antifouling 
results on bacteria [15–17] and degradation of methylene blue [10,11]. 
Amongst photocatalytic materials, stands out as the most widely used 
due to its chemical stability, ability to adsorb electrons, acceptable band 
gap, affordability and environmentally friendliness [12,13,18]. Many 
studies have used TiO2 in waste water management and solar energy 
harvesting. TiO2 is used in breaking down most organic pollutants such 
as dyes, pesticides and herbicides under light irradiation [12]. The 
challenge in most cases is recovering of the TiO2 from the treated water. 
Therefore, researchers have made composites of TiO2 and nanofibers for 
applications such as removal of heavy metals [19], for photocatalytic 
degradation [20,21] and as anti-fouling membranes [22,23]. Other 
photocatalytic materials that have been reported include C3N4, ZnO, 
ZnS, SrTiO3 and CdS [15,24]. Generally, these nanocomposite materials 
absorb light during photocatalysis leading to promotion of electrons 
from their valence band to their conduction band, leaving a hole in their 
valence band resulting to photo-redox reaction. However, most of the 
materials experience recombination of generated photo electrons 
thereby reducing their photocatalytic ability [11,15]. To mitigate this 
effect, catalysts are modified using methods such as doping with metals/ 
nonmetals and coupling with carbon materials [24] to act as sinks for the 
generated photo electrons [25]. 

Polymer nanofibers have been reported to serve as support for cat-
alysts and other biological important compounds either by surface 
immobilization or as composites [26]. The electrospinning process has 
been the main nanotechnology method use in fabrication of polymer 
fibers with diameters in the nanometer range. At these diameters, 
nanofibers exhibit characteristics such as high surface area to volume 
rate. Electrospinning can produce polymer nanofibers in a continuous 
mode [27–30]. Other methods such as self-assembly, chemical vapor 
deposition, template-assisted synthesis and wet chemical synthesis have 
also been used to produce nanofiber materials, however, electrospinning 
possess advantages such as allowing easy doping, simplicity, low cost, 
and high reproducibility [31]. Polymers that have been successfully 
electrospun into nanofibers include; polyamide 6, polyacrylonitrile, 
polyethylene terephthalate, polystyrene etc. [32–34]. Among these 
polymers, polyacrylonitrile stands out due its excellent characteristics 
such as high carbon content, chemical resistance, good thermal stability 
and superior mechanical properties [27,35]. 

This study investigated the use of polyacrylonitrile nanofibers as 
support for TiO2 catalyst in the development of photocatalytic and 
antifouling materials. The aim was to develop visible light photo-
catalytic nanofibers to control fouling by organic molecules (methylene 
blue) and microorganisms (E. coli and Bacillus sp.). 

2. Materials and methods 

2.1. Materials 

Polyacrylonitrile (PAN) (Ave. Mw = 150000 g/mol) was purchased 
from Sigma, South Africa while N, N’-dimethylformamide (DMF) 
(99.5%) and Degussa Titanium Dioxide nano-powder (particle size 20 
nm) was purchased from Kimix, South Africa. Methylene blue and ter-
ephthalic acid were obtained from Sigma Aldrich (USA). 

2.2. Electrospinning of PAN nanofibers 

Electrospinning was conducted according to Bode-Aluko et al. [36]. 
8 wt% of PAN was prepared in DMF and was electrospun by introducing 
the polymer solution into a 20 mL syringe with 0.2 mm inner diameter 
stainless steel needle. The syringe was fitted into a metering syringe 
pump. A stationary collector covered with A4 size aluminum foil was 
used. For the process parameters: the flow rate was set at 0.4 mL/h, and 
a voltage of 25 kV was applied across the collection distance of 15 cm at 
a room temperature of 28 ◦C. The resultant nanofibers were labelled as 
PAN-nfs (Polyacrylonitrile nanofibers). Similarly, 3 wt% of TiO2 was 
mixed with 8 wt% PAN solution in DMF and stirred overnight to form a 
homogenous solution. The resultant solution was electrospun into 
nanofibers with the same electrospinning parameters as above to give 
PAN-TiO2. Further TiO2 loading (wt%) concentrations were not studied 
as the homogenous solution could not be electrospun due to high vis-
cosity and also to keep the reactive radical minimal to avoid degradation 
of the polymer nanofibers. 

2.3. Antifouling tests 

For this experiment, methylene blue (MB) and bacteria were used to 
investigate the antifouling properties of PAN-nfs and PAN-TiO2. A solar 
simulator (Model SS 1.6 kW, Sciencetech Inc., London, ON, Canada) 
generating air mass 1.5 (AM 1.5) illumination of solar spectra of 1000 
W/m2 was used to conduct photocatalysis experiments with methylene 
blue and bacteria. 

2.4. Degradation of methylene blue 

First, the nanofiber mat size of dimension 1 cm × 3 cm was soaked 
overnight in 3 mL of 10 ppm MB in order to determine the adsorption 
capacity and the time to saturate each membrane in the dark. The pre- 
soaked PAN-nfs or PAN-TiO2 nanofibers were removed and dried at 
room temperature without washing. The photocatalysis experiments 
were conducted using a solar simulator for 3 h. For this, the dried pre- 
soaked nanofibers were incubated in 3 mL of 10 ppm MB. The resul-
tant concentrations of MB were analyzed using UV–Vis spectroscopy 
(Ocean Optics, USA) over wavelength range 400–800 nm at every 30 
min. 

2.5. Antimicrobial experiment 

In this experiment, the Gram-negative fresh water bacterium 
Escherichia coli (ATCC 25922) and Gram-positive marine bacterium 
Bacillus sp. isolated from a desalination plant were used. Prior to the 
experiment, E. coli was cultured using nutrient broth (Sigma, USA), 
while Bacillus sp. was cultured in marine broth (Difco, Fisher Scientific, 
USA). Both strains were maintained at 37 ◦C for 24 h. The antimicrobial 
experiment was conducted according to Al-Fori et al. [37]. Briefly, 
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cultures were centrifuged and re-suspended in fresh broth to obtain an 
absorbance of 0.1 (at 620 nm). Each well of a 24-well plate (Nunc) 
contained 2.5 mL of bacterial culture and pieces (1 cm2) of PAN-nfs or 
PAN-TiO2. As the control, wells with 2.5 mL of bacterial culture were 
used. The experiment was conducted for 48 h at 37 ◦C under light (using 
the solar simulator) and dark (covered with aluminum foil) conditions. 
After 24 h and 48 h, the optical density (at 620 nm) of the bacterial 
culture was measured using a multi-well plate reader (Thermo Scientific 
Multiskan, USA). The number of viable E. coli cells in samples under 
light conditions was estimated using a serial dilution technique. All 
samples were tested in triplicate. 

2.6. Production of OH radicals 

In order to investigate the behavior of materials in terms of photo- 
catalysis, their abilities to produce OH* radicals were studied. Chemi-
cal dosimetry based on terephthalic acid (TA) was used to measure the 
OH radicals produced during photocatalysis. TA is a well-known scav-
enger which does not react with other radicals except OH* radicals [38]. 
As shown in reaction scheme 1, the OH* radical can convert non- 
fluorescent TA to fluorescent 2-hydroxyterephthalic acid (HTA). 
Therefore, during irradiation of a solution containing TA and HTA 
molecules, HTA molecules will emit light at λ = 425 nm, while TA 
molecules will not. 

C6H4(COOH)2+ ⋅OH→C6H4(COOH)2OH (1) 

Reaction scheme 1: Conversion of Terephthalic acid to 2-hydroxyter-
ephthalic acid. 

Prior to the experiment, an aqueous solution of 0.25 mM TA was 
prepared in 200 mL aqueous solution of 2 mM NaOH. PAN-nfs or PAN- 
TiO2 of 2 cm2 were cut and placed in 25 mL of TA solution. Then, the 
solution with samples was placed under the solar simulator at 1000 W/ 
m2. The emission was measured at every 15 min for 3 h using Photo-
luminescence spectrometer (PerkinElmer LS 55, USA). The excitation 
wavelength was set at 315 nm, and the fluorescence spectra of each 
experiment were collected from 340 to 625 nm. The fluorescence 
spectrum around 

λmax = 425 nm (peak of interest) was plotted as photoluminescence 
intensity against wavelength 

2.7. Characterization 

The surface morphology of PAN-nfs and PAN-TiO2 was characterized 
by Field Emission Scanning Microscope (FESEM, JEOL JSM-7800F, 
Japan). Working voltage and distance were maintained at 5 kV and 
10 mm during measurement. The average fiber diameter (AFD) in SEM 
images was determined using Image J software. The X-ray diffraction 
(XRD) machine (Rigaku Miniflex 600, Tokyo, Japan) working at 40 kV, 
15 mA was used to observe the amorphous nature of PAN-nfs and the 
presence of TiO2 in its composite. 

Fourier Transform Infrared Spectroscopy attached with attenuated 
total reflection (Perkin Elmer, USA) was used to examine the surface 
functional groups of PAN-nfs and PAN-TiO2 in the 400–4000 cm− 1 range 
with a signal resolution of 4 cm− 1. X-ray photoelectron spectroscopy 
(XPS) was performed using multi-probe photoelectron spectroscopy 
(Omicron Nanotechnology, Germany) with a monochromatic Al Kα 
excitation (hν = 1486.6 eV) working at 15 kV with emission current of 
20 mA. Pass energy of 50 eV was used for the survey scan and 20 eV for 
the high resolution scan. Acquired spectra were analyzed by using CASA 
XPS software with Shiely function background and Gaussian-Lorentzian 
function (0.3 * Gaussian + 0.7 * Lorentzian) (Casa Software Ltd, UK). 
Since the low quantity of Ti (~1.44%: estimated from the XPS survey 
spectrum) on the PAN nfs/TiO2 surface, Ti 2p peak was not seen clearly 
in the original data. Therefore, the SG Quadratic function (smoothing 
width = 5) was introduced on the original obtained data by averaging in 
Casa XPS software [39]. Intrinsic carbon peak (C–C/C–H) at 284.6 eV 

was used as calibration reference. 
The sample’s hydrophilicity/hydrophobicity was determined by 

measuring the static contact angle of a water drop on the membrane 
with Theta Lite attention tensiometer (Biolin Scientific, Sweden) using 
the sessile drop technique. All the measurements were carried out at 
room temperature at time interval of 0 – 120 s. Deionized water with 
volume of 5 μL was used as test liquid and the measurement was 
repeated three times and the average value was reported. 

3. Results and discussion 

3.1. Characterization of PAN-nfs and PAN-TiO2 

The FESEM images (Fig. 1 (a) and (b)) show that PAN-nfs and PAN- 
TiO2 surfaces were smooth without the presence of beads. The diameter 
and size distribution of fibers were determined using Image J software 
(NIH, USA) and the results showed that PAN-nfs had diameters ranging 
from 70 to 230 nm and PAN-TiO2 had diameters of 110 – 340 nm 
respectively (See Fig. 1c and d). 

The mean diameter of PAN-nfs was found to be around 140–170 nm 
and PAN-TiO2 fibers were around 160–210 nm. PAN-TiO2 fiber had 
bigger diameter and wider range than PAN-nfs, which might due to the 
inclusion of TiO2 that affected the fiber diameter during the fabrication 
process. In PAN-TiO2 sample, TiO2 particles were presented in an 
aggregated fashion on the fiber surface (See Fig. 1b inset). The formation 
of the aggregation has been previously reported [40]. 

The ATR-FTIR spectrum (Fig. 2a) of the PAN-nfs has the following 
characteristic peaks that are unique to PAN; the peak at 2924 cm− 1 is 
assigned to C–H stretching vibration of CH2 and the peak at 2241 cm− 1 

corresponded to the C–––N stretching vibration. The strong bands at 
1450 cm− 1, 1345 cm− 1 and 1220 cm− 1 can be assigned to the aliphatic 
CH group vibrations of CH2 groups. The appearance of a peak at 1728 
cm− 1 on PAN-nfs which corresponds to the C––O stretching vibration is 
assumed to have come from the C––O of methacrylate [41]. Similarly, 
the spectrum of PAN-TiO2 shows the same peaks except the appearance 
of broad band at 850–550 cm− 1 and the weakened bond strength of 
C––O suspected to be due to the metal coordination [42] which was 
further confirmed by XPS. The band is characterized as the vibrations of 
Ti–O and Ti–O– Ti framework bonds. 

The X-ray diffraction (XRD) analysis was carried out to check the 
change in the amorphous phase of PAN-nfs before and after incorpora-
tion of TiO2 (Fig. 2b). For PAN-nfs, a strong diffraction peak centered at 
17.3◦ corresponds to the hexagonal lattice and a weak diffusion peak 
centered at 27.2◦ was observed [43]. For, PAN-TiO2, the sharp diffrac-
tion peaks at 25.1◦ and other minor peaks at 37.7◦, 47.8◦, 53.7◦ and 
62.4◦ were attributed to (101), (004), (200), (105) and (204) planes 
in TiO2 anatase mineral phase [44]. An indistinct phase was also 
detected at 27.2◦ and could be assigned to (110) plane of rutile TiO2 
[45]. A peak at 17.3◦ was also observed in PAN-TiO2 but at low intensity 
due to the suppression from TiO2 peaks. 

In order to verify the elemental composition and surface chemistry of 
PAN-nfs and PAN-TiO2, XPS analysis was carried out (Fig. 3). Survey 
spectra shows three core level peaks of C 1 s, N 1 s and O 1 s obtained 
from PAN-nfs and PAN-TiO2 [46–48]. A small extra peak was detected 
on PAN-TiO2 sample at 457 eV and 463 eV which correspond to the Ti 
2p3/2 and Ti 2p1/2 with a spin orbit splitting of ~ 6 eV (Fig. 3a inset). 
Fig. 3b and c show high resolution XPS spectra of core-level C 1 s peaks 
for PAN-nfs and PAN-TiO2. C 1 s spectra for PAN-nfs can be deconvo-
luted into three components where C–C/C–H at 284.6 eV [48], C–––N at 
286.1 eV and C––O at 288.4 eV respectively. From literature, the binding 
energies for C–––N was reported at 286.4, 285.9, 286.6 eV [49–51] and 
for C––O at 288.6, 288.5, 288.5 eV [52–54] where our results are in good 
agreement with those reported values. In the case of PAN-TiO2 (Fig. 3c), 
the binding energies at 284.6 eV and 285.9 eV can be attributed to C–C/ 
C–H bonds and C–––N bonds (slight shifting of BE ~ 0.2 eV). A new 
feature appeared at 283.4 eV on PAN-TiO2 sample, which could be 
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ascribed to O–Ti–C bonds [48]. The amount of C–C/C–H was reduced 
substantially from 89.2% to 71.8% and a slight reduction of C–––N ca. 2% 
were due to the formation of O–Ti–C bonds while TiO2 nanoparticles 
were incorporated in polyacrylonitrile matrix. Moreover, slightly lower 
binding shifting (ca. 0.2 eV) of N 1 s peak in PAN-TiO2 sample compared 
with PAN-nfs suggested the interaction between nanofibers and TiO2 
nanoparticles. The C––O feature was completely diminished in PAN- 
TiO2 sample which can also be observed in FTIR (Fig. 2a). O 1 s peak of 
PAN nfs comprises of two distinct peaks centred at 530.6 eV and 526.3 
eV (Fig. 3d). Typically, BE value at 530.6 eV can be assigned to lattice 
oxygen related bonding where 526.3 eV probably can be assigned to 
some carbon containing doping [55]. After incorporating the TiO2 

nanoparticle, core level O 1 s peak on PAN nfs/TiO2 surface has left with 
single peak located at 530.6 eV (Fig. 3e). 

The X-ray diffraction pattern of PAN-TiO2 clearly indicates the for-
mation of intense Ti diffraction peaks. However, in XPS spectra, Ti peaks 
both in wide survey and high resolution scans are very feeble and noisy 
due to low quantity of Ti (~1.44%: estimated from the XPS survey 
spectrum) on the PAN-TiO2 nfs surface. In addition, XPS is a unique 
surface-sensitive technique that detected electrons originate only from 
the top few nanometer (~10 nm) while XRD technique can verify the 
crystalline materials within ~ 10 μm of the surface. Therefore, the noisy 
and very feeble XPS peak is due to the lack of exposure of Ti on the PAN- 
Nfs surface (some portions of TiO2 nanoparticles are embedded in fiber 

c d

Fig. 1. (a) FESEM image of PAN-nfs (Inset shows high magnification image of nanofiber), (b) FESEM image of PAN-TiO2 (Inset shows high magnification image of 
TiO2 nanoparticles aggregated embedded in nanofiber) (c) Size distribution of PAN-nfs fiber and (d) Size distribution of PAN-TiO2 fiber. 

b
a

Fig. 2. (a) ATR-FT-IR spectra of PAN-nfs and PAN-TiO2 and (b) XRD pattern of PAN-nfs and PAN-TiO2.  
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matrix) that reduces the intensity of Ti2p peak. 
Table 1 shows the estimated atomic relative concentration of indi-

vidual element such as carbon, oxygen, nitrogen and titanium on PAN- 
nfs and PAN-TiO2 sample surfaces. 

Surface wetting results of PAN-nfs and PAN-TiO2 are shown in Fig. 4. 
Initially, both surfaces showed superhydrophobicity with water contact 
angle (WCA) of 155◦ ± 1◦for PAN-nfs and 154◦ ± 1◦for PAN-TiO2 
respectively (Fig. 4a and 4c). However, the PAN-nfs surface could not 

1.

2.

3.

4.

5.

6.

(b) (c)

(d) (e)

(a)

Fig. 3. (a) XPS survey spectra of PAN-nfs and PAN-TiO2 (inset shows Ti 2p), high resolution XPS spectra of C 1 s for (b) PAN-nfs and (c) PAN-TiO2 (d) O1s high 
resolution of PAN-nfs and (e) O1s high resolution PAN-TiO2. 

Table 1 
The estimated atomic relative concentration of carbon, oxygen, nitrogen and 
titanium on PAN-nfs and PAN-TiO2 samples surface.  

Type atomic% 

C1s O1s N1s Ti2p3/2 Ti2p1/2 

PAN-nfs  78.23  4.74  17.03  –  – 
PAN-TiO2  72.95  3.39  22.23  0.46  0.98  
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sustain their superhydrophobic nature thus the WCA dropped from 155 
± 1◦to 25 ± 3◦after 120 s (Fig. 4b). Conversely, PAN-TiO2 surface 
maintained its superhydrophobic nature after 120 s (Fig. 4d). 

120 s 
In order to understand how surface wetting plays an important role 

on photodegradation and antimicrobial activities, the surface wetting 
nature of PAN-TiO2 was studied under exposure of visible light. Fig. 4e 
shows the transformation of superhydrophobic (WCA ~ 155◦) to super 
hydrophilic (WCA ~ 8◦) nature of PAN-TiO2 surface by constant 
exposure of visible light over 4 h. It is a well-known phenomenon that 
semiconductors such as TiO2 or ZnO can be transformed from being 
hydrophobic to hydrophilic by irradiation of ultra-violet light or visible 
light [56]. In our case, visible light (1000 W/m2) was used and a longer 
exposure time was needed to render the surface superhydrophilic. This 
could be due to the low content of TiO2 in the fiber matrix which could 
turn the surface hydrophilic. 

3.2. Photoluminescence tests 

To further investigate generation of OH* radicals by PAN-nfs or PAN- 
TiO2 under visible light, photoluminescence (PL) measurements using 
terephthalic acid (TA) were carried out. Fig. 5a and 5b show the PL 
spectral of hydroxyterephthalic acid solution under visible light 

obtained at different times in the presence of PAN-nfs and PAN-TiO2, 
respectively. 

During photocatalysis, photocatalyst produced OH* radicals, which 
reacted with non-fluorescent TA to produce highly fluorescent 2-hydrox-
yterephthalic acid [38]. 2-hydroxyterephthalic acid can be detected by a 
spectrophotometer the PL peak λmax at 425 nm. Comparison of the rate 
of production of OH* radicals from PAN-nfs and PAN-TiO2 showed that 
at the same initial concentration of TA, PAN-TiO2 produced much 
higher amount of OH* radicals compared to PAN-nfs. The saturation for 
PAN-TiO2 was reached (PL intensity 1000) after 135 min, while for 
PAN-nfs was still at PL intensity 80 after 180 min. This experiment 
proves our hypothesis that PAN-TiO2 produces OH* radicals and the 
observed activity is due to free radicals formed by photocatalysis. 

During photocatalysis, photocatalyst produced OH* radicals, which 
reacted with non-fluorescent TA to produce highly fluorescent 2-hydrox-
yterephthalic acid [38]. 2-hydroxyterephthalic acid can be detected by a 
spectrophotometer the PL peak λmax at 425 nm. Comparison of the rate 
of production of OH* radicals from PAN-nfs and PAN-TiO2 showed that 
at the same initial concentration of TA, PAN-TiO2 produced much 
higher amount of OH* radicals compared to PAN-nfs. The saturation for 
PAN-TiO2 was reached (PL intensity 1000) after 135 min, while for 
PAN-nfs was still at PL intensity 80 after 180 min. This experiment 
proves our hypothesis that PAN-TiO2 produces OH* radicals and the 

(c)

120 s

120 s (d)

(e)

(a) (b)

Fig. 4. Optical images of 5 μL droplet sits on (a) PAN sample surface, (b) PAN sample surface after 120 s, (c) PAN-TiO2 sample surface, (d) PAN-TiO2 sample surface 
after 120 s, (e) Water contact angle changes with respect to visible light exposure time on PAN-TiO2 surface. 
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observed activity is due to free radicals formed by photocatalysis. 

3.3. Photodegradation of MB 

The photo-degradation of MB was studied using PAN-nfs and PAN- 
TiO2 under visible light (Fig. 6). Both nanofibers can adsorb MB, but 
adsorption was not significant in the absence of light (Fig. 6a and 6b). 
For light experiments, the lower absorbance is mainly due to degrada-
tion. Under visible light, PAN-TiO2 shows about 90% while PAN-nfs 
about 55% of dye degradation after about 3 h (Fig. 6c). After the first 
30 min, degradation of MB on PAN-nfs is slightly higher than PAN-TiO2 
due to the hydrophobic nature of PAN-TiO2 surface (WCA ~ 150◦ which 
is not shown in Fig. 4d). However, after 60 min or more PAN-TiO2 
surface turns hydrophilic (See Fig. 4e) which then results in faster 
degradation rate (See Fig. 6c). This turning point can be observed from 
the high production of OH* radical after 100 min of exposure time (See 
Fig. 5b). About 2% of MB degraded in the control as well. This is 
probably due to dye bleaching under the light [57,58]. 

PAN-TiO2 was 2-fold more effective in MB dye degradation 

compared to PAN-nfs. The liberation of OH* radicals as a result of photo- 
irradiation could have initiated reactions leading to MB degradation 
[59]. The results showing that the PAN-TiO2 has the highest degrada-
tion were probably due to higher production of OH* radicals by TiO2. 
Photocatalytic degradation of MB by TiO2 under visible light was re-
ported earlier [60–63]. The result reveals that TiO2 containing PAN- 
based fibers could be applied for environmental remediation with self- 
cleaning properties under visible light. PAN-nfs by themselves showed 
some photocatalytic activity under visible light irradiation. This is 
perhaps an emerging characteristic of polymers, as polymers such as 
polyethersulfone, have shown photocatalytic properties [59,63]. Dye 
removal could be ascribed to physical adsorption of the dye onto the 
PAN-nfs but the production of free radicals shown in Fig. 6 argues 
otherwise. 

TiO2 nanoparticles mainly absorb UV light due to its wide band gap, 
however, their photocatalytic effect on MB and biofouling under visible 
light could be due to sensitization mechanism [64–66]. In case of dyes, 
instead of TiO2, the dye molecules absorbed visible light, got excited and 
transferred the electrons into the conduction band of TiO2 leading to 

Fig. 5. PL spectra of conversion of non-fluorescent terephthalic acid to fluorescent 2-hydroxyterephthalic acid (HTA) as a result of OH radicals generated using (a) 
PAN-nfs and (b) PAN-TiO2. 
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formation of radicals [64–66]. Moreover, the sensitization could have 
also come from PAN-nfs as polymer-sensitizer of TiO2 has been previ-
ously reported [65], therefore, PAN-nfs may have served as the organic 
sensitizer that absorbed the visible light. 

3.4. Antimicrobial test 

Previously, electrospun PAN fibers modified with silver nano-
particles were shown to have excellent antibacterial properties [67,68]. 

At the same time, the antimicrobial properties of PAN-TiO2 have not 
been investigated so far. In this study, we studied the antimicrobial 
properties of PAN-nfs and PAN-TiO2 in the dark and light experiments. 
The experiments were conducted using a common human bacterial 
pathogen E. coli [69]. This is a Gram-negative bacterium associated with 
the lower intestine of humans. Some strains of this bacterium cause 
serious diarrhea and food poisoning in humans [70,71]. Our experi-
ments showed that there was no significant difference between optical 
densities of E. coli cultures in the dark experiment with PAN-nfs and 

Fig. 6. The results of the dark and light experiments for degradation of MB using PAN-nfs (a) and PAN-TiO2 (b), and (c) kinetic degradation of MB under visible light.  

C. Ademola Bode-Aluko et al.                                                                                                                                                                                                                



Materials Science & Engineering B 264 (2021) 114913

9

PAN-TiO2 (Fig. 7a). On the contrary, at the light conditions PAN-TiO2 
inhibited 3-fold the growth of bacteria compare to PAN-nfs and the 
control (only bacteria) after 24 h. The number of viable bacteria 
expressed as colony forming units (CFU) was 10-fold lower in treatments 
with PAN-TiO2 (1.4 × 108 CFU/ml) compared to that with PAN-nfs 
(18.4 × 108 CFU/ml). However, after 48 h to exposure of visible light, 
the density of bacteria in the presence of PAN-TiO2 was similar to the 
control sample but 2-fold lower than in the presence of PAN-nfs 
(Fig. 7a). This could be explained by enhanced cell growth of E.coli on 
hydrophilic surface of PAN-nfs. 

Similarly, in the visible light experiment PAN-TiO2 inhibited the 
optical density of Gram-positive biofouling bacterium Bacillus sp. 
(Fig. 7b). Since PAN-TiO2 inhibited growth of E. coli as well, this sug-
gests that PAN-TiO2 fibers have potent antimicrobial properties against 
Gram-negative and Gram-positive bacteria. The reduction of the number 
of bacteria can be explained by two hypotheses. First, bacteria can be 
killed due to production of reactive oxygen species during photo-
catalysis. Second, bacteria can accumulate on the surface of the fibers. 
Our data suggested that most likely bacteria were eliminated due to 
photocatalysis as we would not observe a dramatic reduction of viability 
of bacteria in the case of adsorption of bacteria especially for Gram 
positive bacteria. Under the dark condition, PAN-TiO2 sample showed 
slight reduction of bacterial density compared with the control sample 

(bacteria only). This might be due to: (1) slight adsorption of bacteria on 
the PAN-TiO2 surface and (2) slow release of catalytic ions into the 
media, which inhibit the bacteria growth. 

Photocatalytic inhibition of E. coli growth by TiO2 has been shown 
previously. For example, Egerton et al. [71] demonstrated the possibility 
of photoelectrocatalytic disinfection of E. coli by an iron doped TiO2 
sol–gel electrode. A linear relationship between the concentration of 
OH* radicals and inactivation of E. coli by TiO2 photocatalysis has been 
shown [72]. Novel ZnO-TiO2 composite nanofibers were fabricated by 
an electrospinning method and showed excellent antimicrobial activity 
against Gram-negative E. coli and Gram-positive Staphylococcus aureus 
bacteria under UV light [73]. However, our research showed that PAN- 
TiO2 showed greater effect on the Gram-positive bacterium, Bacillus sp. 
under visible light. 

4. Mechanism of antifouling action 

The proposed mechanism of antifouling activity of PAN-TiO2 fibers 
against chemical and biological fouling is due to photocatalytic activity 
and production of reactive oxygen species under visible light. When 
PAN-TiO2 fibers are exposed to visible light in the aquatic environment, 
multiple electron-hole pairs are generated through bandgap absorption. 

This results in the generation of reactive oxygen species (ROS), like 

Fig. 7. Optical density (620 nm) of (a) E. coli and (b) Bacillus sp., at 24 and 48 h under dark and light. The control contains wells with bacterial culture only. The data 
are the mean ± standard deviation. 
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hydroxyl radicals (OH*) and superoxide ions (O2–). Radicals can further 
undergo cascaded reactions with H+ and photogenerated electrons (e− ) 
producing peroxides (H2O2) and more OH* radicals [6]. These ROS 
species can oxidize organic molecules, like MB, and kill bacteria. ROS 
are known to cause cell wall damage and increase cell oxidative stress 
[74,75]. Additionally, once ROS are inside the cell, they can damage 
DNA of bacteria and interfere with microbial enzymes and lipids 
[76,77]. Therefore, PAN-TiO2 fibers can be used for different industrial 
applications, in which antifouling and self-regenerating activity is 
required, such as degradation of organic pollutants in industrial water, 
treatment of produced and wastewater, and disinfection of water. 
Additionally, PAN-TiO2 fibers can be used as a pre-treatment to reduce 
fouling of reverse osmosis membranes of desalination plants. 

5. Conclusions 

In this study, PAN-TiO2 nanofibers were successfully made by a 
simple electrospinning and blending procedure. High hydrophobicity is 
imparted to PAN nanofibers by addition of TiO2, enhancing water re-
pellent properties. In the presence of visible light, these nanofibers 
showed potent antifouling and photocatalytic activity as well as high 
hydrophobicity in comparison to unmodified PAN nanofibers. PAN- 
TiO2 nanofibers successfully removed a dye and killed bacteria within 
a laboratory experiment. Thus, the antifouling activity and high hy-
drophobicity of PAN- TiO2 nanofibers could be useful in many industrial 
applications. Future experiments are needed in order to test the anti-
fouling activity PAN- TiO2 nanofibers in real industrial conditions. 
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