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Abstract 

This study chemically modified PET film surface with P25 using silicate as a binder. Different P25–binder ratios were opti-

mized for the catalyst performance. The modified samples were analyzed by scanning electron microscopy-energy-dispersive 

X-ray spectroscopy and Fourier transform infrared spectroscopy. Diffuse reflectance UV-vis spectra revealed significant re-

ductions in the band gaps of the P25 solid precursor (3.20 eV) and the surface-modified PET–1.0Si–P25 (2.77 eV) with visi-

ble light. Accordingly, under visible light conditions, catalyst activity on the film will occur. Additionally, the film’s perfor-

mance was evaluated using methylene blue (MB) degradation. Pseudo-first-order-rate constants (min−1), conversion percent-

ages, and rates (µg.mL−1.gcat
−1.h−1) were determined. The coated films were evaluated for viral Phi–X 174 inactivation and 

tested with fluorescence and UV-C light illumination, then log (N/N0) versus t plots (N = [virus] in plaque-forming units 

[PFUs]/mL) were obtained. The presence of nanosilica in PET showed a high adsorption ability in both MB and Phi–X 174, 

whereas the best performances with fluorescent light were obtained from PET–1.0Si–P25 and PET–P25–1.0Si–SiO2 equally. 

A 0.2-log virus reduction was obtained after 3 h at a rate of 4×106 PFU.mL−1.gcat
−1.min−1. Additionally, the use of this film for 

preventing transmission by direct contact with surfaces and via indoor air was considered. Using UV light, the PET–1.0Si–

P25 and PET–1.0Si–P25–SiO2 samples produced a 2.5-log inactivation after 6.5 min at a rate of 9.6×106 and 8.9×106 

PFU.mL−1.gcat
−1.min−1, respectively. 
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1. Introduction 

Microorganisms, such as viruses, fungi, and 

bacteria, can be removed efficiently and econom-
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ically using photocatalytic oxidation–reduction 

(redox). This process uses a semiconductor as a 

catalyst and artificial or solar light as an energy 

source to induce simultaneously occurring oxi-

dation and reduction processes at the catalyst’s 

surface. In this heterogeneous catalytic process 

[1–3], an electron is excited by the light energy 
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from a semiconductor valence band (VB) to the 

corresponding conduction band (CB); conse-

quently, a carrier pair (e/h) is formed at the CB 

and VB, respectively. After the carriers sepa-

rate, they migrate to the catalyst’s surface, and 

simultaneous electron transfer occurs from and 

to the electrolytes. At the CB, electrons are 

transferred to O2 to produce superoxide radical 

anions that become further reduced to HOOH 

and water. Simultaneously, at the VB, hydroxyl 

radical (OH.) electrons are transferred from 

water to the catalyst. In both cases, reactive ox-

ygen species (ROS) are formed; these react with 

the membranes of microorganisms, thereby in-

ducing the oxidation of the membrane and 

causing the destruction of the microorganism 

(Figure 1). The microorganism removal efficien-

cy [4] (Q) can be obtained by measuring 

−log(N/N0), where N and N0 are the microor-

ganism concentrations at time t and time 0 

(initial); for viruses, this is measured in terms 

of plaque-forming units (PFUs) per milliliter. 

Typically, the efficiency of a decontamination 

process in reducing the concentration of a con-

taminant is measured using a log reduction 

scale; therefore, efficiency is measured as the 

number of log units, e.g. n = 1, 2, and 3 repre-

sent 90%, 99%, and 99.9% removal efficiency, 

respectively. 

Nonhazardous and highly stable n-type 

semiconductors have been used to disinfect mi-

croorganisms, including TiO2, CuO, and ZnO. 

Previously, an increase in photocatalytic activi-

ty was noted with the addition of SiO2 to TiO2; 

the activity resulted from enhanced microor-

ganism adsorption on the surface of TiO2, re-

duced e/h recombination, and increased OH [5]. 

Additionally, a review of the photocatalytic in-

activation for waterborne, airborne, and food-

borne viruses has recently been published [6]. 

Most of the reported cases used UV-C and UV-

A (black light blue) on different viruses with 

variable log reductions, with most using pow-

ders as catalysts. However, few cases of cata-

lyst-coated films have been reported, e.g. films 

coated in TiO2/CuO [7] and g-WO3 [8]. In [7], 

T4 phages were treated using a 40 W UV-A 

lamp (log of 9.9 in 80 min), whereas in litera-

ture [8], MS2 phages were treated with a mer-

cury lamp (5.9 log in 180 min). Generally, there 

have been few reports on studies using solar or 

visible light. 

TiO2 has attracted more and more interest 

due to its great advantages, including water 

splitting, pollutant degradation, solar cell, lith-

ium-ion batteries as well as photocatalyst. 

Electronic structure and consequently magnet-

ic and optical properties of TiO2 nanoparticles 

can be changed by doping with nickel, chromi-

um, iron, vanadium, zinc, etc. [9]. Doping al-

lows for changes in the electronic structure of 

TiO2 nanoparticles, as well as changes in their 

chemical composition and optical properties 

[10]. The synthesis method to produce TiO2 

thin films and the substrate on which it is de-

posited is known to play an important role for 

design efficacy of a biomaterial. A scratch-

resistant coating method using wash coating 

and screen printing techniques to coat stain-

less steel and aluminum plates with TiO2 has 

been reported, and antimicrobial activity has 

been tested using UV light [11]. Additionally, 

TiO2 nanoparticles have been attached to poly-

mers using techniques including liquid phase 

deposition, dip coating, spreading, and chemi-

cal attachment, whereas reduction, emulsion 

polymerization, atom transfer, and radical 

polymerization have also been described [12–

17]. Indeed, TiO2 nanoparticles have been 

grafted to polymethyl methacrylate film using 

the latter technique [18]. 

 Organic polymers have potentially wide ap-

plicability as flexible substrates for the deposi-

tion of photocatalytic films, given the ease in 

which they can be formed into shapes post-

deposition. Polyethylene terephthalate (PET) is 

recyclable and it is considered one of the most 

important engineering plastics owing to its ex-

cellent tensile and impact strength, chemical 

resistance, clarity, processability, colourability 

and reasonable thermal stability. Moreover, 

the TiO2 thin films deposited onto PET sub-

strates might work as a UV-protective layer, 

since they absorb UV light, increasing the life 

time of the polymeric material [19]. In addi-

tion, viruses and its host bacteria are usually 

co-existent in real water environment, but few 

Figure 1. Virus inactivation via ROS (OH• and 

O2•−) membrane oxidation. 
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related researches have been conducted to 

study the interaction between them in photo-

catalytic systems, so it is of practical signifi-

cance to investigate the photocatalytic inactiva-

tion efficiency in Phi–X 174 virus system using 

surface-modified SiO2 chemically coated with 

TiO2 on PET film. 

In this context, this study reports different 

conditions for surface-modified SiO2 chemically 

coated with TiO2 on PET film. The coated film 

samples were tested for UV light photooxida-

tion using methylene blue (MB) degradation at 

a neutral pH. The best-performing film was 

characterized by scanning electron microscopy 

with Energy-dispersive X-ray spectroscopy 

(SEM-EDX), Fourier transform infrared (FT-

IR) spectroscopy, photoluminescence (PL) spec-

troscopy, the Brunauer–Emmett–Teller (BET) 

method, and UV-vis reflectance spectroscopy. 

This film was tested for the inactivation of the 

Phi–X 174 bacteriophage under 2,000-lux fluo-

rescent and 18 W UV-C lights. This study dis-

cusses the kinetics of oxidation and virus inac-

tivation and their consequences and offers rec-

ommendations on virus deactivation applica-

tions. 

 

2. Materials and Methods 

2.1 Materials 

This study used the following chemicals and 

materials: TiO2 (P25) Aeroxide and tetraethyl 

orthosilicate (TEOS) (98%) were obtained from 

Aldrich, deionized (DI) water and ethyl alcohol 

(99.9%) were supplied by QReC, and fuming 

hydrochloric acid (37%) was obtained from 

Merck. Silicon dioxide (SiO2) nanopowders (5–

15 nm) (99.5%) were supplied by Sigma–

Aldrich. The Nabsolute company limited sup-

plied both the Phi–X174 virus and the E. Coli 

bacteria. Agar, 125 µm high-quality large-

format PET film roll, and cultivation plates 

(90×150 mm) were obtained from Hycon Plas-

tics. Methylene blue (MB, C16H18ClN3S) was 

purchased from Unilab. Micropipettes (2–20, 

20–200, and 100–1,000 µL) were supplied by 

Gilson. Nutrient broth agar was obtained from 

Conda, and KCl was supplied by Kemaus. 

American bacteriological agar and CaCl2 were 

obtained from Conda and Bio Basic, respective-

ly. 

 

2.2 Equipment 

The morphology and crystalline structure 

were examined via SEM-EDX using an AMI-

CUS photoelectron spectrometer with an Mg-Kα 

X-ray source controlled by KRATOS Vision2 

software with a current of 20 mA and an ener-

gy of 10 keV. The binding energy was calibrat-

ed by the C 1s peak at 284.6 eV. Ti 2p and O 1s 

peaks were observed at 455–470 and 525–540 

eV, respectively. Diffuse reflectance (DRS) UV-

vis spectra were recorded on a Perkin Elmer 

Lambda-650 instrument. The sample (ca. 200–

300 mg) was loaded into a quartz cell under 

normal condition, and the spectra were collect-

ed in the wavelength range from 200-800 nm 

with a step size at 1 nm reference to BaSO4. 

Light absorption data were obtained using UV 

Win Lab software (PerkinElmer). The band 

gaps were calculated using Tauc’s equation, 

(αhν)1/n = A(hν−Eg), in which A is the optical 

constant, h is Planck’s constant, α is the ab-

sorption coefficient, ν is c/λ (in which c is the 

speed of light in a vacuum and λ is the wave-

length), Eg is the optical band gap, and n is 0.5 

and 2 for direct and indirect transitions, re-

spectively. X-ray photoelectron spectroscopy 

analysis was employed to obtain insights about 

the chemical state in the catalyst surface. For 

all elements, there is a characteristic of bind-

ing energy associated with each core atomic or-

bital. XPS was acquired using the AMICUS 

spectrometer with Al-Kα spectrometer (Thermo 

VG, USA) equipped with an Al-Kα X-ray radia-

tion (1486.6 eV) at voltage 15kV and current of 

12 mA. The pressure in the analysis chamber 

was less than 10−5 Pa. Charge referencing was 

measured against adventitious carbon (C 1s at 

284.8 eV). Methylene blue (MB) was used for 

photo oxidation in a batch reactor comprising 

two Pyrex cylinders with different diameters; 

the cylinder with the smaller diameter con-

tained a UV lamp and was immersed in the so-

lution. The concentration of MB for different 

reactions was measured using a Varian Cary 

5000 UV-Vis-near-infrared spectrophotometer, 

and the pH of the reactions was monitored us-

ing a Metter Toledo SevenMulti™ pH meter. 

The study used a sonicator from T. Ultrasonic 

Engineering Co., LTD., and an orbital oven 

temperature-controlled chamber (for incuba-

tion) from Biosan. An HVA-110 autoclave 

(Hirayama Manufacturing Corporation) and a 

Biosan ES-20 shaker–incubator were also used. 

Preliminary testing to detect microorganisms 

on the surface of the films was conducted using 

a Lumitester Smart A3 detector (ATP + ADP + 

AMP). 

 

2.3 Film Preparation 

2.3.1 PET–Si–P25 film 

To prepare the films, 0.5, 1, or 1.5 mL TEOS 

was added (while stirring) to a solution con-
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taining 35 mL of ethanol and 35 mL DI water 

until a final pH of 3 was reached. The solution 

was stirred magnetically for 15 min. To the fi-

nal solution, 1 g P25 was added, and the solu-

tion was stirred for 24 h. The PET film was 

submerged in the final mixture and sonicated 

for 45 min. Both sides of the coated film were 

cleaned with a soft sponge and air dried for 15 

min at 110 °C. 

 

2.3.2 PET–1.0Si–P25–SiO2 Film 

A 1 mL volume of TEOS was added by stir-

ring into a solution of 35 mL of DI water and 

35 mL ethanol until a final pH of 3 was 

reached. Magnetic stirring continued for 15 

min. P25 (1 g) and nanosilica (0.05 g) were add-

ed to the final solution and stirred for 24 h. The 

PET film was submerged in the final mixture 

and sonicated for 45 min. Both sides of the 

coated film were cleaned with a soft sponge and 

air dried for 15 min at 110 °C. 

 

2.4 Virus and Bacteria Preparation 

2.4.1 Culture media for the virus and bacteria 

The nutrient broth on agar was added onto 

a plate, and 20 mL bottom agar was added and 

evenly distributed. Then, the agar solidification 

culture media was incubated at 37 °C. 

 

2.4.2 Preparation of E. Coli 

The nutrient broth culture media (5 mL) 

was added into a 15 mL tube containing E. 

Coli (Nabsolute company limited). A colony of 

E. Coli was produced after overnight incuba-

tion in a shaker at 37 °C. 

 

2.4.3 Preparation of the Phi–X 174 virus 

The Phi–X 174 virus (Nabsolute company 

limited) was incubated using a procedure simi-

lar to the above method for E. Coli. 

 

2.5 Methylene Blue Oxidation Test 

An area of PET–Si–P25 film (50 cm2) was 

prepared by adding 0.5, 1, or 1.5 mL TEOS and 

1 g P25 to a reactor containing 100 mL of a 

4 ppm methylene blue (MB) water solution. 

The solution was stirred for 30 min before a UV 

light was activated. Then, a first aliquot sam-

ple (2.5 mL) was obtained. After the UV light 

had been activated, 2.5 mL aliquot samples 

were obtained every 15 min for 2 h. The re-

maining MB contained in each aliquot at each 

time interval was determined via UV-vis spec-

troscopy by measuring the corresponding ab-

sorbance signal at 668 nm. The corresponding 

rates and rate constants were obtained using 

absorbance measurements (or MB) (from the 

calibration curve). 

 

2.6 Testing the Antiviral Properties of the Film 

2.6.1 Testing procedure 

The coated film and the blank (control) film 

samples were installed individually on the 

block tester. To prevent viral leakage, the 

block’s screws were tightened firmly. Then, the 

block tester was disinfected under a hood of 

UV-C light for 15 min. A 2 µL volume of Phi–X 

174 was added dropwise into 5 mL of nutrient 

broth and mixed with Vortex. The mixture was 

transferred onto each block film where it was 

exposed to light (fluorescent or UV-C) for 30, 

60, 120, and 180 min. Then, the reaction mix-

tures were added to two tubes (sample and con-

trol films). The mixtures were serially diluted 

with 90 µL nutrient broth and 10 µL of the 

mixture to achieve the required number of 

phages for the measurement (i.e., until the 

phages could be counted). A 100 µL volume of 

the prepared bacteria was added to 10 µL of 

the mixture. Agar was poured on top until its 

total volume was 3 mL. Then, the mixture was 

transferred evenly onto a plate. Three controls 

and sample plates were prepared (for each test-

ing time). After the agar had solidified, the 

samples were incubated overnight at 37 °C. 

 

2.6.2 Analysis procedure 

The total number of phages on the plates 

was counted, and the average (AVG) number 

was calculated. If necessary, different dilutions 

were used. The concentration of the virus was 

obtained according to the following calculation: 

concentration (PFU.mL-1) = AVG number of 

phages × dilution factor × 100. 

Figure 2. PET-Si-P25 proposed structure show-

ing the Si binder chemical bonds to PET and 

P25. 
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3. Results and Discussion 

3.1 Film Preparation and Characterization 

PET film comprises esters of terephthalate 

and ethylene groups ([–COC6H5CO–OCH2CH2–

O–]n), and partial hydrolysis in an acidic media 

at the polymer’s surface will yield 

[−COC6H5COOH HOCH2CH2–O–]n. Thus, alco-

hol and acid groups are available to form chem-

ical bonds at the surface of the polymer. Under 

this acidic condition, the addition of TEOS will 

cause the chemical attachment of silicate to the 

film ([–COC6H5CO–OSi(OH)2–OCH2–CH2–O–

]n), leaving two OHs that can be attached to 

TiO2. This study used this procedure to chemi-

cally coat PET film with P25 (Figure 2). 

The addition of silicate–P25 to the resultant 

PET film’s surface was verified via SEM-EDX 

and FT-IR spectroscopy. Table 1 presents the 

weight percentages of Ti and Si according to 

the quantities of TEOS used in the prepara-

tion. Figures 3, 4, and 5 show the SEM images, 

Tauc’s equation using the DRS UV-vis spectra 

of the P25 powder and PET–1.0Si–P25, and the 

FT-IR spectra of PET, the P25–SiO2 powder, 

and PET–1.0Si–P25 with the corresponding as-

signment of signals, respectively [20,21]. The 

plot of (αhν)2 versus the photoenergy (hν) of 

each catalyst shown the curve line using the 

Tauc’s relation (Figure 4), which intercepted on 

the photoenergy as its bandgap energy. The 

P25 powder had the wider energy bandgap 

about 3.20 eV, compared to the coated P25 on 

PET film that had the energy bandgap about 

2.77 eV. The narrower energy bandgap of coat-

Catalyst films 

total catalyst weight 

of 50 cm2 of film: 

0.01 g  

%wt on film Band gap 

Eg (eV)  

kobs (min−1) 

(half-time; 

min)  

rate 

(mg.mL−1.gcat−1.h−1) 

% Conversion 

Ti Si 30 min 45 min 

PET-P25 12.8 0.0 3.2 7.1 9.7 c c 

PET-0.5Si-P25 52.7 1.7 

2.77   

25.1 35.2 0.015 (20) c 

PET-1.0Si-P25 55.3 3.8 30.2 43.9 0.02 (15)a 85b 

PET-1.5Si-P25 45.7 6.4 17.6 29.6 0.01 (30) c 

PET-1.0Si-P25-SiO2 53.0 4.4 39.0 52.2 c c 

Table 1. MB degradation using P25 on PET films prepared under different conditions. P25 attached on 

film without SiO2 binder was also tested. Pseudo-first order rate constants and rates are also shown. 

a Same value obtained by plotting ln(−(Abs inf−Abst)) vs. time and ln([MB]t/[MB]0) vs. time. 
b Obtained from the [MB] consumed after 2 h (1.69 ppm = 1.69 mg.mL-1) divided by 2 h and 0.01 gcat 

c Not measured. 

Figure 3. SEM images of PET–1.0Si–P25 showing (a) surface, (b) Ti distribution and (c) Si distribution. 

(a) 

(b) (c) 
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ed film resulted in the electrons transferred 

from the valence band to the conduction band 

more efficiently. Table 1 also presents the band 

gaps, e.g. corresponding to PET–1.0Si–P25. 

The band gaps of PET–1.0Si–P25 are signifi-

cantly lower than those of P25; thus, it is ex-

pected that catalyst activity in the visible re-

gion will occur. 

The XPS binding energy of element compo-

site in the catalyst was characterized for deter-

mining Ti3+/Ti4+ ratio of P25 powder and coated 

P25 film (Figure 5). The binding energy of Tita-

nium (Ti2p), Ti (2p2) at 458.6 eV is Ti4+ and Ti 

(2p1) at 456.8 eV is Ti3+ in TiO2. The result 

shows that Ti3+/Ti4+ ratio is 0.07 and 0.15 for 

P25 powder and coated P25 film, respectively. 

Therefore, P25 coated PET film can reduce en-

ergy band gap due to it can change oxidation 

state of Ti4+ to Ti3+ from bonding P25 with PET 

surface. 

The photoluminescence (PL) measures the 

efficiency and electrical properties of semicon-

ductors such as charge carrier trapping, carrier 

lifetime and recombination. The PL spectrum 

of PET–1.0Si–P25 is provided in Figure 6. The 

intensity indicates the emission energy of e−/h+ 

recombination rate. Although the main signal 

occurs at 425 nm, signals of higher wave-

lengths are also detected, which may be at-

tributed to different traps, including those of 

the silicate binder and oxygen vacancies (Vo) at 

560 nm. The signals have high enough intensi-

ties to provide good catalyst light harvesting.  

 

3.2 Methylene Blue Oxidation Test 

The methylene blue (MB) absorbance versus 

plots of TiO2 (P25) for 1 g without TEOS as a 

binder and for different volumes of TEOS with 

1 g P25 are presented in Figure 7(a). It is clear 

that for the 1 g P25 sample, faster degradation 

of MB occurs when using 1 mL TEOS (PET–

1.0Si–P25). Since this is an exponential degra-

dation, the pseudo-first-order degradation can 

Figure 4. Band gap values of P25 powder and 

PET–1.0Si–P25 using Tauc´s equation. 

Figure 5. XPS spectra of (a) P25 powder and (b) 

P25 coated PET film. 

Figure 6. 320 nm excitation photoluminescence 

spectrum of P25-SiO2 powder. 
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be adjusted to the experimental points. Figure 

7(b) reveals a plot of ln(−(Absinf–Abst)) versus t, 

where Absinf and Abst are the corresponding ab-

sorbances at an infinite time (when leveling is 

observed at 120 min) and at time t, respective-

ly. Accordingly, the pseudo-first-order rate con-

stants for the degradation of MB were obtained 

from the slope of the plot. Besides, both of 

SEM/EDX characterization and methylene blue 

degradation show the conformed results ex-

plaining Ti active site quantity on film effects 

to methylene blue degradation efficiency. 
Figure 8(a) shows a calibration curve for MB 

absorbance at 668 nm versus concentration. 

Using this curve, the concentrations of MB at 

each time were obtained. Additionally, a plot of 

ln([MB]t/[MB]0) versus time is presented. From 

the slope, a value of kobs = 0.023 min−1 was ob-

tained, which is similar to that in Figure 8(b). 

In Table 1, the pseudo-first-order rate con-

stants, the percentage of conversions for the 

three methods of preparation of the modified 

film are shown. This table also shows the rate 

obtained (in µg.mL−1.gcat−1.h−1) for the fastest 

MB degradation. The T4 bacteriophage has 

been used previously to test the activity of 

glass coated with thin films of TiO, CuO, and 

CuO/TiO2, and a direct correlation was identi-

fied between the oxidation capacities of these 

films and the inactivation rate of the virus, as 

it was pointed out by Ditta et al. [7]. Thus, the 

present study selected the PET–1.0Si–P25–

SiO2 that provides the optimal MB oxidation 

degradation to test the inactivation of Phi–X 

174 using fluorescent and UV lights. 

 

3.3 Adsorption Experiments 

This study tested the adsorption of MB on 

PET, PET–0.5Si–P25, PET–1.0Si–P25, and 

(b) 

(a) 

Figure 7. (a) Absorbance vs. t plots of MB deg-

radation using different coated PET films prep-

aration proportions of the P25 (TiO2) and Tet-

raethyl ortho silicate (TEOS). [MB]0 = 4 ppm, 

neutral pH. (b) Plot of ln (−(Absinf−Abst)) vs. t 

for MB degradation using PET-1.0Si-P25. 

[MB]0 = 4 ppm, neutral pH, kobs = −slope = 0.02 

min−1. 

Figure 8. (a) Absorbance vs. [MB] calibration 

curve. (b) ln([MB]t/[MB]0) vs. t plot. From the 

slope pseudo-first order rate constant (kobs: 

min−1) is obtained. 

(b) 

(a) 
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PET–1.5Si–P25 films without light and collect-

ed the samples after 10, 30, and 60 min to 

measure the optimal adsorption time for MB 

degradation. The results revealed the optimal 

adsorption time to be 10 min. As shown in Fig-

ure 9(a), the PET–1.0Si–P25–SiO2 film exhibit-

ed the highest adsorption ability. 

To test the adsorption of Phi–X 174 on film, 

PET–1.0Si–P25 and PET–1.0Si–P25–SiO2 were 

tested without light. Samples were obtained af-

ter 10, 30, and 60 min to obtain the optimal ad-

sorption time for the virus. The results re-

vealed this to be 10 min, and the best absorp-

tion ability was exhibited using the PET–1.0Si–

P25–SiO2 sample (Figure 9(b)). The highest ad-

sorption of both MB and Phi–X 174 was ob-

tained in the presence of nanosilica. 

The reasonable MB and Phi–X 174 adsorp-

tion mechanism can result from hydrogen 

bonding and electrostatic interactions between 

negatively charged groups on the catalyst in 

the presence of nanosilica (PET–1.0Si–P25–

SiO2) and cationic MB as well as Phi–X 174. 

The proposed adsorbent, PET–1.0Si–P25–SiO2, 

includes hydroxyl groups. As it is known, hy-

droxyl groups can be generally observed non-

ionized form at lower pHs, so lower interac-

tions between non-ionized hydroxyl and posi-

tively charged are observed which is known as 

hydrogen bonding interactions. Hence, the ad-

sorption of cationic MB and Phi–X 174 on 

PET–1.0Si–P25–SiO2 having negatively 

charged groups could be more efficient through 

electrostatic interactions. 

 

3.4 Virus Inactivation Experiments 

Since the oxidation of MB increased when 

the PET–1.0Si–P25 modified film sample was 

used, this film was also selected for use in the 

Copyright © 2022, ISSN 1978-2993 

Figure 9. (a) PET-1.0Si-P25 adsorption (no 

light) of methylene blue. (b) PET-1.0Si-P25-

SiO2 adsorption (no light) of virus Phi-X174. 

(b) 

(a) 

(b) 

(a) 

Figure 10. (a) Fluorescence 2000 lux lamp for 

Virus Phi-X 174 Bacteriophage inactivation 

using PET (blank), PET-1.0Si-P25, and PET-

1.0Si-P25-SiO2. kobs are obtained from the 

slopes of log (N/N0) vs. time plots. N and N0 are 

the concentration of virus at time t and the 

concentration of virus after adsorption but be-

fore irradiation, respectively. (b) Same condi-

tions using UV-C 18 W lamp. 
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virus inactivation tests. As the addition of SiO2 

has been reported to improve the deactivation 

of microorganisms [5], the present study in-

cluded an additional film prepared by adding 

5% of nano SiO2 (PET–1.0Si–P25–SiO2) to the 

last preparation method of film preparation. 

Figure 10(a) shows a plot of the log of N/N0 ver-

sus time, in which N and N0 are the viral con-

centrations in PFU.mL-1 at time t and concen-

tration after adsorption, respectively. Thus, the 

values obtained at each time interval indicate 

the film’s virus removal efficiency. The figure 

includes a PET control sample for comparison. 

It can be seen that the P25 and PET–1.0Si–

P25–SiO2 films both provide the best removal 

with fluorescent light. Table 2 shows the kobs 

obtained from the slopes of Figure 10(a), the 

percentage of conversions after 30 and 45 min, 

the log reduction efficiencies, and the rates of 

virus inactivation in PFU.mL−1.gcat−1.h−1. As 

can be seen in Figure 10(b), under UV light, 

the deactivation of the virus is faster. However, 

activity is also observed with the control PET 

film, which suggests that UV light alone pro-

motes viral deactivation. The kobs, inactivation 

percentage after 0.5 min of irradiation, log re-

duction after 6.5 min, and deactivation rate in 

PFU.mL−1.gcat−1.min−1 are all provided. The ad-

dition of 5% nano SiO2 during the preparation 

of the film provides a virus inactivation effi-

ciency equal to that of the P25 film. 

The linear correlation between the OH. and 

the deactivation of E. Coli revealed that [22] 

hydroxyl radicals are the primary oxidation 

species in microorganism inactivation with UV 

light. Glass and steel coated with lanthanide- 

and neodymium-doped TiO2 have been report-

ed [23] to successfully destroy the foodborne 

pathogen, Staphylococcus aureus. However, 

there are few reports of virus inactivation us-

ing visible light photocatalysis, particularly in 

terms of the coexistence of viruses and their 

host bacteria. Cu–TiO2 nanofibers under visi-

ble light have been investigated [24] under this 

condition, and the pH and catalyst dosages 

were found to affect the inactivation rate. A 

neutral pH was found to be the most effective 

with doses of >75 mg/L at 25 °C and an initial 

virus concentration of 105 PFU.mL-1. Addition-

ally, the intensity of light has been confirmed 

to affect the inactivation rate (optimal perfor-

mance achieved with 130 mW/cm2). Generally, 

−log(N/N0) approximately 3–5 values are ob-

tained after an irradiation time of 120 min. 

The present study’s results using the PET–

1.0Si–P25–SiO2 film sample achieved 60% in-

activation after 1 h (Table 2). However, the vi-

rus deactivation rate per gram of catalyst 
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(0.005 g/film, Table 2) was 4×106 

PFU.mL−1.gcat−1.min−1. Hence, considering the 

indoor threshold for airborne microorganisms 

of 500 PFU.m-3 [11], a virus deactivation rate of 

6.6×105 PFU.mL−1.gcat−1.h−1 is an important 

goal. However, achieving this requires approxi-

mately 1.4×1.4 m (103 cm2/0.005 g)0.5 of the film 

(see Table 2), although the abovementioned 

threshold may be reached using a smaller area 

if the contaminated air is forced to contact the 

film. 

In the present study, the experiments were 

conducted in batches in which virus–bacteria 

PFUs were added onto films. The control of di-

rect-contact viral contamination could be 

achieved quite well using the film, as the pre-

liminary detection tests using the Lumitester 

A3 (ATP+ADP+AMP) confirmed. Additionally, 

airborne viruses may be deactivated using the 

film. Although the conditions of airborne viral 

flows are different from the experiments per-

formed in this study, good agreement between 

the laboratory results of catalyst oxidation and 

those of the prototype test was confirmed [11] 

for glass and steel coated with TiO2 and P25 

using a simple photoreactor with tangential air 

tested in a chamber and a prototype air purifi-

er. However, when comparing the results for 

microorganisms, the efficiency of the prototype 

is reduced, which is likely to be attributed to 

the protection of microorganisms by the liquid 

droplets and particulates in natural aerosols. 

In the virus model shown in Figure 1, the 

product with photocatalytic could produce reac-

tive oxygen species (ROS) and have a high po-

tential to induce oxidation reaction with micro-

organism. When the oxidation between product 

and virus occurred, the outer membrane of vi-

rus is structured by glycoprotein inserted on 

phosphatidylethanolamine lipids. The figure 

shows that ROS (OH.) stimulates membrane 

oxidation [25], which has been confirmed using 

TiO2/UV light. Viruses are the most susceptible 

pathogens to ROS oxidation when TiO2 and 

ZnO are used as photocatalysts [26]. This oxi-

dation promotes pore formation, phase separa-

tion, and membrane permeability, leading to 

the deterioration of viruses [27]. The results ob-

tained in the present study confirm that the de-

veloped P25 film can protect against viral 

[22,28–30] contamination from direct contact 

on surfaces and via transmission in indoor air. 

Besides, ROS can cause oxidative stress within 

virus, and extracellular ROS may enter into 

the virus and cause dramatically boosted ROS 

levels intracellularly, which would react with 

antioxidative enzymes, disrupting the balance 

of oxidation and antioxidation in virus cells 

[31]. 

 

4. Conclusions 

This study prepared and tested P25 films to 

investigate methylene blue (MB) oxidation us-

ing UV light. The film prepared with 1 g P25 

and 1 mL TEOS (PET–1.0Si–P25) was found to 

degrade MB faster than the other P25:TEOS 

ratios tested. A kobs value of 0.02 min−1 (half 

time = 15 min) and a rate of 85 

µg.mL−1.gcat−1.h−1 were measured. Because of 

the direct correlation between the rates of oxi-

dation and virus deactivation, this film was 

used to test the removal efficiency of the Phi–

X174 virus. The deactivation mechanism of 

Phi–X174 and other viral models involves the 

destruction via ROS (mainly hydroxyl radicals) 

of the virus’ membrane; because of the narrow 

bandgap (2.8 eV) of the film induced by the sili-

cate binder, ROS can be produced using visible 

light. The presence of nanosilica indicates sig-

nificant adsorption capacity for both MB and 

Phi–X174. Irradiation under a fluorescent 

lamp for 3 h produced a virus removal rate of 

0.2 log at a rate of 4×106 PFU.mL−1.gcat−1.min−1, 

which is effective in preventing viral contami-

nation via direct contact with surfaces and 

transmission in indoor air. UV-C light pro-

duced a removal of up to 2.5 log after 6.5 min of 

irradiation. However, the PET control film pro-

duced a removal of just 1.5 log. Thus, UV light 

is efficient at deactivating not only the virus 

but also the cells of other living organisms. Ac-

cordingly, this represents a drawback for using 

UV light for such applications. 
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