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1  Introduction
The presence of pharmaceutical compounds in rivers, especially antibiotics, is a signifi-
cant environmental and human health concern. The sources of antibiotics in rivers can 
be traced to the discharged effluent from manufacturing facilities, hospitals, veterinary 
clinics, livestock farms, and aquaculture industries [1]. In the aquaculture industry, only 
a small fraction of antibiotics is absorbed to prevent bacterial infections and parasitic 
diseases, with 80% of antibiotics being discharged and reaching various ecosystems 
[2]. Antibiotic consumption also increases tremendously with the rapid increase in the 
human population. After consumption, the antibiotic is partly metabolized in the bio-
logical system and eventually enters the aquatic environment through feces or urine. Of 
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degradation using TiO2/PVDF film. Based on the LC–MS results, the identified 
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proving the vast potential of the film to be applied in real-life situations.

Keywords  Titanium dioxide, Polyvinylidene fluoride (PVDF), Photocatalysis, 
Tetracycline degradation

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s11671-025-04384-7
https://orcid.org/0000-0002-9313-1573
http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-025-04384-7&domain=pdf&date_stamp=2025-11-14


Page 2 of 16Mohmad Ameran et al. Discover Nano          (2025) 20:206 

more concerning note, the presence of these antibiotics in rivers enables the bacteria to 
develop resistance to them. According to a recently published study, antibiotic-resistant 
bacterial infections are the cause of the death of five million people in 2019 [3]. One of 
the various antibiotics contributing to this issue is tetracycline (TC).

TC is a broad-spectrum antibiotics used to treat microbial infections in human and 
animals [1]. Due to its extensive use and environmental persistence, its presence in the 
surface water, groundwater and drinking water has been detected [4], thereby prompting 
the use of numerous strategies, including microbial degradation, membrane filtration, 
ozonation, and adsorption to remove it from the water [5, 6]. However, these methods 
are less effective. Microbial degradation technique is unsuitable for removing antibiotics 
due to their antibacterial nature [6], membrane filtration suffers from membrane fouling 
[5] while adsorption efficiency of adsorbents is dependent on the pH of TC-containing 
solutions [7]. Although ozonation process can partially mineralize TC, it generally pro-
duces toxic byproducts [8]. Since finding an effective method of eliminating antibiotics is 
vital, it has attracted significant attention from researchers around the globe. Semicon-
ductor photocatalysis, with TiO2 as the most favoured photocatalyst, has been reported 
as a superior method in removing TC from water due to its efficiency, environmental 
friendliness and operates under mild condition [9]. The photocatalysts, upon activation 
by light absorption, generates highly reactive oxygen species such as hydroxyl and super-
oxide anion radicals which in turn can break down the TC molecules into benign end 
products. Even though there is much positive feedback on this technique, it has a major 
drawback that limits its large-scale applications. Since photocatalysts are conventionally 
used in powdered forms, several problems arise due to their inability to absorb UV light, 
due to aggregation of nanoparticles, uneven dispersion of particles in aqueous suspen-
sions, and the time-consuming process of post-recovery of the nanoparticles from the 
treated wastewater [10].

Many researchers started immobilizing the photocatalyst onto a support to solve the 
post-recovery issue. Numerous inert substances have been used as support mediums, 
such as glass substrates [11], activated carbon [12], chitosan [13], and ceramics [14]. The 
use of polymeric membranes as support has also attracted significant interest. A recent 
review of the methods employed for immobilizing photocatalysts into and onto polymer 
membranes [15] and the application of these photocatalysts to degrade endocrine-dis-
rupting chemicals has been published [16]. Choosing a suitable polymer that can work 
well with the photocatalysts is imperative to improve the separation process. The poly-
mer should be stable under the photodegradation conditions and not be degraded by the 
photocatalyst.

In this work, we report TiO2/PVDF photocatalyst film fabrication. PVDF was selected 
as a support material due to its high chemical and thermal resistance, mechanical 
strength, and high stability towards UV irradiation and vast oxidative conditions [17]. 
However, it has been reported that aged PVDF ultrafiltration membranes can produce 
microplastics when subjected to chemical cleaning processes [18]. Although there is a 
significant amount of literature on the fabrication of TiO2/PVDF film, most studies focus 
on ultrafiltration, fouling studies, and degradation of dyes. The application of TiO2/PVDF 
film in the photodegradation of pharmaceutical compounds, especially antibiotics, is 
minimal. This research focuses on determining the optimal formulation for preparing 
TiO2/PVDF hybrid film photocatalyst and evaluating its potential to photodegrade TC 
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under different reaction conditions. The reusability of the film is assessed to gauge the 
feasibility of using the TiO2/PVDF in multicycle operations. The intermediates of tet-
racycline degradation, detected using liquid chromatography-mass spectrometry (LC-
MS), are used to elucidate the degradation pathway.

2  Experimental
2.1  Materials

Polyvinylidene fluoride (PVDF, molecular weight = 534,000  g mol−1 ), P25-TiO2 pow-
der, and pure N, N-dimethylformamide (NMF) solution were purchased from Sigma-
Aldrich. Tetracycline (TC), 1,4-Benzoquinone (> 99%), Ethylenediaminetetraacetic 
acid (EDTA, > 99%), and tert-Butyl alcohol (99%) were purchased from Century, Acros 
Organic, R& M Chemical, and Riendemann Schmidt, respectively. Deionized water was 
used as the primary solvent in this work.

2.2  Formulation of TiO2/PVDF membrane hybrid photocatalysts

The procedures for preparing nanoparticle/PVDF films using the phase inversion 
method [10]. In general, a certain amount of PVDF, according to the weight% ratio, was 
initially dissolved in N, N-dimethylformamide (NMF), followed by the addition of TiO2 
nanoparticles ranging from 0 to 7 wt% to produce the polymeric casting solution. While 
the amount of the PVDF, NMF, and TiO2 used to prepare the TiO2/PVDF film photo-
catalyst varies, as tabulated in Tables  1 and 2, the total weight of the casting solution 
was kept at 20 g. The casting solution was continuously stirred for 24 h for homogenous 
distribution of the nanoparticle photocatalyst material before the casting process was 
performed on a flat glass plate (8 cm× 10 cm) using a film casting knife to produce TiO2/
PVDF films with a thickness of 100 μm. The glass plate was then submerged in a coagu-
lation bath containing deionized water for 24 h to completely separate the film from the 
glass plate and remove the impurities of the remaining solvents. Finally, the film was 
dried at room temperature for 24 h before it was further used in the photodegradation 
studies. Figure 1 illustrates the preparation of the hybrid film photocatalysts.

Table 1  The polymeric casting solution composition for TiO2/PVDF film photocatalysts with 
different TiO2 loading
PVDF wt% TiO2% NMF wt % Labelled as
Effect of TiO2 content
12.5 0 87.5 PTi-0
12.5 2 85.5 PTi-2
12.5 3 84.5 PTi-3
12.5 4 83.5 PTi-4
12.5 5 82.5 PTi-5
12.5 6 81.5 PTi-6
12.5 7 80.5 PTi-7

Table 2  The polymeric casting solution composition for TiO2/PVDF film photocatalysts with 
different PVDF percentages
PVDF wt% TiO2 wt% NMF wt %
Effect of percentages of PVDF
7.5 6 86.5
10.0 6 84.0
15.0 6 79.0
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2.3  Characterization of the photocatalyst films

The TiO2/PVDF film’s physicochemical characteristics were investigated using several 
solid-state characterization techniques. X-ray diffractometer (PHILIPS PW 3040/60, 
Almelo, Netherlands) with CuKα radiation (30 kV, 30 mA) was used at a scanning range 
of 2θ = 10°–80° to determine the phase and crystallinity of the films. Meanwhile, the 
film’s surface morphology and elemental composition were recorded on a field emission-
scanning electron microscope (FEI Nova NanoSEM 230) equipped with an electron-dis-
persive X-ray analyzer (HITACHI TM3000). An X-ray photoelectron spectrophotometer 
(Kratos Analytical Axis Ultra DLD) was used to identify the chemical state of the ele-
ments in the film. The film’s surface roughness and wettability were estimated using an 
atomic force microscope (Seiko Instruments SPI 3800 N) and a water surface analysis 
system (VCA 3000 S).

2.4  Photodegradation of tetracycline

The photodegradation of TC was performed in a 1.0 L photoreactor (Fig S1). Two pieces 
of TiO2/PVDF films were placed in the reactor, and 800 mL of 10 mg/L TC solution was 
added. For the first 30 min, the solution was stirred in the dark to allow the adsorption 
of TC on the photocatalyst film before being irradiated with a 7 W UVC lamp (254 nm, 
15 mW/cm2) for the next 5  h. Air was supplied using an aquarium pump throughout 
the degradation process. At preset time intervals, 5 mL of the solution was sampled and 
analysed using a UV-Vis spectrophotometer (PerkinElmer Lambda 35) at λmax of 367 nm 
to determine the residual TC concentration. The flow chart of the TC photodegradation 
experiments is shown in Figure S2. The TC degradation percentage was calculated using 
Eq. 1, while the amount of TC degraded was determined using Eq. 2.

TC degradation (%) = C0 − Ct

C0
× 100� (1)

TC degraded
(

mg
g

)
=

C0 − Ct
(mg

L

)
× Volume of TC solution (L)

weight of TiO2/PVDF film (g) � (2)

C0 and Ct are the TC concentrations at the initial and specific time intervals, respectively.
The performance of the films in degrading TC was also evaluated using chemical oxy-

gen demand (COD) analysis. The COD of the TC solutions, measured using the closed 
reflux colorimetric method (APHA 5220 D), was estimated at different time intervals 

Fig. 1  Preparation of TiO2/PVDF hybrid film photocatalyst
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by taking 2 ml of the TC solution and digesting it at 150  °C for 2 h in a fixed amount 
of oxidant reagent (Lovibond) using Thermo-reactor RD125 (Lovibond). A colorimeter 
(DR/890) was used to measure the COD and the COD percentages were calculated using 
Eq. 3.

COD (%) = COD0 − CODt

COD0
× 100� (3)

COD0 and CODt are the COD value at the initial and specific time (t) of the degradation, 
respectively.

The kinetics of TC degradation were investigated using the Langmuir-Hinshelwood 
(L–H) model. The rate of TC degradation, r, was calculated using Eq. 4, while the rate 
constant, kobs, can be determined from the slope of the ln C/C0 vs. time plot (Eq. 5).

r = −dC/dt = kobsC� (4)

ln C/C0 = kobst� (5)

2.5  Reusability test

To assess the stability and the reusability, the TiO2/PVDF film photocatalyst was used in 
eight cycles of TC photodegradation experiments. were conducted on the pristine film 
to investigate their TC photodegradation capabilities under both UV light. At the end of 
each cycle, the film was thoroughly rinsed with deionized water to eliminate any surface 
contaminants. Subsequently, the film is returned into the photoreactor to begin degrad-
ing a fresh TC solution.

2.6  Liquid chromatography–mass spectroscopy (LC–MS) analysis

The identification of intermediates and photocatalytic degradation pathway for the deg-
radation of TC was conducted using a Thermo Scientific C18 column (AcclaimTM Polar 
Advantage II) on an UltiMate 3000 UHPLC system (Dionex) equipped with a MicroTOF 
QIII Bruker Daltonic Mass analyzer. An eluent consisting of water, 0.1% Formic Acid, 
and 100% Acetonitrile was eluted at a gradient elution of 0.4 mL/min flow rate for 
22 min at 40 °C column temperature. Positive ionization with 4500 V of capillary voltage 
was used during the LC-MS analysis.

3  Results and discussion
3.1  Characterization of TiO2/PVDF films

The XRD pattern of powdered TiO2 (Fig.  2a) shows the peaks characteristic of ana-
tase TiO2 at 2θ of 25.27° (101), 37.70° (004), 47.98° (200), 53.76° (105), 54.99° (211) and 
62.57° (204) (JCPDS-21-1272), while a peak characteristic of rutile TiO2 was observed 
at 2θ of 27.38° (110) (JCPDS-21-1276). Figure 2b shows the XRD pattern of pure PVDF 
and selected TiO2/PVDF membrane film photocatalysts. The XRD pattern of the pure 
PVDF shows peaks characteristic of the PVDF α-phase at 2θ of 18.20° (020) and 19.08° 
(021) [19]. Upon the addition of TiO2 into the PVDF film, characteristic peaks of ana-
tase and rutile TiO2 were observed. The intensity of these peaks increased as the TiO2 
weight percentages in the film increased, indicating the success of immobilising the TiO2 
nanoparticles.
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The interaction, chemical characteristics, and elemental composition of TiO2/PVDF 
film photocatalysts were investigated using X-ray photoelectron spectroscopy (XPS). 
The XPS survey spectrum shows peaks of the main components of the TiO2/PVDF film 
photocatalyst: Ti, F, C, and O (Fig. 3a). Three peaks (Fig. 3b) were observed at 284.85 eV, 
285.3 eV, and 289.35 eV for the C 1s peak, which can be correlated to the C–C bond, 
C–F sp3, and C-H bond, respectively that corresponds to the PVDF molecular structure 
[20]. The peaks at 529.35 eV, 531.0 eV, and 533.05 eV binding energy for the O 1s spec-
trum (Fig. 3c) were attributed to the formation of Ti–O–Ti, Ti–OH, and the hydrogen 
bonding between the O of TiO2 and H of adsorbed water on the PVDF film, respectively 
[21]. The possibility of hydroxyl groups (–OH) at the surface of TiO2 nanoparticles that 
enhance the water-dispersibility of TiO2 for effective photocatalytic performance was 
reported in previous literature [22]. The F1s spectrum (Fig. 3d) shows the peak observed 
at a binding energy of 684.75 eV, attributed to the C–F semi-ionic bond [20]. The binding 
energy for Ti 2p shows peaks at 458.55 eV and 464.86 eV (Fig. 3e), which are attributed 
to Ti 2p3/2 and Ti 2p1/2, respectively. The binding energy difference of 5.0 eV indicates the 
presence of Ti4+ in the TiO2/PVDF film [23].

 Figure 4 shows the surface morphology of the pristine PVDF and TiO2/PVDF films 
(FESEM images) and their respective EDX analysis. Pristine PVDF and TiO2/PVDF 
film photocatalysts showed a porous surface on the photocatalyst film. For the TiO2/
PVDF photocatalyst films, a good distribution of TiO2 particles was observed on the 
PVDF surface. Among all the TiO2/PVDF film photocatalysts, PTi-6 showed the most 
extensive distribution of TiO2 on the photocatalyst film. TiO2 loading higher than 6 wt% 
(PTi-7) resulted in the blockages of the porous site areas of the PVDF with fewer TiO2 
nanoparticles on the film surface. This occurrence might be attributed to the highly vis-
cous casting solution at high TiO2 content, which leads to poor segregation and uneven 
distribution of TiO2 nanoparticles in the casting solution. The poor absorption of light 
and pollutant-catalyst absorption will eventually decrease the degradation performance 
of the film photocatalyst in degrading tetracycline antibiotics [24].

The EDX spectra of the TiO2/PVDF film photocatalysts also show increasing TiO2 
content with growing amounts of TiO2 particles added to the casting solution while pre-
paring the TiO2/PVDF.

film photocatalysts. This confirms the successful immobilisation of TiO2 nanopar-
ticles into the PVDF film. A film photocatalyst’s surface roughness and hydrophilicity 
are essential to achieve the best photocatalytic performance. A rough surface leads to 
high hydrophilicity, better wettability, and more significant interaction between the 

Fig. 2  XRD diffraction pattern of a TiO2 nanoparticles and b TiO2/PVDF films with TiO2 loading from 0 to 6 wt %
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pollutants and the surface of the photocatalyst film [25]. The surface roughness and the 
hydrophilicity of the neat PVDF and TiO2/PVDF hybrid films, observed via atomic force 
micrographs and water contact angles, are shown in Fig. 5.

As depicted by the 2-D and 3-D micrographs, the roughness of the surface increased 
from 0.0038 μm to 0.0415 μm with the increasing amount of TiO2 immobilised on the 
PVDF film, which is similar to a previously reported study [26]. However, the water con-
tact angle of the films decreased with increasing TiO2 content, indicating an increase in 
the hydrophilic properties of the film. This phenomenon can be attributed to increas-
ing surface hydroxyl groups (Ti-OH) as more TiO2 particles are embedded in the PVDF 
film. In addition to the C-F group in the PVDF structure, these groups can form hydro-
gen bonds with water molecules, consequently increasing the hydrophilicity of the TiO2/
PVDF film.

Fig. 3  XPS spectra of the a survey, b C 1s, c O 1s, d F 1s, and e Ti 2p in the PTi-6 film photocatalyst
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3.2  The photocatalytic activity of TiO2/PVDF films

3.2.1  Screening of the photocatalyst film

The performance of the TiO2/PVDF films in degrading tetracycline (TC) solution was 
investigated under five hours of UV light irradiation. Prior analysis shows that the TC 
is stable towards UV irradiation. The adsorption of TC on the film is less than 10%. Fig-
ure 6; Table 3 show the comparative photocatalytic performance of the prepared pho-
tocatalyst films. PTi-6 exhibits the highest photocatalytic performance, indicating that 
6 wt% of TiO2 is the optimum amount of TiO2 that can be immobilized into the PVDF 
film without sacrificing its photocatalytic performance (Fig. 6a). The capability of PTi-6 
to photodegrade 94% of TC at the rate of 0.102 mg/L min could be attributed to its phys-
icochemical characteristics, i.e., well-dispersed TiO2 particles on the surface and high 
surface roughness and hydrophilicity. A slightly lowered photocatalytic performance 

Fig. 4  FESEM-EDX analysis of TiO2/PVDF film photocatalysts
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observed for PTi-7 could be due to particle agglomeration, which decreased the available 
sites for photocatalytic degradation and inefficient light absorption.

The effect of PVDF content on photocatalytic efficiency is reflected in Fig.  6b. The 
photocatalytic efficiency of the film increases with increasing percentage of PVDF in the 
casting solution to an optimum amount of 12.5 wt% before it decreases at 15 wt% %. At 
15 wt%, the viscosity of the casting solution was the highest, which led to poor disper-
sion of the TiO2 on the surface of the photocatalyst film and consequently reduced the 
photocatalytic performance of the film. Based on these results, the best photocatalyst 

Fig. 6  Screening for the best film photocatalyst; photocatalytic degradation efficiencies of TiO2/PVDF with various 
loading of a TiO2 and b PVDF. (TC volume: 0.8 L, number of films photocatalyst used: 2 films, [TC]0: 10 mg/L, pH of 
TC: 5.8)

 

Fig. 5  Surface images of 2-D and 3-D and the water contact angle for PVDF and TiO2/PVDF film 
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film formulation contained 6 wt% TiO2 and 12.5 wt% PVDF. Hence, PTi-6 was consid-
ered the best TiO2/PVDF film photocatalyst.

3.2.2  Effect of reaction conditions

The performance of PTi-6 to photodegrade TC was further investigated under different 
reaction conditions. Figure 7a illustrates the effect of TC concentration on the degrada-
tion efficiency. The percentage of TC degradation decreases with increasing TC concen-
tration. As the concentration of TC increases, the ratio of TC molecules to the active 
photocatalytic sites increases, explaining the reduction in the percentage degradation of 
TC. Moreover, the presence of intermediates competing for the surface catalyst’s active 
site also contributes to the observed decrement [27]. The effect of catalyst loading on 
the degradation efficiency was investigated using different numbers of the PTi-6 film. A 
maximum of 4 pieces of the film were used due to the photoreactor configuration. The 
efficiency of TC degradation increases with the number of films used (Fig. 7b). A com-
plete TC degradation with the fastest rate of 0.24 mg/L min was observed when 4 pieces 
of the PTi-6 film were used. The results also reflect the advantage of using film over pow-
dered photocatalyst, as the degradation efficiency of the latter process is affected by the 
agglomeration of the catalyst and the increasing turbidity of the solution at higher load-
ing of powdered photocatalyst [28].

The changes in the pH of the TC solution will affect not only the TC’s speciation but 
also the film photocatalyst’s surface charge. The TC molecule has three pKa values (3.3, 
7.7, and 9.7) and can exist as cationic, zwitterion, and anionic species in acidic, mildly 
acidic-neutral, and basic conditions, respectively. The pH of zero-point charge (pHzpc) 
of TiO2 was 6.2, indicating that the film is positively charged at pH below 6.2 and nega-
tively charged at pH above 6.2 [29]. Figure 7c illustrates the effect of the TC solution’s pH 
on the degradation efficiency. The TC degradation percentage increases when the pH 
increases to pH 5 and then gradually decreases at higher pH values. The highest percent-
age of TC degradation at pH 5 is attributed to a stronger interaction the reaction was 

Table 3  The effect of different catalyst loading (0–7%) using TiO2/PVDF photocatalyst film on kinetic 
data and the amount of TC degraded
Sample Degradation ef-

ficiency (%)
kobs
(min− 1)

Rate
(mg/L min)

Amount of TC 
degraded (mg/g)

Corre-
lation 
factor 
(R2)

PTi-0 0.37 1.0 × 10−5 1.0 × 10−4 3.4 0.8307
PTi-2 44.12 0.0018 0.019 9.1 0.9422
PTi-3 45.79 0.0018 0.018 10.0 0.9037
PTi-4 69.15 0.0034 0.034 11.1 0.9343
PTi-5 70.15 0.0039 0.039 11.2 0.9777
PTi-6 94.44 0.0102 0.102 12.9 0.9943
PTi-7 90.67 0.0082 0.082 11.0 0.9958
Percentages of 
PVDF (%)

Degradation ef-
ficiency (%)

kobs
(min− 1)

Rate
(mg/L min)

Amount of TC 
degraded (mg/g)

Corre-
lation 
factor 
(R2)

7.5 84.56 0.0077 0.0770 10.4 0.9944
10 89.43 0.0082 0.0820 10.9 0.9817
12.5 94.44 0.0102 0.1020 12.9 0.9943
15 81.62 0.0060 0.0060 10.0 0.9871
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unaffected, proving that the films are stable in acidic and basic media. The between the 
TC, which has an anionic moiety, and the positively charged film. The TC and the film’s 
surface became negatively charged at higher pH values, resulting in a decreased TC deg-
radation efficiency due to the repulsion effect [30]. The weight of the photocatalyst film 
afterprogress of the TC degradation is also monitored using chemical oxygen demand 
(COD) analysis. Figure 7d shows that the total oxygen required to oxidize TC decreases 
from 247  mg/L to 24.67  mg/L with time, indicating the degradation of the TC by the 
PTi-6 film photocatalyst. Subsequently, the complete mineralization of TC required 
more than 5 h of irradiation. The gradual decrease could be attributed to the accumula-
tion of undegraded compounds, as reflected by the COD analysis, on the surface of the 
photocatalyst film.

Fig. 7  The photodegradation TC at different a TC concentration, b number of film and c pH; d the COD analysis 
the reusability of the film and e recyclability study (Conditions: number of films photocatalyst used: 2 films, [TC]0: 
10 mg/L, pH = 5.8, unless stated otherwise)
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3.2.3  Reusability test

The capability of the PTi-6 hybrid film photocatalyst to be used in a multicycle of the 
TC degradation process is depicted in Fig. 7e. The photodegradation efficiency decreases 
gradually up to the eighth cycle from 94% (fresh film) to 71%. It was found that the film 
can maintain its good performance after being repeatedly applied for the degradation of 
TC. The decrease in the photocatalytic activity using recycled photocatalyst might be 
attributed to some TiO2 particles peeling off from the film’s surface into the sample solu-
tion due to the vigorous stirring of the sample solution for long hours. The reusability 
study was discontinued due to the structural integrity problem, as the film was torn at 
the end of the eighth cycle.

3.3  Photodegradation mechanism and TC degradation pathways

To envisage the TC degradation mechanism, 10 mL of 0.1  mol/L radical-scavenging 
solutions namely,1,4-benzoquinone (p-BQ), ethylenediaminetetraacetic acid (EDTA), 
and tert-butanol (t-BuOH), were added separately into the TC solution to react with the 
·O−

2 , h+ and ·OH radicals, respectively. As illustrated in Fig. 8a, the photocatalytic degra-
dation of TC was severely affected by the presence of p-BQ, with a reduction efficiency 
of 81% indicating that the ·O−

2  is the main species responsible for the effective degrada-
tion of TC. Thus, the proposed TC degradation mechanism on the photocatalyst’s sur-
face is illustrated in Fig. 8b.

When the photocatalyst surface absorbed the light, a photoexcitation process was ini-
tiated where the negatively charged electrons (e−) from the valence band (VB) jumped 
to the higher energy band, which is the conduction band (CB), leaving a positive charge 
hole (h+) on the valence band. The photogenerated holes at the valence band can oxidize 
the adsorbed water to produce a very reactive hydroxyl radical, ·OH. Meanwhile, the 
photogenerated electron at the conduction band can reduce the adsorbed oxygen on the 
catalyst’s surface, forming superoxide radical anions, ·O−

2 (Eq. 6). The superoxide radical 
anions can also react with the H+ ion that exists in the solution to form hydroperoxyl 
radical species (·OOH), hydroperoxyl anion, HOO−, and further form hydrogen perox-
ide, H2O2 (Eqs. 7–10). These generated species can directly attack the pollutant or react 
with oxygen or water molecules to produce potent oxidizing hydroxyl radicals, which 
promote the oxidation of TC antibiotics (Eqs. 11–13) [31].

O2 + e−
cb → ·O−

2 � (6)

Fig. 8  a Percentages of degradation percentage of TC with the presence of three type of radical scavengers 
using PTi-6 film photocatalyst for five hours under UV light (Conditions: [TC]0 = 10  mg/L; [Radical Scavenger] 
used = 0.1 mol/L; Number of films = 2; pH = 5.8) and b The possible mechanism of photodegradation of TC on the 
surface of TiO2/PVDF film photocatalyst
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·O−
2 + h+ → ·OOH� (7)

·OOH + e−
cb → HOO− � (8)

HOO− + H+ → H2O2 � (9)

H2O2 + e−
cb → OH− + ·OH� (10)

·OH + TC → mineralization of TC� (11)

·O−
2 + TC → mineralization of TC� (12)

·OOH + TC → mineralization of TC� (13)

The photocatalytic degradation of tetracycline (TC) by PTi-6 was further investigated 
using LC–MS/MS to detect the intermediates and fragments formed. The characteristic 
peak of TC (m/z = 445) was observed at a retention time of 7.6 min. Table 4 shows the 
gradual decrease in the characteristic peak intensity, indicating the progressive degrada-
tion of the TC, and the mass-charge ratio (m/z) data of the TC fragments obtained from 
the LC–MS/MS spectra, with increasing reaction time. The chemical structure of the TC 
fragments was constructed according to their m/z ratio.

After 30 min of reaction time, peaks at m/z = 401, 428, and 431 were observed, indi-
cating three initial possible degradation pathways for the destruction of the tetracycline 
compound through the elimination of the C=O(NH2) group, NH2, and the CH3 group, 
respectively. According to Xie et al. [32], the NH2 and CH3 functional groups can be an 
easy target for the initial attack of radical species. The molecules were further degraded 
via elimination of (CH)=C(OH), OH, and (C6H4)OH group to produce fragments with 
m/z values of 369, 411, and 366, respectively, after 1 h of reaction. As the reaction pro-
ceeded, more degradation products with smaller and simpler molecular structures were 
identified. Fragments with m/z values of 354, 301, 287, 282, 252, 227, and 205 indicate 
more bond breaking, and ring crackings within the structure of TC were detected after 
3 h of reaction time, respectively. After 5 h of irradiation time, almost all of the rings in 
the molecular structure have been cracked, producing smaller fragments with an m/z 
ratio of less than 200. The compounds can be further degraded to less hazardous final 
products, such as CO2, H2O, and NH4

+. Based on these analyses, the possible degrada-
tion pathway of tetracycline is illustrated in Fig. 9. Some of these fragments have been 
reported in previous literature works [33, 34].

Table 4  LC–MS/MS data for tetracycline compound and its intermediates
Degradation time (h) Intensity of 

tetracycline
(m/z 445.16)

Retention time 
(min)

List of main intermediates with 
m/z

30 min 209,004 7.6 401.17, 428.00, 430.91
1 84,858 7.6 369.10, 411.12, 366.13
2 40,339 7.6 301.14, 354.06, 252.00, 282.15
3 10,993 7.6 205.07, 205.11, 227.16, 287.12, 

252.00, 287.12
4 10,437 7.6 187.08, 195.12, 205.07, 224.02,126.00, 

168.08
5 6648 7.6 121.03, 114.10, 110.03, 124.99, 101.00
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4  Conclusions
This study successfully developed an effective TiO2/PVDF film photocatalyst, PTi-6, 
comprising 6 wt% TiO2 and 12.5 wt% PVDF for TC degradation. The high efficiency of 
the PTi-6 film photocatalyst is due to its high porosity, surface roughness, and hydro-
philicity, which enable a good interaction between the TC and the surface of the pho-
tocatalyst. Two pieces of the PTi-6 could photodegrade 94% of 10 mg/L TC within five 
hours of UV irradiation at pH 5. A complete TC degradation at a much faster rate can be 
achieved with the increasing number of films used. LCMS detected various intermedi-
ate products during the degradation of TC under UV light, and the possible degradation 
pathways were successfully proposed according to the fragments found from the LC-MS 
data. The PTi-6 film photocatalyst exhibited a slight decrease in degradation efficiencies 
up to the eighth cycle, which proved the stability of the film photocatalyst and its poten-
tial to be applied for actual wastewater treatment.
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