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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Photoefficient TiO2/C films were 
deposited on glass substrates by cold 
spray coating.

• Morphological/structural changes and 
type-II heterojunction formation were 
observed.

• The films showed good reusability on 
the SDZ degradation over 4 photo
catalytic cycles.

• The influence of irradiation modes and 
role of oxidizing species were discussed.

• Irradiation mode effect and photo
catalytic mechanism of SDZ by TiO2/C 
were proposed.
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A B S T R A C T

TiO2/expanded graphite (TiO2/EG) composite films were applied to water treatment for sulfadiazine (SDZ) 
degradation in a continuous flat plate photochemical reactor. The films were synthesized by sol-gel method and 
deposited on borosilicate glass by airbrush spray coating technique, forming a TiO2/C heterojunction. Increasing 
the amount of carbon promoted more efficient photocatalytic removal of SDZ under simulated sunlight, which 
increased from 9.1% in the absence of carbon to 49.8% for the material containing 7.5% C. From the formation of 
the TiO2/C heterojunction, morphological modifications, changes in the electronic structure and reduction of the 
band gap energy were observed. Type-II heterojunction formation was observed. Foreground and background 
irradiation modes were investigated, and a possible photocatalytic mechanism was proposed. TiO2/7.5 %-EG 
exhibited the best photocatalytic performance, with the possibility of reuse. The films showed good reusability in 

* Corresponding author.
E-mail address: rodrigo.bento@ipen.br (R.T. Bento). 

Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier.com/locate/chemosphere

https://doi.org/10.1016/j.chemosphere.2024.143329
Received 20 April 2024; Received in revised form 21 August 2024; Accepted 10 September 2024  

Chemosphere 365 (2024) 143329 

Available online 11 September 2024 
0045-6535/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:rodrigo.bento@ipen.br
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2024.143329
https://doi.org/10.1016/j.chemosphere.2024.143329
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2024.143329&domain=pdf


the SDZ degradation over 4 photocatalytic cycles. The influence of irradiation modes and the role of oxidizing 
species were discussed. The results showed that TiO2/EG hybrid films are a promising alternative for practical 
photocatalytic applications under sunlight.

1. Introduction

Titanium dioxide (TiO2) is one of the most widely used semi
conductor materials as catalytic films for water and effluent treatment 
processes via heterogeneous photocatalysis, primarily due to its high 
efficiency, photo stability, and physicochemical properties (Bento et al., 
2019; Temam et al., 2022). Nevertheless, TiO2 presents limitations 
regarding its photocatalytic efficiency when used under visible light 
irradiation, since it exhibits low photon absorption above 390 nm (De 
Araujo Gusmão et al., 2022; Bento et al., 2021a; Reza et al., 2017). To 
overcome this limitation, the combination of TiO2 with other materials 
is considered a promising approach, among which the formation of 
heterojunctions is notable (Duoerkun et al., 2020; Wannapop and 
Somdee, 2022). Photocatalytic heterojunctions are systems of two or 
more different semiconductors that interface with each other (Li et al., 
2018; Bento et al., 2022). The use of photocatalytic heterojunctions has 
proven to be an effective strategy to improve light absorption, the 
generation of highly active radicals such as O2

•− and HO•, and conse
quently, the behavior of the photocatalyst under visible light (Murugan 
et al., 2021).

Several studies have highlighted the importance of using photo
catalytic heterojunctions due to their high potential to solve environ
mental and technological problems (Palharim et al., 2022; Li et al., 
2023; Aouf et al., 2023). Among the different types of existing hetero
junctions, the combination of TiO2 with carbon-based materials (e.g. 
graphene, graphene oxide, expanded graphite) stands out, since it 
combines the optical and electronic properties of carbon with the pho
tocatalytic properties of a semiconductor material (Tang et al., 2018; 
Tismanar et al., 2021). This system has been studied due to its high 
photocatalytic efficiency and its ability to be produced in an affordable 
and environmentally friendly manner. TiO2/C composite photocatalysts 
have been widely used for the removal of organic pollutants from water, 
such as dyes, pesticides and alcohols, and also in environmental pro
tection applications, for example, in landfill odor control and neutral
izing toxic gases (Bento et al., 2022).

Zhang et al. (2022) synthesized photocatalysts composed of TiO2 
doped with graphitic carbon (TiO2-GC) via the impregnation method, 
thus combining the advantages of both materials; the composites were 
investigated in the synergetic adsorption-photodegradation tetracycline 
antibiotics. Structure characterization confirmed the formation of the 
Ti–O–C valence bond, with a decrease in bandgap energy to 2.67 eV. 
Compared with pure TiO2, the TiO2-GC photocatalyst exhibited excep
tional morphological characteristics, good reusability, and high photo
catalytic performance, with94% tetracycline removal under visible 
light.

Zhang et al. (2020) proposed a novel photodegradable nano-
graphite/TiO2 composite film for the degradation of PVC (polyvinyl 
chloride) plastic under visible light. The results showed that the com
posite film produced in this study represents a viable and efficient so
lution for addressing the "white pollution" issue, with an excellent 
photodegradability of about 62%. Wu et al. (2021) investigated the 
photoactivity of the V2O5–MoO3/TiO2-expanded graphite (EG) catalysts 
on the NH3 reduction. The high shear method achieved a homogeneous 
distribution of TiO2 particles with EG.

In turn, in our previous study (Bento et al., 2022), TiO2/expanded 
graphite (TiO2/EG) films were obtained by sol-gel spray coating method 
to evaluate the decolorization of methyl orange dye under visible light. 
EG nanosheets were synthesized directly from bulk graphite by 
UVC-assisted liquid-phase exfoliation technique (LPE) without the 
addition of aggressive oxidizing agents, which characterizes the process 

as eco-friendly. The formation of the TiO2/C heterojunction resulted in 
morphological modifications, changes in the electronic structure, and a 
broadening of the light absorption range, which favored its photo
catalytic efficiency.

Therefore, it is noted that TiO2/C heterojunctions have great po
tential in water treatment and environmental protection applications. 
However, it is important to highlight that there are still few studies 
aimed at understanding the photocatalysis mechanisms involved in 
these composites, as well as developing strategies to further improve 
their efficiency. To shed light on this topic, in this research TiO2/EG 
films were synthetized by sol-gel method, and deposited on borosilicate 
glass substrates by a simple cold spray coating technique to evaluate 
their photocatalytic behavior in the degradation of the antibiotic sul
fadiazine, selected as a model contaminant of environmental concern, 
under UV–Vis irradiation. The effects of irradiation pathways and car
bon concentration on the morphological and structural characteristics of 
the composite films are presented and discussed. The explanation on the 
degradation mechanism of SDZ when the composite film is foreground 
and background illuminated, as well as the possible degradation path
ways of SDZ by UV–Vis-active TiO2/EG photocatalysts were proposed.

2. Experimental

2.1. Expanded graphite nanosheets

Expanded graphite (EG) nanosheets were produced by UVC-assisted 
liquid phase exfoliation technique using natural graphite (Quimidrol 
Com. Ind. LTDA) as carbon precursor, as previously described by Bento 
et al. (2022). A dispersion of 0.6 g of graphite in a solution of deionized 
water, acetone and isopropyl alcohol was irradiated with UVC light (λ =
253.7 nm, OSRAM Licht AG, Puritec 9 W) at room temperature for 2 h. 
Previous studies suggested the influence of the graphite exfoliation time 
on the photocatalytic activity of TiO2/EG, and the existence of an 
optimal time at which the hybrid photocatalyst exhibits better perfor
mance (Bento et al., 2022).

2.2. TiO2/EG composite films

Hybrid TiO2/EG films with a thickness of 300 nm were obtained by 
the sol-gel method. Preliminary investigations suggested the existence of 
an optimal thickness in which TiO2 films exhibit optimal photocatalytic 
efficiency (Bento et al., 2019, 2021b; Marcello et al., 2020). The sol-gel 
composite was prepared using 5 mL of titanium(IV) isopropoxide (TTiP, 
Ti(OCH(CH3)2)4, 97%, Sigma-Aldrich) dissolved in 50 mL of iso
propanol. Expanded graphite was added to the solution at 5, 7.5 and 10 
% (w:v). Then, 1.5 mL of sulfuric acid (H2SO4) was added to reach pH =
3. The solution was stirred at 75 ◦C for 60 min. Next, the composite films 
were deposited on borosilicate glass substrates (25 × 76 × 1 mm) by a 
low-cost cold spray coating technique employing an airbrush. The so
lution was sprayed onto the substrates at a scanning speed of approxi
mately 17 mm s− 1. Subsequently, the samples were dried at 100 ◦C for 
60 min, and heat treated at 550 ◦C for 30 min.

2.3. Characterization

X-ray diffraction (XRD) analysis was performed using a Rigaku 
Multiflex instrument, with monochromated CuKα radiation, at an inci
dence angle of 5◦, a scanning rate of 0.02◦, and a 2θ range from 5 to 80◦. 
Atomic force microscopy (AFM) was used in tapping mode with a SPM 
Bruker NanoScope IIIA instrument. AFM scan size images of 2 μm × 2 
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μm were taken at a frequency of 0.9 Hz. Raman spectroscopy was used 
with a WITEC Raman Microscope Alpha300 R instrument, exposure time 
of 30 s, λ = 532 nm, and a range of 100 cm− 1 to 3500 cm− 1. The films 
surface was cleaned with deionized water prior to analysis (Bento et al., 
2021a, 2021b). The band gap energy (Eg) of the films were estimated by 
the Tauc method (Bento et al., 2022), using a Shimadzu UV–Vis spec
trophotometer equipment (UV–1650PC model, 300 nm ≤ λ ≤ 1100 nm, 
1-nm step). X-ray photoelectron spectroscopy (XPS) (Thermo Scientific 
K-Alpha, with resolution of 0.1 eV, and 400-μm spot size beam) was 
applied to evaluate the chemical states on the surface of the films.

2.4. Photocatalytic activity assays

The photocatalytic activity of the synthesized composite films was 
evaluated using sulfadiazine (SDZ) as a model pollutant. Sulfadiazine 
(C10H10N4O2S, CAS 68-34-9, HPLC standard, ≥99 %) was acquired from 
Sigma-Aldrich. Photocatalytic experiments were performed in a 3.0 mL 
continuous flat plate microstructured photochemical reactor, proto
typed by additive 3D printing, with a 25 × 76 mm borosilicate glass 
irradiation window, as described elsewhere (Ramos et al., 2021). Fig. 1
shows the schematic diagram of the photocatalytic apparatus. Photo
catalytic experimental parameters, such as pH medium and initial 
pollutant concentration were established from previous studies 
(Lastre-Acosta et al., 2015; Rivas-Ortiz et al., 2017). The experiments 
were carried out by varying the face of the film to be irradiated, i.e., 
foreground or background (Fig. 1). When the films were irradiated on 
the front face (foreground), the 4.8 cm-long film was positioned at the 
bottom of the reactor, which was closed at the top with a borosilicate 
glass window and sealed; for background irradiation (through the sub
strate), the sample was positioned at the top of the reactor in such a way 
that the deposited material was in contact with the solution inside the 
reactor, and the window was sealed.

60 mL of SDZ solution at 5-mg L− 1 initial concentration, pH around 6 
(without adjustment), was loaded into a syringe coupled with a preci
sion syringe pump (11 Elite, Harvard Apparatus Ltd. Holliston, MA, 
USA) used to feed the reactor. The SDZ solution was fed into the reactor 
at a volumetric flow rate of 10.0 mL h− 1 for 45 min under dark condi
tions. Then, the reactor was fed at a flow rate of 1.5 mL h− 1, to obtain a 
residence time of 120 min, and exposed to UV–Vis radiation provided by 
a high-power HgI2 lamp (400W HPI-T, Phillips Co.) mounted on a 
parabolic reflector and positioned 15 cm from the top of the reactor; the 
UV-A irradiance (300–400 nm) reaching the reactor was measured by a 
spectroradiometer (Luzchem, SPR-4002) to be ~4.6 mW cm− 2, equiv
alent to the output of the standard AM 1.5G solar spectrum at sea level 
(Gueymard, 2004). The photocatalytic experiments were repeated thrice 

for each condition. The reusability of the film was also evaluated for four 
photocatalytic cycles of 120 min of space time each. The possibility of 
reuse of the supported photocatalysts is an important requirement for 
the real-world application of heterogeneous photocatalysis in water 
treatment.

Samples of 200 μL were collected at the reactor outlet at steady-state 
and analyzed by high-performance liquid chromatography (HPLC), 
using a Shimadzu LC20 HPLC chromatograph equipped with a C18 
column (Prominent) and a UV–Vis detector (SPD20A). The mobile phase 
was methanol:water (25:75), with a flow rate of 1.0 mL min− 1, injection 
volume of 50 μL, and oven temperature of 35 ◦C. The retention time was 
about 8 min and the detection wavelength was 243 nm. The limit of 
detection of SDZ was 0.11 mg L− 1, and the limit of quantification was 
0.33 mg L− 1.

2.5. Effect of scavengers

The role of oxidizing species was investigated through additional 
experiments using radical scavengers, in order to deeply understand the 
photocatalytic degradation mechanism of SDZ under simulated sunlight. 
These experiments were performed using formic acid, 1,4-hydroqui
none, potassium iodide (KI), tert-butanol (TBA) and sodium azide as 
scavengers at an initial concentration of 0.02 mol L− 1 each (Palharim 
et al., 2022). All experiments were performed with the TiO2/7.5 %-EG 
photocatalyst, which showed the best photocatalytic activity.

3. Results and discussion

3.1. XRD characterization

TiO2/EG was investigated by XRD, as shown in Fig. 2. The phases 
formed were identified with the JCPDS (Joint Committee on Powder 
Diffraction Standards) database. The composite films showed the 
anatase-TiO2 phase (JCPDS 21–1272) (Bento et al., 2022; Tismanar 
et al., 2021; Marcello et al., 2020). The results suggest that the TiO2/EG 
films exhibited the same characteristic peaks after the addition of 
expanded graphite. The crystallite size values were estimated from the 
Scherrer equation (Marcello et al., 2020). It was observed that the 
composite films exhibited crystallite size values of 15.9 nm (5 %-EG), 
13.2 nm (7.5 %-EG), and 11.8 nm (10 %-EG). The mean crystallite size 
values of the TiO2/C composite films are lower when compared to pure 
TiO2 (17.5 nm), and the lower intensities of the TiO2 peaks observed in 
the diffractogram for samples containing expanded graphite and 
specially for that of 10 % EG sample is ascribed to the incorporation of 
carbon into the TiO2 lattice (Samet et al., 2013; Liu et al., 2005). The 

Fig. 1. (a) Schematic diagram of the photocatalytic apparatus applying the TiO2/EG composite films to sulfadiazine removal under different UV–Vis irradiation 
modes: (b) Foreground (front catalyst surface) and (c) Background (through the borosilicate glass substrate).

R.T. Bento et al.                                                                                                                                                                                                                                 Chemosphere 365 (2024) 143329 

3 



presence of expanded graphite exerts an inhibitory effect on the crys
tallization kinetics and grain growth of TiO2 (Guan et al., 2023). No 
diffraction peaks were observed for carbon species, such as graphene, 
graphene oxide (GO) or graphite oxides – a trend similar to that of other 
studies (Khalid et al., 2018; Wu et al., 2015; Jia et al., 2016; Jiang et al., 
2011). Furthermore, a slight shift of the peaks was observed after the 
addition of carbon, which may be due to the formation of the TiO2–C 
heterojunction that promotes distortions in the crystal lattice of the 
semiconductor.

3.2. AFM images

Fig. 3 shows AFM images of the surface topography of the pure TiO2 
films and TiO2/EG composite films heat-treated at 550 ◦C. The presence 
of exfoliated graphite promoted significant surface modifications in the 
films, such as roughness and grain size, which may provide the forma
tion of morphological characteristics favorable for their photocatalytic 
application (Bento et al., 2021b; Guan et al., 2016). All composite films 
are formed by small spherical grains in the range of 41–50 nm and 
exhibited morphological homogeneity.

The variation of the root mean square (RMS) roughness from 8.4 nm, 
corresponding to pure TiO2 (Fig. 3a), to about 5~7 nm of the composite 
films (Fig. 3b–d), reveals the influence of carbon content on the surface 

Fig. 2. XRD patterns of TiO2 and TiO2/EG composite films, obtained by spray 
coating technique at 550 ◦C, with different carbon contents.

Fig. 3. AFM images of the surface topography of the (a) pure TiO2 film, and the TiO2/EG composite films at different carbon contents (b) 5%, (c) 7.5%, and (d) 10%. 
The films were obtained by sol-gel method, deposited on borosilicate glass substrates by cold airbrush spray coating technique at room temperature, and heat-treated 
at 550 ◦C.
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characteristics of the hybrid photocatalysts, as described in the literature 
(Bento et al., 2022; Tismanar et al., 2021). The values of mean grain size 
and surface roughness of the films can be seen in Table 1.

The results can be explained by assuming that EG interacts with TiO2 
nanoparticles in a stable manner and leads to the formation of more 
compact and thicker aggregates. Karthik et al. (2020) also reported the 
formation of hybrid films with surfaces of similar roughness. The au
thors suggest that the more protruding agglomerates are a fraction of the 
EG nanosheets clustered on the film surface. Roughness is an important 
morphological characteristic related to the grain size distribution on the 
film surface, which consequently influences the contact of the photo
catalyst with the adsorbed pollutant particles, as well as with the pho
tons emitted by the light source (Bento et al., 2019, 2022).

3.3. Raman spectroscopy

The Raman spectroscopy technique can be used to demonstrate the 
effects of C content on the crystal structure of the hybrid photocatalysts. 
For the vibrational signals in the TiO2 region (Fig. 4a), the Raman 
spectra of the films indicate peaks at 144, 197, 397, 515 e 639 cm− 1, 
which can be assigned to the vibration modes of the anatase-TiO2 phase 
(Bento et al., 2022; Zabihi et al., 2017). No peaks related to the ruti
le-TiO2 phase were found. Simultaneously, for the vibrational signals of 
the C region (Fig. 4b), the Raman spectra of the films indicate peaks 
corresponding to D, G and 2D bands – signals characteristic of exfoliated 
carbon-based materials (Jiang et al., 2011; Xue et al., 2017) – respec
tively located at 1353, 1578 and 2700 cm− 1. It is observed that the G and 
2D peaks show a slight shift of 4 cm− 1 and 19 cm− 1, respectively, as the 
C content increases. Such observed behavior may be associated with the 
formation of the semiconductor-C heterojunction by the Ti–C and 
Ti–O–C bonds (Bento et al., 2022; Wu et al., 2015; Liu et al., 2014).

A significant reduction of the ID/IG intensity ratio is also observed, as 
shown in Table 1. ID/IG ratio allows analyzing the proportion of sp3 
defect domains and the crystallinity degree of the films by the presence 
of sp2 domains. The ratios for TiO2/5 %-EG, TiO2/7.5 %-EG and TiO2/10 
%-EG are 1.26, 1.17 and 1.13, respectively. The results indicate that 
TiO2/EG contains a larger number of sp2 domains in accordance with the 
increase in the amount of carbon, as also observed by Wu et al. (2015). 
The free electrons of the C sp2 hybridization can form a large π-con
jugative system, and act as fast conduction electrons – which can favor 
the formation of highly oxidizing species and hance the photocatalytic 
performance of the composite films (Wu et al., 2015).

3.4. UV–vis spectrophotometry

The UV–Vis absorption spectra of the TiO2 and TiO2/EG films were 
used to estimate the band gap energies (Eg) of the TiO2 film and the 
TiO2/EG composite films (Table 1). As shown in Fig. 5, the pure TiO2 
film exhibited an Eg value of about 3.2 eV, similar to that observed in the 
literature for the anatase-TiO2 phase (De Araujo Gusmão et al., 2022; 
Tismanar et al., 2021). In the presence of expanded graphite, the Eg 
values were significantly reduced to less than 2.8 eV. The results suggest 

that the structural changes promoted the reduction of the band gap of 
the semiconductor and subsequently improved the absorption of pho
tons with lower energy to activate the photocatalyst under visible light.

The band gap reduction of photocatalysts may be impacted by the 
heat-treatment temperature and the carbon amount, which are intrin
sically related to the semiconductor crystalline structure (Samet et al., 
2013; Liu et al., 2005). After the heat treatment, rearrangements occur 
in the crystalline lattice of the photocatalyst, which can influence its 
electronic characteristics. This phenomenon can stem from the mitiga
tion of structural imperfections, resulting in enhanced crystalline 
alignment and reduced defect density, as well as the enhancement in the 
electronic states dispersion within the semiconductor, thereby poten
tially influencing the reorganization of the energy level (Guan et al., 
2023).

3.5. XPS measurements

High resolution XPS spectra of C1s (Fig. 6a) and O1s XPS (Fig. 6b) 
were obtained to evaluate the chemical state of the species formed on 
the films surface. The C1s peak at 284.8 eV was set as a reference (Bento 
et al., 2021b). After carbon addition, the results evidenced the presence 
of peaks characteristic of Ti–C (283 eV) and Ti–O–C (534 eV) bonds – an 
effect that supports the formation of the TiO2–C heterojunction, also 
observed in previous studies (Ali et al., 2022; Sun et al., 2013; Akhavan 
and Ghaderi, 2009; Vallejo et al., 2019). Peaks are also observed at 284 
eV (C–C), 285 eV (C–O), 287 eV (C(O)OH) and 288 eV (C––O), in the C1s 
region, as well as peaks at 529 eV (Ti–O–Ti) and 531 eV (HO− ), in the 
O1s region. These bonds are typical of TiO2 and TiO2/C materials (Bento 
et al., 2019; Ali et al., 2022; Sun et al., 2013). Tang et al. (2018) and Sun 
et al. (2013) suggested that the ability to absorb photons in the visible 
light region is mainly related to the formation of Ti–C and/or Ti–O–C 
bonds, which can promote the formation of intermediate energy states, 
thus favoring the reduction of the band gap energy, in agreement with 
the trend observed here. The heat treatment after the TiO2-EG film 
deposition favors the carbon insertion into the TiO2 lattice, which pro
motes intermediate energy states between conduction band (CB) and 
valence band (VB) (Guan et al., 2023).

3.6. Photocatalytic experiments

TiO2 and TiO2/EG films were evaluated for their photoactivity for 
sulfadiazine (SDZ) degradation under simulated sunlight irradiation, in 
a continuous flat-plate photochemical reactor. The photocatalytic ex
periments were conducted by irradiating the background (substrate) 
and foreground (surface) of the films. For the calculation of the specific 
degradation rate, it was assumed that the reactor can be described by a 
plug flow model (PFR). In that case, the molar balance for SDZ 
(Levenspiel, 2013) is given by Eq. (1), where FSDZ is the molar flowrate 
of SDZ (mol h− 1), V is the volume of the reactor (L), and r is the 
degradation rate. 

dFSDZ

dV
= − rSDZ (1) 

Considering that the reaction proceeds with pseudo-first order kinetics, 
where rSDZ = –k’CSDZ, Eq. (1) results in Eq. (2): 

kʹ= −
FSDZ,0

V × C0

∫ XSDZ

0

dXSDZ

(1− XSDZ)
(2) 

where k’ corresponds to the pseudo-first order degradation rate constant 
(h− 1), C0 is the inlet SDZ concentration (mol L− 1), and XSDZ is the steady- 
state conversion. Solving the definite integral leads to Eq. (3), where Q is 
the liquid flow rate (L h− 1). 

kʹ=
Q
V

ln(1 − XSDZ) (3) 

Table 1 
Morphological characteristics and structural properties of the TiO2 and TiO2/EG 
composite films obtained by spray coating method, with different amounts of 
carbon.

Mean grain size 
(nm)

RMS roughness 
(nm)

ID/ 
IG

Band gap energy 
(eV)

TiO2 76.1 ± 8.4 8.4 – 3.2
TiO2/5 % - 

EG
41.3 ± 5.3 5.1 1.26 2.8

TiO2/7.5 % - 
EG

49.8 ± 9.8 7.2 1.17 2.6

TiO2/10 % - 
EG

44.5 ± 6.9 6.8 1.13 2.1
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Fig. 7 and Table 2 summarize the main results. Experiments carried 
out under dark conditions showed steady-state removals of SDZ of less 
than 10% by adsorption for all synthesized films. Photolysis control was 

realized as described on previous work (Lastre-Acosta et al., 2021). The 
pure TiO2 photocatalyst showed poor activity upon SDZ removal after a 
cycle with 120 min residence time, for both irradiated faces. Xiang et al. 
(Xiang. et al., 2021) and Liu et al. (2018) also evaluated the photo
catalytic performance of TiO2 in the degradation of SDZ and obtained 
similar results. The TiO2/7.5 %-EG film exhibited the best photocatalytic 
activity under simulated sunlight, achieving 49.8 % steady-state SDZ 
degradation when the background face was irradiated, equivalent to a 
rate constant of 5.75 × 10− 3 min− 1. The TiO2/7.5 %-EG film showed 
pronounced surface modifications and large reduction in band gap en
ergy when compared to pure TiO2, therefore promoting the highest SDZ 
degradation rates among all films tested.

Valentina Silva et al. (2023) and Li et al. (2022a) also evaluated the 
photocatalytic behavior of the TiO2/C heterostructured photocatalysts 
in the degradation of SDZ. The authors observed that the addition of 
carbon considerably improved the efficiency of the composite photo
catalyst, favoring the red-shifted photons absorption. The exfoliated 
graphite has a dual function in the composite photocatalyst: to keep the 
Ti3+ ions in the TiO2 matrix, and to promote the formation of the 
semiconductor-C heterojunction by the Ti–C and Ti–O–C bonds (Štengl 
et al., 2011). This behavior enables the hybridization of the C2p and O2p 
orbitals, promoting the formation of intermediate energy levels between 
the valence band (VB) and conduction band (CB) of TiO2 (C1s and 
O2p-C2p), which favors the narrowing of the band gap region (Tismanar 
et al., 2021; Jia et al., 2016; Serrano-Luján et al., 2019), as observe from 

Fig. 4. Raman spectra of the TiO2 and TiO2/EG films obtained by spray coating at 550 ◦C: (a) TiO2 peak signal region and (b) Carbon peak signal region.

Fig. 5. Estimated band gap energies of TiO2 and TiO2/EG films with different 
carbon contents.

Fig. 6. High-resolution XPS spectra of the (a) C1s region and (b) O1s region, along with deconvoluted curves for the TiO2 and TiO2/EG films.
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the characterization results. Electrons (e–) can be excited from VB to the 
C1s energy level, as well as can be promoted from hybridized O2p-C2p 
orbitals to CB. As a result, the electronic transition from the O2p-C2p 
energy level to C1s can also occur, and more electrons (e–) can effec
tively participate in photocatalytic reactions (Eqs. (4)–(6)), resulting in 
increased photocatalytic performance. 

e– + >TiIVOH → >TiIIIOH (4) 

> TiIIIOH (e− ) +EG(e− ) +O2 → O•−
2 (5) 

O•−
2 +HO• + SDZ → CO2 +H2O + inorganic species (6) 

The investigation also suggests that the irradiation pathways influ
ence the photocatalytic performance. As shown in Fig. 7 and Table 2, 
when the TiO2/7.5 %-EG film was irradiated from the foreground 
(surface), its photocatalytic efficiency was 22.7 %. Nevertheless, when 
the respective composite film was irradiated from the background 
(substrate), its photocatalytic efficiency was increased to 49.8 %. A 
similar behavior was observed for TiO2/5 %-EG and TiO2/10 %-EG 
films, with an improvement from 5.9 % to 16.2 % and from 9.6 % to 20.7 
%, respectively. Few studies have been reported on the effect of irradi
ation pathways on continuous photocatalytic reactors, most of them on 
background irradiation. Cen et al. (2006) evaluated the effect of back
ground irradiation on photocatalytic efficiencies of TiO2 thin films. 
When compared with foreground irradiation, background irradiation 
can avoid the loss of light energy in the solution, which was also 
observed in the present research. The possible UV–Vis photocatalytic 

mechanism of the irradiation mode effect is proposed in Fig. 8.
In the foreground irradiation mechanism (Fig. 8a), photons penetrate 

the glass window and the solution layer of about 1.6 mm before reaching 
the TiO2/EG film. Consequently, the photocatalytic hybrid film suffers a 
severe loss of efficiency. Furthermore, the light transmittance through 
the SDZ solution decreases, even when keeping the visible light intensity 
constant (Xiang. et al., 2021). SDZ molecules may absorb an amount of 
visible light irradiation necessary to TiO2/EG surface activation, which 
can reduce the photocatalytic efficiency. In the background irradiation 
(Fig. 8b), light transmits directly to the photocatalyst material and suf
fers little loss, which results in a high photocatalytic efficiency. Then, 
the film absorbs the photons and electron (e–)/hole (h+) pairs are pho
togenerated. Superoxide (O2

•− ) and hydroxyl (HO•) radicals are formed 
and promote the oxidation of the adsorbed pollutant molecules to 
complete the photocatalytic reaction (Reza et al., 2017; Palharim et al., 
2022; Zhang et al., 2022; Marcello et al., 2020). Peng et al. (2017) and 
Ma et al. (2001) also reported that the photocatalytic rate of the back
ground irradiation mode was much higher than that of the foreground 
irradiation mode. Relevant studies have also evaluated the photo
catalytic behavior of visible light active composite photocatalysts 
immobilized on glass substrates (Castillo et al., 2023; Valadez-Renteria 
et al., 2023; Castillo and Rodríguez-González, 2022). The authors 
observed similar results to those found here. In addition to high degra
dation efficiency under visible light, the possibility of reuse of the 
photocatalysts was also noted.

3.6.1. Reusability tests
The reusability of the photocatalytic films is an important require

ment for its practical applications in water treatment. Therefore, the 
TiO2/7.5 %-EG film was subjected to SDZ degradation for four cycles 
with 120 min of residence time each, resulting in a total of 480 min of 
simulated solar radiation on the background face. As shown in Fig. 9, 
after four photocatalytic cycles a reduction from 49.8 % to 40.3 % in the 
photocatalytic activity of TiO2/7.5 %-EG films was observed; a similar 
trend was observed in previous investigations (Bento et al., 2021a; 
Marcello et al., 2020; Ismail et al., 2013). Liu et al. (2018) suggested that 
low initial SDZ concentration favors the degradation rate. Nevertheless, 
higher SDZ concentrations, can impregnate the TiO2/EG surface and 
slow down photocatalytic degradation (Liu et al., 2017). The observed 
saturation can be associated to intermediate products adsorbed on the 
surface of the films (Liu et al., 2018; Bel Hadjltaief et al., 2013). The 
obtained results support that the TiO2/EG composite films synthetized 
by the proposed method can be applied in practice to water treatment 
for antibiotic removal under sunlight.

3.6.2. Investigation of the role of oxidizing species in the photocatalytic 
behavior of TiO2/EG films

Additional tests were performed with radical scavengers and with 
the TiO2/7.5 %-EG film obtained by airbrush spray coating (Fig. 10). 
The inhibition of SDZ degradation was: 90.8 % with sodium azide >83.6 
% with KI > 70.2 % with TBA >41.9 % with 1,4-hydroquinone >30.4 % 
with formic acid. Sodium azide is generally used to scavenge e− , but it is 
also a good scavenger of •OH radicals (Schneider et al., 2020; Palharim 
et al., 2024). During photocatalytic reactions, e− react with oxygen to 
generate O2

•− radicals, which can react with SDZ molecules; thus, the 
strong inhibition of SDZ degradation observed when sodium azide was 
used may indicate that fewer O2

•− radicals were formed. Since iodine 
donates electrons to holes in the valence band of the semiconductor, KI 
is applied to scavenge h+, although it can also quench •OH radicals 
(Schneider et al., 2020). TBA, in turn, reacts very well with HO•, (k =
4.2-7.6 × 108 L mol− 1 s− 1) (Lee and Tang, 1982; Gordon et al., 1977), 
while 1,4-hydroquinone can scavenge both HO• radicals (k = 2.1 × 1010 

L mol− 1 s− 1) and O2
•− (k = 1.6 × 107 L mol− 1 s− 1) (Fónagy et al., 2021). 

Finally, formic acid is a good h + scavenger (Schneider et al., 2020; 
Pelaez et al., 2016), but it can also react with HO•, with a high-rate 
constant (k = 1.2 × 108 L mol− 1 s− 1) (Buxton, 1988). In this context, 

Fig. 7. Photocatalytic performance of TiO2 and TiO2/EG films in the degra
dation of sulfadiazine under UV–Vis irradiation.

Table 2 
Photoactivity of the TiO2 and TiO2/EG films, with different carbon contents, 
under UV–Vis irradiation. The effect of irradiation mode on photocatalytic ef
ficiency was evaluated by foreground and background irradiation (Fig. 1).

Foreground (surface) Background (substrate)

Degradation 
(%)

Rate constant 
(min− 1)

Degradation 
(%)

Rate constant 
(min− 1)

TiO2 9.3 ± 2.1 (8.2 ± 1.9) ×
10− 4

9.1 ± 1.7 (7.9 ± 1.5) ×
10− 4

TiO2/5 % 
- EG

5.9 ± 1.4 (5.1 ± 1.6) ×
10− 4

16.2 ± 1.1 (1.5 ± 1.4) ×
10− 3

TiO2/7.5 
% - EG

22.7 ± 1.9 (2.2 ± 2.1) ×
10− 3

49.8 ± 1.3 (5.8 ± 1.1) ×
10− 3

TiO2/10 
% - EG

9.6 ± 1.3 (8.4 ± 1.1) ×
10− 4

20.7 ± 1.2 (1.9 ± 1.7) ×
10− 3
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these results indicate that HO•, O2
•− , and h + are the main oxidizing 

species involved in the degradation of SDZ.
The valence band (EVB) and conduction band (ECB) potential energies 

of the composite photocatalysts was estimated from Eqs. (7) and (8), 
where X is the absolute electronegativity of the semiconductor (5.82 eV 
for TiO2) (Bai et al., 2021); Ee is the free electron energy (4.5 eV); and Eg 
is the band gap energy (TiO2 = 3.2 eV; TiO2/EG = 2.1 eV), as shown in 
Fig. 5. 

EVB =X – Ee + 0.5Eg (7) 

ECB =EVB – Eg (8) 

The estimated energy potentials for the TiO2 film were EVB = 2.9 eV 
and ECB = − 0.3 eV, while for the TiO2/EG film the values of EVB and ECB 
were 2.37 eV and 0.27 eV, respectively. Fig. 11 shows the proposed 
photocatalytic mechanism for the TiO2/EG composite films under 
UV–Vis irradiation. The expanded graphite can act as a p-type semi
conductor, with Eg = 2.2 eV and energy potential of the CB at − 0.5 eV. In 
this process, the photogenerated electrons (e–) in the CB of expanded 
graphite transfer freely to the CB of TiO2, enhance the reduction of the 
Ti4+ cations to Ti3+ ions (Eq. (4)), and react with the SDZ molecules and 
dissolved oxygen. Electrons (e–) participate in the reduction of O2, which 
results in the formation of superoxide radical ions O2

•– (Eq. (5)). The 
holes (h+) from the VB of TiO2 migrate to expanded graphite, which 
facilitates the spatial separation of the photogenerated electronic pairs, 
and minimizes recombination, promoting the formation of more 
oxidizing species. CB potential of the EG is relatively more negative than 
the CB potential of TiO2.This behavior is characteristic of a type-II 
heterojunction (Murugan et al., 2021; Tang et al., 2018; Jia et al., 
2016). The results suggest that the expanded graphite promoted sig
nificant changes in the electronic structure of the photocatalysts, which 
improved their performance under UV–Vis irradiation.

The possible degradation pathways of SDZ by UV–Vis-active TiO2/ 
EG composite photocatalysts can be elucidated from the reaction process 
of hydroxylation, desulfonation, denitrification, oxidation and cleavage 
(Xiang. et al., 2021; Li et al., 2022b). Initially, O2

•– and HO• species reacts 
with sulfonamide group on the end of S atom, which can break the C–N 
and C––N bonds of the pyrimidine ring (Liu et al., 2018). The γ-cleavage 
by oxidizing species attack can form 2-sulfamic acid pyrimidine (Xiang. 
et al., 2021). Cleaved S–N and C–S sites may promote the other in
termediates formation, such as p-aminobenzenesulfonic acid 
(C6H7NO3S), 2-aminopyrimidine (C4H5N3), and aniline (C6H7N) (Liu 
et al., 2018; Xu et al., 2023; Baran et al., 2009). Overall, the obtained 
results indicate that TiO2/EG supported photocatalysts represent a po
tential approach for real environmental applications in sunlight-based 
water treatment.

4. Conclusions

TiO2 films and TiO2/expanded graphite composite films were suc
cessfully synthetized by sol-gel process and deposited by airbrush spray 
coating technique. The results allow to conclude.

Fig. 8. Scheme of the proposed UV–Vis photocatalytic mechanism for the (a) foreground and (b) background irradiation effect for the 300-nm-thick TiO2/EG 
composite films deposited on borosilicate glass substrates by the airbrush spray coating method.

Fig. 9. Reusability of TiO2/7.5 %-EG film for the photocatalytic degradation of 
sulfadiazine under UV–Vis irradiation over 480 min. Standard deviation around 
±2 %.

Fig. 10. Effect of scavengers on the photocatalytic behavior of the TiO2/7.5%- 
EG film.
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- The addition of EG nanosheets promoted important morphological 
modifications and changes in the electronic structure of the hybrid 
films and type-II heterojunction was observed;

- TiO2/EG composite films exhibit good photocatalytic behavior, with 
efficiency around 49.8 % for the TiO2/7.5 %-EG in sulfadiazine 
degradation. Background irradiation mode showed better photo
catalytic performance than foreground irradiation possibly due to 
the transmittance of light to the photocatalyst. A possible irradiation 
pathway mechanism was proposed.

- Durability experiments revealed the possibility of practical use of the 
composite films after 480 min. The results suggest that TiO2/EG 
photocatalysts obtained by spray coating represent a viable option 
for real photocatalytic applications in sunlight-based water 
treatment.
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visible-light-active-NiTiO3 coating for the efficient removal of the persistent 
herbicide 2,6-dichlorobenzamide (BAM) from drinking water. Chemosphere 339, 
139628. https://doi.org/10.1016/j.chemosphere.2023.139628.

Cen, J., Li, X., He, M., Zheng, S., Feng, M., 2006. The effect of background irradiation on 
photocatalytic efficiencies of TiO2 thin films. Chemosphere 62, 810–816. https:// 
doi.org/10.1016/j.chemosphere.2005.05.008.

De Araujo Gusmão, C., Palharim, P.H., Ramos, B., Teixeira, A.C.S.C., 2022. Enhancing 
the visible-light photoactivity of silica-supported TiO2 for the photocatalytic 
treatment of pharmaceuticals in water. Environ. Sci. Pollut. Res. 29, 42215–42230. 
https://doi.org/10.1007/s11356-021-16718-w.

Duoerkun, G., Zhang, Y., Shi, Z., Shen, X., Cao, W., Liu, T., Liu, J., Chen, Q., Zhang, L., 
2020. Construction of n-TiO2/p-Ag2O junction on carbon fiber cloth with Vis–NIR 
photoresponse as a filter-membrane-shaped photocatalyst. Adv. Fiber Mater. 2, 
13–23. https://doi.org/10.1007/s42765-019-00025-8.
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