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A B S T R A C T   

The objective of this study was to analyze the influence of different operational variables (catalyst loading, initial 
EtP concentration, medium pH, the presence of anions and radical scavengers) on the performance of ethyl-
paraben (EtP) photodegradation catalyzed with an rGO/TiO2 composite. EtP was selected for study after 
analyzing the effect of paraben chain length on its catalytic photodegradation, finding that the photodegradation 
rate constant values of methyl-, ethyl-, and butyl-paraben are 0.050, 0.096, and 0.136 min− 1, respectively. This 
indicates that the photodegradation rate constant of parabens is higher with longer alkyl chain, which augments 
its oxidation capacity. The percentage removal of EtP at 40 min increases from 66.3 to 98.6 % when the com-
posite dose rises from 100 to 700 mg/L; however, an additional increase in the composite dose to 1000 mg/L 
does not substantively improve the photodegradation rate or percentage EtP removal (98.9 %). A rise in the 
initial EtP concentration from 15 to 100 mg/L reduces the percentage of degradation from 100 to 76.4 %. The 
percentage EtP degradation is lower with higher solution pH. The presence of HCO3

− or Cl− anions in the medium 
reduces the degradation performance. Results obtained using positive hole and hydroxyl radical scavengers 
demonstrate that positive holes play an important role in EtP degradation. No degradation product evidences 
toxicity against the cultured human embryonic kidney cell line HEK-293.   

1. Introduction 

Water is essential for all living organisms. The correct treatment and 
reutilization of wastewater is essential to guarantee sustainability and 
meet human needs, especially in areas affected by water shortage 
(Frontistis et al., 2017). The availability of clean water is a major 
challenge given the large amounts of pollutants released into the envi-
ronment. Importantly, conventional approaches applied in municipal 
wastewater treatment plants are encountering difficulties in the removal 
of a group of emerging pollutants (Bolz et al., 2001; Gibs et al., 2007; 
Kasprzyk-Hordern et al., 2008), including parabens, which are present 
in some pharmaceutical and personal care products (Calafat et al., 2010; 
Meeker et al., 2013). 

Parabens are present in bacteria, plants, and fruit (Lincho et al., 
2021a) and have been synthesized for industrial applications since 1920 
(Haman et al., 2015). Parabens, or p-hydroxybenzoates, which are de-
rivatives of p-hydroxybenzoic acid, are widely utilized in 

pharmaceutical, cosmetic, and food industries due to their good pre-
servative and antimicrobial properties, chemical stability, and low 
production costs. As a result, parabens are found in water, air, soil and 
even human tissues. The impact of parabens on living beings and eco-
systems has raised concerns in the scientific community because they are 
known to act as endocrine disruptors and have been described as 
carcinogenic by some researchers (Lincho et al., 2021a). 

The methods used to remove parabens include advanced oxidation 
processes (AOPs) such as ozonation, UV photolysis, Fenton and photo- 
Fenton processes, and treatments with persulfate, sonocatalysis, elec-
trochemicals, and non-thermal plasma (Feng et al., 2021; Lincho et al., 
2021b; Mohan et al., 2021; Ngigi et al., 2021; Nguyen et al., 2021). 
Heterogeneous photocatalysis has attracted particular attention as an 
economic, efficient, and environment-friendly technology that can 
improve the effectiveness of wastewater treatment by combining the 
appropriate catalysts with UV irradiation (Mohan et al., 2021). The most 
widely investigated advanced photochemical oxidation process for 
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removing pollutants from waters appears to be titanium dioxide 
(TiO2)-based heterogeneous photocatalysis (Kotzamanidi et al., 2018). 
TiO2 has good optical and electronic properties, low cost, chemical 
stability, and non-toxic characteristics; however, it can only be excited 
by UV light, and only 3–5% of solar light is UV radiation (Gomes et al., 
2017; Kotzamanidi et al., 2018). Accordingly, various methods have 
been proposed to improve its photocatalytic activity, including the 
doping of TiO2 with non-metals and/or noble and transition metals 
(Kotzamanidi et al., 2018). Another approach is to develop photo-
catalysts that combine TiO2 with graphene oxide (GO) (Xiang et al., 
2012). The combination of TiO2 with graphene derivatives generates a 
synergic effect that can potentially increase the photodegradation of 
organic pollutants through improved adsorption capacity and efficient 
interfacial electron transfer between the two phases of the composite 
(Cruz et al., 2017). 

The combination of GO and TiO2 has been used to degrade colorants 
(Alamelu et al., 2018; Jiang et al., 2011; Pastrana-Martínez et al., 2012), 
pharmaceuticals (Pastrana-Martínez et al., 2012), and pesticides (Tayel 
et al., 2018). However, it appears that the only previous study on the use 
of reduced graphene oxide/titanium dioxide (rGO/TiO2) photocatalysts 
to remove ethylparaben (EtP) under UV radiation is the one by Rui-
díaz-Martínez et al. (2020). The present study provides novel data on the 
utilization of these photocatalysts in EtP photodegradation. 

In a previous study, our group prepared a series of rGO/TiO2 and 
rGO/P25 composites containing different percentages of rGO (4–30%) 
(Ruidíaz-Martínez et al., 2020). Exhaustive characterization of these 
composites was followed by analysis of their effectiveness as catalysts in 
EtP degradation under UV radiation. The best results were obtained with 
the composite containing 7 % rGO, which achieves 98.6 % degradation 
at 40 min of irradiation. This catalyst was therefore selected for the 
present investigation into the effect of operational variables on the 
catalyzed photodegradation of EtP in aqueous solution. 

Operational parameters exert a major effect on the photocatalytic 
degradation of paraben (Petala et al., 2015; Velegraki et al., 2015). They 
must be optimized for the implementation of these technologies on an 
industrial scale to ensure that systems are easy-to-manage, efficient, 
low-cost, and environmentally friendly. 

With this background, the objective of this study was to evaluate the 
influence on EtP photodegradation of the catalyst (rGO/TiO2) loading, 
the initial EtP concentration, the medium pH, and the presence of anions 
and radical scavengers in solution. The cytotoxicity of EtP photo-
degradation products was also determined. EtP was selected as model 
paraben after studying the influence of paraben chain length on 
photodegradation. 

2. Materials and methods 

2.1. Reagents 

All chemical reagents used in this study (natural graphite, potassium 
permanganate, sodium nitrate, hydrogen peroxide (33 %), sulfuric acid, 
hydrochloric acid, ethanol, titanium isopropoxide, triethanolamine, 
methylparaben, ethylparaben, and buthylparaben) were high-purity 
analytical grade reagents supplied by Sigma-Aldrich. All solutions 
were prepared with ultrapure water obtained with Milli-Q equipment 
(18.2 MΩ cm). 

2.2. Synthesis and characterization of GO-TiO2 composite 

GO was synthetized from graphite powder using a modification of 
the Hummers’ method (Hummers and Offeman, 1958; Pas-
trana-Martínez et al., 2012). The GO/TiO2 composite was prepared with 
a GO content of 7 % using a hydrothermal method described in detail 
elsewhere (Ruidíaz-Martínez et al., 2020). 

The composite material was characterized by: a) X-ray diffraction 
(XRD) with PANalytical Empyrean XRD equipment (Empyrean, Almelo, 

The Netherlands) using CuKα radiation; b) Fourier-transform infrared 
spectroscopy (FTIR) using a Bruker Vertex 70 spectrometer (Bruker, 
Ettlingen, Germany) in the range 4000-400 cm− 1; c) Raman spectros-
copy with a Renishaw inVia confocal Raman microscope (Renishaw, 
New Mills, UK) using ionized Ar laser (λ = 514.5 nm) as excitation 
source in a measurement range of 100–3500 cm− 1; d) X-ray photo-
electron spectroscopy (XPS) using a PHI 5000 Versaprobe II (Chanhas-
sen, Mn, USA), recording survey and multi-region spectra at C1s, O1s and 
Ti2p photoelectron peaks. 

2.3. Ethylparaben photocatalytic degradation experiments 

EtP degradation experiments were conducted in a UV laboratory 
reactor system 2 (UV Consulting Peschl, Mainz, Germany) equipped 
with medium-pressure mercury vapor lamp (TQ 150, nominal power 
150 W). Approximately 700 mL of EtP solution (0.3 mM) was poured 
into the reactor in the presence of 700 mg/L of composite. EtP con-
centrations were determined at different time points using a high- 
performance liquid chromatograph (Thermo-Fisher) equipped with 
UV800 photodiode detector (column: Hypersil GOLD 25 × 4.6 mm; 
mobile phase: 50:50 methanol: acidic water [0.01 % HCOOH]; flow rate: 
1 mL/min, injection volume: 20 μL; UV detector wavelength: 254 nm). 

Photodegradation experiments were performed to determine the 
influence on EtP removal from aqueous solution of varying initial EtP 
concentrations (from 15 to 100 mg/L), rGO/TiO2 concentrations (from 
100 to 1000 mg/L), and initial solution pH values (3, 6, and 9). The 
solution pH was adjusted to the desired value by adding 0.1 mol/L 
NaOH or 0.1 mol/L HCl. The effect of the presence of the anions was 
studied by using a solution of 50 mg/L EtP with 0.01 × 10− 3 mol/L NaCl 
or NaHCO3. 

The influence of positive holes (hVB
+ ) was determined by conducting 

experiments in the presence of ethylenediaminetetraacetic acid (EDTA), 
which acts as scavenger (0.30 × 10− 3 mol/L EtP, 700 mg/L composite 
material, and 4 × 10− 2 mol/L EDTA). 

Hydroxyl (HO⋅) radical concentrations were measured by following 
their reaction with dimethyl sulfoxide (DMSO) to quantitatively produce 
formaldehyde, which reacts with 2,4-dinitrophenylhydrazine and gives 
rise to the corresponding hydrazone, determined by HPLC-UV (Álvarez 
et al., 2018). 

The cytotoxicity of degradation products was assessed by MTS assay 
using the cultured human embryonic kidney cell line (HEK- 293), as 
described elsewhere (Álvarez et al., 2020), obtaining HEK-293 cells 
from the CIC cell bank of the University of Granada. 

3. Results and discussion 

3.1. Catalyst characterization 

Fig. S1 depicts the X-ray diffractograms of graphite, GO, rGO, and 
rGO/TiO2 composites. The GO diffractogram shows a peak at 10.78◦, 
corresponding to an interlaminar distance of 0.82 nm (obtained by 
applying Bragg’s law). The graphite diffractogram, with a pronounced 
peak at 26.56◦, shows that most of the graphite is oxidized to GO by 
expansion of the interlaminar distance from 0.34 to 0.82 nm. This in-
crease in interlaminar distance is attributable to the presence of surface 
oxygenated groups, e.g., hydroxyl, carbonyl, carboxylic, and epoxide 
groups (Tan et al., 2013). 

After hydrothermal treatment, the peak at 2θ = 10.78◦ disappears 
and a new peak appears at 24.47◦, corresponding to an interlaminar 
distance of 0.36 nm, indicating the reduction of GO to rGO. The X-ray 
diffractogram of the composite depicts peaks at 25.36◦, 37.80◦, 47.95◦, 
53.92◦, 55,01◦, 62.60◦, 70.19◦, and 75.05◦, corresponding to the 
tetragonal anatase phase of TiO2 (JCPDS nº 21–1272). The rutile phase is 
not detected because of the low reaction temperature. No rGO peaks are 
observed in the composite, possibly because the diffraction peak of rGO 
(24.47◦) may be masked by the main peak of TiO2 at 25.26◦. 
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Thermogravimetric analysis was used to determine the percentage rGO 
content of the composite, which is 6.9% (Ruidíaz-Martínez et al., 2020). 

Fig. S2 depicts the infrared (IR) spectra of GO, rGO, and rGO/TiO2 
samples. The GO spectrum has numerous absorption peaks/bands 
attributed to different functional groups, including hydroxyl, (O–H, 
3420 cm− 1), –CH2 (2918 and 2846 cm− 1), carbonyl (C––O, 1715 cm− 1), 
carbon-carbon double bond (C––C, 1625 cm− 1), epoxy groups (C–O–C, 
1220 cm− 1), and the vibrations of epoxy, ether, or peroxide groups 
(C–O, 1030 cm− 1) (Ruidíaz-Martínez et al., 2020). In the rGO spectrum, 
the intensity of peaks associated with functional oxygen groups is lower 
than in the GO spectrum due to the decomposition of these groups 
during hydrothermal treatment. 

The composite spectrum shows a decreased absorption peak in-
tensity of functional groups C–O (1030 cm− 1) and C––O (1720 cm− 1) in 
comparison to GO, indicating that GO is not completely reduced to 
graphene by the hydrothermal treatment but is rather partially reduced 
to rGO, which contains oxygenated functional groups. TiO2 can there-
fore interact with these functional groups in the composite. 

The IR spectrum of the composite shows peaks at 650 and 519 cm− 1. 
In general, the wide bands or peaks below 1000 cm− 1 indicate vibrations 
of Ti–O–Ti and Ti–O–C bonds due to the chemical interaction of TiO2 
and rGO (Li et al., 2015). 

The structural changes produced by hydrothermal treatment are also 
reflected in the Raman spectra of the samples. Fig. 1 depicts the Raman 
spectra of graphite, GO, rGO, and rGO/TiO2, showing peaks in the 
graphite spectrum at 1354 cm− 1 and 1852 cm− 1, corresponding to D and 
G bands, respectively (Dresselhaus et al., 2010; Nguyen-Phan et al., 
2011). After graphite oxidation, the Raman spectrum of GO shows that 
the G band widens and shifts to higher frequencies, and the intensity of 
the D band is significantly higher than observed in the graphite spec-
trum. These changes are attributable to the significant decrease in size of 
sp2 domains due to the introduction of oxygenated groups. In addition, 
the shift of the G band to higher frequencies is likely attributable to the 
presence of double bonds isolated in the carbon network of GO (Tan 
et al., 2013). 

The intensity ratio of D and G bands (ID/G) is 0.13 for graphite and 
increases to 0.79 for GO sample and 0.89 for rGO sample. In the case of 
GO, this increase results from defects or disorder in the sample due to the 
presence of oxygenated groups produced during graphite oxidation by 

the Hummers’ method. The ID/G value is higher for the rGO sample than 
for the GO sample, indicating a reduction in the mean size of the sp2 

domains formed during the hydrothermal reaction (Shen et al., 2011; 
Sher Shah et al., 2012; Tan et al., 2013). 

The Raman spectrum of rGO-TiO2 shows the characteristic peaks of 
TiO2 and rGO, attributed to the active modes of anatase, Eg (146, 197, 
638 cm− 1), B1g (397 cm− 1) and A1g (638 cm− 1) (Perera et al., 2012; 
Stengl et al., 2011). Peaks are also observed at 1346 and 1597 cm− 1, 
corresponding to the D and G bands of rGO. The ID/G ratio is higher for 
this composite than for GO, again indicating the decreased mean size of 
sp2 domains, as in the case of rGO. 

Fig. 2 depicts the XPS spectra of C 1s, O 1s, and Ti 2p regions of the 
rGO/TiO2 composite. The XPS spectrum of the C 1s region (Fig. 2a) was 
deconvoluted into four peaks centered at 284.4, 285.4, 286.3, and 288.0 
eV, which correspond to C––C, C–C, C–O, and C––O bonds, respectively. 
The intensity of all peaks corresponding to the bond of C to O is lower 
than observed for the GO sample, indicating the elimination of most of 
the oxygen-containing groups and the transformation of GO into rGO 
due to the hydrothermal treatment. 

Fig. 2b depicts the XPS spectrum of O 1s, which was deconvoluted 
into three peaks centered at bond energies of 529.3, 530.3, and 531.3 
eV, assigned to oxygen in TiO2, HO− adsorbed on the TiO2 surface, and 
carboxyl groups, respectively. 

Fig. 2c displays the XPS spectrum of the Ti 2p region. The Ti 2p1/2 
peak is centered at 458.1 eV and the Ti 2p3/2 peak at 463.8 eV. The 
separation energy of the two peaks is 5.7 eV, indicating the presence of 
Ti(IV) in the composite. 

3.2. Study of the photocatalytic degradation of parabens 

Evaluation of the photocatalytic activity of the rGO/TiO2 composite 
requires study of the optimal operational variables for effective photo-
catalytic activity. The following variables were selected for the present 
study: composite dose, initial EtP concentration, solution pH, and the 
presence of anions and radical scavengers in the medium. 

EtP was selected for this study after analysis of the effect of paraben 
chain length on the catalytic photodegradation capacity (Section 3.2.1). 

3.2.1. Effect of paraben chain length on its catalytic photodegradation 
Fig. 3 depicts the degradation kinetics of methyl-paraben (MetP), 

EtP, and butyl-paraben (ButP) in the presence of rGO/TiO2 composite. 
The paraben degradation rate follows the order ButP > EtP > MetP, 
reaching a percentage of degradation at 20 min of irradiation of 94.0 % 
for ButP, 80.5 % for EtP, and 60.3 % for MetP. 

The photodegradation rate constant is 0.050 for MetP, 0.096 for EtP, 
and 0.136 min− 1 for ButP, while the t1/2 decreases in the order: 13.9 for 
MetP, 7.2 for EtP, and 5.1 min for ButP. This finding indicates that the 
photodegradation rate constant of parabens increases with longer alkyl 
chain. 

The correlation between paraben reactivity and chain length is 
established by estimating the redox potential of each paraben. Accord-
ing to the molecular orbital theory (Fukui et al., 1952; San et al., 2002), 
the tendency of a compound to accept or lose an electron largely de-
pends on the energy of the highest occupied molecular orbital (HOMO) 
or the lowest unoccupied molecular orbital (LUMO), respectively. In 
general, higher HOMO energy means that the compound is oxidized 
more easily, while lower LUMO energy means that it is reduced more 
easily, and the energy difference between LUMO and HOMO can be used 
to estimate the stability of compounds. The HOMO energies of MetP, 
EtP, and ButP are − 6.319, − 6.294, and − 6.279 eV, respectively (Xiao 
et al., 2016, 2017), and this gradual rise from MetP to ButP indicates 
that their capacity to be oxidized increases in the same order. 

The reduction potentials of parabens can be predicted by the 
following equation (Eq. (1)) (Xiao et al., 2016, 2017):  

E(eV) = − 4.5 – E(V) × 1e                                                               (1) Fig. 1. Raman spectra of graphite, GO, rGO, and rGO/TiO2.  
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where E(V) is the reduction potential against the normal hydrogen 
electrode, and E(eV) is the HOMO energy. Therefore, the reduction 
potentials of MetP, EtP, and ButP are 1.819, 1.794, and 1.779 V, 
respectively. Reduction potentials are lower with longer alkyl substitu-
ent from methyl to butyl, indicating that ButP, with the lowest reduction 
potential, is most readily degraded by oxidation. 

EtP, with an intermediate percentage of degradation value, was 
selected as study pollutant to analyze the effect of different operational 
variables on its catalytic photodegradation capacity. 

3.2.2. Influence of rGO/TiO2 concentration 
Table 1 displays the values of kinetic parameters and percentage EtP 

removal at 40 min of irradiation under different experimental condi-
tions. The results of EtP removal by direct photolysis (Experiment 1) are 
shown for comparison with the results of photocatalysis. Direct 
photolysis produces a percentage of degradation of 61.5 % at 40 min of 
irradiation. 

In photocatalytic systems, the initial concentration of photocatalyst 
in solution is a key factor in the removal of organic compounds. It is 
related to the adsorption-desorption of species involved in the process 
and the generation of oxidizing species, such as HO• radicals, through 
the formation of electron-hVB

+ pairs (Zúñiga-Benítez et al., 2017). In this 
study, the effect of the initial composite dose on EtP removal was 
evaluated by using different doses between 100 and 1000 mg/L (Exp. 
Num. 2–5). 

Fig. 4 depicts the photodegradation kinetics curves of EtP, which 
were fitted to a pseudo-first order kinetic model, obtaining the photo-
catalytic rate constant of EtP. 

It can be seen that the photocatalytic degradation constant (k) rises 
from 0.027 to 0.096 min− 1 when the composite dose is augmented from 
100 to 700 mg/L, increasing the percentage EtP removal at 40 min from 
66.3 to 98.6 %. This behavior is attributable to the greater absorption of 
photons at a higher concentration of composite, due to the larger 
number of active sites and a possible increase in the generation of HO⋅ 
radicals and other reactive species which may eventually contribute to 
EtP degradation. However, an additional increase in the composite dose 
to 1000 mg/L does not substantively improve the photodegradation rate 
(0.111 min− 1) or the percentage EtP removal at 40 min of treatment 
(98.9 %). This is attributable to: (i) the aggregation of rGO/TiO2 parti-
cles at high concentrations, reducing the number of active sites available 
for light absorption; and (ii) the increased dispersion of light and 
consequent reduction in its penetration of the solution, due to the 
excessive concentration of particles in suspension (Fenoll et al., 2012; 

Fig. 2. XPS profiles of rGO/TiO2 composite: a) C1s spectra; b) O1s spectra, and c) Ti 2p spectra. Continuous red line: experimental profile; discontinuous black line: 
fitted profile. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Photodegradation kinetics of parabens in the presence of rGO/TiO2 
composite. [Paraben] = 50 mg/L, [rGO/TiO2] = 700 mg/L (⋄) MetP, (□) EtP, 
(△) ButP. 
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Parra et al., 2004). Based on the above results, an initial concentration of 
700 mg/L rGO/TiO2 was used in subsequent experiments. The optimal 
photocatalyst concentration depends on the nature of the composite, 
experimental/operational conditions, type of UV lamp, and photo-
reactor geometry (Lin et al., 2011). 

3.2.3. Influence of EtP concentration 
Fig. S3 depicts the photodegradation kinetics of EtP as a function of 

its initial concentration (range, 15–100 mg/L). As observed in Fig. S3 
and Table 1, an increase in initial EtP concentration from 15 to 100 mg/ 
L reduces the percentage of degradation from 100 to 76.4 % at 40 min of 
irradiation. 

As shown in Table 1 (Exp. Num. 4, 6–8), the EtP degradation rate 
constant decreases from 0.183 to 0.037 min− 1 with a rise in initial 
concentration from 15 to 100 mg/L, while the t1/2 increases from 3.8 to 
18.9 min. This may be due to the generation of intermediate compounds 
that increase at higher initial EtP concentrations and compete with EtP 
for the reactive species, reducing the efficacy of the degradation process. 

3.2.4. Influence of pH 
Medium pH is an important parameter because it affects the surface 

charge of the photocatalyst, the net charge of the pollutant, and the 
concentration of HO• radicals generated, modifying the reaction rate 
(Kuo et al., 2015; Lin et al., 2009). The effect of the initial pH was 

studied without using buffering agents because of their high concen-
trations of conjugated acids and bases, which can react with the highly 
reactive free radicals and become chain-propagating species themselves. 
The change in maximum pH value during the short time periods of the 
degradation experiments was 0.5. 

Fig. S4 depicts the EtP degradation kinetics as a function of the pH. 
The highest percentage EtP degradation at 40 min of irradiation takes 
place at pH = 3 (99.3 %), followed by pH = 6 (98.6 %), and the lowest is 
obtained at pH 9, with a value of only 81.5 %. Table 1 exhibits the ki-
netic parameters (Exp. Num. 4, 9, 10), showing a decrease in the EtP 
degradation rate constant from 0.145 to 0.045 min− 1 with an increase in 
pH value from 3 to 9. 

The low percentage of degradation obtained in basic medium may 
indicate that HO• radicals do not significantly contribute to the EtP 
oxidation, which would be expected given the presence of HO− anions. 
The higher percentage of degradation in acid medium can be attributed 
to degradation by a combination of reactive species (e.g., superoxide 
radicals, HO• radicals, and photogenerated hVB

+ ) which are favored 
under acid conditions, whereas HO• radicals are the dominant species 
under basic conditions (Velegraki et al., 2015). 

3.2.5. Influence of the presence of anions in the medium 
The presence of anions in the medium can significantly affect 

pollutant photodegradation (López-Ramón et al., 2019). Fig. 5 depicts 
the degradation kinetics of EtP in the presence and absence of bicar-
bonate or chloride anions. It can be seen that EtP degradation is 
inhibited in the presence of either of these anions. 

The degradation rate constant of EtP decreases following the order 
0.096, 0.050, and 0.037 min− 1 in the absence and presence of HCO3

− or 
Cl− anions, respectively. The percentage EtP degradation at 40 min 
decreases from 98.6 % in the absence of anions to 87.5 % in the presence 
of HCO3

− and 80.1 % in the presence of Cl− anions. This negative effect of 
HCO3

− and Cl− anions can be attributed to: (i) their adsorption on the 
active sites of the catalyst and/or (ii) their scavenging reactions with 
reactive species (Bekris et al., 2017). 

The inhibitory effect of the presence of HCO3
− anions on EtP degra-

dation, with a reduction in the concentration of HO• radicals in the 
medium, can be explained by the following reaction:  

HCO3
− + HO• → CO3

•- + H2O                                                          (2) 

This generates carbonate radicals, which are weaker oxidants in 
comparison to HO• radicals (Kotzamanidi et al., 2018). 

Fig. 4. EtP degradation kinetics as a function of initial rGO/TiO2 concentra-
tion. pH = 6, [EtP] = 50 mg/L (x̂) direct photolysis, (△) 100 mg/L, (⋄) 500 mg/ 
L, (□) 700 mg/L, (*) 1000 mg/L. 

Table 1 
Experimental conditions and kinetic parameters for EtP removal in the presence 
of rGO/TiO2 composite.  

Exp. [rGO/TiO2] [EtP] pH t1/2
a t90 %

b kc EtP40min
d 

No. mg/L mg/L  min min min− 1 % 
1 0 50 6 30.2 100.4 0.023 61.5 
2 100 50 6 25.6 84.9 0.027 66.3 
3 500 50 6 16.3 54.2 0.042 83.7 
4 700 50 6 7.2 23.9 0.096 98.6 
5 1000 50 6 6.3 20.8 0.111 98.9 
6 700 15 6 3.8 12.6 0.183 100 
7 700 25 6 6.0 19.9 0.116 99.3 
8 700 100 6 18.9 62.9 0.037 76.4 
9 700 50 3 4.8 15.9 0.145 99.3 
10 700 50 9 15.5 51.6 0.045 81.5  

a Time required to reduce the initial concentration of EtP by half. 
b Time required to degrade 90 % of the initial concentration of EtP. 
c Degradation rate constant. dPercentage of degradation at 40 min. 

Fig. 5. Influence on EtP photodegradation of the presence in the medium of the 
studied anions. [EtP] = 50 mg/L, [rGO/TiO2] = 700 mg/L, [Anion] = 0.01 ×
10− 3 M. (x̂) direct photolysis, (□) absence of anions, (△) HCO3

− , (⋄) Cl−
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Cl− anions can react with HO• radicals and photogenerated hVB
+ to 

form chlorine radicals in accordance with Reactions 3 and 4:  

Cl− + h+→Cl• (3)  

HO• + Cl− → HO− + Cl• (4) 

These reactions generate Cl•, which has a lower reactivity in com-
parison to hVB

+ and HO• radicals (Álvarez et al., 2018; Kotzamanidi et al., 
2018). 

3.2.6. Effect of hVB
+ and HO• scavenger agents in the photocatalytic 

degradation of EtP 
The important roles played in photocatalytic reactions by photo-

generated reactive species, hVB
+ and HO• radicals, are well documented 

(Petala et al., 2019; Xiao et al., 2016). Experiments were conducted 
using hVB

+ and HO• radical scavenger agents (with 4 × 10− 2 mol/L EDTA 
or 25 × 10− 2 mol/L DMSO, respectively) to determine the contribution 
of these reactive species to EtP photodegradation in the presence of the 
composite under UV radiation, comparing the results with those 
observed in the absence of these scavengers. Fig. 6 depicts the degra-
dation kinetics of EtP obtained from these experiments. The addition of 
DMSO reduces EtP photodegradation, decreasing the rate constant from 
0.096 min− 1 in its absence to 0.062 min− 1 in its presence. Hence, 
reactive species (HO• radicals) participate in the photocatalytic mech-
anism but are not the main oxidation species in the process. This is 
because the addition of EDTA reduces the rate constant from 0.096 
min− 1 to 0.032 min− 1, close to the value obtained by direct photolysis. 
Accordingly, hVB

+ photogenerated on the catalyst surface are the main 
active species in EtP degradation. 

3.2.7. Toxicity evaluation 
The cytotoxicity of the degradation by-products was evaluated in 

terms of their effect on HEK cell viability. Fig. 7 depicts the cytotoxicity 
results for the photocatalytic degradation of EtP at a concentration of 50 
mg/L and 700 mg/L of rGO/TiO2 as a function of time. Cell viability 
<75 % is considered a toxic effect, and cell viability >75 % indicates 
that neither EtP nor its by-products have toxic effects on this type of cell. 
The percentage viability of HEK cells in the presence of EtP degradation 
by-products is >75% throughout the irradiation time, indicating their 
non-toxic character. 

With the analysis of the influence of the above operational parame-
ters on the EtP photocatalytic degradation process, the best experi-
mental conditions can be stablished. In brief, the variables that favor the 
EtP degradation rate are: an increase in the rGO/TiO2 photocatalyst 
concentration, acid medium, and lower paraben concentration. 
Conversely, the presence of Cl− and HCO3

− anions causes a decrease in 
the degradation rate. 

4. Conclusions 

The removal of parabens by UV radiation in the presence of rGO/ 
TiO2 composite increases in the order MetP < EtP < ButP, related to the 
decrease in their redox potential with longer alkyl chain. The rGO/TiO2 
composite synthesized for this study has a major catalytic effect on 
paraben photodegradation by UV irradiation. 

The photocatalytic degradation of EtP is increased at higher rGO/ 
TiO2 concentrations and lower EtP concentrations in the medium. EtP 
degradation is highly dependent on the solution pH and is favored in an 
acid medium, attributable to the generation of reactive species that are 
favored in acid conditions (O2

•-, HO•, hVB
+ ). The presence of Cl− or HCO3

−

anions reduces the reaction rate due to their competition with the 
pollutant for available reactive species. 

The inhibiting effects of the radical scavengers EDTA and DMSO 
suggests that hVB

+ is the predominant reactive species in the photo-
catalytic degradation of EtP and that HO• radicals play a secondary role. 

None of the degradation by-products were toxic according to their 

effects on HEK cell viability, a highly positive feature of this AOP. 
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Fig. 6. Effect of different scavengers on the photocatalytic degradation of EtP. 
[rGO/TiO2] = 700 mg/L, [EtP] = 50 mg/L (x̂) direct photolysis, (△) rGO/ 
TiO2+EDTA, (⋄) rGO/TiO2+DMSO, (□) rGO/TiO2. 

Fig. 7. % HEK-293 cell viability during the photocatalytic degradation of EtP. 
[rGO/TiO2] = 700 mg/L, [EtP] = 50 mg/L. 
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Utrilla, J., Sánchez-Polo, M., Mota, A.J., 2020. Removal of parabens from water by 
UV-driven advanced oxidation processes. Chem. Eng. J. 379, 122334. https://doi. 
org/10.1016/j.cej.2019.122334. 

Bekris, L., Frontistis, Z., Trakakis, G., Sygellou, L., Galiotis, C., Mantzavinos, D., 2017. 
Graphene: a new activator of sodium persulfate for the advanced oxidation of 
parabens in water. Water Res. 126, 111–121. https://doi.org/10.1016/j. 
watres.2017.09.020. 

Bolz, A.J., Hagenmaier, H., Korner, W., 2001. Phenolic xenoestrogens in surface water, 
-sediments, and sewage sludge from Baden-Wurttemberg, south-west Germany. 
Environ. Pollut. 115, 291–301. https://doi.org/10.1016/S0269-7491(01)00100-2. 

Calafat, A.M., Ye, X.Y., Wong, L.Y., Bishop, A.M., Needham, L.L., 2010. Urinary 
concentrations of four parabens in the US population: NHANES 2005–2006. Environ. 
Health Perspect. 118, 679–685. https://doi.org/10.1289/ehp.0901560. 
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M.A. Álvarez et al.                                                                                                                                                                                                                             

https://doi.org/10.3390/catal8110491
https://doi.org/10.3390/catal8110491
https://doi.org/10.1016/j.apcatb.2014.11.022
https://doi.org/10.1039/C1CS15172J
https://doi.org/10.1016/j.apcatb.2016.05.042
https://doi.org/10.1016/j.apcatb.2017.06.074
https://doi.org/10.1007/s11356-016-6468-9
https://doi.org/10.1007/s11356-016-6468-9

	Effect of operational parameters on photocatalytic degradation of ethylparaben using rGO/TiO2 composite under UV radiation
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Synthesis and characterization of GO-TiO2 composite
	2.3 Ethylparaben photocatalytic degradation experiments

	3 Results and discussion
	3.1 Catalyst characterization
	3.2 Study of the photocatalytic degradation of parabens
	3.2.1 Effect of paraben chain length on its catalytic photodegradation
	3.2.2 Influence of rGO/TiO2 concentration
	3.2.3 Influence of EtP concentration
	3.2.4 Influence of pH
	3.2.5 Influence of the presence of anions in the medium
	3.2.6 Effect of hVB+ and HO• scavenger agents in the photocatalytic degradation of EtP
	3.2.7 Toxicity evaluation


	4 Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Authorship contribution statement
	References


