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A B S T R A C T   

Aquaculture exploitation is associated with the consumption of antibiotics, such as sulfadiazine (SDZ), sulfa
methoxazole (SMX) and trimethoprim (TMP), the latter two being also vastly used to treat bacterial infections in 
humans. Consequently, and given that aquaculture wastewater treatments are not actually designed for the 
removal of antibiotics, they are ubiquitous in aquaculture effluents, which sets the risk of bacterial resistance. To 
face the need for an efficient and sustainable treatment to remove these antibiotics from the referred effluents, 
carbon quantum dots (CQDs) were produced, incorporated into titanium dioxide (TiO2), and evaluated for solar 
driven photodegradation of SDZ, SMX and TMP. Eleven different materials were synthesized and tested for their 
photocatalytic activity in phosphate buffer solution (PBS) and synthetic sea salts (SSS), used as synthetic matrices 
to simulate fresh and brackish water, respectively. Upon selection of the most efficient photocatalyst for each 
antibiotic and matrix, kinetic results demonstrated that its use allowed for remarkable reductions of SDZ, SMX 
and TMP half-life times (t1/2) in both matrices (between 19 and 68 times). Therefore, the application of the here 
synthesized photocatalysts for the advanced treatment of aquaculture effluents is promising, allowing for a green 
solar driven removal of antibiotics.   

1. Introduction 

Antibiotics have been extremely important for the development of 
society, namely by the treatment and prevention of bacterial infections 
in human and veterinary medicine. Excretion of the original compound 
or a metabolized form, together with the inadequate disposal of unused 
pharmaceuticals, are important sources of antibiotics in water systems, 
promoting the presence of this type of compounds in the environment 

[1]. Although sources from human consumption have received more 
attention, antibiotics are also highly used in concentrated animal 
feeding operations, and, in the particular case of aquaculture, a signif
icant part of the administered doses may not be eaten or absorbed by fish 
and/or not fully metabolized, so antibiotics may be released in the 
original form [2–4]. Aquacultures are not equipped with methods to 
efficiently remove antibiotics from effluents (either from fresh, brackish, 
or salted water). Therefore, they are directly discharged into the aquatic 

Abbreviations: CQDs, Carbon Quantum Dots; CQDs-CA, Carbon Quantum Dots produced with citric acid; CQDs-CAC, Carbon Quantum Dots produced with citric 
acid and calcinated; CQDs-CAU, Carbon Quantum Dots produced with citric acid and urea; CQDs-CAUC, Carbon Quantum Dots produced with citric acid and urea 
and calcinated; PBS, phosphate buffer solution; SSS, synthetic sea salts; TiO2C, calcinated TiO2; TiO2/CQDs, composites of Titanium Dioxide and Carbon Quantum 
Dots; TiO2/CQDs-CA 4% w/w, composites of Titanium Dioxide with 4% (w/w) of Carbon Quantum Dots produced with citric acid; TiO2/CQDs-CA 5% w/w, 
composites of Titanium Dioxide with 5% (w/w) of Carbon Quantum Dots produced with citric acid; TiO2/CQDs-CA 6% w/w, composites of Titanium Dioxide with 
6% (w/w) of Carbon Quantum Dots produced with citric acid; TiO2/CQDs-CA 8% w/w, composites of Titanium Dioxide with 8% (w/w) of Carbon Quantum Dots 
produced with citric acid; TiO2/CQDs-CAU 4% w/w, composites of Titanium Dioxide with 4% (w/w) of Carbon Quantum Dots produced with citric acid and urea; 
TiO2/CQDs-CAU 5% w/w, composites of Titanium Dioxide with 5% (w/w) of Carbon Quantum Dots produced with citric acid and urea; TiO2/CQDs-CAU 6% w/w, 
composites of Titanium Dioxide with 6% (w/w) of Carbon Quantum Dots produced with citric acid and urea; TiO2/CQDs-CAU 8% w/w, composites of Titanium 
Dioxide with 8% (w/w) of Carbon Quantum Dots produced with citric acid and urea. 

* Corresponding author. 
E-mail address: vania.calisto@ua.pt (V. Calisto).  

Contents lists available at ScienceDirect 

Catalysis Today 

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

https://doi.org/10.1016/j.cattod.2023.114150 
Received 19 December 2022; Received in revised form 17 March 2023; Accepted 4 April 2023   

mailto:vania.calisto@ua.pt
www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2023.114150
https://doi.org/10.1016/j.cattod.2023.114150
https://doi.org/10.1016/j.cattod.2023.114150
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2023.114150&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Catalysis Today 419 (2023) 114150

2

environment, where they may persist, altering the water quality and 
affecting the aquatic organisms [3,4]. 

The antibiotics sulfadiazine (SDZ) and sulfamethoxazole (SMX), 
which belong to the sulfonamides class, and trimethoprim (TMP), which 
is a diaminopyrimidine, are some of the most frequently used antibiotics 
in aquaculture [5] and have been detected in surface waters [6,7]. 
Furthermore, both SMX and TMP are also applied for the treatment of 
human bacterial diseases, being part of the World Health Organization’s 
Model List of Essential Medicines (22nd list) [8]. The presence of anti
biotics in the environment can be dangerous to aquatic organisms and 
also to humans [9,10], and may even induce antibiotic-resistant genes 
leading to the increase of antimicrobial resistance, which is considered 
one of the biggest public health threats of the 21st century [11,12]. 
Furthermore, under the European Union Water Framework Directive 
(Directive 2000/60/EC), SMX and TMP, which were already considered 
in the 3rd watch list (Decision 2020/1161), were also included in the 4th 

(and last) watch list (Decision 2022/1307). 
So far, different processes have been applied in the removal of an

tibiotics from water, including adsorption, advanced oxidation pro
cesses, biological treatment, and photocatalytic degradation [13–17]. 
Among them, photodegradation has been considered an effective 
approach to remove or, at least, reduce the concentration of antibiotics 
in the environment and solar driven photolysis represents an unexpen
sive, green and sustainable solution [18,19]. Furthermore, phototreat
ments may allow for the replacement of pre-existent wastewater 
treatment processes that are considered either expensive, such as UV 
oxidation, or harmful, such as ozonation (due to the formation of toxic 
by-products, like bromoform (CHBr3) and bromate (BrO3

− ), from the 
reaction between ozone and natural constituents of salty water) [20]. 

Many researchers have studied the application of photocatalysis for 
the removal of antibiotics from water [21,22], including the use of ti
tanium dioxide (TiO2) [23,24]. Titanium dioxide (TiO2) is a semi
conductor thoroughly studied as heterogeneous photocatalyst for 
environmental applications [23] due to its low price, commercial 
availability, photochemical stability, and absence of toxicity [25,26]. 
However, there are some drawbacks concerning TiO2, including low 
utilization of sunlight due to the high band gap energy (~3.2 eV) and 
rapid recombination of photogenerated electrons and holes [27,28]. In 
order to overcome these issues, doping of TiO2 using different dopants 
has shown good results, especially with non-metals, such as carbon 
quantum dots (CQDs) [29], since they avoid the possible 
photo-corrosion dangers associated to metals [30]. CQDs are fluorescent 
carbon-based nanoparticles with a spherical or quasi-spherical shape 
that are inexpensive and have excellent optical properties, low toxicity, 
high chemical stability and efficient electron transfer properties, having 
been successfully used to bridge TiO2 limitations and promote its pho
tocatalytic activity [31]. As reported by Yu et al. [32], semi
conductor/CQDs hybrid photocatalysts exhibit outstanding optical 
properties and photogenerated carriers transfer characteristics. Addi
tionally, the introduction of CQDs not only broadens the photo ab
sorption region and suppresses the combination of photogenerated 
electrons and holes of TiO2, but also facilitates the consumption of holes 
and promotes redox reaction [33]. 

TiO2/CQDs composites were first evaluated for the photocatalytic 
removal of antibiotics from water by Chen et al. [34]. These authors 
used a hydrothermal-calcination method to functionalize TiO2 with 
CQDs (1.0%, 5.0%, 10.0% and 20% (w/w) CQDs) and the composite 
with 5% (w/w) CQDs, which was selected as the most efficient, provided 
2.3 times faster gemfibrozil photodegradation than TiO2 under simu
lated sunlight. Then, Sharma et al. [35] synthesized a TiO2/CQDs pho
tocatalyst that provided nearly complete removal of levofloxacin within 
90 min of sunlight irradiation (in comparison with 66.5% with bare 
TiO2). Testing different CQDs loadings, namely 2.0%, 4.0%, 6.0% and 
8.0% (w/w), Zeng et al. [36] produced TiO2/CQDs for the photocatalytic 
removal of ciprofloxacin. Among them, that with 6.0% (w/w) CQDs 
achieved the maximum antibiotic removal (≈ 98%) after sunlight 

irradiation during 30 min (in comparison with 64% by pristine TiO2). 
Wang et al. [37] also tested different CQDs loadings (1.0%, 3.0%, 5.0% 
and 7.0% (w/w)) in TiO2/CQDs composites, with the most efficient 
(5.0% (w/w) CQDs) allowing for 81% degradation of tetracycline after 
10 min irradiation, in comparison with 25% by TiO2. More recently, 
TiO2/CQDs composites were tested as photocatalysts for aquaculture 
antibiotics [38,39]. Louros et al. [38] showed that the composites 
exhibited a more remarkable photocatalytic performance than pristine 
TiO2 for either SDZ or oxolinic acid, but a much poorer performance was 
observed for the latter, especially in simulated marine aquaculture ef
fluents. Thus, Silva et al. [39] tested different CQDs and their TiO2 
composites with different CQDs loadings (4.0%, 5.0%, 6.0% and 8.0% 
(w/w)) with the aim of removing oxolinic acid even from saline water 
matrices (after 1 h of irradiation, the most efficient composite provided a 
75% removal in comparison with 17% by TiO2). 

In this work, TiO2/CQDs composites were tested for the photo
degradation of the most used antibiotics in aquaculture, namely SDZ, 
SMX and TMP, under simulated solar irradiation. The evaluation was 
performed in two different aqueous matrices (phosphate buffer solution 
(PBS) and synthetic sea salts (SSS)) simulating fresh and brackish water 
and the photocatalytic conditions were optimized to develop a good 
basis for TiO2/CQDs application for antibiotic removal from aquaculture 
effluents. 

2. Materials and methods 

2.1. Chemicals and solutions 

SDZ (> 98%) and SMX (> 98%) were provided from TCI Chemicals, 
while TMP (> 98%) was from Sigma-Aldrich. Ultrapure water was ob
tained using a Purelab Flex 4 purification water system from Elga 
(Veolia). A 0.1 mol L− 1 phosphate buffer stock solution (1 L), pH 8.6, 
was prepared using 0.6 g of sodium dihydrogen phosphate dihydrate 
(Fluka, Biochemika, ≥ 99.5%) and 17.1 g of di-sodium hydrogen 
phosphate dihydrate (Fluka, Biochemika, ≥ 99%), which was then 
diluted to 0.001 mol L− 1 in ultrapure water to obtain PBS used in this 
work. Red Sea Salt (Red Sea Europe) was dissolved in ultrapure water at 
a concentration of 30 g L− 1 to prepare SSS. The antibiotic stock solutions 
were prepared by dissolving 10 mg of the corresponding reagent in PBS 
or in SSS (details are given within Section 2.3.) and left to dissolve 
overnight. Citric acid monohydrated (Pronalab, ≥ 99.5%), urea (Pan
reac, ≥ 99.0%), sodium hydroxide (pellets, Akzo Nobel), hydrochloric 
acid (NormaPur, 37%) and ultrapure water were used for the synthesis 
of CQDs. For the incorporation of CQDs in TiO2, titanium (IV) oxide 
(aeroxide P25, Acros Organic) and ethanol absolute anhydrous (Carlo 
Erba) were used. For high-performance liquid chromatography with a 
UV–visible detector (HPLC-UV) analysis, methanol (Fisher Scientific, 
HPLC grade) and formic acid (Sigma-Aldrich, > 98%) were used. 

2.2. Carbon quantum dots synthesis and incorporation of CQDs into TiO2 

Two types of CQDs were used in this work, namely CQDs-citric acid 
(CQDs-CA) and CQDs-citric acid and urea (CQDs-CAU) so to compare 
their photocatalytic performance. Citric acid is one of the most used 
carbon sources for the synthesis of CQDs aimed at producing TiO2/CQDs 
for pharmaceuticals photocatalytic removal from water [31]. On the 
other hand, urea has been successfully used together with citric acid as 
nitrogen source for the synthesis of N-doped CQDs by hydrothermal 
treatment [40]. N-doping has been shown to provide excellent photo
catalytic properties to CQDs [41]. The nitrogen bond to carbon can 
enhance the photoluminescence emission by inducing an upward shift in 
the Fermi level [42] and N-doped CQDs are known to have increased 
fluorescence quantum yield in comparison with non-doped CQDs [40]. 
It is believed that electrons are injected from the N-dopant into CQDs, 
changing their local electronic structure, increasing their capacitance, 
and favouring binding with ions [43,44]. 
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Details on the synthesis of CQDs-CA, CQDs-CAU and TiO2/CQDs 
composites were given in Silva et al. [39]. Briefly, CQDs-CA were syn
thesized by the decomposition of 40 g citric acid in an electric furnace 
(Memmert) for 40 h at 180 ℃. The resulting brown gelatinous matter 
was dissolved in a 5 mol L− 1 NaOH solution, and the pH was adjusted to 
7 with 2 mol L− 1 HCl. Finally, the CQDs were freeze-dried to obtain the 
CQDs powder. Meanwhile, CQDs-CAU were produced by a hydrother
mal method as follows: citric acid (3.0 g) and urea (3.0 g) were mixed 
with 10 mL of ultrapure water and placed into a 50 mL autoclave for 5 h 
at 180 ℃; then, the large particles were removed by centrifugation at 
5000 rpm for 30 min, using a centrifuge (SIGMA 4–10) and the 
remaining solution was freeze-dried to obtain the CQDs-CAU. The pro
duction yield, as the amount of CQDs obtained from the used precursor 
(s) (% (w/w)), was 51% for CQDs-CA and 37% for CQDs-CAU. 

After CQDs synthesis, TiO2/CQDs with different mass percentages of 
CQDs, namely 4%, 5%, 6% and 8% (w/w), which choice was based on 
previously reported values for TiO2/CQDs aimed at antibiotics photo
catalysis (as referred in the introduction section), were obtained through 
hydrothermal calcination. For such a purpose, 1.00 g of TiO2 powder 
was dispersed in 30 mL of ethanol in an alumina crucible and the cor
responding volume of a solution of 50 g L− 1 of CQDs (CQDs-CA or CQDs- 
CAU) was added to obtain TiO2/CQDs composites with 4%, 5%, 6% and 
8% CQDs (w/w). Finally, the composites were dried at 75 ◦C and then 
heated at 10 ◦C min− 1 in a muffle furnace (Nüve, model MF110) until 
300 ◦C, which was then maintained for 3 h. The obtained composites 
were labelled as TiO2/CQDs, followed by the CQDs precursor(s) 
abbreviation (CA or CAU) and the CQDs mass percentage (% (w/w)) (e. 
g., TiO2/CQDs-CAU 4% (w/w)). A batch of each type of CQDs and a 
batch of TiO2 was individually subjected to the calcination process to 
obtain calcinated CQDs-CA (CQDs-CAC), calcinated CQDs-CAU (CQDs- 
CAUC) and calcinated TiO2 (TiO2C). A total of eleven different materials 
were produced (their characterization is detailed elsewhere [39]). 

2.3. Water matrices 

The water matrix can influence the photodegradation behaviour of 
organic compounds, including antibiotics [17,19,45]. Since SDZ, SMX 
and TMP may be used in both fresh and saltwater aquaculture, PBS and 
SSS, which preparation was above described (Section 2.1), were 
respectively used as matrices simulating fresh and brackish water. The 
water matrices were characterized by measuring the pH, salinity, and 
conductivity. For PBS, these parameters were respectively measured as 
8.6, 0.0 and 0.2 mS cm− 1. Meanwhile, for SSS, they were 8.6, 25.8 and 
40.4 mS cm− 1, respectively. 

2.4. Photodegradation apparatus 

Irradiation experiments were carried out in a solar radiation simu
lator Solarbox 1500 (Co.fo.me.gra, Italy) equipped with a xenon arc 
lamp (1500 W) and UV filters that limit the transmission of light below 
290 nm. All experiments were performed with a constant irradiation of 
55 W m− 2 (290–400 nm), which corresponds to 550 W m− 2 in the 
spectral range, according to the manufacturer. The level of irradiance 
and temperature was monitored by a multimeter (Co.fo.me.gra, Italy) 
equipped with a UV 290–400 nm band sensor and a black standard 
temperature sensor. A parabolic reflection system was used to ensure 
irradiation uniformity in the chamber, which was kept refrigerated by 
an air-cooling system. 

2.5. Photocatalytic experiments: photocatalyst selection, dosage 
evaluation and kinetics 

The produced materials were tested for the photocatalysis of each 
antibiotic in each water matrix (PBS or SSS). For that, the corresponding 
mass of each photocatalyst was weighted into the quartz tubes (internal 
diameter × height = 1.8 × 20 cm), in triplicate, and, after pouring the 

antibiotic aqueous solution (20 mL, 10 mg L− 1), the tubes were manu
ally agitated for homogenization. Then, tubes were placed inside the 
solar radiation simulator, where they were maintained under irradiation 
during a pre-set time. The concentrations of photocatalyst used in the 
experiments and the irradiation times can be found in Table S1, in SM. 
For comparison, photolysis experiments were performed using tubes 
with the antibiotic solution (20 mL, 10 mg L− 1), without any photo
catalyst, and irradiated during the same time. Also, dark controls were 
run under identical conditions as photocatalysis and photodegradation 
experiments except for irradiation (quartz tubes covered by aluminium 
foil) and maintained inside the solar simulator during the same time as 
the irradiated solutions. After the corresponding irradiation time, ali
quots (1.0 mL) were collected from the replicated irradiated solutions 
and dark controls, filtered using a syringe filter of PVDF 0.22 µm 
(Whatman), stored in the dark at 4 ℃ and analysed within 24 h for the 
antibiotic concentration (details are given in Section 2.6. Chromato
graphic analyses). The percentage of antibiotic degradation, in presence 
and absence of each photocatalyst, was determined by comparison of the 
concentration of antibiotic in irradiated solutions (C) with that in the 
respective dark controls (C0). Considering the calibration curves and 
limits of detection of the chromatographic methodology here used (see 
Section 2.6. Chromatographic analysis), the antibiotics initial concen
tration (10 mg L− 1) was selected to allow photodegradation monitoring 
until a 99% threshold for the three of them. Regarding the photocatalyst 
dosages and irradiation times applied in these and subsequent experi
ments, they were set as a compromise for each antibiotic and matrix so 
to ensure significant differences between C and C0, while avoiding 
multiple C values lower than the corresponding limit of detection (LOD, 
as described in Section 2.6. Chromatographic analysis), which would 
inhibit the comparison of photocatalysts’ performance. 

One-way ANOVA was used to compare the photocatalytic effi
ciencies of the synthesized materials in the removal of SDZ, SMX and 
TMP. Photocatalysts with significantly larger efficiencies (p > 0.05) 
were selected for further studies, where their dosages were optimized. 
For this purpose, photodegradation experiments were carried out as 
previously described but testing different concentrations of each of the 
selected photocatalysts. The photocatalyst concentrations tested for 
each antibiotic and matrix varied between 100 and 1000 mg L− 1, 
depending on the antibiotic under study (details can be found in 
Table S2, in SM). In what concerns irradiation times, 0.3 h was used for 
SDZ in PBS and SSS, while for SMX 0.25 and 0.5 h were used for PBS and 
SSS, respectively. For TMP in PBS, 0.2 h was initially used, but an 
irradiation time of 0.1 h was then used to test higher photocatalyst 
concentrations; meanwhile, for TMP in SSS, the irradiation time was 
0.25 h. Again, photocatalysts’ concentrations and irradiation times were 
selected as a compromise to ensure significant differences between C 
and C0, while avoiding multiple C values lower than the corresponding 
LOD. 

The most efficient TiO2/CQDs and their dosages were used in pho
tocatalytic experiments at increasing times (t (h)), which were carried 
out, either in PBS or SSS, to determine the photodegradation kinetics of 
SDZ, SMX and TMP in each matrix. For each antibiotic, matrix and pre- 
set t (h), three quartz tubes (in triplicate) were irradiated so to avoid any 
possible photocatalyst withdrawal during the aliquots collection 
throughout time. For comparison, photodegradation kinetic experi
ments for each antibiotic and matrix in the absence of photocatalyst 
were also carried out. In order to obtain the photodegradation kinetic 
curves, C/C0 was determined at each t (h). GraphPad Prism 8 was used to 
determine the fittings of experimental data to the pseudo first-order 
kinetic equation C/C0 =e− kt , where k is the pseudo first-order degra
dation rate constant (h− 1). Also, antibiotics’ half-life times (t1/2) were 
calculated as ln(2)

k . 
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2.6. Chromatographic analysis 

Quantitative analysis of SDZ, SMX and TMP was performed using 
HPLC-UV. The device consisted of a Waters Alliance 2695 Separations 
Module equipped with a Waters 2487 Dual Absorbance detector. Sepa
ration was carried out using a 150 mm × 4.6 mm i.d. ACE® C18 
column-PFP (5 µm particle size) connected to a 4.6 mm i.d. ACE® 5 C18 
guard column at 25 ◦C. The mobile phase consisted of methanol:0.1% 
formic acid, 20:80 (v/v) at a flow rate of 0.9 mL min− 1 for SDZ; aceto
nitrile:0.1% formic acid, 30:70 (v/v) at a flow rate of 0.8 mL min− 1 for 
SMX; and acetonitrile:0.1% formic acid, 15:85 (v/v) at a flow rate of 
0.8 mL min− 1 for TMP. Before use, mobile phases were filtered through 
a 0.2 µm polyamide membrane filter (Whatman). Samples and standards 
were filtered by a syringe filter of PVDF 0.22 µm. An injection volume of 
20 μL was used and detection was performed at 270 nm. In order to 
obtain the calibration curve for each antibiotic, the corresponding 
standard solutions, with concentrations between 0.25 and 10 mg L− 1, 
were prepared from the respective stock solutions (10 mg L− 1) and 
analysed in triplicate. The linear regression equations for SDZ, SMX and 
TMP were obtained and the respective LOD, in mg L− 1, were determined 
by [LOD]= (3×Sb)

m ,where Sb is the standard deviation of the y-interception 
of the slope and m is the slope. Calibration curves and respective LOD are 
presented in Table S3, in SM. 

3. Results and discussion 

3.1. Selection of the most efficient photocatalysts 

The photodegradation results of SDZ, SMX and TMP in different 
matrices (PBS and SSS), in the absence and in the presence of the syn
thesized photocatalysts are presented in Fig. 1. It is to highlight that, for 
the three antibiotics, the concentration in the respective dark controls, 
either in PBS or SSS, was equal to C0, which proves that the concen
tration decrease under irradiation was just due to photodegradation. As 
it may be seen in Fig. 1, different C/C0 were observed depending on the 
antibiotic and the matrix. However, it must be considered that, as 
referred in Section 2.5., irradiation times and dosages were selected as a 
compromise, so comparisons are not possible at this point. 

Among the here tested photocatalysts, composites obtained using 
CQDs-CAU were clearly more efficient than those with CQDs-CA in the 
photocatalytic removal of the studied antibiotics, except for SDZ in PBS. 
The FTIR-ATR spectra obtained for these materials (reported elsewhere 
[39]) evidenced the complex chemical composition of the synthesized 
CQDs. This complexity was especially relevant in the case of CQDs-CAU, 
which may be due to the incorporation of nitrogen from urea. The 
self-passivated nitrogen and oxygen containing functional groups on 
CQDs surface may be responsible for their efficient photoluminescence 
[46]. Also, it may be observed that TiO2/CQDs-CAU 4% (w/w) was the 
most or among the most efficient photocatalysts for the considered an
tibiotics and matrices. This may be related to the fact that incorporation 
of CQDs at 4% (w/w) increased the UV–visible spectra absorption when 
compared with TiO2C (reported elsewhere [39]). Still, the band gap 
energy of TiO2/CQDs-CAU 4% (w/w) was the same as that of TiO2C 
(3.2 eV), as determined in a previous work [39], and in the same order 
of values corresponding to the anatase and rutile crystalline phases of 
TiO2 [47]. On the other hand, the incorporation of mass percentages of 
CQDs-CAU higher than 4% (w/w) into TiO2 resulted in increasing band 
gap energies of the resulting TiO2/CQDs-CAU composites (as reported 
elsewhere [39]), which might explain the better photocatalytic perfor
mance of TiO2/CQDs-CAU 4% (w/w) as compared with TiO2/CQDs-CAU 
5% (w/w), TiO2/CQDs-CAU 6% (w/w) and TiO2/CQDs-CAU 8% (w/w). 
It is to highlight that TiO2/CQDs-CA 4% (w/w) was also the most effi
cient of the composites with CQDs-CA (Fig. 1). These results confirm 
those previously observed by Silva et al. [39] for the photocatalytic 
removal of oxolinic acid using TiO2/CQDs composites with 4% (w/w) 

CQDs content (these being more efficient than the ones with larger 
percentages (from 5% to 8% (w/w)). This is in agreement with other 
authors that also found that photocatalytic performance of TiO2/CQDs 
composites is not associated to larger CQDs contents [34,36,37]. 

As for the most efficient materials for each antibiotic, the results for 
SDZ showed that, in PBS (Fig. 1 a)), TiO2/CQDs-CA 4% (w/w) was the 
most efficient photocatalysts for SDZ, attaining a C/C0 of 0.33 ± 0.08 
after irradiation during 0.3 h. Meanwhile, in SSS (Fig. 1 a)), CQDs-CAUC 
followed by the composite TiO2/CQDs-CAU 4% (w/w) were the most 
efficient, with a C/C0 of 0.53 ± 0.03 and 0.64 ± 0.02, respectively, after 
0.3 h under irradiation. 

The results presented in Fig. 1 b1) showed that in PBS, after 4 h of 
irradiation, four photocatalysts (TiO2C, TiO2/CQDs-CA 4% (w/w), TiO2/ 
CQDs-CAU 4% (w/w), TiO2/CQDs-CAU 5% (w/w)) allowed for a com
plete removal of SMX (the SMX concentration in the irradiated solutions 
were lower than the LOD). In order to choose between these four pho
tocatalysts, the experiment was repeated but irradiating during 0.25 h. 
Results, presented in Fig. 1 b2), demonstrated that TiO2/CQDs-CAU 4% 
(w/w) was the most efficient photocatalysts for SMX photodegradation 
in PBS with C/C0 of 0.66 ± 0.08. Meanwhile, in SSS (Fig. 1 b1)), TiO2/ 
CQDs-CAU 4% (w/w) and TiO2/CQDs-CAU 6% (w/w), with C/C0 of 0.48 
± 0.02 and 0.48 ± 0.03, respectively, were the most efficient for SMX. 

Lastly, for TMP, the results in PBS (Fig. 1 c)) showed that TiO2/CQDs- 
CAU 4% (w/w) was the only photocatalyst that provided an antibiotic 
concentration below LOD under irradiation for 2 h. Therefore, TiO2/ 
CQDs-CAU 4% (w/w) was selected as the most efficient photocatalyst for 
TMP photodegradation. In SSS (Fig. 1 c)), TiO2/CQDs-CAU 4% (w/w) 
was also the most efficient with C/C0 of 0.600 ± 0.009 for TMP after 1 h 
of irradiation. 

According to the obtained results, Table 1 presents a summary of the 
selected photocatalysts for each antibiotic and each matrix to be used in 
subsequent experiments. 

3.2. Photocatalysts’ dosage optimization 

After selecting the most efficient photocatalysts for each antibiotic 
and matrix, their dosages were optimized. The photodegradation results 
of SDZ, SMX and TMP in PBS and SSS, for the tested photocatalyst 
dosages are presented in Fig. 2. It is necessary to refer that no differences 
were observed between the initial concentration (stock solution) of SDZ, 
SMX or TMP and that in the dark controls, indicating that the decrease of 
antibiotic observed in the irradiated solutions was only due to photo
degradation processes. However, depending on the antibiotic, its con
centration, matrix and photocatalyst, differences on the degradation 
results obtained at different dosages were observed. These results un
derline the importance of optimizing the photocatalyst concentration 
necessary for the treatment of aquaculture effluents considering the 
specific conditions, which is imperative to minimize resources’ con
sumption, from practical, economic and environmental points of view. 

For 10 mg L− 1 SDZ in PBS (Fig. 2 a1), results evidenced an increase of 
photodegradation with the increase of TiO2/CQDs-CA 4% (w/w) dosage. 
For 0.3 h of irradiation, the highest degradation was obtained using 
500 mg L− 1 TiO2/CQDs-CA 4% (w/w) (C/C0 of 0.22 ± 0.01) and 
1000 mg L− 1 of TiO2/CQDs-CA 4% (w/w) (C/C0 was 0.09 ± 0.01). Since 
the photodegradation was particularly high in such a small irradiation 
period (0.3 h), the possible gain in the irradiation time needed for total 
degradation when doubling the photocatalyst dose from 500 to 
1000 mg L− 1 was not considered advantageous. For this reason, 
500 mg L− 1 TiO2/CQDs-CA 4% (w/w) was the condition selected. 

Results obtained for SDZ photocatalysis in SSS (Fig. 2 a2)) using 
CQDs-CAUC and TiO2/CQDs-CAU 4% (w/w), also demonstrated an in
crease in the photodegradation with the photocatalyst dosage. In the 
case of CQDs-CAUC, no significant differences were observed between 
C/C0 obtained using 1000 mg L− 1 (0.26 ± 0.02) or 500 mg L− 1 (0.31 
± 0.03) of CQDs-CAUC. However, this was not the case for the com
posite, with 1000 mg L− 1 of TiO2/CQDs-CAU 4% (w/w) providing 
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Fig. 1. Photolysis and photocatalytic degradation of (a) SDZ in PBS and SSS, with 250 mg L− 1 of photocatalyst for 0.3 h of irradiation; (b) SMX with 100 mg L− 1 of 
photocatalyst in (b1) PBS (4 h of irradiation) and SSS (2 h of irradiation), and (b2) PBS (0.25 h of irradiation); (c) TMP with 100 mg L− 1 of photocatalyst in PBS (2 h 
of irradiation) and SSS (1 h of irradiation). Each bar represents triplicate experiments (mean ± standard deviation (n = 3)). 
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significantly lower C/C0 (0.349 ± 0.006) and therefore being the 
selected dosage for subsequent kinetic studies. Regarding SMX in PBS 
(Fig. 2 b1)), the increase in TiO2/CQDs-CAU 4% (w/w) dosage also 
resulted in an increase of the photodegradation rate, with a minimum of 
C/C0 of 0.17 ± 0.02 for SMX photodegradation in 0.25 h when using 
500 mg L− 1 photocatalyst. However, the small increase observed be
tween the use of 200 and 500 mg L− 1 does not justify the extra amount 
of photocatalyst applied. For this reason, 200 mg L− 1 TiO2/CQDs-CAU 
4% (w/w) was considered more adequate and thus selected for the 
subsequent experiments on the photocatalysis of SMX in PBS. 

Using the two selected photocatalysts (TiO2/CQDs-CAU 4% (w/w) 
and TiO2/CQDs-CAU 6% (w/w)) for SMX degradation in SSS (Fig. 2 b2)) 
provided, after 0.5 h of irradiation, a decrease of C/C0 with the increase 
of the photocatalyst dosage for both materials, especially up to 

Table 1 
Summary of the photocatalysts chosen for each antibiotic and each matrix.  

Antibiotic Matrix Photocatalysts 

SDZ PBS TiO2/CQDs-CA 4% (w/w)  
SSS CQDs-CAUC 

and 
TiO2/CQDs-CAU 4% (w/w) 

SMX PBS TiO2/CQDs-CAU 4% (w/w)  
SSS TiO2/CQDs-CAU 4% (w/w) 

and 
TiO2/CQDs-CAU 6% (w/w) 

TMP PBS TiO2/CQDs-CAU 4% (w/w)  
SSS TiO2/CQDs-CAU 4% (w/w)  

Fig. 2. Photocatalyst dosage study for 10 mg L− 1 of (a) SDZ after 0.3 h of irradiation in (a1) PBS and (a2) SSS; (b) SMX in (b1) PBS after 0.25 h of irradiation and (b2) 
SSS after 0.5 h of irradiation; (c) TMP after 0.25 h of irradiation in (c1) PBS and (c2) SSS. Each bar represents triplicate experiments (mean ± standard devia
tion (n = 3)). 
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500 mg L− 1. Comparing the two photocatalysts at 500 mg L− 1, TiO2/ 
CQDs-CAU 4% (w/w) was selected as the most efficient photocatalyst 
(C/C0 = 0.44 ± 0.02) and this the dosage to be applied in the kinetic 
studies. 

Results obtained for TMP in PBS (Fig. 2 c1)) after 0.2 h of irradiation 
demonstrated an increase in the photodegradation rate with the increase 
of TiO2/CQDs-CAU 4% (w/w) up to 500 mg L− 1. In order to increase 
even more the concentration of photocatalyst, irradiation time was 
reduced to 0.1 h and concentrations tested before (200 and 500 mg L− 1) 
were evaluated again and compared with the results determined using 

750 mg L− 1. Results obtained at 500 and 750 mg L− 1 were not signifi
cantly different, so 500 mg L− 1 TiO2/CQDs-CAU 4% (w/w) was the 
chosen dosage. 

For TMP in SSS an increase of photodegradation with the increase of 
TiO2/CQDs-CAU 4% (w/w) dosage (Fig. 2 c2)) was observed, with a 
maximum photodegradation for 750 mg L− 1, with C/C0 of 0.64 ± 0.01 
in 0.25 h. However, using 500 mg L− 1, a C/C0 of 0.72 ± 0.02 was ob
tained. As before, the extra amount of photocatalyst necessary for the 
small degradation increase observed at 750 mg L− 1 in comparison with 
500 mg L− 1 was not considered worthwhile, so 500 mg L− 1 TiO2/CQDs- 

Fig. 3. Kinetic experimental data together with fittings to the pseudo first-order equation for the photodegradation of (a1) 10 mg L− 1 SDZ in PBS in absence and 
presence of 500 mg L− 1 TiO2/CQDs-CA 4% (w/w) and (a2) 10 mg L− 1 SDZ in SSS in absence and presence of 1000 mg L− 1 TiO2/CQDs-CA 4% (w/w); (b1) 10 mg L− 1 

SMX in PBS in absence and presence of 200 mg L− 1 TiO2/CQDs-CAU 4% (w/w) and (b2) 10 mg L− 1 SMX in SSS in absence and presence of 500 mg L− 1 TiO2/CQDs- 
CAU 4% (w/w); (c1) 10 mg L− 1 TMP in PBS in absence and presence of 500 mg L− 1 TiO2/CQDs-CAU 4% (w/w) and (c2) 10 mg L− 1 TMP in SSS in absence and 
presence of 500 mg L− 1 TiO2/CQDs-CAU 4% (w/w). Note: The scales of the xx axes are different for a better visualization of the results. 
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CAU 4% (w/w) was the selected dosage for TMP photocatalysis experi
ments in SSS. 

3.3. Photodegradation kinetics 

For each antibiotic, photodegradation kinetic studies were carried 
out in each matrix, either in absence and presence of the selected pho
tocatalyst and respective dosage. The photodegradation kinetic curves 
of SDZ, SMX and TMP in each matrix are presented in Fig. 3. Experi
mental results obtained in PBS and SSS for SDZ and SMX photolysis and 
photocatalysis using the selected TiO2/CQDs composites were satisfac
torily described by the pseudo first-order kinetic equation, as shown in 
Fig. 3 a) and b), respectively. The corresponding kinetic parameters 
from the fittings of experimental data to the pseudo first-order equation, 
namely k (h− 1) and R2, are given in Table 2 together with the determined 
t1/2 (h). 

The matrix may influence the photodegradation rate of each anti
biotic, either in presence or absence of photocatalyst. In SSS, where ionic 
concentration is relatively higher, ions may stimulate antibiotics pho
todegradation by producing reactive oxygen species (e.g., •OH, •CO3− , 
•HCO or •O− ) [48] or inhibit photodegradation by different processes, 
mainly scavenging •OH by halogen ions (Cl- and Br-) [49,50] and 
complexation with ions such as Ca2+ or Mg2+ [18]. 

SDZ photodegradation kinetic curves in PBS and SSS without pho
tocatalyst (Fig. 3 a1) and a2)) were quite similar. Notwithstanding, the 
fitted k and the calculated t1/2 in Table 2 point to a slightly faster 
degradation in PBS, which may be related to the slight dominance of 
salinity inhibitory effects. Furthermore, Fig. 3 a1) and a2) evidence that, 
in both matrices, SDZ photodegradation occurred much faster in the 
presence of the selected photocatalyst. Regarding the k in PBS, it 
increased from 7.09 × 10− 2 h− 1 in absence of photocatalyst to 4.81 h− 1 

in presence of TiO2-CQDs-CA 4% (w/w). Meanwhile, in SSS the k 
increased from 4.84 × 10− 2 h− 1 to 3.04 h− 1 in presence of TiO2-CQDs- 
CAU 4% (w/w). In agreement with the k values, the highest t1/2 for SDZ 
(Table 2) was obtained without photocatalyst in SSS (14.3 h). In pres
ence of the selected photocatalyst, the lowest t1/2 was obtained in PBS 
(0.144 h). 

Table 3 presents a comparison of literature data for the 

photodegradation of each antibiotic and the herein presented results. As 
it may be seen, comparing with the most recent results on SDZ photo
catalytic degradation, the here synthesized TiO2/CQDs-CA 4% (w/w) 
and TiO2/CQDs-CAU 4% (w/w) were among the most efficient photo
catalysts. In fact, Chen et al. [22] used 100 mg L− 1 of AQ2S@rGO system 
for the photodegradation of 10 mg L− 1 SDZ (pH 7, 0.5 mol L− 1 NaCl) 
obtaining a k of 1.789 h− 1. Meanwhile, Evgenidou et al. [51] tested 
Cu-modified TiO2 photocatalysts (100 mg L− 1) for the photodegradation 
of a mixture of eight antibiotics and obtained a k of 11.0 ± 0.6 h− 1 for a 
solution of 1 mg L− 1 SDZ in ultrapure water. Finally, Silva et al. [24] 
observed that 100 mg L− 1 biochar-TiO2 magnetic nanocomposites 
increased SDZ (10 mg L− 1) photodegradation k from 0.062 h− 1 to 
0.236 h− 1. Although the same experimental conditions would be desir
able for an accurate comparison of results, it is possible to state that the 
photocatalysts synthesized in this study were remarkably efficient in the 
removal of SDZ. 

Regarding SMX, photodegradation kinetics without photocatalyst 
was very similar in PBS and in SSS (Fig. 3 b1) and b2)), with the 
respective t1/2 being 9.06 and 8.38 h (Table 2). Differently from SDZ, 
salinity net effect on SMX was the promotion of photodegradation. 
However, as for SDZ, SMX photodegraded much faster in presence of the 
selected photocatalyst, namely TiO2/CQDs-CAU 4% (w/w) (Fig. 3 b1) 
and b2)). This is evident by the increase of k in PBS from 7.65 × 10− 2 to 
2.72 h− 1 and in SSS from 8.27 × 10− 2 to 1.60 h− 1 (Table 2). The utili
zation of TiO2/CQDs-CAU 4% (w/w) as photocatalyst allowed to obtain 
very short t1/2 for SMX either in PBS (0.255 h) or in SSS (0.43 h), which 
were significantly lower than in absence of photocatalyst, especially in 
PBS (9.06 h). A recent compilation on SMX degradation using TiO2- 
based photocatalysts by Kutuzova et al. [52] reported k values between 
0.26 and 63 h− 1. Although the experimental conditions were different, it 
may be observed that TiO2/CQDs-CAU 4% (w/w) provided values within 
this range. Also, as shown in Table 3, Malesic-Eleftheriadou et al. [53] 
used biobased-PET-TiO2 P25 composite films (500 mg L− 1) for the 
photodegradation of a 1 mg L− 1 SMX solution in ultrapure water and 
obtained a k of 0.9 h− 1 and a t1/2 of 0.77 h. On the other hand, 
Porcar-Santos et al. [54] used 100 mg L− 1 of TiO2 P25 (Degussa) for the 
photodegradation of 1 mg L− 1 SMX in deionized water (pH 6.0) and 
simulated seawater (pH 8.2), the k values being 2.46 h− 1 and 1.2 h− 1, 
respectively, which are much lower than the values here obtained with 
TiO2/CQDs-CAU 4% (w/w) in PBS and SSS. 

Finally, comparing results in Fig. 3 c1) and c2), it is evident that in 
absence of photocatalyst, TMP photodegradation occurred much faster 
in PBS than in SSS, where inhibitory effects related to the scavenging of 
•OH by Cl- and Br- and complexation must have been dominant. It is 
important to highlight that TMP photolysis in both matrices was not 
properly described by the pseudo first-order kinetic equation. This was 
already observed by Sirtori et al. [55], who reported that this behaviour 
could be due to the occurrence of several degradation mechanisms, 
including an initial slow reaction by direct irradiation and a second 
faster mechanism promoted by the creation of a photoreactive inter
mediate (trimethoxybenzoylpyrimidine), producing an autocatalytic 
effect. On the other hand, Mathon et al. [56] fitted the results of TMP 
photolysis in ultrapure water to pseudo first-order kinetic equation; 
however, kinetics results were not shown. In this study, and in order to 
compare results, TMP photolysis kinetic experimental curves were 
divided into two consecutive stages and each one was fitted to the 
pseudo first-order kinetic equation, the corresponding k values being 
presented in Table 2. The slower photodegradation of TMP in presence 
of salts was also observed by Sirtori et al. [55], who studied the direct 
photolysis of this antibiotic in demineralised and simulated seawater. 

Under the presence of 500 mg L− 1 TiO2/CQDs-CAU 4% (w/w), TMP 
photodegradation significantly accelerated in both matrices and results 
fitted the pseudo-first order kinetic equation. Kutuzova et al. [52] 
recently revised the literature on the TiO2-based photocatalysts applied 
to TMP and reported k values between 0.06 and 39.6 h− 1. Meanwhile, in 
this work, TiO2/CQDs-CAU 4% provided k values of 14.6 and 1.13 h− 1 

Table 2 
Data on pseudo-first order rate constants (k (h− 1)), determination coefficient 
(R2) and half-life times (t1/2 (h)) obtained for the photodegradation of 10 mg L− 1 

of antibiotic in PBS and SSS in absence and presence of the most efficient pho
tocatalyst. Note: SD is the standard deviation (n = 3).  

Sample k ± SD (h− 1) R2 t1/2 ± SD (h) 

SDZ in PBS (7.09 ± 0.09)× 10− 2 0.999 9.78 ± 0.12 
SDZ in PBS + 500 mg L− 1 TiO2/ 

CQDs-CA 4% 
4.81 ± 0.06 0.993 0.144 

± 0.002 
SDZ in SSS (4.84 ± 0.10)× 10− 2 0.981 14.3 ± 0.3 
SDZ in SSS + 1000 mg L− 1 

TiO2/CQDs-CAU 4% 
3.04 ± 0.07 0.984 0.228 

± 0.005 
SMX in PBS (7.65 ± 0.08)× 10− 2 0.999 9.06 ± 0.09 
SMX in PBS + 200 mg L− 1 TiO2/ 

CQDs-CAU 4% 
2.72 ± 0.06 0.999 0.255 

± 0.006 
SMX in SSS (8.27 ± 0.03)× 10− 2 0.999 8.38 ± 0.03 
SMX in SSS + 500 mg L− 1 TiO2/ 

CQDs-CAU 4% 
1.60 ± 0.06 0.949 0.43 ± 0.02 

TMP in PBS 0–2 h 0.16 
± 0.05 

0.873 Not 
determined 

2–5 h 0.8 ± 0.1 0.982 Not 
determined 

TMP in PBS + 500 mg L− 1 TiO2/ 
CQDs-CAU 4% 

14.6 ± 0.6 0.996 0.047 
± 0.002 

TMP in SSS 0–4 h 0.062 
± 0.003 

0.917 Not 
determined 

4–10 h 0.50 
± 0.01 

0.995 Not 
determined 

TMP in SSS + 500 mg L− 1 TiO2/ 
CQDs-CAU 4% 

1.13 ± 0.06 0.990 0.61 ± 0.01  
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for TMP in PBS and SSS, respectively. As depicted in Table 3, both Felis 
et al. [57] and Sanguanpak et al. [58] recently studied the photocatalysis 
of TMP in real water matrices, treated municipal wastewater sample and 
hospital wastewater. Felis et al. [57] applied 500 mg L− 1 of TiO2 powder 
for the photocatalysis of around 15 ng L− 1 of TMP, attaining a complete 
removal (100%) after 3 h. On the other hand, Sanguanpak et al. [58] 
produced porous geopolymer composite membranes with optimal TiO2 
immobilization (10 wt%) and applied 25 g L− 1 for the removal of 
121 μg L− 1 TMP (determined concentration in hospital wastewater), 
with a smaller photodegradation rate (k of 0.108 h− 1) than the herein 
obtained. 

3.4. Final remarks 

Two different procedures, both using non-toxic, inexpensive and 
easily available precursors, were followed in this work for the produc
tion of CQDs. Comparing both procedures, the synthesis of CQDs-CA 
included a longer thermal treatment than that of CQDs-CAU (40 h vs. 
5 h at 180 ◦C), but the production yield of CQDs-CA (51%) was higher 
than that of CQDs-CAU (37%). As for the incorporation of either CQDs- 
CA or CQDs-CAU on TiO2, hydrothermal calcination (300 ◦C during 3 h) 
was carried out, which is the most demanding stage of the composites’ 
production in terms of energy. Although the production of CQDs is 
considered to be facile, rapid and aligned with the principles of green 
chemistry, there is limited information about the impacts of their syn
thesis and still less on the synthesis of TiO2/CQDs composites. For such 
information, life cycle assessment (LCA) is an approach that has been 
used with success to evaluate the environmental impacts associated with 
different engineered nanomaterials, including CQDs [59]. In view of 
scaling-up, a cradle-to-cradle assessment, including all stages (from the 
provision of raw materials to product use and disposal), would be 
worthwhile to select the most favourable procedures and materials in 
terms of efficiency and sustainability. 

As for the performance, obtained results evidenced that, under 
simulated sunlight, photocatalysis using the here synthesized TiO2/ 

CQDs allowed for much more efficient removals of SDZ, SMX and TMP 
than photolysis, either in simulated fresh or brackish water. In general, 
CQDs-CAU provided larger efficiency than CQDs-CA, which must be 
related to N-doping. Among the produced composites, TiO2/CQDs-CAU 
4% (w/w) was the most efficient photocatalyst for SMX and TMP, in 
either PBS or SSS, and for SDZ in SSS. Meanwhile, for SDZ in PBS, TiO2/ 
CQDs-CA 4% (w/w), followed by TiO2/CQDs-CAU 4% (w/w), displayed 
the best performance. Therefore, the introduction of CQDs in TiO2 at 4% 
(w/w) provided more efficient photocatalysts than the introduction of 
higher CQDs % (w/w) (from 5% to 8% (w/w)), so confirming previous 
observations for the photocatalytic removal of oxolinic acid [39]. 
Moreover, results point to TiO2/CQDs-CAU 4% (w/w) as the composite 
of choice for a photocatalytic treatment of aquaculture effluents aimed 
at the removal of antibiotics. Although the selected photocatalysts 
allowed for remarkably higher k and lower t1/2 than photolysis in either 
PBS or SSS, it was observed that the water matrix largely affected the 
photocatalysts performance, pointing to the importance of evaluations 
such as the one carried out in this work for any specific application. 

Overall, in literature, the evaluation of photocatalysts for antibiotics 
removal from water is applied to a limited number of antibiotics (usually 
one and no more than two) and/or conditions (usually one and no more 
than two matrices, normally not including a saline matrix). In this study, 
three antibiotics and two different matrices (representing fresh and 
brackish water) were studied. The efficient removal from both matrices 
is a great indication for the promising application of the produced TiO2/ 
CQDs composites in real effluents from aquaculture. In this sense, it 
should be highlighted that the produced materials present many ad
vantages: they are low cost, simple to produce, easy to use and allow for 
their recovery by decantation which, in turn, allow for their reutiliza
tion. Moreover, the excellent efficiency under solar radiation lowers the 
price of the up-scaled implementation since it does not require UV light/ 
radiation. Additionally, since both SMX and TMP have been detected in 
urban and hospital wastewater, a further application of the herein tested 
materials could be the tertiary treatment stage of municipal wastewater 
treatment plants, showing the diversified application of the synthesized 

Table 3 
Literature studies on the photocatalytic degradation of SDZ, SMX and TMP.  

Antibiotic [Antibiotic] 
(mg L− 1) 

Matrix Light source Photocatalyst [Photocatalyst] 
(mg L− 1) 

k (h− 1) Ref. 

SDZ 10 PBS simulated solar light 
irradiation 

55 W m− 2 (290–400 nm) 

TiO2/CQDs-CA 4% (w/w) 500 4.81 ± 0.06 This 
study SSS TiO2/CQDs-CAU 4% (w/w) 1000 3.04 ± 0.07 

10 0.5 mol L− 1 NaCl, pH 7 simulated solar light 
irradiation 

60 mW cm− 2 (320–780 nm) 

AQ2S@rGO 100 1.782 [22] 

1 Ultrapure water simulated solar light 
irradiation 

500 W m− 2 (300–800 nm) 

Cu-modified TiO2 100 11.0 ± 0.6 [51] 

10 0.001 mol L− 1 

phosphate buffer, pH 
7.3 

simulated solar light 
irradiation 

55 W m− 2 (290–400 nm) 

biochar-TiO2 magnetic 100 0.062–0.236 [24] 

SMX 10 PBS simulated solar light 
irradiation 

55 W m− 2 (290–400 nm) 

TiO2/CQDs-CAU 4% (w/w) 200 2.72 ± 0.06 This 
study SSS TiO2/CQDs-CAU 4% (w/w) 500 1.60 ± 0.06 

1 ultrapure water solar simulator, Xenon lamp 
(1.5 kW) 500 W m− 2 

biobased-PET-TiO2 P25 
composite films 

500 0.9 [53] 

1 deionized water, pH 
6.0 

solar simulation chamber, 
Xenon lamp (1.5 kW) 

(290–400 nm) 

TiO2 P25 (Degussa) 100 2.46 [54] 

simulated seawater, pH 
8.2 

1.2 

TMP 10 PBS simulated solar light 
irradiation 

55 W m− 2 (290–400 nm) 

TiO2/CQDs-CAU 4% (w/w) 500 14.6 ± 0.6 This 
study SSS TiO2/CQDs-CAU 4% (w/w) 500 1.13 ± 0.06 

15 × 10− 6 treated wastewater simulated solar light 
irradiation 

500 W m− 2 (350–840 nm) 

TiO2 powder 500 (100% removal 
after 3 h) 

[57] 

121 × 10− 3 hospital wastewater UV irradiation porous geopolymer composite 
membranes with TiO2 (10 wt 

%) 

25000 0.108 [58]  
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photocatalysts. 
However, considering the main contribution of this work - pointing 

to CQDs/TiO2 composites as promising photocatalysts for the photo
catalytic removal of antibiotics from aquaculture effluents under sun
light - several questions are still unsolved. Further research needs to be 
carried out on these antibiotics’ photodegradation pathways and pho
toproducts in the different matrices in order to determine the photo
degradation mechanisms and uncover the reasons beneath the 
divergences observed in the efficiencies for the different antibiotics and 
matrices. In addition, the assessment of the mineralization achieved by 
the composites, the evaluation of antibacterial activity and/or photo
products toxicity should be analysed for a complete assessment on their 
performance. Finally, and taking into account that selectivity may be a 
relevant issue in complex matrices such as aquaculture effluents, pho
tocatalytic experiments in real samples need to be done in order to prove 
the efficiency of CQDs/TiO2 composites. 

4. Conclusion 

Most of the synthesized TiO2/CQDs composites, especially those 
with a 4% (w/w) content of CQDs, demonstrated that their presence in 
solution accelerated the photodegradation of SDZ, SMX and TMP, 
comparatively to photolysis. Among them, TiO2/CQDs-CAU 4% (w/w) 
was the most efficient for the removal of SMX and TMP, either in PBS or 
SSS, and SDZ in SSS. Meanwhile, for the removal of SDZ in PBS, TiO2/ 
CQDs-CA 4% (w/w), followed by TiO2/CQDs-CAU 4% (w/w), was the 
most efficient. Furthermore, differences in the photocatalysts’ efficiency 
in PBS and SSS indicated that the matrix influences the photo
degradation efficiency of the TiO2/CQDs composites. As compared with 
photolysis, kinetic studies showed that the use of the selected compos
ites and dosages allowed for a drastic decrease of the t1/2 from 9.78 h to 
0.144 h for SDZ in PBS, from 14.3 h to 0.228 h for SDZ in SSS, from 
9.06 h to 0.255 h for SMX in PBS and from 8.38 h to 0.43 h for SMX in 
SSS. Although TMP photolysis did not fit pseudo-first order kinetics, the 
decrease in the time needed to photodegrade this antibiotic using 
500 mg L− 1 TiO2/CQDs-CAU 4% (w/w) was evident, with a t1/2 of 
0.047 h and 0.61 h in PBS and SSS, respectively. Therefore, the results 
herein reported indicate that the utilization of solar driven photo
catalysis using TiO2/CQDs composites, with TiO2/CQDs-CAU 4% (w/w) 
displaying the most remarkable performance, may be a suitable solution 
to remove SDZ, SMX and TMP from aquaculture (fresh and brackish) 
effluents. 
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