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Abstract 

Sulfamethoxazole (SMX) is the most representative antibiotic of the sulfonamides 

group used in both human and veterinary medicine, and thus frequently detected in 

water resources. Special concern is due to their pronounced toxicity and potential to 

foster bacterial resistance to this drug. Its photodegradation under simulated solar 

radiation was here studied in ultrapure water and in different environmental samples, 

namely estuarine water, freshwater and wastewater. SMX underwent very fast 

photodegradation in ultrapure water, presenting a half-life time (t1/2) of 0.86 h. 

However, in environmental samples, the SMX photodegradation rate was much 

slower, with 5.4 h < t1/2 < 7.8 h. The main novelty of this work was to prove that pH, 

salinity and dissolved organic matter are determinant factors in the decrease of the 

SMX photodegradation rate observed in environmental samples and, thus, they will 

influence the SMX fate and persistence, increasing the risks associated to the presence 

of this pollutant in the environment.  

 

 

Keywords: Photolysis; sulfonamide antibiotics; apparent direct quantum yield; humic 

substances; emerging contaminants.  
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1. INTRODUCTION 

In the aquatic environment, pharmaceuticals were detected for the first time in 

the 70’s (Garrison et al., 1976). Since then, their presence in natural waters has been 

confirmed worldwide and they are actually recognized as contaminants of emerging 

concern (Yang et al., 2017). 

The consumption of pharmaceuticals is rising with the growing and ageing of 

human population. Part of these pharmaceuticals is not metabolized and is released 

into sewage systems. However, conventional treatments applied in sewage treatment 

plants (STPs) do not adequately remove these pollutants from water. Therefore, 

pharmaceuticals are found in STP effluents and surface waters in concentrations 

ranging from ng L-1 to μg L-1 (Bastos, 2012; Bila and Dezotti, 2003; Katsumata et al., 

2014; Kümmerer, 2001). In the environment, these concentrations are high enough to 

affect non-target organisms (Challis et al., 2014).  

The presence of pharmaceuticals in natural waters is especially concerning in the 

case of antibiotics, due to their pronounced toxicity and potential to foster bacterial 

resistance (Bila and Dezotti, 2003, Kümmerer, 2001). In a recent review on the 

monitoring of organic pollutants in surface and ground waters (Sousa et al., 2018), 

sulfamethoxazole (SMX) was pointed as the most reported antibiotic, as for its 

potential adverse effects on ecosystems and human health (Bastos, 2012, Avisar et al., 

2009, Gastalho et al., 2014).  

In the aquatic environment, photolysis, direct or indirect, is a major removal 

mechanism for many pharmaceuticals (Challis et al., 2014, Boreen et al., 2003). In the 

direct photolysis, light is absorbed directly by the chemical itself. In indirect photolysis, 

photosensitizers absorb the light generating photoreactants, such as OH radicals (·OH) 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

or singlet oxygen (1O2) (Oliveira et al., 2016), that will interact with the pollutant, 

resulting in a chemical transformation. Also, among the reactive intermediates 

produced upon absorption of sunlight by surface waters, excited triplet states of 

chromophoric dissolved organic matter (3CDOM*) and carbonate radical (·CO3
-) play a 

major role in the indirect photodegradation of pollutants (McNeill and Canonica, 2016; 

Wallace et al., 2010). The direct and indirect photolysis of pharmaceuticals were 

among the issues recently evaluated by Challis et al. (2014) in their critical review of 

the scientific literature on the photodegradation of this sort of pollutants in the 

aquatic environment. In the specific case of SMX, and on the basis of published 

literature, these authors concluded that photolytic processes dominate its fate in the 

aquatic environment, direct photolysis is mostly pointed as the major mechanism 

while indirect photolysis is diversified between studies (Bonvin et al., 2013; Boreen et 

al., 2004; Challis et al., 2014; Lam and Mabury, 2005; Ryan et al., 2011; Wenk et al., 

2011).  

Different authors have evaluated the matrix effect that some environmental 

factors may have on the photodegradation of SMX. For example, Trovó et al. (2009) 

verified that, under simulated solar radiation, the SMX (Ci = 10 mg L-1) degradation was 

faster in distilled water (pH = 4.8) than in seawater (pH = 8.1). Niu et al. (2013) 

determined that the photodegradation of SMX (Ci = 1, 5, 10 mg L-1) under simulated 

sunlight irradiation was faster under lower pH values (between 3 and 10) and at lower 

concentration of SMX, fulvic acids and suspended sediments. Differently, Bahnmüller 

et al. (2014) observed that the transformation kinetics of SMX (Ci = 1 - 5 µM, equivalent 

to 253 – 1265 µg L-1) was not affected or just slightly (< 20%) increased in the presence 

of fulvic acids as compared with ultrapure water. 
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As above shown, among the few works available in the literature on the influence 

of environmental factors on SMX photodegradation, either SMX concentrations used 

are rather high (in the mg L-1 range), or contradictory results were obtained. In this 

context, the aim of the present study was to further investigate the photodegradation 

of SMX (Ci = 100 µg L-1) in real matrices (estuarine water, freshwater and wastewater 

samples) and to determine the role of pH, organic matter and salinity, which were 

considered the main factors that could affect the SMX photodegradation behaviour. 

Finally, the apparent quantum yields of photoreactions, as well as outdoor half-life 

times (t1/2) of SMX at latitude 45ᵒN were estimated.  

 

2. MATERIAL AND METHODS 

2.1. Chemicals 

SMX (> 98%) and methanol (99.99%) were purchased from TCI (Europe) and Fisher 

Chemical, respectively. Ultrapure water was obtained from a Milli-Q Millipore system 

(Milli-Q plus 185). Acetonitrile (HPLC grade) and acetic acid (p.a.) used for HPLC 

analysis, were obtained from VWR (Prolabo) and Merck, respectively.  The pH of 

solutions was adjusted using hydrochloric acid (NormaPur, 37%) and sodium hydroxide 

(ABSOLVE, 99.3%).  

Sodium dihydrogen phosphate dihydrate (Fluka, Biochemika, ≥ 99.5%) and di-

sodium hydrogen phosphate dihydrate (Fluka, Biochemika, ≥ 99%) were used to 

prepare a stock solution of phosphate buffer 0.1 mol L-1. This was diluted to have a 

0.001 mol L-1 phosphate buffer solution, which pH was adjusted to 5 and 7.3. Synthetic 

salt water (21‰) was prepared using Red Sea Salt (Red Sea Europe) in phosphate 

buffer solution (0.001 mol L-1) with pH adjusted to 7.3.  Red Sea Salt contains 
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biologically balanced, elevated levels of the elements: Calcium, Magnesium, 

Carbonates. Is free from synthetic additives and contains no nitrates, phosphates or 

heavy metals (Red Sea, 2018). 

Calcium chloride dihydrate (p.a.) and magnesium chloride hexahydrate (p.a.) were 

provided by Merck and Riedel-de-Haën, respectively. 

 

2.2. Instrumentation 

A solar radiation simulator Solarbox 1500 (Co.fo.me.gra, Italy) was used for 

irradiation experiments. This instrument is 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 (30 ± 2 ᵒC) by an air cooling system. 

A High-Performance Liquid Chromatograph Prominence system equipped with a 

fluorescence detector (HPLC-FLD) was used for the quantification of SMX. This HPLC-

FLD unit includes a DGU-20A5R degasser, a CTO-20AC column oven, a LC-30AD pump 

and a SIL-30AC autosampler (all from Shimadzu). 

 

2.3. Chromatographic analysis of SMX 

A 100 mg L-1 SMX aqueous stock solution (methanol < 1%) was prepared and 

diluted with ultrapure water to have standards with concentrations ranging from 1 to 
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100 μg L-1. For the HPLC separation, a Kinetex XB-C18 column (2.6 m, 100 mm x 4.60 

mm) was used. Cell and column temperature were kept constant at 25 °C and an 

injection volume of 20 µL was used. The mobile phase consisted of water (acidified 

with 1% acetic acid): acetonitrile (60:40 v/v) and the flow rate was maintained at 0.8 

mL min-1. Before use as mobile phase, acetonitrile and water with 1% of acetic acid 

were filtered through a 0.2 µm polyamide membrane filters (Whatman). SMX 

detection was performed with a fluorescence scanner prominence RF-20Axs from 

Shimadzu with an excitation wavelength of 265 nm and an emission wavelength of 343 

nm.  

 

2.4. Photodegradation experiments 

2.4.1. Irradiation 

Quartz tubes (1.8 cm internal diameter and 20 cm height) containing the aqueous 

sample or SMX solution were placed on a suitable support, brought inside the solar 

radiation simulator and subjected to irradiation. For each set of experiments, four 

quartz tubes capped with Parafilm M® were kept inside the solar simulator. One of the 

tubes was covered with aluminium foil to protect it from light (control). 

Throughout irradiation experiments, 1000 L aliquots were collected from each 

quartz tube at specified times (from 5 min of irradiation until no SMX was detected 

using HPLC-FLD) and analysed by HPLC-FLD for the concentration of SMX. The 

remaining concentration of SMX in irradiated solutions (C) was compared with that in 

the respective control (C0) for determining the percentage of degradation at each 

irradiation time (t, h). Then, GraphPad Prism 5 was used to determine fittings of 
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experimental data to the pseudo first-order kinetic equation C⁄C0 = e-kt, where k is the 

pseudo first-order degradation rate constant (h-1). 

 

2.4.2. SMX photodegradation in ultrapure water and in environmental samples 

Direct photodegradation of SMX was studied using a solution of 100 μg L-1 SMX 

(prepared by dilution of the stock solution), which was distributed into quartz tubes 

(20 mL in each tube) and irradiated as described in section 2.4.1.  

Surface (estuarine and freshwater) and wastewater samples were used to study 

SMX indirect photodegradation in dissolved organic matter (DOM) rich matrices. 

Immediately after collection, all samples were filtered through 0.45 μm nitrocellulose 

membrane filters (Millipore) and stored at 4 ˚C until use, within 7 days. The estuarine 

sample was collected from Ria de Aveiro (Aveiro, Portugal), at an urban location. The 

freshwater sample was collected from a river located in the same region. Finally, 

wastewater was sampled from one of the Aveiro’s STPs, after secondary treatment, 

corresponding to the final effluent (STPF). These samples were characterized by UV-

visible spectrometry, salinity, DOC, conductivity and pH (detailed information is 

presented in SM). 

All samples were spiked with SMX to obtain a 100 μg L-1 concentration, distributed 

into quartz tubes and irradiated as described in section 2.4.1.  

 

2.4.3. SMX photodegradation at different pH values 

To study the pH influence on SMX photodegradation, solutions of SMX (100 g L-1) 

were prepared in a 0.001 mol L-1 phosphate buffer with pH adjusted to 5.0, 6.3 and 

7.3. Irradiation experiments, as described in section 2.4.1., were carried out. Then, 
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freshwater samples (100 μg L-1 SMX) with no pH adjustment (pH 7.3) and with pH 

adjusted to 6.3 were irradiated. 

 

2.4.4. SMX photodegradation in the presence of humic substances 

To study the influence of organic matter on SMX photodegradation, three 

fractions of humic substances (HS) were used: humic acids (HA), fluvic acids (FA) and 

XAD-4. These were extracted and isolated from estuarine water (collected at Ria de 

Aveiro (Aveiro, Portugal)) as described by Santos et al. (1994) and Esteves et al. (1995). 

The purified fractions of HS were characterized by elemental analysis, solid-state 13C 

cross polarization magic angle spinning nuclear magnetic resonance (CPMAS-NMR), 

dissolved organic carbon content and UV-visible spectrophotometry, using the 

procedures described in Esteves et al. (2009).  

SMX solutions (100 μg L-1) in presence of each of the three HS fractions (HA, FA 

and XAD-4) at a concentration of 20 mg L-1 prepared in 0.001 mol L-1 phosphate buffer 

with pH 5.0 and 7.3 were irradiated for 1 h. 

 

2.4.5. Effect of sea salts and inorganic ions on SMX photodegradation 

The effect of sea salts was evaluated by irradiating for 5 hours solutions of SMX 

(100 μg L-1) prepared in 0.001 mol L-1 phosphate buffer with pH adjusted to 7.3 and 

containing 21‰ NaCl or 21‰ sea salts (synthetic salt water from Red Sea Salts).  

SMX photodegradation kinetics in these solutions were also determined and 

compared with those of the estuarine sample (pH 7.3) and ultrapure water with 

phosphate buffer at pH 7.3, both containing 100 µg L-1 SMX. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

Since calcium and magnesium are two of the main constituents of salt water, 100 

µg L-1 SMX solutions prepared in 0.001 mol L-1 phosphate buffer with pH adjusted to 

7.3 and containing 785 mg L-1 of magnesium or 261 mg L-1 of calcium were also 

irradiated for 5 hours and analysed with HPLC-FLD. Results were compared with those 

obtained using the estuarine water sample (pH 7.3) and ultrapure water with 

phosphate buffer at pH 7.3, both containing 100 µg L-1 SMX. The magnesium and 

calcium concentrations chosen were similar to those of the Red Sea Salts mentioned 

previously. 

 

2.5. Estimation of apparent direct quantum yields of SMX 

 The quantum yield of SMX (𝜙SMX) is defined as the ratio between the SMX 

photodegradation rate and the rate of light absorption and was estimated by 

radiometry using the method described by Calisto et al. (2011). Briefly, for this 

purpose, the photon flux emitted by the light source was determined considering the 

measured overall lamp irradiance using a calibrated radiometer and the lamp emission 

intensity at each wavelength (as given by the manufacturer lamp spectrum). The lamp 

irradiance was subsequently converted into number of photons emitted by the lamp, 

per unit of sample volume and per unit of time, as described below. 

The apparent direct quantum yield, (𝜙ave), was estimated by equation 1: 

 

                           𝜙𝑎𝑣𝑒 =
𝐶𝑖 × 𝑘

∑ 𝐼𝜆𝑖
0 ×(1−10−𝜀𝜆𝑖×𝑏×𝐶0  )× ∆𝜆

                                        (Eq. 1)      

 

where k is the pseudo first-order degradation rate constant (s-1), Ci is the initial 

concentration of SMX in the solution (mol L-1), 𝐼𝜆𝑖
0  is the lamp emission intensity at the 
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wavelength 𝜆𝑖 (Ein L-1 s-1 nm-1), 𝜀𝜆𝑖 is the molar absorptivity of the SMX at the 

wavelength 𝜆𝑖 (L mol-1 cm-1), b is the path length inside the photoreactor (cm, 

corresponding to the internal diameter of the quartz cylindrical reactors) and ∆𝜆 is the 

wavelength interval of acquisition of the spectral irradiance of the lamp (nm). 

Considering the experimental impossibility of determining the rate constant of a 

photodegradation process corresponding to the absorption of a single wavelength (for 

polychromatic light sources), the apparent direct quantum yield was determined for an 

overall average over the lamp emission wavelength. Thus, the SMX’s apparent direct 

quantum yield (𝜙ave) was calculated considering the lamp emission wavelength range 

(290–800 nm) and respective emission intensities for the irradiance level used during 

the experiments (55 W m-2, 290–800 nm). The calculation of 𝜙SMX was performed 

considering that the diameter of the quartz tubes (cylindrical photoreactors) was 1.8 

cm, the volume of irradiated solution was 20 mL and the solution exposure area was 

36 cm2
. 

 

3. RESULTS AND DISCUSSION 

3.1. SMX photodegradation in ultrapure water and in environmental water 

samples 

The SMX photodegradation in ultrapure water is shown in Figure 1 [(C/C0) versus 

time].  

FIGURE 1 

Complete photodegradation of SMX in ultrapure water occurred within 3 hours 

and followed a pseudo first-order kinetic model with rate constant (kmeas) of 0.81 ± 

0.04 h-1 (Table 1). The absence of microbiological or thermal degradation was verified 
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by the controls. Also, methanol in the SMX working solutions (<0.001%) was proved to 

have neglectable effects. 

TABLE 1 

Data on the photodegradation of SMX in the environmental water samples are 

presented on Table 1 and the corresponding fittings to the pseudo first-order kinetic 

equation in Figure 1. The salinity, conductivity, DOC and pH (Table 2) of the 

environmental water samples used in this study were determined as specified in 

supplementary data. Meanwhile, UV-visible spectra of environmental samples are 

shown in Figure S1.  

TABLE 2 

There is an obvious decrease in the photodegradation rate of SMX in 

environmental water samples, when compared with ultrapure water. The t1/2 

(calculated as ln2/kmeas) obtained in ultrapure water (pH = 6.3) was lower than 1 h, 

while in estuarine and riverine water was around 5 h and in STPF it reached almost 8 h 

(Table 1). The t1/2 times are strictly related to experimental conditions, but, assuming 

that the lamp properly simulates sunlight, results can be converted into outdoor t1/2, in 

summer sunny days (SSD) equivalents (Table 1). Considering that the total energy 

reaching the ground on a sunny summer day (45ᵒN latitude) is 7.5 x 105 J m-2, one 

summer sunny day (24 h day/night cycle) corresponds to 3.8 h of irradiation with the 

used equipment (Calisto et al., 2011). This conversion allows determining t1/2 values in 

environmentally relevant conditions. In ultrapure water 0.23 SSD are needed to reach 

t1/2. Meanwhile, in the environmental samples, the outdoor t1/2 varied between 1.4 

and 2.05 SSD. This means that, in the aquatic environment, photodegradation of SMX 

is much slower, increasing its environmental accumulation and persistence, along with 
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potential risks, such as enhancing microbial resistance through prolonged exposure of 

microorganisms to SMX. Thus, it is important to understand which are the main 

contributors to the photodegradation rate decrease. 

 

 

3.2. Influence of pH on SMX photodegradation 

The pH of the environmental samples varied between 7.2 and 8.1 (Table 2). The 

photodegradation rate constant depends upon the quantity of photons absorbed by 

each mole of SMX per unit of time and on the quantum yield. Then, since pH greatly 

affects the SMX speciation in solution and thus its UV-visible absorbance (Dias et al., 

2014), photodegradation behaviour may be expected to vary depending on pH.  

SMX has two pKa values (1.85 and 5.60) and its chemical speciation changes with 

pH according to Figure S2. Since the molar ratio between SMX species is related to pH 

(Figure S3), at pH 1.0, around 88% of SMX is protonated, while at pH 4.0 almost 97% is 

in the neutral form. Within the pH range of the environmental samples here used (> 7) 

more than 96.2% of SMX is in the negative form. 

In Figure 2 the kinetic curves of SMX photodegradation in ultrapure water (Figure 

2 (a)) and in estuarine water (Figure 2 (b)) at different pH values are presented. 

FIGURE 2 

Bahnmüller et al. (2014) observed that the effect of pH on the photodegradation 

of SMX was irrelevant for values between 7.9 and 8.7. It is necessary to consider that 

in the referred pH range (7.9 – 8.7), SMX is in its negative form (Figure S2). However, in 

this work, by the analysis of Figure 2 and Table 1 it is evident the great influence of pH 

on SMX photodegradation within 5.0 < pH < 7.3 (where the ratio between the negative 
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and the neutral forms of SMX increases with pH). For example, after 1 hour of 

irradiation, the photodegradation of SMX in ultrapure water at pH 7.3 was 35%. 

However, after the same time of irradiation, photodegradation in ultrapure water at 

pH 6.3 and pH 5.0 were 58% and 78%, respectively. These results showed that the 

direct photodegradation of SMX in ultrapure water is more efficient at pH 5.0 than at 

pH 6.3 and 7.3. This is further confirmed by the corresponding values of t1/2 (Table 1) 

which were 0.49, 0.86 and 2.9 h, at pH 5.0, 6.3 and 7.3, respectively. 

Figure 2 (b) shows that SMX photodegradation in estuarine water sample at pH 

6.3 was almost complete after 8 h irradiation, while 22 h were necessary at pH 7.3. 

Analyzing 𝜙ave (Table 1), the highest value was obtained in ultrapure water at pH 5.0, 

while the lowest value corresponded to ultrapure water at pH 7.3. This agrees with the 

above referred effect of pH and with the highest absorption of UV radiation, for 

wavelengths between 290 and 310 nm by SMX in ultrapure water at pH 5.0 (Figure S4). 

Moreover, in Figure S4 it may be observed that, the lowest absorbance at 290 nm 

occurred at pH 8.0. This is also in agreement with the fact that the lowest SMX 

photodegradation rate in this work (Table 1) occurred in STPF, which had the highest 

pH (pH 8.0).  

 

3.3. Influence of HS on SMX photodegradation 

DOC analysis (Table 2) indicated that the STPF sample had the greatest content of 

organic carbon (26.45 mg L-1), when compared with estuarine water (5.5 mg L-1) and 

freshwater (3.14 mg L-1). With respect to the UV-visible spectra of environmental 

samples, which are depicted in Figure S1, larger absorbance values are most likely 

caused by higher chromophore concentrations. Within this wavelength range, 
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absorbance values determined for STPF were higher than for freshwater and estuarine 

water. Therefore, a higher inner filter effect may be ascribed to the STPF sample, being 

responsible for the lower SMX degradation rate observed in this sample (Table 1).  

The results on the photodegradation of SMX under the presence of HA, FA and 

XAD-4 after 1 h of irradiation are shown in Figure 3, where the photodegradation rate 

([1-(C⁄C0)]x100%) is presented for each irradiated solution. 

FIGURE 3 

It is well known that organic matter, such as HS, can have photosensitizing or 

inhibitory effects (such as inner filter effect), which are antagonistic. The increase in 

the photodegradation rate is due to the photosensitizing properties of the organic 

matter, since it can be promoted to a transient excited state in which it may react with 

oxygen present in solution, forming reactive species, or react directly with organic 

compounds, promoting an enhancement in the photodegradation rate. On the other 

hand, DOM may also play an opposite role, decreasing the photodegradation rate, by 

three distinct effect: the inner filter effect (reducing the available energy for the target 

organic molecules present in solution), scavenging/quenching of reactive species, and 

inhibitor for the triplet-induced transformation of aquatic contaminants, by back-

reductions to the parent compound by 3CDOM*
. The net effect is obtained by the 

balance of these opposite contributions (Andreozzi et al., 2003; Canonica and 

Laubscher, 2008; Wenk et al., 2011).  

After analyzing the results, it is possible to conclude that the photodegradation of 

SMX in ultrapure water after 1 hour of irradiation is much higher than in the presence 

of any of the HS fractions at both the pH values tested (5.0 and 7.3). Thus, in the 

photodegradation of SMX under the experimental conditions here used, the inhibitory 
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effect of HS is higher than the photosensitizing capacity. Wenk et al. (2011) also 

observed a marked inhibition by DOM of triplet-induced oxidation for SMX. 

Compounds containing amine moieties, such as sulfonamides were mentioned as 

significantly affected by this inhibition process (Wenk and Canonica, 2012). 

Results suggest an inverse correlation between the HS aromaticity and their 

photosensitizing effect, which is coincident with the observations of Oliveira et al. 

(2016), Calisto et al. (2011) and Silva et al. (2016). In this work, HS characterization 

(reported in the section C of SM) indicated that HA, for which the smallest SMX 

photodegradation percentage occurred, is the most hydrophobic fraction, more 

enriched in aromatic and/or chromophoric groups. Meanwhile, the contrary was 

observed for the XAD-4 fraction, which, as suggested by its lower carbon but higher 

oxygen content than HA and FA, was the richest fraction in oxygen functional groups 

(Table S3 of SM). On the other hand, the spectra of the three fractions of HS (Figure S5 

of SM) show that, within the studied wavelength range, the absorbance followed the 

order XAD-4 < FA < HA. Therefore, the fact that HA present a higher ability to absorb 

radiation may explain, at least partially, the lower SMX photodegradation in their 

presence, as compared with FA and XAD-4. Also, a correlation has been mentioned 

between the aromatic degree of the DOM and the antioxidant activity. DOM of 

terrestrial origin with high aromaticity was shown to be a better inhibitor than DOM of 

aquatic origin with low aromaticity (Wenk and Canonica, 2012), and thus more likely to 

act has antioxidant. 

Overall, the presence of DOM, as simulated by HS, has an inhibitory effect on the 

photodegradation of SMX, which corroborates the results obtained with 

environmental water samples. 
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3.4. Effect of sea salts and inorganic ions on SMX photodegradation 

Riverine, STPF and estuarine water samples used in this study had values of 

salinity of 0, 2.0 and 20.8 ‰ (Table 2), respectively. Salinity, which has been shown to 

have an inhibitory effect on the photocatalytic degradation of sulfonamide antibiotics 

(Yang et al., 2015), may be underneath the lower first order rate constant here 

obtained in estuarine water as compared with ultrapure water (Table 1). The salinity of 

sea water is essentially a measure of the concentration of nine major elements (Cl, Na, 

Mg, Ca, K, Br, Sr, B and F) and two radicals (SO4
- and HCO3

-), which also dominate the 

composition of estuarine water (Head, 1985). Elements present in estuarine waters at 

less than 1 mg kg-1, are usually referred as minor elements and, unlike the major 

elements, their concentration often varies considerable temporally and spatially 

(Head, 1985). Therefore, and given the impossibility of studying the effects of all 

elements, in this work, the main major elements were selected to study their effects 

on the photodegradation of SMX. For this purpose, the influence of sodium chloride, 

magnesium and calcium in SMX photodegradation was evaluated after 5 h of 

irradiation and compared with results obtained in ultrapure, synthetic salt water and 

estuarine water samples (Figure 4). 

FIGURE 4 

From the analysis of Figure 4, it is possible to verify that under the presence of 

Mg2+, Ca2+ and NaCl, the photodegradation of SMX after 5 hours of irradiation was 

lower than in ultrapure water. As mentioned before, indirect photolysis consists of 

light absorption by photosensitizers, which generates many photoreactants, such as 

OH radicals (·OH) or singlet oxygen (1O2). In fact, hydroxyl radicals were considered as 
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main contributors to the indirect photodegradation of SMX (Trovó et al., 2009). 

Contrarily, it has also been referred that some ions, such as chloride and bromide, can 

scavenge the hydroxyl radicals (Cheng et al., 2018; Umar and Aziz, 2013; Zhou et al., 

2015), reducing the photodegradation of organic pollutants. Also, the possibility of 

SMX stabilization through complexation with metal ions should not be dismissed. 

Quivet et al. (2006) referred that the complexation with metal ions has an important 

influence in stabilization, which may explain the decrease of organic pollutants 

photodegradation. 

In this work, magnesium was the cation whose presence most decreased the 

photodegradation of SMX as compared with ultrapure water (from 66% to 37%). The 

effect of calcium was not so pronounced. To find out if the decrease of SMX 

photodegradation could be related with complexation of SMX with Mg2+ and Ca2+, the 

3D fluorescence spectra (Figure S6) and UV-visible absorbance (Figure S7) of SMX were 

obtained in ultrapure water and in the presence of these cations. A reduction in SMX 

fluoresce intensity (Figure S6) and UV-visible absorbance (Figure S7) was observed in 

the presence of Mg2+ and Ca2+, as well as the formation of a new fluorescence band in 

the presence of Mg2+, which point to the possible complexation of SMX with these two 

cations. 

As shown in Figure 4, the photodegradation of SMX after 5 h of irradiation in 

synthetic salt water (21‰ of sea salts) was about 50% lower than in ultrapure water, 

but similar to 21‰ of NaCl (50%) and estuarine water sample (53%). 

To further investigate the influence of sea salts, SMX photodegradation (100 µg L-

1) in NaCl (21‰) and in synthetic salt water (21‰ sea salts) solutions with phosphate 

buffer (0.001 mol L-1) at pH 7.3 were irradiated throughout time until SMX was not 
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detected. These results (Figure 5) evidenced a significant decrease in the SMX 

photodegradation rate in NaCl (21‰) and synthetic salt water (21‰ sea salts) when 

compared to ultrapure water. Moreover, as may be observed in Figure 5, SMX 

photodegradation kinetics in NaCl (21‰), synthetic salt water (21‰ sea salts) and 

estuarine water sample were very similar.  

FIGURE 5 

Fitted parameters of the pseudo first-order kinetic equation corresponding to the 

results in Figure 5, which are depicted in Table 1, confirmed the above observations. 

For ultrapure water (pH 7.3), a first order rate constant of 0.24 ± 0.01 h-1 was 

determined, which is higher than in the estuarine water sample (0.13 ± 0.01 h-1), in the 

synthetic salt water (0.133 ± 0.003 h-1) and in the NaCl solution (0.143 ± 0.004 h-1), the 

latter three also at pH 7.3. These results confirmed that, under the presence of salts, 

photodegradation of SMX slows down, which in this work resulted in much higher SMX 

t1/2 and lower 𝜙 when compared to ultrapure water (Table 1). On the other hand, the 

fitted kmeas and t1/2 values obtained for the samples with the same salinity (21‰) were 

quite similar, which may be related to the presence of Na+ and Cl-. 

 

3.5. Comparison with published results and future studies 

In this work, an evident decrease, in the photodegradation rate of SMX in 

estuarine, riverine and STPF water samples as compared with ultrapure water, was 

observed. Differently, Bahnmüller et al. (2014) observed that, although SMX 

photodegradation in riverine water was similar to that in ultrapure water, a 

significantly higher photodegradation rate occurred in wastewater. This was related 

with the presence of photogenerated hydroxyl radical or by excited triplet states of 
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DOM, as previously proposed by Ryan et al. (2011) to explain the enhanced 

photodegradation of SMX in wastewater. However, these authors (Ryan et al., 2011) 

confirmed that SMX photodegradation was identical in lake and ultrapure water (the 

latter buffered at pH=8), as previously found by Boreen et al. (2004). Many factors may 

be underneath the different SMX photodegradation results found in different 

environmental matrices. In this work, the effects of pH, salinity and DOM were 

assessed. It was found that the direct photodegradation of SMX was more efficient at 

pH 5.0 > 6.3 > 7.3 in ultrapure water and at pH 6.3 > 7.3 in estuarine water, which is in 

line with previous findings (Trovó et al., 2009; Niu et al., 2013). However, Bahnmüller 

et al. (2014) observed no effect for pH values between 7.9 and 8.7, this may be related 

to the fact that at these values SMX is mainly in its anionic form. In fact, Willach et al. 

(2018) recently showed that the photodegradation of the neutral SMX (dominant at 

2<pH>6) was faster than that of the anionic form (dominant at pH>6), results that are 

in agreement with the present work. Regarding salinity, Yang et al. (2015) highlighted 

its inhibitory effects in the photodegradation of sulfonamides. This finding is in 

agreement with results in this work, which evidenced that the photodegradation of 

SMX under the presence of Mg2+, Ca2+ and NaCl was lower than in ultrapure water. 

Moreover, SMX photodegradation kinetics in NaCl (21‰), synthetic salt water (21‰ 

sea salts) and estuarine water were very similar. With regards to DOM, it was 

simulated by estuarine HS in the present study, resulting (for the three fractions here 

considered: HA, FA, XAD-4) in a decrease of SMX photodegradation as compared with 

wastewater. Contrarily, Andreozzi et al. (2003) observed that HS acted as 

photosensitizers for SMX. However, as in this work, the dominance of DOM inhibitory 

(versus sensitizing) effects on the photodegradation of SMX has been observed in 
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other studies (Lam and Mabury, 2005; Niu et al., 2013). In fact, a marked inhibition by 

DOM of triplet-induced oxidation was observed for the photodegradation of SMX by 

Wenk et al. (2011), who also found larger inhibitory effect for DOM of terrestrial than 

on aquatic origin. 

Overall, it is evident the complexity of SMX photodegradation in environmental 

matrices. In this study, it has been evidenced the important role of pH, organic matter 

and salinity. However, still there is much work to do and many other factors that 

should be considered in future works to further understand the behaviour of SMX in 

the aquatic environment. Such future works include, for example, to study: (i) the 

influence of the DOM concentration and origin, namely terrestrial or from different 

aquatic environments; (ii) the effects of nitrate, nitrite, carbonate, 

hydrogenocarbonate, sulfate, bromide, fluoride, iron, etc., and their concentrations on 

the photodegradation of SMX; or (iii) the effects of transient species generated under 

irradiation of the different photoactive species present in the aquatic environment. On 

the other hand, it has already been shown that the direct photolysis of SMX produces 

some metabolites that retain biological activity and that may retransform to the 

parent compound (Bonvin et al., 2013), which underlines the necessity of studying the 

photoproducts of SMX, their behaviour in environmental matrices and the role of 

environmental factors. 

 

4. CONCLUSIONS 

SMX photodegradation in environmental waters was observed to be lower than in 

ultrapure water. Therefore, the effects of pH, DOM, salinity and some inorganic ions 

were separately assessed. It was possible observed that SMX photodegradation 
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decreased with increasing pH between 5.0 and 8.0, which is related to changes in 

chemical speciation of SMX. On the other hand, DOM, simulated by humic substances 

(HS), resulted in the decrease of SMX photodegradation as for the inner filter effect of 

HS. Moreover, salinity also caused a decrease in the SMX photodegradation, either by 

the possible complexation of SMX with cations, or by the ability of anions, such as 

chloride, to scavenge the hydroxyl radicals responsible for indirect photodegradation. 
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Figure 1. Kinetics of SMX photodegradation (Ci = 100 g L-1) in ultrapure water and in 

three different environmental aquatic matrices at natural pH values. Experimental results are 

shown together with curves of pseudo first-order decay fitted to the data by nonlinear 

regression. Shown error bars are standard deviations (n = 3) (note that, for the majority of the 

experimental points, error bars are so small that are not visible in the figure). 

 

Figure 2. Experimental results on the kinetics of SMX photodegradation (Ci = 100 g L-1) 

together with curves of pseudo first-order decay fitted to the data by nonlinear regression 

obtained in (a) ultrapure water with phosphate buffer at different pH values; and in (b) 

estuarine water at different pH values. Shown error bars are standard deviations (n = 3) (note 

that, for the majority of the experimental points, error bars are so small that are not visible in 

the figure). 

 

Figure 3. SMX photodegradation (%) in ultrapure water (Ci = 100 g L-1) and in presence of 

different HS fractions (20 mg L-1) prepared in phosphate buffer (0.001 mol L-1) at pH 5.0 and 7.3 

after 1 hour of irradiation. Shown error bars are standard deviations (n = 3). 

 

Figure 4. SMX photodegradation (Ci = 100 g L-1) in ultrapure water, in ultrapure water in 

the presence of Mg2+, Ca2+ e NaCl, in synthetic salt water and in estuarine water, with 

phosphate buffer at pH 7.3 after 5 hours of irradiation. Shown error bars are standard 

deviations (n=3). 

 

Figure 5. Kinetics of SMX photodegradation (Ci = 100 g L-1) in ultrapure water, in 

estuarine water, in synthetic saltwater and in a NaCl solution, all at pH 7.3 in presence of 

phosphate buffer. Experimental results are shown together with curves of pseudo first-order 

decay fitted to the data by nonlinear regression. Shown error bars are standard deviations (n = 
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3) (note that, for most the experimental points, error bars are so small that are not visible in 

the figure). 
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Table 1. Data on pseudo first-order rate constants, kmeas, determination coefficient, R2, 

half-lives in simulated solar radiation, t1/2 (h), half-lives in summer sunny days equivalents, t1/2 

(SSD), and apparent direct quantum yield (𝜙ave). 
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Table 1. Data on pseudo first-order rate constants, kmeas, determination coefficient, R2, half-

lives in simulated solar radiation, t1/2 (h), half-lives in summer sunny days equivalents, t1/2 

(SSD), and apparent quantum yield (𝜙ave).  

Sample pH kmeas (h
-1)j R2 t½ (h)j t½ (SSD)j Øave 

Ultrapure water 5.0* 1.4 ± 0.1 0.9812 0.49 ± 0.04 0.13 ± 0.01 17.2 x 10-8 

Ultrapure water 6.3 0.81 ± 0.04 0.9900 0.86 ± 0.04 0.23 ± 0.01 2.76 x 10-8 

Ultrapure water 7.3* 0.24 ± 0.01 0.9767 2.9 ± 0.2 0.76 ± 0.05 2.42 x 10-8 

Estuarine water 6.3* 0.25 ± 0.02 0.9713 2.8 ± 0.2 0.74 ± 0.05 -------- 

Estuarine water 7.3 0.13 ± 0.01 0.9256 5.4 ± 0.5 1.4 ± 0.1 -------- 

Riverine water 7.2 0.117 ± 0.007 0.9701 5.9 ± 0.4 1.56 ± 0.09 -------- 

STPF 8.1 0.089 ± 0.002 0.9938 7.8 ± 0.2 2.05 ± 0.05 -------- 

Synthetic salt water (21‰) 7.3* 0.133 ± 0.003 0.9949 5.2 ± 0.1 1.37 ± 0.04 0.679 x 10-8 

NaCl (21‰) 7.3* 0.143 ± 0.004 0.9938 4.8 ± 0.1 1.27 ± 0.04 1.23 x 10-8 

*pH adjusted with HCl or NaOH; jAverage values are presented together with corresponding 

standard deviation. 
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Table 2 - Salinity, conductivity, dissolved organic carbon (DOC) and pH values of the samples 

tested. 

Sample Salinity (‰) Conductivity (μS/m) DOC (mg L
-1

) pH 

Estuarine water 20.8 24.00 5.5 ± 0.1 7.3 

Riverine water 0 0.087 3.14 ± 0.07 7.2 

STPF 2.0 2.820 26.45 ± 0.03 8.1 
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Figure 2 

0 5 10 15 20
0.0

0.5

1.0

Ultrapure water pH=6.3

Ultrapure water pH=5.0

Ultrapure water pH=7.3

Time (h)

C
/C

0

 

0 5 10 15 20
0.0

0.5

1.0 Estuarine water pH=7.3

Estuarine water pH=6.3

Time (h)

C
/C

0

 

 

  

(a) (b) 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

Figure 3 
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Figure 4 
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Figure 5 
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Highlights 

 SMX underwent very fast photodegradation in ultrapure water 

 t½ increased from 0.86 h in ultrapure water to 5.4-7.8 h in environmental samples 

 SMX photodegradation decreased with increasing pH of water samples 

 Dissolved organic matter resulted in the decrease of SMX photodegradation 

 Salinity also caused a decrease in the SMX photodegradation 
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