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Abstract 20 

The degradation of sulfamethoxazole (SMX) by a synthesized ZnO catalyst and under UVA 21 

irradiation was examined. ZnO nanostructures were developed by a facile hydrothermal-assisted 22 

method. The effect of ZnO heating time and synthesis reaction, pH, catalyst loading, and SMX 23 

initial concentration on process efficiency was studied. Water matrices, such as humic acid (HA) 24 

solution and surface water (SW), were also used to resemble real environmental water samples. 25 

It was observed that when ZnO is synthesized at pH 7.5, nanorods grow on its surface, while 26 

nanoplatelets are formed when synthesis takes place at pH 12.5. SMX removal reached 84% 27 

after 60 min of treatment in the presence of 200 mg/L ZnO catalyst (8 h-heated at pH 7.5; C0 = 28 

10 mg/L). The pseudo-first-order kinetic constants of SMX photodegradation were calculated at 29 

0.039, 0.030 and 0.016 min
-1

 for 5, 10, and 20 mg/L SMX, respectively. This decreased 30 

efficiency was attributed to the excessive coverage of catalyst surface by SMX molecules, 31 

evidenced by SEM micrographs produced after treatment. SMX degradation in SW (12.5%) was 32 

considerably lower than in UPW (47.4%) due to the presence of natural organic matter in the 33 

first. Interestingly, SMX removal was greatly enhanced in HA matrix (99%) and this can be 34 

attributed to the ability of HA to sensitize colloidal ZnO. In all cases, morphological changes of 35 

ZnO nanostructures were observed after photocatalytic treatment. It was confirmed that SMX 36 

degradation takes place through HO
•
 by adding HO

•
 quenchers, such as tert-butyl alcohol and 37 

methanol, in the reactant mixture. 38 

 39 

Keywords: wastewater treatment; pharmaceuticals; priority pollutants; Advanced oxidation; 40 

semiconductors; heterogeneous photocatalysis  41 
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1. Introduction 42 

Antibiotics are vital for safeguarding human health and have saved millions of lives over the 43 

years since their first discovery. Nonetheless, current research indicates that overuse is making 44 

antibiotics less effective, since bacteria mutate and develop resistance to them. Antibiotic 45 

resistant bacteria (ARB) are developed by mutations emerged from prolonged exposure 46 

nullifying antibiotic defense against bacterial infections (Lupo and Coyne, 2012). Therefore, as 47 

people continue to overuse antibiotics, as well as over-expose livestock animals to control 48 

possible infections, resistant bacteria not only survive but instead thrive. ARB can be found in 49 

numerous environments, such as hospitals, waters or crops and are a great challenge in infectious 50 

diseases today (Jiang et al., 2013; Giannakis et al., 2018). Each year, ARB infections lead to 51 

700,000 deaths globally, while healthcare costs are expected to rise up to 2.9 trillion USD by 52 

2050 (OECD, 2016). In addition to the development of ARB, the growing use of antibiotics, 53 

exacerbated by their xenobiotic nature, has increased contamination of natural waters and 54 

bioaccumulation risk in the food chain (Lupo and Coyne, 2012). For example, sulfamethoxazole 55 

(SMX), which is a sulfonamide antibiotic has been widely detected in wastewater treatment plant 56 

(WWTP) effluents, surface and drinking water bodies (Fatta-Kassinos et al., 2011; Ribeiro et al., 57 

2016; Lee et al., 2019). SMX is extensively prescribed to treat infectious and respiration diseases 58 

in human and veterinary medicine and to promote animal growth (Xekoukoulotakis et al., 2011; 59 

Mirzaei et al., 2018b).  60 

Currently, when antibiotics enter conventional biological WWTPs, only a small fraction of them 61 

is removed (Karaolia et al., 2018). This is due to the fact that existing WWTPs were not 62 

originally designed to cope with such persistent contaminants (Fatta-Kassinos et al., 2011; 63 

Barbosa et al., 2016). As a result, antibiotics are released into the terrestrial and aquatic 64 
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environment through disposal or water reuse applications, causing major environmental and 65 

health concerns (Martin-Laurent et al., 2019). Finding an effective technology to treat antibiotics 66 

in the environment is a major scientific challenge, which has received attention only the last 67 

decade.  68 

Heterogeneous photocatalysis is an advanced oxidation process (AOP) that can effectively 69 

degrade recalcitrant compounds (Byrne et al., 2018; Lee et al., 2019; Lin and Wu, 2019). In 70 

principle, irradiation of photocatalysts like ZnO with photons having equal or higher energy level 71 

than catalysts’ band gap triggers the production of powerful oxidizing species, mainly hydroxyl 72 

radicals (HO
•
), which can attack organic contaminants (Banerjee et al., 2014), such as antibiotics 73 

(Mirzaei et al., 2016), until their final mineralization into CO2 and inorganic ions. Among 74 

various photocatalysts, ZnO has received considerable attention owing to its unique 75 

characteristics. ZnO is a semiconductor with a large exciton binding energy of 60 meV and a 76 

wide band gap of 3.2 eV at room temperature (Lee et al., 2016). It has the ability to absorb over a 77 

larger fraction of the solar spectrum compared to other semiconducting metal oxides, plus it is a 78 

biocompatible, non-toxic and low-cost material (Zacharakis et al., 2013; Koutantou et al., 2013; 79 

Lee et al., 2016). A way to enhance the photocatalytic activity of a catalyst is by controlling its 80 

morphological and structural properties (i.e. surface area, pore size distribution, lattice defects, as 81 

well as the predominant crystal facets of the nanostructures). In this study, a low-cost, versatile 82 

hydrothermal-assisted technique, applicable at industrial scale, was used to develop ZnO 83 

materials with augmented photocatalytic activity.  84 

The degradation of SMX by means of photocatalytic oxidation has been widely studied Abellán  85 

et al., 2007; Xekoukoulotakis et al., 2011; Lu et al., 2017; Tomara et al., 2019), however ZnO-86 

mediated photocatalysis has been merely investigated and this only under UVC irradiation. In 87 
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detail, Pourmoslemi et al. (2016) examined the photocatalytic degradation of SMX over ZnO 88 

nanoparticles synthesized by a microwave-assisted gel combustion method. Results showed 89 

complete removal of SMX using ZnO nanoparticles/UVC irradiation after 6 hours of treatment. 90 

Mirzaei et al. (2018a) achieved 90.4% removal of SMX after 60 min of treatment over a 91 

synthesized hierarchical magnetic zinc oxide based composite ZnO@g – C3N4 (FZG) when 92 

irradiated by UVC light. The same group also studied SMX degradation in the presence of 93 

fluorinated ZnO nanoparticles (F-ZnO) and under UVC irradiation obtaining 97% SMX removal 94 

after 30 min of treatment (Mirzaei et al., 2018b). Previous studies have demonstrated the 95 

efficiency of several ZnO/UVC systems in removing SMX from water, however a study 96 

investigating the photocatalytic degradation of SMX by a ZnO/UVA system is still missing from 97 

literature. UVA lamps constitute a safer and less energy intensive option than UVC light sources, 98 

decreasing the environmental impact of photocatalytic treatment. Furthermore, the wide bandgap 99 

of ZnO catalysts is one of their key advantages; ZnO has shown augmented absorbance in the 100 

UVA region when compared with the benchmark catalyst P25 TiO2.  101 

To this end, the aim of this work was to investigate the fabrication of ZnO nanostructures and 102 

test their photocatalytic activity under UVA irradiation for eliminating SMX antibiotic in water. 103 

Parameters affecting the synthesis of ZnO catalysts, such as the heating time and pH of the 104 

synthesis reaction, were examined. Key operating factors, including catalyst and SMX initial 105 

concentration, as well as the type of the water matrix, were studied in order to assess the 106 

efficiency of the process.  107 

 108 
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2.  Experimental 109 

2.1. Materials 110 

Sulfamethoxazole (SMX; ≥ 99% purity, CAS No. 723-46-6) was purchased from Sigma-Aldrich. 111 

Leonardite humic acid (HA) IHSS standard was used. HA stock solution was prepared by 112 

dissolving a prescribed amount of HA in 0.1 M NaOH and further diluting it in ultra-pure water 113 

(UPW; 18.2 MΩ.cm at 25 °C, ELGA LabWater). Surface water (SW) was collected from 114 

Blackford Pond (Edinburgh, UK) (TOC = 13.9 mg/L; pH = 6.8 – 7; conductivity = 0.42 mS/cm) 115 

and used without pre-treatment. Tert-butyl alcohol and methanol were obtained from Panreac 116 

and Sigma-Aldrich, respectively. Commercial ZnO powder Honeywell Fluka was supplied from 117 

Fisher Scientific. All reagents used for the synthesis of ZnO catalysts were of analytical grade 118 

that were purchased from Sigma-Aldrich and used as received.  119 

 120 

2.2. ZnO synthesis 121 

ZnO nanostructures were prepared using the facile hydrothermal-assisted process described 122 

below. Prior to synthesis, 0.2 M Zn(NO3)2.6H2O was added in 125 mL deionised water and 123 

allowed to stir for 2 h at room temperature. While the solution was stirred, approx. 1 M NaOH 124 

was added drop-wise to adjust the pH to 7.5, 10.5 or 12.5. After 2 h of stirring, 125 mL of the 125 

solution was transferred to an autoclave reactor vessel (stainless steel, volume 200 mL Anton 126 

Paar) and synthesized in an oven at 200 °C for specific time intervals ranging from 8 to 48 h. 127 

White solid precipitates were attained that were collected by consecutive rinse/centrifugation 128 

cycles using deionized water. The final ZnO product was dried at 90 °C for 12 h in air.  129 

 130 
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2.3. Catalyst characterization techniques 131 

The structural features of ZnO were analysed using X-ray powder diffraction (XRD, PANalytical 132 

X’ pert Pro PW 3040/60, Netherlands) fitted with a Cu radiation ( = 0.15418 nm) source. XRD 133 

analyses were carried out at 45.0 kV and 40.0 mA, from 2 = 20 to 90° at room temperature. The 134 

surface morphology was probed using a field emission scanning electron microscope (SEM, 135 

Zeiss-Auriga) at an accelerating voltage of 3 keV. The Brunauer, Emmett and Teller (BET) 136 

surface area and N2 adsorption-desorption isotherms were determined with the use of 137 

Micromeritics TRISTAR 3000 (USA). Prior to measurements, ZnO materials were thoroughly 138 

degassed at 110 °C for 2 h under continuous N2 gas flow to remove adsorbed contaminants. The 139 

optical properties were probed using a photoluminescence spectrometer (Jobin-Yvon Nanolog) at 140 

an excitation wavelength of 330 nm using a xenon lamp (see the electronic supplementary 141 

information, ESI). 142 

 143 

2.4. Photocatalytic tests 144 

Experiments were conducted in an immersion well, batch-operated, slurry photoreactor, 145 

purchased from Ace Glass (Vineland, NJ, USA). UVA irradiation was provided by an 11 W low-146 

pressure blacklight fluorescent lamp (PLS G23, Casell Lighting), emitting predominantly at λ = 147 

365 nm. Potassium ferrioxalate actinometry was applied for the estimation of the incident photon 148 

flux received by the reactant solution, which was found to be 4.98∙10
-6

 Einstein/s. In a typical 149 

photocatalytic run, 500 mL of SMX solution were introduced in the photoreactor and the 150 

appropriate amount of catalyst was added. The obtained slurry solution was continuously stirred 151 

magnetically to ensure uniform dispersion of catalyst powder and dissolved oxygen. At the 152 

beginning of each experiment, the solution was stirred in the dark for 30 min considering that a 153 
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well-adsorbed substrate is more likely to be oxidized by the short-life photogenerated holes on 154 

catalyst surface. After that time, the UVA lamp was switched on and samples were withdrawn at 155 

regular time intervals, filtered through 0.45 μm polyvinylidene fluoride (PVDF) syringe filters 156 

(CM Scientific Ltd) and further analyzed in terms of SMX concentration. All experiments were 157 

conducted at room temperature and at the inherent pH of SMX solutions, which remained 158 

constant during photocatalytic treatment. 159 

 160 

2.5. Analytical techniques 161 

SMX concentration in filtrate samples was measured by means of a high performance liquid 162 

chromatography (HPLC) system (S200 Pump, S225 Autosampler, Perkin Elmer) coupled with a 163 

diode array detector (S200 EP, Perkin Elmer). Separation was performed on a reverse phase C18 164 

analytical column (Luna Phenomenex, 5μm, 250 × 4.6 mm) in isocratic elution mode. The HPLC 165 

method for SMX measurement was obtained from Özkal et al. (2017). The mobile phase was a 166 

mixture of acidified water (pH ~ 3) and acetonitrile (60/40, v/v), eluted at a flow rate of 1 167 

mL/min. The detection wavelength was set to 270 nm and the injection volume to 40 μL. The 168 

retention time of the detected SMX was 6.27 min. Since humic acid (HA) solution with a UV 169 

absorbance around 254 nm (Rodríguez et al., 2016) is used in this work as a water matrix, it is 170 

important to note that the presence of HA could not interfere with the HPLC method used in this 171 

study for  SMX detection, and that it had a negligible impact on the separation of SMX. 172 

 173 
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3. Results and Discussion 174 

3.1. Catalyst characterization 175 

Figure 1 displays the XRD patterns of ZnO nanostructures synthesized at different pH at 200 °C 176 

for 8 h. All the diffraction peaks can be indexed to the standard wurtzite ZnO form (JCPDS No. 177 

36-1451). The absence of additional peaks indicates the lack of impurities, thus validating the 178 

quality of the as-prepared ZnO nanostructures. Furthermore, a size–dependent spreading of the 179 

curve is observed with the increase of the synthesis pH; a clear peak shift to higher angles takes 180 

place, when pH increases from 7.5 to 12.5 (Figure 1b). The average crystallite sizes, estimated 181 

by the Scherer formula (Mhlongo et al., 2015), are 39.31 and 33.68 nm for pH 7.5 and 12.5, 182 

respectively.  183 

 184 

Figure 1 185 

 186 

The N2 adsorption/desorption isotherms of ZnO catalysts, shown in Figure 2, reveal a type IV 187 

behaviour with pore diameter in the range of 4 – 100 nm. Both SBET and pore diameter depend on 188 

the pH of the synthesis reaction; SBET increases from 4.852 ± 0.101 m²/g at pH 7.5 to 7.547 ± 189 

0.113 m²/g at pH 12.5 for the same synthesis reaction time of 8 h. This is also confirmed by SEM 190 

and XRD analyses (Figures 1 and 3), which reveal reduction of crystallite size and further 191 

morphological and textural transformations of ZnO structures at higher reaction pH values.  192 

 193 

Figure 2 194 
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 195 

The SEM micrographs of ZnO catalysts are presented in Figure 3. As can be seen in the low 196 

resolution of Figure 3a, synthesis of ZnO at pH 7.5, leads to the growth of nanorods on its 197 

surface, which are nearly all aligned towards the same direction. The higher resolution inset 198 

graph of Figure 3a further reveals the hexagonal nature of these nanorods. The average diameter 199 

and length of the nanorods are roughly 50 nm and 1 µm, respectively. ZnO synthesis at higher 200 

pH (i.e. 12.5) results in the formation of nanoplatelets with average diameter approx. 75 nm 201 

(Figure 3b).  202 

 203 

Figure 3 204 

 205 

3.2. Effect of ZnO synthesis route on SMX degradation 206 

One way to enhance the photocatalytic activity of materials is via morphological and structural 207 

modification, which can be achieved by altering synthesis parameters. This study investigates the 208 

effect of two key parameters, the pH of the synthesis reaction and the heating time, on the 209 

photocatalytic activity of ZnO. Figure 4 shows the degradation of SMX in the presence of ZnO 210 

catalysts synthesized at different pH (i.e. 7.5, 10.5 and 12.5) and heated for 24 h at 200 
o
C during 211 

synthesis. As can be seen, the photocatalytic degradation of SMX decreases gradually with the 212 

increase of synthesis reaction pH. In detail, SMX removal percentages in the presence of ZnO 213 

catalysts synthesized at pH 7.5, 10.5 and 12.5 are 58, 55 and 44%, respectively. The 214 

photocatalytic degradation of SMX was found to fit very well with the pseudo-first-order 215 

kinetics with the coefficient of linear regression of data fitting, R
2
, being > 0.99.The pseudo-first-216 
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order kinetic constants, kapp were calculated at 0.015, 0.013 and 0.009 min
-1

 for SMX 217 

degradation over ZnO synthesized at 7.5, 10.5 and 12.5, respectively. It becomes clear that the 218 

use of ZnO nanostructures synthesized at acidic conditions enhances photocatalytic performance. 219 

This can be explained by the higher relative concentration of lattice defects that is observed at 220 

lower pH values and leads to improved charge transportation and thus higher process efficiency 221 

(Nkosi et al., 2014). Based on the photoluminescence study that was carried out for the ZnO 222 

under study (Figure S1), it is evident that the relative concentration of oxygen vacancies (VO) 223 

[estimated from the relative intensity of visible emission and ultraviolet (Vis(VO)/UV)] decreases 224 

from 6.85 to 4.09 and further to 0.99 as synthesis reaction pH increases from 7.5 to 10.5 and 225 

further to 12.5, respectively.  226 

VO leads to the creation of unpaired electrons acting as donors and it alters the adsorption 227 

behavior of O2 and H2O on ZnO surface. The generated pairs of electron holes can directly react 228 

with organic substances, (Eq. (5), or indirectly by producing free radicals, Eqs. (2)–(4) (Mirzaei 229 

et al., 2016) .                   230 

𝑍𝑛𝑂 + ℎ𝑣 → 𝑍𝑛𝑂 (ℎ𝑉𝐵
+ +  𝑒𝐶𝐵

− )                                                                                                  (1) 231 

𝑒𝐶𝐵
− +  𝑂2(𝑎𝑑𝑠) →  𝑂2

⦁−                                                                                                                 (2) 232 

ℎ𝑉𝐵
+ +  𝐻2𝑂(𝑎𝑑𝑠) → 𝐻+ + 𝑂𝐻⦁                                                                                                    (3) 233 

ℎ𝑉𝐵
+ + 𝐻𝑂−(𝑎𝑑𝑠) → 𝑂𝐻⦁                                                                                                            (4) 234 

ℎ𝑉𝐵
+ +  𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 (𝑂𝑆) → 𝑂𝑆⦁+ → 𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                          (5) 235 

 236 

Figure 4 237 

 238 
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The effect of heating time during ZnO synthesis on its photocatalytic activity was then assessed. 239 

For this purpose, ZnO catalysts were prepared applying different heating times (i.e. 8, 12, 24, 240 

and 48 h) at 200 
o
C and reaction pH 7.5. As can be seen in Figure 5, the heating time has a 241 

negative effect on the ZnO photocatalytic performance. For example, SMX removal in the 242 

presence of 8 h-heated ZnO is 84%, after 60 min of treatment, while decreases to 56% when 243 

ZnO heated for 48 h is used. Considering that not any structural change occurs during the 244 

increase of the synthesis reaction time, this behavior can be attributed to the decrease of the 245 

active surface area from 4.852 ±0.101 m²/g  (at 8 h) to 0.790 ±0.104 m²/g ( at 48 h) that is 246 

observed as the crystallite sizes increase with heating time. As a result, SMX removal decreases, 247 

since there is less surface area to facilitate photocatalytic reactions (Wang et al., 2012). This 248 

trend can be also justified by the reduction of lattice defects, such as VO, because the crystal 249 

quality of the material improves with reaction time.  250 

The photocatalytic degradation of SMX was further evaluated in the presence of ZnO (Fluka), at 251 

the same operational conditions, to establish a comparison against a commercially available 252 

photocatalyst. In this case, 99.9% of SMX was removed within 40 min of treatment. The 253 

observed difference in photocatalytic activity can be attributed to the higher adsorption capacity 254 

of ZnO (Fluka) compared to the synthesized ZnO materials; after 30 min in the dark, 13.1% of 255 

SMX has been adsorbed on ZnO (Fluka), whereas the respective percentages for the novel 256 

catalysts are in the range of 1.6 – 7.2%, Adsorption capacity increases with surface area, for that 257 

reason ZnO-8h@7.5pH and ZnO-8h@12.5pH, the two catalysts with the highest SBET (Figure 2), 258 

are tested in the following experiments to optimize the process and explore their capacity in 259 

different water matrices.  260 

 261 
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Figure 5 262 

 263 

3.3. Effect of initial concentration of SMX 264 

To evaluate the effect of the initial SMX concentration on photocatalytic performance, 5, 10, and 265 

20 mg/L of SMX were applied in the presence of 200 mg/L ZnO heated for 8 h at pH 7.5 (noted 266 

as ZnO-8h@7.5pH). As can be seen in Figure 6a, when the initial concentration of SMX 267 

increases from 5 to 20 mg/Lremoval efficiency decreases from 90% (kapp = 0.039 min
-1

) to 268 

62.6% (kapp = 0.016 min
-1

). At a fixed catalyst loading, efficiency is dictated by catalyst’s active 269 

sites to organic molecules ratio. At relatively low solute concentration, the active sites provided 270 

by the semiconductor are in excess and can uptake most of the organic molecules, resulting at 271 

higher removal rates. Increase of the initial SMX concentration leads to an excessive coverage of 272 

the photocatalyst surface by SMX molecules and reaction by-products, which compete for the 273 

active sites of the catalyst, as well as, for the photogenerated hydroxyl radicals, affecting the 274 

degradation rates and thus explaining the above findings. SEM graphs of the catalyst after 60 275 

min of photocatalytic treatment confirm the extent of surface coverage and further reveal the 276 

transformation of surface morphology after contact with organic molecules (in this case SMX) 277 

from nanorods (Figure 3a) to nanoparticles (Figure 6b, 6c, 6d). As shown in Figure 6b, after 278 

treatment of the solution containing 5 mg/L SMX there are still some nanorods on catalyst 279 

surface not yet occupied by SMX molecules However, when the initial concentration of SMX 280 

increases to 10 or 20 mg/L, the surface morphology is completely dominated by nanoparticles 281 

(Figure 6c and 6d) indicating the complete coverage of catalyst surface by SMX molecules and 282 

reaction by-products.  283 

 284 
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Figure 6 285 

 286 

3.4. Effect of catalyst concentration 287 

To investigate the effect of catalyst loading on process efficiency, different concentration of 288 

ZnO-8h@7.5pH catalyst (i.e. 100, 150 and 200 mg/L) were used for the degradation of 10 mg/L 289 

SMX. SMX removal was found to be 72% (kapp = 0.021 min
-1

), 73% (kapp = 0.022 min
-1

) and 290 

83% (kapp = 0.03 min
-1

) in the presence of 100, 150 and 200 mg/L ZnO, respectively after 60 min 291 

of treatment (data not shown). At higher amounts of catalyst, the increased number of available 292 

active sites results in higher generation of radicals, which are responsible for the photocatalytic 293 

oxidation, thus explaining the obtained results (Patil et al., 2010). 294 

 295 

3.5. Effect of water matrix 296 

Photocatalytic efficiency in environmentally relevant samples, such as surface or waste water, 297 

typically varies from that in ultrapure water (UPW) due to the presence of several inorganic and 298 

organic constituents that alter degradation kinetics. Humic acid (HA) represents a large fraction 299 

of natural organic matter (NOM) in surface waters with concentrations ranging from 2 to 10 300 

mg/L (Alrousan et al., 2009). Taking this into account, experiments were carried out in UPW 301 

spiked with 2 mg/L HA and in surface water (SW) to assess the effect of water matrix on the 302 

photocatalytic removal of SMX. As can be seen in Figure 7, the degradation yield in SW is 303 

considerably lower than in UPW; after 60 min of photocatalytic treatment, 47.4% of SMX is 304 

degraded in UPW, whereas removal efficiency decreases by almost four times (12.5%) in SW. 305 

NOM, HCO3
-
, Cl

-
, SO4

2-
, PO4

3-
, etc., present in SW, may suppress reaction kinetics via 306 
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competition with SMX for the reactive oxygen species, conversion of hydroxyl radicals into 307 

species of lower oxidation potential, and/or adsorption on catalyst surface, thus explaining the 308 

obtained results ( Rincón and Pulgarin, 2004; Antonopoulou et al., 2015). On the other hand, 309 

SMX removal is greatly enhanced in the presence of HA; 10 mg/L of SMX are completely 310 

removed within 60 min in HA matrix, which is almost the double yield of that in UPW. 311 

Interestingly, the ability of HA to sensitize colloidal ZnO has been previously demonstrated 312 

(Selli et al., 1996; Delgado-Balderas et al., 2012). Selli et al. (1996) have shown that HA 313 

adsorbed onto the ZnO surface sensitize Cr(VI) photoreduction to Cr(III), as well as, the 314 

competitive photoreduction of molecular oxygen leading to hydrogen peroxide, therefore 315 

enhancing photocatalytic efficiency. HAs are electron-rich compounds that can easily scavenge 316 

the holes produced on semiconductor’s valence band, thus reducing the recombination rate of the 317 

photogenerated electron-hole pairs. Moreover, electron transfer to the conduction band of the 318 

semiconductor may also occur due to the excitation of HAs adsorbed onto catalyst surface upon 319 

UV and visible irradiation, accelerating redox reactions and leading to higher reaction rates (Selli 320 

et al. 1996). Therefore, the increased SMX degradation rate in the presence of HA might be 321 

attributed to the photosensitizing effect of adsorbed HA onto the surface of ZnO nanoparticles. 322 

Based on the results shown in Figure 7 (i.e. the huge difference in SMX removal in HA and SW 323 

matrices), concerns can arise on whether HA solutions, which are commonly used at lab-scale to 324 

simulate natural water matrices (e.g. surface waters), are representative of real environmental 325 

conditions. Besides, the long-term exposure to high concentrations (i.e. >50 mg/L) of HA in 326 

water has been found to be toxic to endothelial cells and to cause adverse effects on public health 327 

(Kihara et al., 2014). 328 

 329 



16 
 

Figure 7 330 

 331 

To assess the effect of water matrix (i.e. UPW, HA, SW) on catalyst surface, SEM analyses were 332 

carried out on the used ZnO materials (Figure 8). It can be observed that after 60 min of 333 

photocatalytic treatment in the presence of several organic substances (i.e. SMX, HA or NOM), 334 

all nanoplatelets of the pristine ZnO materials (Figure 3b) have transformed into nanoparticles. 335 

Nevertheless, differences are observed in the size and the texture of the nanoparticles. For 336 

example, when 10 mg/L SMX is treated in HA matrix (Figure 8c) the size of the nanoparticles is 337 

bigger than in the case of SMX treatment in UPW (Figure 8a), and this is also confirmed by the 338 

evolution of crystallite size after photocatalysis, as shown in Figure 9. Moreover, when SMX is 339 

treated in SW matrix (Figure 8e), nanoplatelets are altered to fluffy nanoparticles showing some 340 

porous behaviour. Also, while the morphology of ZnO in Figure 8e has changed to nanoparticles, 341 

its texture is different than that of SW alone (Figure 8d), since nanoparticles form an island on 342 

catalyst surface.   343 

 344 

Figure 8 345 

 346 

Figure 9 347 

 348 

3.6. Oxidation mechanism  349 
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Additional experiments were carried out in the presence of HO
•
 quenchers to evaluate the 350 

contribution of HO
•
 on the photocatalytic degradation of SMX. For this purpose, solution of 1 M 351 

tert-butyl alcohol or methanol was used. HO
• 

react with tert-butyl alcohol and methanol 352 

according to Eqs. (6) and (7), respectively. SMX degradation was found to be negligible in the 353 

presence of tert-butyl alcohol or methanol (data not shown) suggesting that HO
•
 are the major 354 

oxidizing species. Furthermore, it was observed that SMX removal, after 60 min of treatment, 355 

was slightly higher in the presence of tert-butyl alcohol (i.e. 20%) than methanol (i.e. 7%). This 356 

is probably due to the fact that methanol reacts at a higher rate with HO
• 
(k’ = 9.7∙10

8
 M

-1
 s

-1
, Eq. 357 

(7)) than tert-butyl alcohol (k’ = (3.8-7.6) ∙10
8 

M
-1

 s
-1

, Eq. (6)) (Matta et al., 2011), quenching 358 

HO
• 
faster and thus leaving very few available to react with other organics (i.e. SMX) even from 359 

the beginning of treatment. 360 

𝐻𝑂• + (𝐶𝐻3)3𝐶𝑂𝐻 →∙ 𝐶𝐻2(𝐶𝐻3)2𝐶𝑂𝐻 + 𝐻2𝑂          (1) 

𝐻𝑂• + 𝐶𝐻3𝑂𝐻 → 𝐻2𝑂 +∙ 𝐶𝐻2𝑂𝐻                                   (2) 

 361 

4. Conclusions 362 

This work reports for first time the degradation of sulfamethoxazole (SMX) under UVA 363 

irradiation and over novel ZnO nanomaterials. It was found that the pH of the ZnO synthesis 364 

solution significantly affects the morphology of the prepared catalysts and consequently their 365 

photocatalytic activity. SMX photo-degradation fits well with pseudo-first-order reaction 366 

kinetics, while photocatalytic efficiency increases when the initial SMX concentration is 367 

decreased. In all cases, it was observed that after photocatalytic treatment of organic molecules 368 

(i.e. SMX, humic acids or natural organic matter), the nanostructure of the catalyst surface was 369 

altered from nanorods (or nanoplatelets) to nanoparticles. SMX degradation was assessed in 370 
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humic acid solution (HA) and surface water (SW) to resemble real environmental conditions. It 371 

was found that SMX removal was substantially decreased in SW but greatly enhanced in HA due 372 

to the photosensitizing effect of adsorbed HA onto the surface of ZnO nanoparticles, thus raising 373 

concerns on whether HA can be widely adopted as a simulant of natural waters (e.g. SW). 374 

Considering the encouraging results obtained with the use of the ZnO materials under study, 375 

future work should consider the identification of the reaction by-products formed during the 376 

photocatalytic degradation of SMX under UVA irradiation and the corresponding toxicity 377 

evolution.  378 

 379 

 380 
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Figure 1. (a) XRD patterns of ZnO nanostructures synthesized at pH 7.5 and 12.5, and (b) high 521 

magnification showing a (101) plane with peak shift. 522 
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Figure 2. The N2 adsorption/desorption isotherms of ZnO prepared at pH (a) 7.5 and (b) 12.5. 529 
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 532 

Figure 3. SEM micrographs of ZnO nanostructures prepared at (a) pH 7.5 and heated for 8 h, 533 

and (b) pH 12.5 and heated for 8 h. 534 

 535 
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Figure 4. Effect of the pH of the ZnO synthesis reaction on the photocatalytic degradation of 538 

SMX (C0 =10 mg/L, CZnO = 200 mg/L, ZnO heating time: 24 h). 539 
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Figure 5. Effect of catalyst’s heating time at 200 
o
C on the photocatalytic degradation of SMX 543 

(C0 = 10 mg/L, CZnO = 200 mg/L, catalysts’ synthesis reaction pH = 7.5).  544 
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Figure 6. (a) Effect of initial SMX concentration on its photocatalytic degradation (ZnO-549 

8h@7.5pH, CZnO = 200 mg/L), (b) SEM micrographs of ZnO-8h@7.5pH after 60 min of 550 

treatment at initial SMX concentration of 5 mg/L, (c) 10 mg/L, and (d) 20 mg/L. 551 
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 555 

Figure 7. Effect of water matrix on the photocatalytic degradation of SMX (C0 = 10 mg/L, CZnO 556 

= 200 mg/L, catalyst: ZnO-8h@12.5pH). 557 
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 560 

Figure 8. SEM micrographs of ZnO-8h@12.5pH after 60 min of treatment in the presence of (a) 561 

10 mg/L SMX in UPW, (b) HA matrix, (c) 10 mg/L SMX in HA matrix, (d) SW matrix, and (e) 562 

10 mg/L SMX in SW matrix. 563 
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 565 

Figure 9. Evolution of the size of crystallites as a function of SMX initial concentrations and the 566 

type of the water matrix. 567 
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Figure S1. Photoluminescence (PL) spectra of the synthesized ZnO catalysts. 575 
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