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Today, the increase in agricultural practices leads to pesticide pollution, which has become a threat to both 

water sources and humans. Various techniques to degrade pesticides have been used, but heterogeneous 

photocatalysis in presence of semiconductor nanoparticles has proven to be more efficient because it can 

degrade many persistent organic compounds. However, for practical and industrial applications, it is 

necessary to immobilize the photocatalyst on the surface or within macroscopic supports to avoid the post-

treatment step to separate the photocatalyst in powder form from the treated water at the end of the process. 

In this work, monolithic polymer/photocatalyst composite aerogels based on syndiotactic polystyrene (sPS) 

and two different photocatalysts, N-doped TiO2 (NdT) and ZnO/NdT, were prepared to obtain easily 

recoverable materials for cost-saving processes. The aerogels were tested in the degradation of two target 

pesticides, atrazine (ATZ) and thiacloprid (THI), using a pilot-scale photoreactor. The experimental data 

showed a pollutant degradation higher than 90% after 180 min for ATZ and over 90% after 60 min of 

irradiation for THI. These results indicate that the heterogeneous photocatalytic process based on composite 

aerogels could be an efficient technology for pesticide degradation. 

1. Introduction

The intensification of agricultural practices due to the increase in food demand has enabled the development 

and increasing use of pesticides, which became an integral part of modern agriculture (Abdelhameed et al., 

2023; Reddy and Kim, 2015). Although, pesticides’ presence in the environment has become a concern for its 

potentially harmful effect on various compartments, especially for water sources and humans (Abdel Rasoul et 

al., 2008; Abdelhameed et al., 2023; Caldas et al., 1999; Reddy and Kim, 2015; Tang et al., 2021). In fact, 

pesticides are identified as some of the most dangerous and persistent compounds (Reddy and Kim, 2015) 

and, due to their highly recalcitrant nature, cannot be removed using conventional wastewater processes, for 

example, adsorption and bioremediation (Reddy and Kim, 2015). In the adsorption process, pesticides are 

only transferred from one phase to another generating wastes which require additional steps and costs for 

disposal (Ahmed et al., 2011). Biodegradation is not suitable for natural environmental media such as air and 

soil (Reddy and Kim, 2015) and sometimes leads to the generation of by-products more toxic than parent 

compounds.   

As an alternative approach to conventional wastewater treatment, advanced oxidation processes, such as 

heterogeneous photocatalysis (De Almeida et al., 2019), have been extensively studied because of their high 

potential in the degradation of pesticides (Reddy and Kim, 2015). The use of semiconductors, like N-doped 

TiO2 (NdT) (Di Valentin et al., 2007; Sacco et al., 2012a) and ZnO/NdT (ZNT) (Navarra et al., 2022a; Tian et 

al., 2009) has demonstrated promising results for the degradation of pesticide to less hazardous substances 

through the generation of strongly oxidizing species, such as hydroxyl radical. Photocatalytic processes for 

pesticide degradation in laboratory set-up are commonly studied in slurry photoreactor with suspended 

powder. On an industrial scale, this can be a disadvantage because keeping the powder in suspension in a 

large body is energy intensive. Furthermore, the use of photocatalysts in powder form requires an additional 

step during the process to recover the catalyst and reuse it (Iervolino et al., 2019). 
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A practical solution to these issues could be to embed the photocatalysts within the highly porous polymeric 

matrix, such as syndiotactic polystyrene (sPS) aerogels. Recently, several works have proven that composite 

aerogels based on sPS and photocatalysts (sPS/photocatalyst aerogels) are more efficient in the degradation 

of persistent organic pollutants than powder photocatalysts. Polymer aerogels minimize aggregation 

phenomena between photocatalyst particles and allow an easy recovery of catalytic material from the treated 

water (Daniel et al., 2020; Navarra et al., 2022b; Sacco et al., 2019). 

In this work, sPS/based composite aerogels were prepared with N-doped TiO2 (NdT) and ZnO/NdT as 

photocatalysts and tested in photocatalytic degradation processes of two model pesticides, atrazine (ATZ) a 

persistent pollutant (Jablonowski et al., 2011) and thiacloprid (THI) (Sousa et al., 2019), a contaminant of 

emerging concern, using a pilot-scale photoreactor.  

2. Materials and methods 

2.1 Photocatalysts preparation 

N-doped TiO2 (NdT) photocatalyst was prepared by sol-gel method using ammonia as a nitrogen source and 

titanium isopropoxide, according to the procedure developed by Sacco et al.(Sacco et al., 2012b). The 

ZnO/NdT photocatalyst (at 30 wt% of ZnO) (30ZNT) was prepared following the procedure reported by 

Navarra et al. (Navarra et al., 2022a). NdT and ZnO were added to an aqueous solution of 2-propanol and the 

solution was heated at 80 °C until the 30ZNT photocatalyst powder was obtained. The composites 

aerogel/photocatalyst sPS/NdT and sPS/30ZNT were prepared using sPS pellets and NdT or 30ZNT 

photocatalyst. The polymer and the photocatalysts were dispersed in CHCl3 inside hermetically sealed test 

tubes and heated at 100 °C until complete polymer solubilization. The polymer/solvent and polymer/ 

photocatalyst weight ratio are reported in Table 1. The tubes were subsequently cooled to room temperature 

to form a gel. The solvent was extracted from the gels using supercritical CO2 at T=40 °C and P= 20 MPa with 

an ISCO SFX 220 extractor, and the relative monolithic composite aerogels were obtained after 4h (Daniel et 

al., 2020; Navarra et al., 2022b; Sacco et al., 2019, 2018).  

Table 1: sPS/solvent and sPS/photocatalysts weight ratios for aerogels composite sPS/NdT and sPS/30ZNT 

preparation 

Samples 
sPS/solvent 

(w/w) 

sPS/catalysts 

(w/w) 

sPS/NdT 5/95 90/10 

sPS/30ZNT 5/95 95/5 

2.2 Photocatalysts characterization 

The BET method was used to evaluate the specific surface area of the photocatalyst by making dynamic N2 

adsorption measurements at -196 °C, using a Nova Quantachrome 4200e analyzer. 

X-ray diffraction (XRD) patterns were carried out with an automatic Bruker D2 Advance diffractometer, with 

reflection geometry and nickel-filtered Cu-Kα radiation. The intensities of XRD patterns were not corrected for 

polarization and Lorentz factors, to allow easier comparison with most literature data. The acquisition interval 

range was between 2θ = 5° and 90°, scanning with a step size of 0.0303° and an acquisition time of 0.200 s 

per point. 

2.3 Photocatalytic activity tests 

For the lab-scale photocatalytic experiments, a pyrex cylindrical photoreactor (ID = 2.5 cm, h = 25 cm) 

equipped with an air distributor device (Qair = 150 cm3/min, at standard T and pP), using 75 mL of ATZ 

aqueous solution (initial concentration:100 µg/L), a dosage of 4 g/L for sPS/NdT aerogel (corresponding to 0.4 

g/L of NdT dosage). The solution was mixed using an external recirculation system based on the use of a 

peristaltic pump (Watson Marlow 120s). UV-A (emission: 365 nm; nominal power 10 W) LEDs strips 

(NewOralight) were wrapped around the external surface of the Pyrex reactor for the irradiation of test 

solutions. Before the photocatalytic experiment, the system was kept in the dark for 60 min to reach the 

adsorption equilibrium of ATZ in the composite aerogel and then irradiated for 180 min. 

The pilot-scale reactor used for the experiments is schematized in Figures 1a and 1b. It consists of a 

stainless-steel body with two UV-A lamps inside with emission at 365 nm and nominal power of 80 W 

operating in batch mode. The peristaltic pump and the tank are connected by suitable hoses, with internal and 

external diameters of 3.6 and 6.4 mm, respectively. 
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The photocatalytic degradations experiments were performed using 20 L of an aqueous solution of ATZ and 

THI (initial concentration 100 µg/L), with a dosage of 0.025 g/L of sPS/NdT or sPS/30ZNTcomposite aerogels 

and a recirculation flow rate of 2 L/min 

Figure 1: Pilot-scale photoreactor used for ATZ and THI photocatalytic degradation. (a) Schematic 

representation of the pilot-scale reactor. (b) photograph of the pilot-scale reactor. 

At regular times, 2 mL of the solution was collected and filtered. ATZ and THI were determined by using HPLC 

UltiMate 3000 Thermo Scientific system equipped with DAD detector, binary pump, column thermostat and 

automatic sample injector with 100 µL loop. A C18 reversed-phase column (Luna 5u, 150 mm × 4.6 mm i.d., 

pore size 5µm, Phenomenex). The mobile phase consisted of an acetonitrile/water mixture (70/30 v/v). The 

flow rate was 1 mL/min, and injection volume and detection wavelength were, 80 µL and 223 nm for ATZ 

(Franco et al., 2022) and 40 µL and 242 nm for THI (Mancuso et al., 2021), respectively. 

 

 

 

 

 

  

 

 

                                                                                                       

 

 

 

 

 

 

Figure 2: (a) ATZ chromatogram at a concentration of 100 µg/L. Retention time: 2.94 min (b) THI 

chromatogram at a concentration of 100 µg/L. Retention time: 2.04 min 

Figures 2a and 2b shows the chromatograms of the ATZ and THI, respectively. The concentrations of ATZ 

and THI were obtained by interpolation with the least squares with R2 equal to 0.998 and 0.993. (For ATZ: 

slope= 12.5 ± 0.4 and intercept= 0.31 ± 0.22; THI: slope= 3.1±0.18 and intercept= 0.11 ± 0.10). 

3. Results and discussion 

3.1 Photocatalysts characterization 

The values of the specific surface area (SSA) of the aerogels sPS/NdT and sPS/30ZNT are reported in Table 

2. The SSA values are 350 and 270 m2/g for sPS/NdT and sPS/30ZNT, respectively, in agreement with those 

reported for similar sPS-based composites (Daniel et al., 2020; Navarra et al., 2022b). 

X-ray diffraction patterns of sPS/NdT and sPS/30ZNT aerogels are shown in Figure 3 and compared with the 

catalysts in powder form. Both the aerogels presented the XRD patterns typical of the sPS aerogel in δ form 

(2θ in the range 8.3°-23.6°). For the sPS/NdT aerogel, there are the typical reflections of the NdT powder 

catalyst, with the main XRD patterns observed at 2θ = 25.3 and 48°, typical of TiO2 in the anatase phase. 
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sPS/30ZNT aerogel evidenced reflexes typical of both the NdT powder catalyst and ZnO in the wurtzite phase 

(2θ = 31.9, 34.6 and 36.6°). 
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Figure 3: X-ray diffraction patterns of powder catalysts (NdT and 30ZNT) and composite aerogel (sPS/NdT 

and sPS/30ZNT). a.u. = Arbitrary Unit. 

3.2 Photocatalytic activity tests 

Few studies are reported in the literature on the degradation of pesticides with pilot-scale photoreactors under 

UV irradiation. In this work, the photocatalytic results of ATZ degradation under UV-A irradiation in the lab-

scale and pilot-scale photoreactor with the composite aerogels sPS/NdT and sPS/30ZNT are presented in 

Figures 4a and 4b.  

 

Figure 4: ATZ photocatalytic degradation with a) sPS/NdT and (b) sPS/30ZNT composite aerogel under UV 

irradiation using the lab-scale and pilot-scale photoreactor. ATZ initial concentration: 100 µg/L. Aerogel 

dosage 4 g/L for lab-scale and 0.025 for pilot-scale photoreactor.  

 

The photocatalytic experiments carried out in the pilot-scale reactor led to better activities than those 

performed on the lab-scale. In the pilot-scale setting ATZ degradation of 94% was reached after 180 min for 

both samples. Yang et al. (Yang et al., 2018) analyzed the ATZ degradation under VUV/UV irradiation in a 

pilot-scale reactor, and reported an ATZ degradation of 74%, lower than those found in this study. 

In contrast, in lab-scale configuration, ATZ degradation was 40% for the sPS/NdT and 70% for the 

sPS/30ZNT, respectively. The improved performance may be due to the different light intensity distribution 

within the two reactor configurations, which inevitably influences the overall pollutant degradation efficiency 

(Pareek et al., 2008). Indeed, photocatalytic reactions are highly dependent on light intensity as it affects the 

amount of light absorbed by the catalyst (Ahmed et al., 2011).  
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The photocatalytic performances of sPS/NdT and sPS/30ZNT were also evaluated for the degradation of THI, 

a pesticide listed among the contaminants of emerging concern (Sousa et al., 2019), using the pilot-scale 

photocatalytic reactor (Figure 5). 

Figure 5: THI photocatalytic degradation under UV irradiation using the pilot-scale photoreactor with the 

composite aerogel and sPS/NdT and sPS/30ZNT. ATZ initial concentration: 100 µg/L. C0 and C, concentration 

at t = 0 and t min, respectively. 

The degradation curves showed that the photocatalytic composites are also able to degrade THI in a very 

short reaction time. In detail, after 30 min of irradiation, the THI degradation reached a percentage value of 

92% and 85% for sPS/NdT and sPS/30ZNT aerogels, respectively. The results obtained from the ATZ and 

THI degradation processes with the pilot-scale reactor highlighted that these catalytic materials could be 

interesting for a subsequent scale-up of the process. 

4. Conclusions 

In this work, NdT and 30ZNT photocatalysts were embedded in the porous sPS aerogel matrix to form 

monolithic sPS/NdT and sPS/30ZNT composite aerogels. The photocatalytic activity of the samples was 

assessed against two persistent pesticides, ATZ and THI, using a pilot-scale photoreactor operating in batch 

mode. Both aerogels showed good photocatalytic performance for the degradation of the two target pollutants. 

In detail, the ATZ degradation was 94% was for both the photocatalytic aerogels. Whereas the THI 

degradation performances were 92 and 85% for the sPS/NdT and sPS/30ZNT aerogels, respectively. The 

experimental results underlined the good photocatalytic properties of both sPS/NdT and sPS/30ZNT in the 

removal of pesticides, highlighting their possible use for a subsequent process scale-up. 
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