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Abstract

Monolithic composite aerogel based on N-doped TiO, (NdT) photocatalyst dispersed into
syndiotactic polystyrene (SPS) matrix was used for atrazine (ATZ) degradation under ultra-violet
(UV) and visible light (Vis) irradiation. sSPS/NdT composite aerogel, with a polymer/photocatalyst

90/10 weight ratio, was achieved by super critical CO, extraction of chloroform from the relative


mailto:wnavarra@unisa.it

SPS/NT gel. Testing of the sPS/NAT photocatalytic activity was performed by using initial ATZ
concentration of 0.1 mg/L and a sSPS/NAT composite in monolithic aerogel form. ATZ removal was
equal to 47 and 25 % under UV or Vis light, respectively, after 180 min of irradiation. The
efficiency of the photocatalytic process was also investigated by monitoring the ecotoxicity of the
treated water to Aliivibrio fischeri, Raphidocelis subcapitata, and Daphnia magna. The results
indicated that, for both UV and Vis irradiation, even for high ATZ removal efficiency (i.e., UV
treatment), the toxicity of process effluent is greater than the initial one, most likely because of the
generation of toxic by-products. The UV treatment was effective only after 72 h when the solution
appeared not toxic to D. magna and presented a very low effect to R. subcapitata. On the other
hand, under Vis light irradiation, a very high level of toxicity was still detected after 72h of
treatment time. Toxicity tests are confirmed as an indispensable tool for a correct assessment of the

environmental impact of water treatment processes.
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1. Introduction

Atrazine (2-chloro-4-ethyl-amino-6-isopropylamino-1,3,5-triazine) is currently the second most
used chemical weeds control agent in the world, due to its low cost and high effectiveness [1]. The
global market is expected to register an increase of growth rate of 6 % from 2019 to 2024, reaching
a turnover of 2.58 USD billion by the end of 2024 [2].

Despite its low water solubility, ATZ is highly persistent in soils (half-life from 60 to > 100 days)
and can potentially contaminate surface and groundwater [3]. Toxicological studies classified
atrazine genotoxic [4] and cytotoxic [5], possible teratogenic [6], carcinogenic [7], and endocrine

disrupter [8,9], showing that the presence of atrazine into the environment can be dangerous for



biota and human health [10]. As a result, ATZ was classified as a priority substance by the
European Parliament [11,12] and banned in the European Union in 2003 [13]. However, its use is
still authorized by other agencies, such as the United States Environmental Protection Agency [14]
and in developing countries, such as China and India [15,16]. Atrazine is directly applied to the soil
surface or sprayed on weeds and through the runoff of water enters the aquifer, where its
concentrations range from 3.90 to 15000 ng/L [17,18]. Other hot spots of atrazine contaminations
are wastewater treatment plants (WWTPSs) where atrazine can be present as result of the cleaning of
containers used to store the pesticides and application equipment in agriculture and manufacturing
plants. Most WWTPs fail to completely degrade triazines by releasing them with effluents into
receiving nearby water bodies. Concentrations ranging from 49 to 870 ng/L have been detected in
USA WWTPs effluents [19,20].

Various treatments have been attempted to degrade atrazine, including adsorption [21],
biodegradation [22], ozone or Fenton oxidation technologies [23-25], and UV-based advanced
oxidation processes [26,27]. However, none of these processes allows a complete ATZ removal
[28].

Among the advanced oxidation technologies (AOPs) [29-34], heterogeneous photocatalysis
represents one of most promising processes to decontaminate water from organic substances [35—
45], such as ATZ [46-48]. Titanium dioxide (TiO,) in nanometric form is the most used catalyst for
water and wastewater photocatalytic treatments due to its low cost, high stability, and efficiency.
The use of nanoparticles in photocatalysis is attractive because of their high surface/volume ratio
and highly reactive surfaces which make them good sorbents of contaminants [49]. Nevertheless,
the energy cost related to the UV light used for catalyst activation and the need to avoid the nano
powders release into the effluent [49,50], remain the main constraints to full scale application. In
order to make the process more sustainable by exploiting sunlight irradiation, TiO, can be doped

with nitrogen, decreasing the band gap and increasing the absorption of visible light (Vis) [48,51—



53]. Likewise the nanopowders release into the effluents could be avoided by immobilising the
photocatalyst inside suitable supports [54]. To date, the most used materials to immobilise the nano-
powder photocatalysts are glass [54-56], ceramics [57-59] and polymers [60].

Polymeric materials proved to be very promising alternatives for developing green technologies and
new devices [61-63]. Recent studies reported that composite materials based on thermoplastic
polymers aerogels as supports for photocatalysts in powder form are economic, recyclable, and
manageable systems [64—66]. The good mechanical properties and the nanoporous crystalline phase
conferring high surface areas and good absorption properties make the monolithic aerogels of
syndiotactic polystyrene (sPS) a promising support for catalytic applications [67].

Recent studies showed that monolithic composite aerogels sPS/N-doped TiO; (SPS/NdT) were more
efficient than powder photocatalysts under both UV and visible (Vis) light to degrade methylene
blue [66] and phenol [68].

Most scientific studies on photocatalytic degradation of biorecalcitrant pollutants focus on kinetics
of the process and intermediates/by-products formation, leaving out ecotoxicological studies. To
assess the possible environmental impact of the whole process, the absence of toxic effects of the
process effluents should be evaluated [69]. It is also noteworthy that no paper reports toxicological
results on the photocatalytic degradation of contaminants by using composite aerogels.

This research focused on photocatalytic degradation of ATZ by monolithic composite aerogel
SPS/N-doped TiO, (SPS/NAT) under UV and Vis light. A battery of bioassays (i.e., Aliivibrio
fischeri, Raphidocelis subcapitata, and Daphnia magna) was used to evaluate residual toxicity by a

one-health perspective.

2. Materials and methods

2.1 Chemicals and reagents



Aerogels were prepared using a highly stereoregular syndiotactic polystyrene (sPS, syndiotactic
triads over 98% determined by **C nuclear magnetic resonance) manufactured by Idemitsu Kosan
Co., Ltd. (Japan), under the trademark XAREC® 90ZC.

Atrazine (CAS number: 1912-24-9, analytical standard, purity > 98%) used to prepare the standard
and sample solutions and titanium tetraisopropoxide (97 wt%) used to prepare N-doped TiO,
photocatalysts were purchased from Sigma Aldrich (Germany).

Ammonia solution (30 wt%, analytic grade) used as nitrogen source for the preparation of NdT
photocatalyst, chloroform (analytical grade) used for the preparation of high porosity composite
aerogels, acetonitrile (HPLC gradient grade) and ultra-pure water (LC-MS grade) used for
chromatographic analyses were purchased from Carlo Erba Reagents (France).

All solutions were prepared using ultrapurewater (Milli-Q® system Elix 10, Merck Millipore,

Billarica, MA USA).

2.2 Composite photocatalyst preparation

N-doped TiO, (NdT) photocatalyst was prepared by the sol-gel method using ammonia as a
nitrogen source and titanium tetraisopropoxide as described by Sacco et al. (2012). The obtained
NdT sample is able to absorb visible light since its band gap energy is equal to 2.5 eV, as shown in
our previous paper [70]

Monolithic composite aerogel SPS/NdT was prepared according to procedure reported by Sacco et
al. (2018). In detail, syndiotactic polystyrene (sPS) polymer and NdT photocatalyst (90/10 weight
ratio) were dispersed in chloroform, in hermetically sealed test tube, and heated at 100 °C. The
suspension was subsequently cooled to room temperature forming a gel. The solvent was extracted
from the gel by treating with supercritical carbon dioxide (ISCO SFX 220 extractor for 4 h at T=40
°C and P= 20 MPa) to obtain the relative monolithic composite aerogel. The amount of NdT

photocatalyst dispersed in sPS used in this work was optimized in our previous paper in which SEM



analysis evidenced that NdT particles were uniformly dispersed within the fibrillary polymer

network [68].

2.3 Composite photocatalyst characterization

To verify the correct preparation of the composite aerogel SPS/NdT, the crystalline structure of both
the sPS polymer and NdT photocatalyst was analysed by using wide angle X-ray diffraction
(WAXD). WAXD patterns were carried out using an automatic D8 Advance (Bruker, Billerica, MA
USA) diffractometer in reflection geometry mode and with nickel filtered Cu-Ka radiation. The
intensities of WAXD patterns were not corrected for polarization and Lorentz factors, to allow
easier comparison with most literature data. The 26 acquisition interval range was between 5° and
80°, scanning with a step size of 0.0303° and an acquisition time of 0.200 s per point.

The specific surface area (SSA) of the aerogel was evaluated by static N, adsorption measurements
at — 196 °C using a Nova 4200e analyser (Quantachrome Instruments, Boynton Beach, FL, USA),
according to BET method.

The morphology of the sPS/NdT aerogel was characterized by means of a scanning electron
microscope (SEM, Zeiss Evo50). Samples were prepared by fracturing small pieces of the aerogel.
Before imaging, all the specimens were coated with gold using a VCR high resolution indirect ion-
beam sputtering system. The samples were coated depositing approximately 20 nm of gold. The
coating procedure was necessary in order to prevent surface charging during the measurement and

to increase the image resolution.
2.4 Photocatalytic activity tests

Photocatalytic experiments were carried out in a previous optimized pyrex cylindrical photoreactor
[71] (ID = 2.5 cm, h = 25 cm) equipped with an air distributor device (Qar = 150 cm®/min, at

standard temperature and pressure), using 75 mL of ATZ aqueous solution (initial concentration
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range 0.1-10 mg/L), a dosage of 0.4 g/L for the powder photocatalyst and 4 g/L for sPS/NdT
(corresponding to 0.4 g/L of NdT dosage). Solutions were continuously mixed using an external
recirculation system powered by a peristaltic pump (Watson Marlow 120s). UV-A (emission: 365
nm; irradiance 13 W/m?) or Vis (emission range: 400-800 nm; irradiance 16 W/m?) LEDs strips
(NewOralight) were wrapped around the external surface of the pyrex tube for the irradiation of test
solutions. Before each 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.

ATZ concentrations were measured by high-performance liquid chromatography (HPLC) technique
using an UltiMate 3000 system (Thermo Fisher Scientific, Waltham, MA USA), equipped with
DAD detector, binary pump, column thermostat and automatic sample injector with 100 pL loop.
The reversed-phase Luna 5u C18 column (150 mm x 4.6 mm i.d., pore size 5um) (Phenomenex,
Torrence, CA USA) was used for chromatographic separation at 25 °C. A mixture of
acetonitrile/water (70/30 v/v) was used as mobile phase at an isocratic flow rate of 1.0 mL/min. The
injection volume was80 pL and the analysis were carried out at 221 nm that corresponds to
maximum absorption of ATZ. The retention time of atrazine was to 2.95 + 0.01 min. The limit of
quantification was 0.010 mg/L that was the lowest concentration of the calibration curves (linear
regression, R? > 0.99). The data were elaborated using the Dionex Chromeleon™ 6.8 software.

2.5 Bioassays and toxicity data analysis

Toxicity tests with the green alga Raphidocelis subcapitata were carried out according to the 1SO
8692 (2012a).

Based on the results obtained for the pure substance (Table S1), a positive control (obtained by
adding 1SO algal medium to an aqueous solution containing 0.1 mg/L of atrazine) was regularly
included in all tests with UV and Vis treated solutions. In the remainder of the present paper, we
will refer to this positive control as ‘atrazine-spiked water’. Inhibition effects on algal growth after

72 h of exposure were assessed by cell counting using a BD Accuri C6 flow cytometer (see Sl for



further details). Because of UV or Vis treatments can generate degradation products with potential
toxic effects on organisms other than primary producers, selected UV and Vis treated solutions
were also tested with the bacterium A. fischeri and the freshwater crustacean D. magna using the
corresponding standardized procedures (1SO 11348-3, 1999; ISO 6341, 2012). Effects on bacterium
and crustacean were assessed after 30 min and 24 h of exposure, respectively.

Replicate for toxicity test range from 2 to 6 (see SlI). The median inhibition concentration (1Csp)
(i.e., bacteria and microalgae) or effect concentration (ECsp) (i.e., crustaceans) (and the relative
95% confidence limit values) were estimated using the REGTOX Excel macro [72]. The percentage
of effect adjusted to negative controls was provided for algae, bacteria, and daphnids exposed to
effluents. Toxicity data were checked for normality (Shapiro-Wilk test) and homogeneity of
variance (Bartlett’s test). According to the results, parametric (one-way analysis of variance) or
non-parametric (Kruskal-Wallis test) (i.e., if at least one test failed) methods were used to analyse
data, also using a Tukey’s post-hoc pairwise comparison.

For toxicity tests, the UV and Vis irradiation time in photocatalytic tests was prolonged up to 72 h.

2.6 Calculation of electric energy consumption

The electric energy consumption was evaluated for the UV and Vis photocatalytic processes using
the Ego value (UV and Vis light). The Ego value, expressed in kWh in European countries,
represents a scale-up parameter for removing 90% of a pollutant contained in 1 m* of polluted

water. Eg/o values were estimated following Azbar et al. (2004) and Vaiano et al. (2019):
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where P is the nominal power of the light source (kW), t the irradiation time (minutes), V the
volume solution (L), C, the ATZ initial concentration (mg/L) and C; the ATZ concentration after 72

h (mg/L).

3. Results and discussion
3.1 Aerogels characterization

The composite aerogel sSPS/NAT WAXD pattern (Figure 1) showed the typical reflections of sPS
crystalline nanoporous 4-phase in the 20 range 8 - 23° (Figure 1, inset), as well as the reflections at
20 higher than 23° of NdT powder in anatase phase [73]. This pattern proved the formation of the
SPS/NdT composite.

Additionally, SSA of NdT and sPS was equal to 30 and 260 m%/g, respectively. On the other hand
the SSA value of SPS/NAT was lower than sPS and equal to 222 m%/g, indicating that the presence
of NdT powders in the sPS aerogel determined a decrease in specific surface area, which however
remained higher than 200 m?/g because of the porous nature of the crystalline nanoporous 3-phase

of sPS, in agreement with literature [66,74]
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Figure 1. WAXD diffraction patterns: SPS/NdT aerogel (black line), NdT powder (blue line) and nanoporous
d-form of sPS (inset Figure 1).

3.2 Photocatalytic activity under UV and Vis light

3.2.1 Degradation tests

ATZ solutions at 0.1 mg/L were used for all the degradation experiments.

Preliminary photolysis experiments were carried out under UV and VIS light (Figure S1). For both
irradiation conditions, a slightly decreased of ATZ concentration was observed only in the first 30
min of run time and then remained stable until the end of both tests. Such results evidenced the
stability of ATZ molecules when the liquid medium is treated with only UV or VIS light and in the
absence of photocatalyst.

Before to start photocatalytic process, a dark period of 60 min was established to reach a stationary
equilibrium, for both NdT and sPS/NAT. An atrazine sorption of 6% and 14% for NdT catalyst and
SPS/NdT, respectively could be observed after the dark phase (Figure 2). The ATZ removal by
SPS/NdT and NdT, under UV and Vis irradiation, is reported in Figure 2a and 2b, respectively.
Both processes clearly showed that after 180 min of irradiation time, the removal efficiency was
higher for the SPS/NAT (47% and 25% under UV and Vis light irradiation, respectively) rather than
the NdT (42% and 13% under UV and Vis light irradiation, respectively). Although sPS/NdT
composite is always more active in the ATZ degradation than NdT powder, the degradation
Kinetics, faster for UV than Vis irradiation, were however very similar to each other. This result is
very interesting since it is well known that, when a photocatalyst is immobilized in granular form or
as thin film on macroscopic supports, the screening of the light by the support itself occurs and,

moreover, the accessibility of the catalytic surface to the photons and to the reactants worsens,
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inducing a photocatalytic activity significantly lower than that achieved when the photocatalysts are
used in powder form [75-77].

On the contrary, in the case of SPS/NdT composite, the polymeric support allows to preserve the
photocatalytic properties of NdT in powder form, minimizing the aggregation phenomena between
photocatalyst particles, which typically occur in photocatalytic slurry reactors [68].

However, the overall greater removal efficiency demonstrated by sPS/NdT is essentially due to sPS

aerogel contribution to ATZ sorption in the dark phase.
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Figure 2. Atrazine removal by sPS/NdT composite aerogel and NdT powder: a) UV photocatalytic process;
b) Visible photocatalytic process. Atrazine initial concentration: 0.1 mg/L. C and C, concentration att =0

and t min, respectively.

3.2.2 Influence of atrazine initial concentration

The ATZ removal, by sPS/NAT under UV light irradiation, from solutions with different initial
concentration (0.1, 1, and 10 mg/L), has been reported in Figure 3. An increase in contaminant
concentration is expected to lead to a decrease in photocatalytic activity. When the number of
pollutant molecules in solution increases, catalyst dosage begins to be inefficient for degradation of
the contaminant since the number of reactive oxygen species generated during the irradiation is not
enough to degrade the target pollutant [78]. In addition, the by-products or intermediates generated

during the process could compete with atrazine molecules towards photocatalytic active sites,
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resulting in a loss of efficiency [79]. Conversely, when sPS/NAT is used (Figure 3) the degradation
performance was similar by increasing the atrazine initial concentration. The presence of aerogel
polymeric matrix probably increases efficiency [66,68] and selectivity [64] of the process by
discriminating between the different formed species, so as to allow the desorption of the possible

intermediates generated under irradiation and avoid the deactivation of photoactive sites.

— 1
1.0 | —e— Atrazine 10 ppm
—*— Atrazine 1 ppm
09k ) — — Atrazine 0.1 ppm |
®
L ,\E !
- | \ -
00'8 Dark \\
Q L ]
O
0.7 .
0.6 <-—UVon E\ .
05 " " " " 1 " " " 1 " " " " 1 " " " " 1 " " " i
0 50 100 150 200 250

Run Time (min)

Figure 3. Atrazine removal by sPS/NdT at different initial atrazine concentration: 0.1 (black), 1 (green), and 10 (blue)
mg/L.

3.2.2 Reusability evaluation

In order to assess the reusability of the composite aerogels, photocatalytic experiments were
repeated five times under the same experimental conditions, using the same composite aerogel and

fresh ATZ aqueous solutions under both UV and Vis irradiation (Figure 4).
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Figure 4. ATZ degradation (%) after 180 min of treatment for five cycles with the same sPS/NdT composite
aerogel under: a) UV and b) Vis irradiation.

Results did not evidence any significant decrease of the photocatalytic activity according to
previously published results obtained by using different photocatalysts dispersed on sPS matrix and
used to remove methylene blue dye and phenol [66,68].

In addition, WAXD (Figure 5) and SEM analysis (Figure 6) were also carried out on the sSPS/NdT

aerogel before and after the reusability cycles (Figure 5).
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Figure 5. WAXD diffraction patterns: sSPS/NdT aerogel (black line), NdT powder (blue line) and
SPS/NdT aerogel after reusability tests (green line).
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Figure 6. SEM images of a) sSPS/NdT aerogel and b) sPS/NdT aerogel after reusability tests

(some NdT particles dispersed in the aerogel are indicated by red arrows).

It can be seen from the WAXD spectra (Figure 5) that the NdT reflex (at 20 = 25.3°) of the
SPS/NAT aerogel after the durability experiments remains unchanged. SEM images evidence that
SPS/NAT (Figure 6a) exhibits an open network of fibrils with diameter of about 100 nm.
Additionally, NdT particles (indicated by red arrows) appear uniformly dispersed within the
fibrillary polymer network (white spots with main size of about 50 nm). From Figure 6b, it is
possible to observe that the overall morphology of the aerogel did not change after the reusability
tests and NdT particles within the polymer are still detectable. Thus, it is argued that the NdT

particles are not released in the aqueous solution from the aerogel structure.

3.3 Toxicity results

The IC50 of ATZ towards R. subcapitata was 39.6 + 6.3 pug/L (n = 3) similarly to Zhao et al. (2018)
(i.e., 23 pg/L, no confidence interval reported). The other two testing species, A. fischeri and D.
magna, were less sensitive and did not allow the calculation of the EC50s in the considered interval
confirming previous literature data: i) EC50 = 69.4 (68.8—70.0) mg/L [80] and EC50 = 39.9 (35.4-
44.9) mg/L [81] for A. fischeri; ii) EC50 = 50.41 + 2.64 mg/L for D. magna [82]. The toxicity of

samples after UV and Vis sSPS/NdT nanocomposite aerogels treatment was reported in Table 1.
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Atrazine-spiked water after Vis treatment over 72 h (i.e., ATZ residual concentration 70 pg/L)
showed very high levels of toxicity towards microalgae with an almost total growth inhibition
(99%) and a significant effect on the survival of D. magna (58% mortality after 24 h). Conversely,
after UV treatment for 72 h (i.e., atrazine residual concentration 18 pg/L) atrazine-spiked water
appeared non-toxic to D. magna and had a very low effect on R. subcapitata growth and A. fischeri
with an observed inhibition of 6.4%. UV treatment is highly more effective than Vis-one in
removing ATZ and the related toxicity effects.

In Figure 7, the toxicity trend after 0.5, 1, 3, 24 and 72 h of Vis (Figure 7a) and UV (Figure 7b)
treatments was summarized for all testing species including ATZ removal rates (i.e., y-axis
summarises both the percentage (%) of effect for toxicity testing and the removal rate (%) of ATZ).
The trend of toxicity reduction/removal is apparent for all testing species, especially after 72 h of
UV treatment even though ATZ was not completely removed (i.e., up to approximately 80%
removal rate). On the contrary, the Vis treatment was not effective in toxicity reduction, especially
for R. subcapitata. The positive controls with 90 ug/L of ATZ carried out during the experimental
activity always showed a 70% inhibition effect (Table S2), confirming that the observed temporal
trends reflected the actual changes in sample toxicity to R. subcapitata. The toxicity of samples to
microalgae increased between 0.5 and 72 h for Vis treatment, and between 0.5 and 24 h for UV
treatments, presuming that unidentified toxic by-products were formed as intermediates during both
treatments. After 72 h of reaction time, UV photocatalysis successfully degraded the toxic by-
products, eliminating most of the toxicity from the residual effluent. These observations confirm the
need to systematically combine the development of advanced treatment processes with a toxicity

evaluation of the treated water.
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Table 1. ATZ treated samples (90% v/v) (whole sample exposure) considering both UV and Vis

treatments after 72 h of irradiation. Data were expressed as percentage of effect (%) for all testing

species.
Treatment Values A. fischeri (30 min) R. subcapitata (72 h) D. magna (24 h)
Vis Mean Non toxic 99.0% 58.3%
Std.err. - 0.2% 22.0%
uv Mean 6.4% 6.4% Non toxic
Std.err. 1.6% 2.1% -
_ Vistreatment ¢ c WV treatment b
A b | B b :
a,b f

a l

Figure 7. Effect of solutions initially amended with 100 pg/L of ATZ after visible (VIS) (A) and
ultra-violet (UV) (B) treatment towards A. fischeri, D. magna and R. subcapitata following ATZ
removal rate between 0.5-72 h. Data with different letters (a—f) are significantly different (Tukey’s
test, p < 0.05); y-axis reports both the percentage (%) of effect for toxicity testing and the removal

rate (%) of ATZ.

The different toxicity behaviour observed under UV and VIS light could be explained considering
the mechanism of ATZ photocatalytic degradation (Figure S2) reported in literature [52,83,84], in
which hydroxyls are the main reactive oxygen species [85,86]. Two degradation pathways can
occur during light irradiation: N-dealkylation and hydrolytic dechlorination. As also demonstrated

by Lopez-Mufioz et al. [84], the intermediates identified in the first steps of the degradation
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pathways are dealkylated compounds, such as deethylatrazine (DEA) and deisopropylatrazine
(DIA) (Figure S2). These compounds can show strong toxicity [87], therefore, they could be most
likely responsible for the higher toxicity of solutions resulting from Vis photocatalytic process. In
the case of UV treated solutions, where higher ATZ photocatalytic degradation performances were
obtained after 72 h, the presence of cyanuric acid can be surmised. Previous research reports that,
for long irradiation time, the s-triazine ring of ATZ remains intact and cyanuric acid is formed as
the final stable product [88]. Cyanuric acid is known to be less toxic than ATZ and its other
degradation products [89,90]. Such observations could explain the reduction in toxicity after 72 h of
UV irradiation time.

The obtained results showed that, although it is desirable to develop a photocatalytic system capable
of working in the presence of Vis light, it is necessary to evaluate, in the technological choice, the
treatment times, the ability to remove toxicity but also the energy consumption required for the
treatment. Despite the NdT catalyst can exploit the visible light leading to a progressive degradation
of the target pollutant, the experimental data showed that, after 72 h of treatment time, the effluent
appears still toxic. As a consequence, the calculus of electric energy consumption showed that the
use of UV light (Ego = 158 kWh/m®) saves about 70 % of energy with respect to the use of Vis light
(Egjo = 575 kWh/m®).

Finally, the toxicity test results confirmed the need to systematically combine the study of advanced
water treatment processes with a toxicity evaluation of the treated water, in order to correctly assess

the environmental impact of the process itself.

4. Concluding remarks

A monolithic composite, based on N-doped TiO, (NdT) photocatalyst and syndiotactic polystyrene

(sPS), was employed as a promising photocatalyst for the degradation of ATZ under UV and Vis

17



light irradiation. The photocatalytic results evidenced that sPS/NdT composite, in monolithic
aerogel form, has better degradation performances than NdT catalyst in powder form, under both
UV and Vis light irradiation, essentially because of sPS aerogel contribution to ATZ sorption in the
dark phase. Moreover, the degradation performances of ATZ were similar by increasing the
pollutant initial concentration when sPS/NdT was used, probably because the aerogel polymeric
matrix is capable of discriminating between the species in solution, thus increasing the efficiency
and selectivity of the catalytic process. Moreover, reusability studies showed any significant
decrease of the photocatalytic activity after five treatment cycles. The toxicity test results indicated
that, although a decrease of ATZ concentration was detected during the photocatalytic process
under both UV and Vis irradiation, an increase in the solution toxicity, presumably due to more
toxic by-products than ATZ itself, was observed. Only after 72 h of the UV irradiation, the solution
appeared no toxic to D. magna and presented a very low effect to R. subcapitata. On the other hand,
for Vis light tests, a very high level of toxicity was still detected even after 72 h of irradiation.
These results confirmed that toxicity tests are an indispensable tool for a correct assessment of the
environmental impact of the water treatment processes. Therefore, to make the photocatalytic
technologies useful for a possible scale up technology it is essential to evaluate both the economical
parameter in terms of (Eg/) and the ecotoxicological data.

On the other hand, these results also indicate that SPS/NAT composite, in monolithic aerogel form,
UV irradiated, has high removal efficiency of ATZ and its by-products. This composite catalytic
system, which also exhibits high robustness and chemical stability and easy reusability after
treatment, is promising for large-scale applications in advanced solar-based oxidation processes.
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Highlights

o Effective synergy between NdT and sPS aerogel was observed

o SPS/NAT was always more active in the atrazine degradation than NdT powder
e Degradation kinetic of atrazine was independent from its initial concentration
e Photocatalytic activity of SPS/NdT not decreased after five reusability tests

e After 72 h no or low toxicity was observed under investigated treatments
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