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Abstract

The photodegradation and phytotoxicity of the pharmaceutical antibiotic,
sulphamethoxazole (SMX) and the azo-dye reactive-red-194 (RR194) under visible-light
irradiation of TiO, nanoparticles modified by silver and zirconium was investigated. The results
indicated that sulphamethoxazole and its toxic degradation by product, 3-amino-5-
methylisoxazole and RR-194 could be degraded efficiently by the co-doped Zr/Ag-TiO, catalyst.
PL studies and ROS generation results suggested that the effective charge separation was carried
out while irradiation of the modified TiO, nanoparticles. Phytotoxicity tests demonstrated lower
percentage of germination in P. vulgaris (40%), V. radiata (30%) and P. lunatus (30%) of the
seeds treated with 50 ppm of SMX, compared to the seeds treated with the degradation products
(100%). The results with 50 ppm of RR-194 also showed lower percentage of germination in P.
vulgaris (40%), V. radiata (50%) and P. lunatus (30%) compared to the degradation products
(100%). Furthermore, significant increase in root and shoot development was observed in the
seeds treated with the degraded products when compared with SMX and RR-194. Overall, this
study contributes to further understanding the photodegradation mechanisms, degradation
products and environmental fate of SMX and RR-194 in water which helps in the evaluation and

mitigation of the environmental risk of SMX and RR-194 for water reuse and crop irrigation.

Keywords: Photocatalyst; Dyes; Antibiotics; Wastewater; Phytotoxicity
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1. Introduction

The extensive utilization of antibiotics in aquaculture, stockbreeding and human
medicine have raised significant environmental concerns due to the observed increase in
antibiotics resistant bacteria and genes [1-2]. In 2013, China consumed approximately 92,700
tons of antibiotics, 53,800 tons of which have been released into the environment [3]. Often these
antibiotics have been detected in lakes, rivers, wastewater effluents [4], estuarine and coastal
waters [5, 6]. According to USEPA many antibiotics are reported as chemical contaminants of
emerging concern, without much regulation and the effect on human health and the environment
is inadequately understood [7].

Sulphonamides are belongs to a category of synthetic antibiotics prepared from
sulphanilic acid which function as bacteriostatics by suppressing dihydrofolic acid generation.
They have prolonged persistence in the environment due to their low degree of biodegradability.
The concentration levels of these sulphonamides in water has been reported in the range of 0.13—
1.9 ugL™ [8], and could accumulate in several organisms such as bacteria [9,10].
Sulphamethoxazole belongs to a broad spectrum sulphonamide, and is one of the most
extensively prescribed antibiotics worldwide. After administration, the metabolism of the content
takes place in the liver, however the unmetabolized [11] and active metabolites [12,13] are then
excreted in urine or feces ultimately reaching the gray water sewer systems and/or conventional
wastewater treatment plants [14]. SMX is a refractory pollutant and not easily biodegraded by
conventional treatments those employed in sewage treatment plants [15]. This necessitates the
utilization of high efficiency materials and tertiary oxidative treatment for the effective
degradation of SMX. In addition, the degradation products of SMX, such as 3-amino-5-

methylisoxazole, could cause a harmful threat to wildlife [16]. Studies have reported the
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formation of 3-amino-5-methylisoxazole during chemical [17-19] and microbial [20,21]
degradation of SMX, and fewer studies have reported its further transformation.

Other common classes of contaminants often found in water and wastewater are dyes
used in paints manufacturing and textiles. The azo dye RR-194 is a very common in cotton
dyeing. Azo dyes are highly carcinogenic, harmful to human health and cause reduced light
penetration in aqueous environments adversely affecting photosynthesis [22]. Conventional
methods including coagulation, activated-carbon adsorption, biodegradation and membrane
filtration have been used for wastewater decolorization. However, these methods cannot
completely remove the contaminants and their degradation products and often need further waste
disposal after treatment [23]. Thus, the treatment of dyes demands the development of new and
effective processes for their removal. Altogether, the untreated release of antibiotics, EDCs and
dye effluents would not only induce serious health and environmental hazards but also has a
strong impact on the fertility of soil.

Heterogeneous photocatalysis with visible light irradiation of modified titanium dioxide
(TiO2) nanoparticles has emerged one of the effective treatment methods for dyes and
pharmaceuticals removal [24-27] and for water reuse in agriculture. Co-doping of TiO, with two
different atoms has attracted significant interest since the dual effect can synergistically affect
the photocatalytic activity of semiconductor materials compared to doping with a single element
[28, 29]. Addition of Ag and Zr can reduce the recombination of electrons and holes by efficient
trapping of electrons. Further, Zr is an isoelectric element exhibiting deep energy level doping
properties [30].

In this study Ag and Zr modified TiO, nanoparticles have been utilized in the degradation

of SMX and RR-194. The possible degradation mechanisms were investigated by HPLC and LC-
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ESI/MS analysis. Water reuse necessitates the assessment of the phytotoxicity of the SMX, RR-
194 and their corresponding degradation products. Therefore the phytotoxicity of the degradation
products and parent pollutants was investigated upon three plant seeds P. vulgaris, V. radiata
and P. lunatus to determine the environmental impact of the treated water.
2. Materials and methods

2.1 Materials

Titanium (IV) isopropoxide, terepthalic-acid (TA), nitroblue-tetrazolium-chloride (NBT)
and sulphamethoxazole (SMX) from Sigma, reactive red-194 from a local textile industry,
hydrazine hydrate, zirconyl nitrate [ZrO(NOs)], isopropanol, potassium iodide (KI), EDTA,
potassium dichromate (K,Cr,0;), ascorbic acid, ethanol and tween-20 are purchased from
Alibaba Chemicals.
2.2 Synthesis and characterization of metal modified TiO, nanoparticles

Metal modified TiO, nanoparticles (Ag/TiO, and Zr/Ag-TiO,) were prepared according
to the methodology reported in our previous work [31]. BRUKER D8-Advance X-ray
diffractometer was used to obtain XRD data with Cu Ka source (A=1.5406 A°). Imaging of the
nanoparticles was carried out using a high resolution transmission electron microscope (JEOL
JEM 2100). UV-Vis spectra (DRS mode) were recorded on a JASCO V-670 UV-Vis
spectrophotometer. The photoluminescence (PL) spectra were obtained on a HITACHI F-7000
fluorescence spectrophotometer. XPS data was acquired on a Kratos Axis Ultra 165
Spectrometer equipped with a monochromated Al Ko X-ray source (ho = 1486.6 e¢V). A
micrometrics ASAP 2020 V4.03 analyzer was used to obtain BET surface area and pores size

distributions of the synthesized nanoparticles. The zeta potentials of TiO,, Ag/TiO, and Zr/Ag-



115  TiO, nanoparticles were measured at 25 °C by dynamic laser light scattering using Malvern
116  Zetasizer Nano ZS90.

117 2.3 Degradation experiments and determination of by products

118 A laboratory scale photoreactor (Fig. 1), was designed and utilized for all photocatalytic
119  degradation experiments, which consists of a visible light source (Osram 150 W tungsten
120 halogen lamp with 100 mW/cm? intensity, A: 400-800 nm) positioned at the center of the reactor.
121 Six reaction tubes, 50 ml each, 10 mm internal diameter, were placed at a distance of 15 cm from
122 the light source. Dry air was purged continuously into all the reaction tubes through small pipes
123 at a flowrate of 2 L min?, to keep the aqueous solution saturated with oxygen and the catalyst
124  particles in suspension. The inner surface of the photoreactor hood was fitted with a highly
125  polished reflector in order to ensure the maximum reflection and utilization of the light source.
126 The bottom of the reactor was equipped with an electric fan to cool the cabinet during the

127  experiments maintaining a constant temperature (252 °C).

128 — light source ~—— reaction tube
reaction tube

129

flow meter inner wall ~— inner wall

dey e outlet /
130 water inlet flow meter 1
flow meter
131 waterinlet —
dryair 5

132 flow meter outlet
133
134 fan
135

136  Fig.1. (a) Multitube reactor set-up for the degradation experiments; (b) top view of the reactor

137
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The remnant concentration of SMX was determined by a HPLC (Agilent 1260 series)
equipped with an Eclipse XDBC18 (4.6 x 150 mm, 5 um) reverse phase column. Initially 100
mL of SMX solution (20 ppm) and 50 mg of the catalyst were stirred in the dark for 60 min to
obtain absorption—desorption equilibrium, [32,33]. The UV detector wavelength was 203 nm,
while the mobile phase consisted of water and acetonitrile (70:30 v/v) fed at a flow rate of 1 mL
min™ for 60 minutes [34]. Similar procedure was followed to achieve absorption—desorption
equilibrium during degradation of RR-194 (25 ppm), as discussed above. Small sample aliquots
(2 mL) were collected at regular time intervals and the solids were separated through
centrifugation at 2000 rpm for 5 min. The supernatants were analyzed by a JASCO V-670 UV—
Vis spectrophotometer, recording the absorption at 522 nm.

Further, the analysis of SMX and RR-194 degradation products was carried by liquid
chromatography tandem mass spectrometer (Agilent 1290 LC system, Agilent 6460 Triple
Quadrupole LCMS/MS system with the Zorbax eclipse plus C18 column). Water and acetonitrile
(70:30 v/v) as mobile phase at a flow rate of 0.2 mL min~* was used for SMX analysis (60 min
of run time), while methanol and water (30:70 v/v) was used for the analysis of RR-194 (60 min
of run time). Spray lonization (ESI) under the flow of helium gas (1 mL min™) was used to
obtain mass spectra at a fragment voltage of 16 V.

2.4 Active species scavenging experiments

To investigate the main reactive oxygen species (ROS), various scavenging experiments
were conducted during the photocatalytic degradation processes. These were performed by
adding ascorbic acid for Oye— scavenging [35], EDTA for h* scavenging [36], K,Cr,O; for e~
scavenging [37], isopropanol for «OH scavenging [38], and KI for both «OH and h* scavenging

[35,36] during the photocatalytic reactions. For quantification of *OH, the photocatalyst (50 mg)
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was added to a 50 ml mixture of TA (3 mmol) and NaOH (10 mmol) aqueous solution. Thus, TA
quickly reacts with generated «OH radicals to form a fluorescent active 2-hydroxyterephthalic
acid (TAOH) which emits fluorescence at 426 nm on excitation at 312 nm (Scheme 2). The
amount of *OH radicals generated during irradiation should be directly proportional to the
photoluminescent intensity of TAOH. Similarly, the quantification of *O,— radicals was carried
out by monitoring NBT (2 x 107 M) absorption peak at 259 nm. Upon reaction with O,
radicals NBT can be peculiarly reduces to form an insoluble purple formazan compounds in the
aqueous solutions (Scheme 1). The quantification of «O, was done by analyzing the decrease in
the NBT concentration using a UV-Vis spectrophotometer.
2.5 Phytotoxicity Assessment

The phytotoxicity assessment test of toxicants and their corresponding metabolites was
carried out on three types of crop seeds, P. vulgaris, V. radiata and P. lunatus, using 50 ppm
concentration of SMX, RR-194 and with the irradiated samples containing the reaction
degradation products. The degraded metabolites of SMX and RR-194 were extracted by ethyl
acetate then dried and dissolved in 10 mL distilled water to obtain a final concentration of 50
ppm. The phytotoxicity test was carried out by following the prescribed guidelines in the
literature [39,40] with few modifications. Seeds of each crop type (10 no) were sterilized using 1-
5 % sodium hypochlorite solution (15 min) followed by thorough washing with distilled water.
They were then immersed for 60 min in the SMX, RR-194 aqueous solutions and in the samples
subjected to photocatalytic degradation using 100 mL Erlenmeyer flasks containing the
contaminants and their respective degradation products. Seeds immersed in distilled water were

used as controls for comparison. The seeds were then placed on a wet cotton in different petri
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dishes and incubated at 25 + 1°C in dark (24 h). The germinated seeds were selected for further
toxicity studies.

Further phytotoxicity assays were continued in beakers containing 1.5 % agar media (30
mL) and 50 ppm of SMX, RR-194 and the reaction degradation products. The agar containing
beakers were instantly hardened in a freezer. Germinated seeds from the petri plates were placed
on the surface of the agar in each beaker and then placed in incubator at 25 + 1° C in dark.
Control experiments were included with seedlings on agar alone without the contaminants. After
5 days of incubation the plants were slowly removed from the agar media and lengths of the root
and shoots were measured. The experiments were carried out in triplicate and the average data

was shown in the present study.

3. Results and discussion

3.1 Characterization

Fig. Sla shows the UV-Vis absorption spectra of synthesized bare TiO,, Ag/TiO, and
Zr/Ag-TiO; respectively. Red shifts were observed as a result of the incorporation of silver and
zirconium into TiO, matrix in both Ag/TiO, (absorption edge shift from 340 to 380) and Zr/Ag-
TiO, (maximum red shift from 380 nm to 400 nm). The red shifted spectra show a possible
evidence for good interaction between TiO,, Ag and Zr species. Hence, the observed red shift
behavior clearly justifies the change in the light absorption characteristics. The energy band gap
values (Fig.S1b) of bare TiO,, Ag/TiO; and Zr/Ag-TiO, were calculated to be around 3.18 eV,
3.08 eV and 2.87 eV, respectively. These results suggest that the Zr/Ag-TiO, nanoparticles could

possibly show a higher photocatalytic activity in the visible region.
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The X-ray diffraction pattern of TiO,, Ag/TiO, and Zr/Ag-TiO, nanoparticles (Fig. 2)
displayed diffraction peaks corresponding to the TiO, anatase (JCPDS 21-1272) crystalline
phase. Because of their low concentration levels (0.2-0.8 mole %), peaks related to metallic Zr or
Ag were not observed in the XRD pattern, which suggested that dopants did not alter the
crystallinity of TiO,. Furthermore, the representing oxide compounds (ZryOy or AgxOy) were not
found either, suggesting that nano Zr and Ag particles were well diffused into the TiO; crystal

lattice, thus enhancing the visible light absorption.

2000 2000
ZIIAG-TiO, (0.6 mol%)| ¢ /’\g-TiO2 (0.6 mol%)
J/\ fx M A c , M A A
ZiWAg-TIO, (0.4 mol%) = * A b Ag—TlO (04 mol%)

e ~"‘4’Jx.>\‘3&i‘-»vi}$
|
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500 500

3000 3000
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1 ) . ‘\‘ - o _M | P \. ! w4 \h......M VO L

*Nra‘*« w“ Now wtn«d% kﬁb«‘u;-rlf Mo’ “«y L VOV T
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M«w.-.«)l L—«\.—/\\«w/ MMWW

(b)

26 Values 20 Values
Fig. 2 X-ray diff raction pattern of the synthesized nanoparticles

TEM images of Ag/TiO, and Zr/Ag-TiO, (Fig. S2a and S3a) suggested uniform
distribution of the particles ranging from 10-17 nm and 7-15 nm respectively. High resolution
TEM pictures were (Fig. S2b and S3b) employed to observe the microstructure of the
photocatalysts, for analyzing the particle grains and their boundaries. The SAED patterns of the
prepared nanoparticles (Fig. S2c and S3c) clearly showed dark fringes corresponding to the

standard diffraction rings of the polycrystalline anatase phase as indexed. Diffraction fringes
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signals related to other phases were not found. The EDAX profile (Fig. S2d and S3d) evidenced
the elemental composition of the prepared samples.

The variations in zeta potentials of synthesized nanoparticles in their aqueous solutions
are shown in Fig. S3. From the results it was found that the pHzpc of TiO,, Ag-TiO, and Zr/Ag-
TiO, is 6.38, 6.13 and 6.09 respectively. At lower pH levels the photocatalyst surface becomes
more positive at pH below pHzpc and more negative above it [41,42]. With increase in negative
zeta potential values, the stability of the catalyst increases at higher pH levels. From the results it
reveals that Zr/Ag-TiO, particles shown relatively better stability at higher pH. The relative zeta-
potential values were from 18.8 to 27.9 mV at pH 9, while it was altered between 5.8 to 15.1 mV
at pH 3. It indicates that, at lower pH levels the metal modified TiO, nanoparticles defended
destabilization, and the zeta-potential values of did not increase majorly at pH < pHzpc than over
pHzpc [43].

The evident XPS spectra for Ag 3d, Zr 3d, Ti 2p and O 1s levels were carried out to
analyze whether the doped metals interwove into TiO; crystal lattice or formed surface
compounds. The relevant high-resolution XPS spectrum of Ag at 3d core levels shown in Fig. 3a
indicates that the binding energies for Ag 3ds, and Ag 3ds, are observed at 368.1 and 374.1 eV
which matches with the bulk metallic silver [44,45]. The binding energies for Zr 3ds;, and Zr
3d3, observed at 182.4 and 184.6 eV (Fig. 3b), are attributed to the +4 oxidation state of
zirconium [46]. XPS spectrum of Ti 2p (Fig. 3c) shown peaks at 459.2 and 464.9 eV were
belongs to Ti 2ps;, and Ti 2py, core levels respectively [47,48]. These results designate that
titanium represent +4 oxidation state. Fig. 3d shows the broad spectrum of Zr/Ag-TiO,
nanocomposite, indicates that in Zr/Ag-TiO, Ag, Ti and Zr metal ions were present in their

highest oxidation state.

11
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Fig. 3 High resolution XPS spectrum of (a) Ag at 3d, (b) Zr at 3d, (c) Ti at 2p core levels and (d)
broad spectrum of Zr/Ag-TiO2 nanocomposite

The production of *O, radical during the photocatalytic process was determined by the
NBT transformation method [49] (Scheme 1). Fig. S8 b showed the kinetic NBT transformation
percentage at different time intervals during irradiation. The higher generation rates of O, (Fig.
S7b) with increase in irradiation time could be ascribed to the lower energy band gap of Zr/Ag-
TiO, and lower rate of photogenerated electron—hole recombination as shown by the PL spectra.

The generated photo electrons remaining in the conduction band (CB) during the photoexcitation

12
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of the semiconductor photocatalyst, reacted with adsorbed O, molecules to generate highly
reactive *O, . Since the energy band gap of Zr/Ag-TiO, was the smallest, the photogenerated
electrons from the valence band (VB) could be easily transferred to the CB with more effective
charge separation and reduced electron-hole pair recombination. This eventually led to higher
decomposition of SMX and RR-194, which was further supported by the active scavenging
experiment results (Fig. S7).

Quantification of *OH radicals during photocatalytic process was carried out by using
terephthalic-acid photoluminescence probe method (TA-PL). Terephthalic-acid readily reacts
with the produced *OH radicals and forms a highly fluorescent 2-hydroxyterephthalic acid
(TAOH) [50-52] (Scheme 2). The rate of formation of TAOH with pure TiO, was negligible
consistent with its large band gap. In contrast, the formation of TAOH was significant with
Zr/Ag-TiO, nanoparticles showing the higher rate, as expected consistent with its smaller band
gap (Fig. S8a). The above results indicated that «O, and *OH radicals played a major role in the
degradation of both SMX and RR-194 under visible light.

3.2 Degradation kinetics and pathway of SMX and RR-194

Langmuir—Hinshelwood model (Eqg.1) was used to describe the photodegradation kinetics
of SMX and RR-194 under visible light (Eqg.1), which illustrates that the reactions take place at a
solid-liquid interface.

In [Co/Ci]= ki Kt = Kgpr t -=--m--m------ (1)

The degradation of both SMX (Fig. 4 a) and RR-194 (Fig. 4 b) with visible-light
irradiation revealed pseudo first-order kinetics with regression coefficients (R?) > 0.88. Among
the various tested photocatalysts, Zr/Ag-TiO, nanocomposite exhibited the best activity with rate

constants of k = 0.131 min™* and k = 0.183 min™ for SMX and RR-194 respectively. It is evident

13



278  to indicate that Zr/Ag-TiO, nanocomposite had more than 1.5 times better degradation efficiency

279  in degrading SMX compared to the other visible light photocatalyst (e.g., Cu-TiO, nanoparticles

280 [53]).
: —e— Visible light 2 g
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Bark | A TO; '\-\
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283  Fig. 4 Kinetic curves of SMX (a) and RR-194 (b) degradation suing different photocatalysts
284  under visible light
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LC-ESI/MS analysis of the sampled before and after irradiation was performed to
elucidate the reaction mechanisms of photocatalytic degradation of SMX and RR-194 over
visible light irradiated Zr/Ag-TiO, nanoparticles. LC-MS analysis of the SMX degraded samples
evidenced the presence of compounds with molecular weights 252.2 (M+3), 238.2 (M+2), 226.2
(M-2), 186.2 (M-3) and 184.2 (M-1) which could be interpreted as structures A, B, C, D and G
(Fig. 5 & S5). The byproduct L was identified as 3-amino-5-methylisoxazole (3A5MI) with m/z
= 99.9 for [M-1]" which results from the cleavage of the §-position and further oxidation by
*OH. The byproduct F was identified as sulfanilamide (CsHgN20,S) as a result of y-cleavage, the
important intermediate during SMX degradation. The degraded product of SMX also showed
m/z values of 213 (M+1), 199.9 (M+1), 106.9 (M+1), 145.9 (M-4), 160.9 (M-4), 174.9 (M-3)
and 117.9 (M-2) which represents the structures E, F, K, J, I, H and M (Fig. 5 & S5). The
fragment ion corresponds to m/z 157.1 suggests that the SMX degradation initiates by attacking
the «OH radicals on the isoxazole ring. Nonselective attack by *OH on SMX molecule at various
sites is the first oxidation step of SMX, this results in the establishment of hydroxylated
derivatives, which are further oxidized by *OH to form additional byproducts. The structures J
and L were identified as maleic acid and cyclohexa-2,5-diene-1,4-dione, which could finally lead
to formation of H,O and CO, [54].

The LC-MS/MS pattern of the RR-194 degraded sample also showed the presence of
different compounds with m/z values of 753.2 (M+1), 679.2 (M+3), 632.6 (M-4), 527 (M+3),
511.1 (M+3) and 453.1 (M-2) which could be interpreted structures A, B, C, D, E and F (Fig. 6
& S6). The RR-194 degraded sample also showed peaks with m/z values of 385.8 (M-), 340.1

(M+4), 327.7(M+2), 309.7 (M-3), 287.7 (M-3), 223.8 (M-3), 193.8 (M+2), 178.8 (M+2), 129.9
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3.3 Active species scavenging experiment

Different scavenging experiments were carried out in order to investigate the main radical
species involved in the photocatalytic degradation of SMX and RR-194 under visible light
irradiation. Ascorbic acid, EDTA, K,Cr,0; and isopropylalcohol were used as *O; , h*, ™, and
«OH scavengers, while potassium iodide (KI) was used as scavenger for both «OH and h* (Fig.
S7 a & b). By adding scavengers to the reaction solution the decreased photocatalytic activity
was in the following order: isopropanol > ascorbic acid > EDTA > potassium iodide > potassium
dichromate > no scavenger. In the N, saturated solution, SMX and RR-194 degradation over
Zr/Ag-TiO, was significantly inhibited. Thus, these findings proposed that the degradation of
SMX and RR-194 was most interfered by adding isopropyl alcohol and ascorbic acids to the
reaction solution, confirms that the *OH and *O, radicals were the main reactive oxygen species
(ROS) during the photodegradation processes. Moreover, the addition of EDTA and K,Cr,0;
demonstrated minimal decrease in the photoctalytic degradation process compared to isopropyl
alcohol and ascorbic acid, which incriminate that the *OH and <O, were the primary ROS
responsible for the effective degradation of the contaminants.
3.4 Phytotoxicity

SMX (50 ppm) highly inhibited the germination of P. vulgaris, V. radiata and P. lunatus,
reducing it to 40 %, 30 % and 30 % respectively. Less germination was also found in all three
seeds P. vulgaris (40 %), V. radiata (50 %) and P. lunatus (30 %) treated with RR-194.
However, the seeds treated in 50 ppm of the photodegradion products and distilled water
(control) exhibited 100% germination (Table 1). Furthermore, the toxicity of pure SMX solutions
is also reflected on the plant root and shoots length, leading only to minimum growth of shoots in

P. vulgaris (5.30 £ 0.31 c¢cm), V. radiata (0.80 + 0.61 cm) and P. lunatus (0.90 + 0.87 cm).
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Similarly, pure RR-194 solution significantly restricted the growth of shoots in P. vulgaris (4.92
+ 0.15 c¢cm), V. radiata (1.12 + 0.98 cm) and P. lunatus (1.02 = 0.19 cm). On the contrary higher
shoot and root lengths were observed in the case of seeds grown in degraded products, as well as,
in the control (Table 1) (Fig. 7). Collectively, these phytotoxicity results indicated the ability of

the prepared nanoparticles to degrade the toxic contaminants SMX and RR-194 and to reduce the

toxicity of the treated water.

Fig. 7 Phytotoxicity assessment of SMX, RR-194 and their metabolites after 5 days
3.5 Photocatalytic mechanism

It is well evidenced that ‘Ag’ traps the electrons from CB of TiO,, while doping with ‘Zr’
reduces the recombination of electrons and holes by further electron trapping [55]. The VB
electrons of Zr/Ag-TiO, could easily migrate to the CB by absorbing visible light, leaving holes
in the VB Eq (2). These photogenerated electrons are scavenged by the oxygen molecules
absorbed on the surface of the photocatalyst, producing highly reactive superoxide anion radicals

(*O2—), which are according to the scavenging experiments play a key role in the
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photodegradation of the contaminants (Eq. 3). Likewise, the photogenerated holes in the VB of
TiO, readily oxidize H,O and OH™ into hydroxyl («OH) radicals (Eq. 4 and 5), which
significantly promote the photodegradation of SMX and RR-194. Thus, hydroxyl (*OH) and
superoxide (*O,—), radicals are the ROS species on the photocatalyst surface that drive the

formation of the degradation products (Eg. 6).

Zr/Ag-TiO, + hv —  Zr/Ag-TiO; (eCB™ +hVB ) -------- (2)
Zr/Ag-TiO,(eCB™ )+ 0, —— Zr/Ag-TiO; + *O;  -------- (€))
Zr/Ag-TiO, (hWWB *) + H,O —— Zr/Ag-TiO; + *OH + H®  -------- (4)
Zr/Ag-TiO, (hWWB ) + OH . Zr/Ag-TiO,++OH  ——-mmmm- (5)
SMX or RR-194 + «O,—+«OH —  Degradation product -------- (6)

4. Conclusions

Novel TiO; nanoparticles modified with silver and zirconium were synthesized and
utilized in the photocatalytic degradation of toxic organic pollutants, sulphamethoxazole and
reactive red-194 under visible light irradiation. The doping of silver and zirconium improved the
photocatalytic activity of TiO, under visible light illumination, which resulted from the decrease
of the band gap energy. The plausible transformation pathway and degradation products were
determined by LC/ESI-MS analysis and the reaction mechanisms were elucidated with radical
scavenging experiments. According to phytotoxicity assessment it is suggested that the degraded
products induces better growth in root and shoots compare to pure SMX and RR-194 in all three
crop seeds (P. vulgaris, V. radiata and P. lunatus), which evidenced that less toxic intermediates
were generated during degradation process. Thus, we conceive that the present study provides

manifest of Zr/Ag-TiO, multifunctional nanomaterials to simultaneously degrade and detoxify
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the contaminated water during photocatalysis under visible light irradiation and to provide a
potential and effective method for water reuse and for crop irrigation.
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Table

Table 1. Phytotoxicity assessment of SMX, RR-194 and their corresponding degraded
metabolites (after 5 days)

Water SMX SMX RR-194 RR-194

metabolites metabolites

Phaseolus vulgaris
Germination (%) 100 40 100 40 100
Shoot (cm) 13.2740.57* 5.30+0.31** 10.15+0.51* 4.92+0.15%* 9.45+1.21
Root (cm) 7.6740.63* 1.43+0.15** 5.92+0.24** 2.41+0.34** 5.87+1.01
Vigna radiata
Germination (%) 100 30 100 50 100
Shoot (cm) 8.47+0.17** 0.80+0.61* 6.6510.59 1.12+0.98 7.5411.66
Root (cm) 5.96+0.51* 2.54+0.31** 4.22+0.54 3.11+1.04 4.71+0.61*
Phaseolus lunatus
Germination (%) 100 30 100 30 100
Shoot (cm) 7.98+0.57* 0.90+0.87 4,78+1.01 1.02+0.19** 4.75+0.67*
Root (cm) 8.17+0.38** 2.19+1.05 6.62+0.94 1.81+0.74 5.12+0.86

Values are mean of germination seeds treated with SMX, RR-194 and degraded metabolites, significantly different from the
seeds germinated with tap water at*P < 0.05, ** P < 0.01, by one-way analysis of variance (ANOVA).
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Fig. S1 (a) UV-Vis spectra, (b) optical energy gap (Eg) and PL spectra (c) of the prepared
nanoparticles
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Fig. S2 TEM image of Ag-TiO, nanoparticles (a), HR-TEM image shows microstructure
information (b), selected area electron diffraction pattern of the doped nanoparticles (c) and
EDAX profile (d) showing the elements present in the doped nanoparticles
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Fig. S3 TEM image of Zr/Ag-TiO, nanoparticles (a), HR-TEM image shows microstructure
information (b), selected area electron diffraction pattern of the doped nanoparticles (c) and
EDAX profile (d) showing the elements present in the doped nanoparticles

Atomic %
76.69
15.65
4.87
2.79




Fig. S4 LC/MS Chromatogram (a) of SMX degraded metabolites and LC/MS pattern (b, ¢ & d)
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Fig. S5 LC/MS Chromatogram (a) of SMX degraded metabolites and LC/MS pattern (b, ¢ & d).
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Fig. S6 Fig. S4 LC/MS Chromatogram (a) of RR-194 degraded metabolites and LC/MS pattern (b, ¢ &
d).
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Fig.S7 Active species scavenging experiments using Zr/Ag-TiO; during SMX (a) and RR-194
(b) degradation
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Scheme 1. Reaction pathway between NBT and superoxide radicals with the formation of
formazan
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Scheme 2. Reaction pathway between terepthalic acid and hydroxyl radical with the formation of
fluorescent 2-hydroxy terepthalic acid
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