A comparative study on the chronic responses of titanium dioxide nanoparticles on aerobic granular sludge and algal-bacterial granular sludge processes
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2. Material and methods
2.1. Configuration of AGS and ABGS bioreactors
Urban wastewater treatment plant (Szeged, Hungary) provided the activated sludge (AS). Aerobic granular sludge (AGS) was cultivated in two identical sequencing batch reactors (SBRs) with a height-to-diameter ratio of 7 and an effective working volume of 1.4 L. An artificial light source delivered 12-hour daily illumination near the algal-bacterial granular sludge (ABGS) SBR at an intensity of approximately 6500 lux, while the AGS reactor remained covered by a hood to prevent light exposure. To ensure oxygenation and complete mixing, air bubbles (superficial air velocity of 2 cm s-1) were supplied by diffusers located at the reactor's bottom. Each cycle involved a decant/feed volume of 50% of the total volume, with an 8 h hydraulic retention time. The bioreactor operated at 21 ± 3 °C in 4-hour cycles, encompassing filling (5 min), aeration (225 min), settling (5 min), and withdrawal (5 min) periods. Peristaltic pumps controlled the filling and withdrawal of wastewater at specified flow rates. Characteristics of the synthetic wastewater (SWW) are summarized in Table S1. 
Table S1 - Characteristics of synthetic wastewater and Sims South Wastewater Treatment activated sludge mixture 
	Parameters
	Synthetic wastewater

	pH
	7.3 ± 0.7

	Ammonia – nitrogen (NH3 – N) (mg L-1)
	110 ± 1

	Phosphorus (PO43-) (mg L-1)
	20 ± 1

	Chemical oxygen demand (COD) (mg L-1)
	1200 ± 9.67

	Sodium bicarbonate (NaHCO3) (mg L-1)
	250 ± 2

	Calcium chloride (CaCl2) (mg L-1)
	30 ± 0.5

	Magnesium sulphate (MgSO4) (mg L-1)
	50 ± 0.7

	Trace element solution
	(Kedves et al., 2020)



2.2. Preparation and characterization of TiO2 NPs
All chemicals were used as received without any further purifications. Based on the previously published technique, TiO2 nanospheres were synthesized through a modified nonaqueous solvothermal process. Titanium isopropoxide (TIP, 5 mL) was  dissolved in 130 mL of anhydrous acetone, and after 20 minutes of stirring at room temperature, the solution was taken to a 250 mL Teflon-lined stainless steel autoclave and kept at 180 °C for 10 hours (Li et al., 2015). The yellowish sediment was gathered by centrifugation, repeatedly washed with ethanol and dried at 60 °C. In the last step, the powder was calcined at 450 °C for 2 hours to obtain pure white TiO2. Structural and morphological characterization was done by using a Rigaku Miniflex-II X-ray diffractometer (Cu Kα radiation, λ = 1.5406 Å, 40 kV, 30 mA), a Bruker Vertex 70 FT-IR instrument (16 scans at 4 cm−1 resolution), and a Hitachi S-4700 Type II scanning electron microscope (SEM) with 10 kV accelerating voltage equipped with a Röntec QX2 energy dispersive X-ray spectrometer (EDX).
2.3. Analytical methods
Mixed liquor suspended solids (MLSS), concentration of mixed liquor volatile suspended solids (MLVSS), and settleability (sludge volume index after five minutes of sedimentation-SVI5). These parameters were analyzed following the standard methods (Zheng et al., 2017). 
During the extraction of EPS, 20 mL MLSS from the reactors was washed three times with deionized water. After centrifugation (5000 g, 4 °C, 10 min), the supernatant was discarded and the pellet resuspended. The sludge mixture was then heated at 80 °C for 30 min under continuous stirring (200 rpm), and the resulting mixture was centrifuged and its supernatant filtered (0.45 μm) (Li and Yang, 2007). The polysaccharide (PS) and protein (PN) contents in the EPS were assessed using the Anthrone (glucose as the standard) and modified Lowry (bovine serum albumin as the standard) methods (Zhang et al., 2017). The EPS was considered to be the sum of PN and PS. All analyses were performed in triplicate. Granular sludge samples were washed three times with 0.1 M phosphate buffer and then subjected to freeze-drying. The resulting dry granules were examined using scanning electron microscope (SEM) to investigate morphological and structural changes.
2.4. Determinations of SAUR, SNIUR, SNUR, and SPUR
The assessment of SAUR, SNIUR and SNUR were performed in a 500 mL Erlenmeyer flask with 50 mL of aerobic granular sludge from the SBR and 350 mL of synthetic wastewater. The sludge and synthetic wastewater in the Erlenmeyer flask were mixed by a magnetic stirrer. The nitrogen sources for the determination of SAUR, SNIUR and SNUR were NH4Cl, NaNO2, and NaNO3 respectively, corresponding to the concentration of 60 mg L-1 NH4+-N, 90 mg L-1 NO2‒-N, and 90 mg L-1 NO3‒-N. The air was introduced into the Erlenmeyer flask by an air diffuser in the determination of SAUR or SNIUR, and the nitrogen gas was filled in the Erlenmeyer flask for anoxic conditions in the SNUR test. The mixed liquor suspended solids (MLSS) in the BOD bottle and Erlenmeyer flask were regarded as an invariant during the determinations of SAUR, SNIUR and SNUR due to the shorter operational time. The SAUR, SNIUR and SNUR were calculated by monitoring the decreased rate of NH4-N, NO2-N, and NO3-N versus time, respectively (Wang et al., 2015).
The specific phosphorus uptake rate (SPUR) was measured according to the methodology suggested by Panswad et al. (2003). The SPUR was determined by taking the sludge at the end of aerobic cycle, washed three times with Milli-Q water and was kept at the appropriate temperatures. The washed sludge was then placed into a 500 mL Erlenmeyer flask equipped with magnetic stirrer for mixing and was incubated at the system temperature. The mixed liquor was dosed with K2HPO4 and KH2PO4 to an initial phosphorus concentration of 60 mg L-1. The SPUR was calculated by monitoring the decreased rate of phosphorus concentrations as a function of time.
3. Results and discussion
3.1. Characterization of TiO2 NPs
The X-ray diffraction patterns of the TiO2 nanocrystals are displayed in Fig. S1a. Reflections can be indexed as anatase TiO2 (JCPDS card file no. 21-1272), where the peaks appeared at 2θ of 25.2°, 37.8°, 48.1°, 54.6°, 62.6°, 69.7°, and 75.3° correspond to the (101), (004), (200), (211), (204), (220), and (215) crystal planes (John et al., 2020). To obtain more compositional details on TiO2, FT-IR measurement was performed, and the resulting spectrum is shown in Fig. S1b. The vibrational modes that are commonly attributed to the stretching of Ti–O–Ti of the TiO2 nanospheres are observed at 410 and 780 cm−1. Furthermore, the vibrational modes at around 1632 and 3420 cm−1 are associated with the bending mode of the physisorbed water molecules on TiO2, respectively (Eddy et al., 2021). Energy dispersive X-ray (EDX) analysis was carried out to confirm the chemical composition of the as-prepared nanoparticles, and a typical EDX spectrum is shown in Fig. S1c. A Ti:O atomic ratio of 1:3 was found from the average measured at three different points of the sample (inset Fig. S1c). Scanning electron microscopy image of the TiO2 sample is displayed in Fig. S1d. The TiO2 crystals have spherical morphology of a diameter ranging between 30 and 130 nm.
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Fig. S1 Characterization of the TiO2 NPs. a) X-ray diffraction pattern; The b) FT-IR spectrum, c) EDX spectrum, and d) SEM image of the nanoparticles
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Fig. S2 EDX spectrum of the a) control AGS, and the b) control ABGS
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Fig. S3 EDX spectrum of the a) AGS, and the b) ABGS after the introduction of 50 mg L-1 TiO2 NPs
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