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A recirculation reactor system using Fe-doped zinc oxide supported membrane and UVA

irradiation was designed to remove fluoroquinolones in hospital wastewaters.



49

50Abstract

51Removal of two widely used antibiotics, flumequine (FLU) and ciprofloxacin (CIP), in
52synthetic and real hospital wastewaters was investigated using Fe-doped zinc oxide (Fe-ZnO)
53and UVA irradiation. The Fe-ZnO was supported on cellulose acetate membrane and integrated
54in a recirculation reactor system, designed for continuous oxidative treatment of contaminated
55wastewaters. Addition of low concentration of persulfate (e.g. 0.5 mM) improved considerably
56the degradation extent, where sulfate radicals were found to be the most involved oxidizing
57species. Oxidation rate constants decreased in mixture systems with respect to those of
58individual compounds, because of competition effects with radical species. Wastewater
59constituents like those found in hospital effluents affected the removal of both CIP and FLU,
60but CIP degradation is less impacted probably because of its higher reactivity with sulfate
6lradicals. Inorganic anions altered slightly the oxidation rate, while the organic compounds
62commonly found in wastewaters considerably reduced the degradation efficiency. ZnO doped
63with Fe exhibited photoactivity higher than bare zinc oxide and a commercial TiO,, especially
64in hospital wastewater. The Fe-ZnO supported membrane can also be re-used for several
650xidation runs, making this system quite suitable for larger applications in wastewater
66treatment processes.

67

68Keywords: antibiotics; supported catalysts; oxidation; hospital wastewater, recirculation
69reactor.
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75 Water impact statement

76

77A recirculation reactor system was designed to remove fluoroquinolones (FQs) in hospital
78wastewaters. FQs containing cyclopropane/piperazine rings have shown greater reactivity with
79radical species, and is less impacted in multi-component wastewater systems, though natural
80organic matter affect considerably the degradation efficiency. This new system exhibited higher
81photoactivity than classical TiO, in wastewater and can be re-used for several oxidation cycles.

82



83
84 1. Introduction

85Antibiotics, disinfectants, cytostatics, contrast agents, metals and other medicinal residues are
86present at significant concentrations in hospital wastewater.' Fluoroquinolones (FQs) represent
87the third largest group of antibiotic with an increased use in hospitals, households and
88veterinary.>> Among FQs, flumequine (FLU) and ciprofloxacin (CIP) can be found at relatively
89high concentrations in environmental settings. For instance, FLU can be detected at 6.9 pug g™
90in soil and from 2.5 to 50 ng L in aquatic environments.*> CIP concentration in treated
91hospital wastewater was found higher (~16 ugL™) than in environmental systems
92(0.6 pg L™").“* Although these compounds often co-exist with other inorganic and organic
93compounds, most of previous works have mainly focused on removal processes in mono-

94component systems, and in pure water or synthetic contaminated waters.’

95In order to remove antibiotics from wastewaters, advanced oxidation processes has attracted
96great attention through generation of reactive oxygen species (ROS).”' Among these
97processes, photocatalysis has been widely used in order to remove organic compounds in
98contaminated waters. This process involves irradiation of semiconductor such as TiO, or ZnO,
99and when energy photons are greater than the width of semiconductor gap band, electronic gaps
100(commonly called holes and noted h* and electron overload noted €7) are created.''® These
101charges migrate to the surface, act as electron donors or electron acceptors and initiate the
102redox reactions, generating radical species.'? ZnO is considered as an environmentally friendly
103catalyst due to its non-toxic nature coupled with low cost.'” For TiO; or ZnO, the photocatalytic
104activity is, however, still suffering from lower quantum efficiency because of very fast
105recombination of photogenerated electron/hole pairs. To address this issue, incorporation of
106metallic (e.g. Fe) ***' and non-metallic species” have been proposed in order to enhance the
107photocatalytic activity. Although some studies were dedicated to the use of Fe-ZnO in

108decontamination reactions,”**' much remains to be learned on the ability of this material to
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109effectively remove contaminant mixture and in real wastewaters. Indeed, very few
110investigations have been conducted to develop cost-effective methods for the elimination of
111antibiotics in multi-component systems, and much less in real wastewaters where target
112contaminants are found with many other colloidal or dissolved substances. Furthermore,
113supporting these reactive phases on materials such as membrane filters may offer great

114advantages for high-scale applications, especially in continuous wastewater treatment pilot.”

115In this study, the ability of iron doped-zinc oxide (Fe-ZnO) supported on cellulose acetate (CA)
116membrane to effectively remove two FQs, FLU and CIP, separately and in mixture was
117investigated under UV-A irradiation. Different water matrices [i.e., ultra-pure water (UPW),
118synthetic wastewater (SWW) and real hospital wastewater (RHW)] were used in order to test
119the impact of wastewater constituents on the removal performance. The CA membrane filter
120was selected as a support material because it is flexible, cheap and chemically stable in water.
121Fe-ZnO catalysts were characterized using high resolution-field emission scanning electron
122microscopy with energy dispersive X-ray (HR-FESEM-EDX), and X-ray diffraction (XRD).
123The effect of addition of oxidants such as hydrogen peroxide (H,O,), persulfate ion (S,Os*") on
124the removal kinetics of FLU and CIP was also investigated. Quenching experiments were
125conducted to identify the main reactive species in the investigated system. The reusability of
126iron doped-zinc oxide (Fe-ZnO) has been evaluated in successive oxidation cycles, and

127compared with a commercial TiO, under the same operational conditions.
128

1292. Material and methods

1302.1.  Chemicals

131Flumequine (CisH2,FNO;, purity > 98%), Ciprofloxacin (C,;HisFN;Os;, purity > 98%), zinc
132acetate dihydrate (Zn (CH;COO),:2H,O, purity > 99%), iron (III) nitrate nonahydrate
133(Fe(NOs); 9H-0, purity > 99.95 %), absolute ethanol (C,HsOH, 100%), iso-propanol (i-PrOH,

11 6
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134C;H;0), tert-butanol (t-BuOH, C4H,00), potassium iodide (KI), sodium persulfate (Na,S,Os),
135sodium chloride (NaCl), disodium phosphate (Na,HPO,), citric acid (CsHsO7), ascorbic acid
136(CsHsOg) and sucrose (C.H»,01) were purchased from the Sigma—Aldrich chemical company.
137The standard Leonardite Humic acid (LHA) was provided by International Humic Substances
138Society (IHSS), hydrogen peroxide (35%, v/v), NaOH and HCl (37% extra pure) were provided
139from Acros Organics. Standard solutions were prepared with high-purity water obtained from a
140Millipore Milli-Q system with 18.2 MQ cm resistivity. A cellulose support impregnated with

141TiO; (5 to 10 nm) made Ahlstrom company was used.
142
1432.2.  Preparation and characterization of Fe-ZnO supported on CA membrane

144Solvothermal method was used to synthesize Fe-ZnO nanoparticles following a modified
145procedure of Jia et al. (2009).%° Briefly, 0.86 g of zinc acetate dihydrate and different amount
146(0—-1.4 % wt) of iron (III) nitrate nonahydrate was added to ethanol (60 mL) under vigorous
147stirring for 2 h at room temperature. At the same time, 2.4 g of NaOH was dissolved into 100
148mL ethanol, and then the prepared Fe-Zn solution was added into NaOH-ethanol solution by
149dropwise under constant stirring for 1 h. The mixed solution was transferred to Teflon-lined
150autoclave and thermo-treated for 20 h at 150 °C. The dried sample was collected by
151centrifugation and washed several times with water and ethanol. Finally, washed particles were

152dried for 15 h at 60°C and only Fe-ZnO nanoparticles were calcined for 2 h at 500 °C.

153In order to support Fe-ZnO nanoparticles on CA membrane filter, we followed the method
154previously reported in Zhao et al. (2016).”” Different amounts of Fe-ZnO nanoparticles were
155dispersed in 100 mL ultra-pure water under ultra-sonication. Then, the suspension was filtered
1560n a piece of CA membrane (64 mm in diameter and 0.45 pum in pore size). Lastly, the
157membrane was pressed under nitrogen gas of 0.3 MPa for 1 h and the Fe-ZnO/CA membrane

158was dried for 24 h at room temperature.

13 7
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159The morphology and particle size of synthesized Fe-ZnO were identified by HR-FESEM

160(SU8010, Hitachi High Technologies Corporation) equipped with EDX. The mineral phases in
161Fe-ZnO were analyzed with XRD (JP/MAX-3C, Rigaku) in the range of 2-theta 10-90° at a
162scan speed of 2°/min.

1632.3. Recirculation reactor and degradation experiments

164The degradation of FQs using ZnO and Fe-ZnO was investigated using a recirculation glass
165reactor described in Fig. S11. A peristaltic pump (Easy-Load Masterflex Head XX80 ELO 05)
166was used to circulate the contaminated solutions or wastewaters into the photoreactor
167continuously at a constant flow rate (222 mL min™). A UV-A lamp (PL-S 9W/10/2P; Philips, 9
168W) was used as a light source at intensity of 3.4 mW cm™? measured by Radiometer (VLX- 3W
169equipped with a sensor CX 365, ALYS Technologies, Switzerland). All photocatalytic
170experiments were performed under similar conditions at ambient temperature and initial pH 7.0
171+ 0.2. The pH value determined at the end of the reactions showed a pH around 6.9+0.3. Total
1721 L of a 5 uM FLU and/or CIP solutions reacted with CA supported photocatalyst for 12 h in
173the dark condition to achieve the adsorption—desorption equilibrium prior to the photoreaction,
174then they were later exposed to UV irradiation for decontamination. At each time interval, 1.5
175mL of treated solution was collected to determine the concentration of each compound by high
176performance liquid chromatography (HPLC). In order to investigate the effect of water
177matrices for photo-oxidation of FLU and CIP, we prepared a synthetic wastewater as
178previously described. ** A real hospital wastewater sample was provided by the University

179Hospital Center of Rennes (Rennes city, France).

180FLU and CIP concentrations were measured using an Alliance UV controller HPLC system
181equipped with an auto-sampler (Waters 717 plus), a C18 column (250 mmx4.6 mm i.d., 5 um)

182and a UV detector (246 nm for FLU or 275 nm for CIP, Alliance UV 2489). The mobile phase

15 8
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183was a mixture of water/acetonitrile (55:45 v/v and 15:85 v/v for FLU and CIP respectively)
184containing 0.1% of formic acid. The flow rate of the mobile phase was set at 1 mL min™ in an
185isocratic mode. Total organic carbon (TOC) was determined using a TOC-meter (Shimadzu
186TOC-VCSH). All experiments of kinetic reactions were conducted in triplicates and showed a

187good reproducibility within 5% of relative standard deviation.
1883. Results and discussion

1893.1. Characterization of Fe-ZnO supported materials and UV-assisted oxidation

190 tests

191XRD patterns showed that the crystallographic structure of Fe-ZnO (0.7 wt % Fe) correspond
192to that of ZnO with no apparent iron oxides detected, probably due to the low detection limit of
193XRD measurement (needed > 2 wt. %) (Fig. 1). However, SEM images showed the effect of Fe
1940n particle size and morphology of ZnO. Indeed, pure ZnO was nanowire in shape with 30-40
195nm in diameter (Fig. 2a), while the presence of Fe caused a decrease of particle length but also
196a modification of morphology, i.e. rectangular shape nanoparticles (Fig. 2b). Incorporation of
197Fe’" ions into ZnO lattice may suppress crystal growth leading to a decrease in particle size.”
198We also observed a successful deposition of Fe-ZnO nanoparticles on CA membrane (Fig. 2b).
199Furthermore, the EDX analysis clearly showed the presence of Zn, Fe, O and their

200homogeneous distribution on CA membrane (Fig. S2§ and Table S1F).

201The ability of different samples of Fe-ZnO (0, 0.07, 0.14, 0.28 and 0.7 wt % Fe) to remove
202FLU was then tested under UV-A irradiation. Generally, the degradation kinetics of organic

203compounds by reactive species is typically described by a second-order reaction:

204

17 9
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d[Flu]

" =—k[FLU||ROS] (1)

205

206where [ROS] is steady-state concentration of actives species, [FLU] is concentration of FLU in
207water, k is the second-order rate constant, and ¢ is the reaction time. By assuming that
208concentration of actives species was constant, the degradation kinetics of FLU can be described

209by the pseudo-first-order equation:

210
211 |[FLU|(t)=[ FLU ],exp "= 2)
212Where k,,, is obtained by linear regression of In (C/C,) versus time .

213The kinetic rate constant as well as the degradation efficiency increased with Fe content
214increased (Fig. 3a). It is worth noting that the initial rate constant calculated over the first stage
2150f reaction (i.e., 5 h) is very close to the rate constant calculated over the entire reaction time,
216thereby supporting that the ROS concentration can be assumed constant for the entire duration

2170f experiment (i.e. confirming the validity of eq. 2).

21865% of FLU removal (k,, = 0.042 h') extent was observed in the absence of Fe (i.e., ZnO
219alone) indicating an activation of the semiconductor by UV-A light. Additional tests showed
220that removal of FLU by adsorption to supported solids is negligible. The direct photolysis of
221FLU under UV-A was less than 8% in 24 h (k,,,= 0.004 h', Fig. S3%). Increase in Fe content to
2220.7 wt % enhanced the FLU removal up to 80% (k. = 0.063 h™') after 24 h of reaction time.
223However, increasing the catalyst density from 7.77 to 15.54 g m*/CA membrane with a
224constant Fe content (0.7 wt %), has no significant effect on the kinetic behavior (Fig S41).
225Since the membrane surface is likely fully covered at 7.77 g m?, further increase in catalyst
226loading would form a multilayer-like aggregation on CA membrane, and therefore the amount
2270f surface that is subject for irradiation remains unchanged in the recirculation reactor system.

228The increase in Fe-ZnO activity under irradiation could be explained by the redox chemistry of

19 10
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229iron and the high production of reactive oxygen species. Indeed, Fe acts as a trap for the
230photogenerated charges, thereby preventing the electrons/holes recombination®*® through one
231o0r combination of two mechanisms : (i) Fe*" ion can react with the photogenerated electrons
232and be reduced to Fe®* which subsequently reacts with the oxygen adsorbed on the
233semiconductor surface to generate superoxide anion radical (O,"); (ii) Fe** ion could also react
234with hole, resulting in formation of high valence iron (e.g. Fe*"), which attacks directly the
235target compounds or combines with the surface hydroxyl groups to produce the ‘OH radicals.
236The involvement of hole and hydroxyl radicals in the FLU removal was confirmed here using

237quenching experiments as previously described.'®!?!

238Higher Fe content (i.e. > 0.7 wt %) inhibited the degradation process (data not shown), which
239can be attributed to an increase in electron/hole recombination because of modification of

240crystallinity and surface properties of catalysts.*!

241

2423.2. Impact of oxidant addition in single and binary systems

243The addition of oxidant [hydrogen peroxide (H.O,) or persulfate (PS)] to the reactor system
244allowed faster removal kinetics (Fig.3b). Kinetic rate constants first increased with increasing
245H,0, concentration and then decreased at higher oxidant dose. This typical behavior can be

246explained by the scavenging effect of reactive species by an excess amount of H,O; (Kx,o0, .on =

2472.0x10" M s7'*?). PS showed higher degradation rate constants, which continuously increased
248with increasing PS concentration (k,,, = 0.184 h™" at 0.5 mM PS). This great removal efficiency

249is probably due to the chemical activation of PS and generation of sulfate radicals. Formation
2500f the latter species (SO4~) was confirmed here using iso-propanol (K._pom .on = 1.9%x10° M
251871 and ki_prOH,so;’ = 4-742><107 1\/171 Sil) 32,33 and t-butanol (k[—BuOH,-OH = 60><108 1\/[71 Sil,

252K, _pon sor = 4-8.4x10° M s71),%>* as specific scavengers in quenching experiments.”

21 11
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253Furthermore, the most involved radical species seem to form at the surface of solid, since
254addition of KI (known to react with surface bound radicals) ***° completely inhibited the FLU
255removal in the Fe-ZnO/PS/UVA system (data not shown). Photochemical activation of oxidants
256without Fe-ZnO (i.e., 0.5 mM PS and 0.2 mM H,0,) showed lower kinetic rate constants (0.074

257h™" and 0.005 h™') (Fig. S31).
258Higher kinetic rate constants were observed for CIP than FLU (Fig. 4a), probably due to its

259strong reactivity with sulfate radicals (Kgp so:= 1.2x10° M s *). Compounds containing
260cyclopropane and piperazine rings (e.g. CIP) have shown greater reactivity with radical species
261because the cleavage of the cyclopropane moiety via loss of one or two CH; units and the
262presence of piperazine ring containing two amine-N in which the lone pair electrons is
263conducive to a strong reaction with SO, ~.*'** Compared to the single system, 1.5- and 1.8-fold
264decreases in degradation rate constant were observed for CIP and FLU in the mixture system
265(Fig. 4b), respectively, due probably to the competition effects of compounds towards reactive

266species.
267
26383.3. Effect of water matrices

269Removal kinetics of FLU or CIP in different water matrices (UPW, SWW, RHW) (See Table
27082} for composition) were investigated under the optimal experimental condition (i.e., 0.5 mM
2710f PS, [Fe-ZnO] = 7.77 g m™ membrane). Significant inhibition of FLU degradation in SWW
272and RHW was observed, while degradation of CIP was reduced only in RHW (Fig. S5%).
273Indeed, less than 7-fold decrease in k., value was observed for FLU (0.184 h™' (UPW) to 0.025
274h" and 0.027 h' in SWW and RHW, respectively), while less than 2-fold decrease was
2750bserved for CIP (UPW (0.943 h™'), SWW (0.979 h™') and RHW (0.456 h') (Fig. 5a). Similar
276degradation behavior was observed for FLU and CIP in the binary system (Fig. S61) where k.,

277values decreased in RHW (Fig. 5b), probably due to competition and/or scavenging effects of
23 12
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278wastewater components. To address this issue, the competitive effects of organic and inorganic
279compounds commonly found in wastewater were tested in the Fe-ZnO/PS/UVA system. A
280significant inhibitive effect of organic compounds (i.e., sucrose, acetic acid, citric acid and
281LHA) was observed, while inorganic species showed lesser impact on the FLU degradation

282(Fig. 6). Indeed, the inorganic compounds (i.e., phosphate, nitrate, sulfate, and chloride) have
283lower kinetic rate constants with sulfate and hydroxyl radicals at neutral pH (K sor,mpor = 1.2 %
28410° M s 3 Ko o = 1.5 x 10° M s7,2 Ky o = 2.1 x 106 M 7,8 K, = 3.0 x 105 M
2855, Koy i, = 4.3 x 10° M s7,%) in comparison with organic anions at the same pH (Ko -
286 = 1.240.1 x 10" M s, ki guerose = 2.3 x 10° M s7.%), AH™ represents ascorbate anion.

287Therefore, inhibition of FLU degradation observed in RHW may be likely ascribed to the

288presence of organic compounds (measured as 50 mg of TOC per L of RHW).
2893 4. Reusability tests in hospital wastewater

290Reusability of supported catalysts were investigated and compared with that of a conventional
291photocatalyst (i.e. TiO,) under similar experimental conditions in hospital wastewater (Fig. 7).
292The same mass of Fe-ZnO and TiO, was used, though TiO, has much higher surface area than
293Fe-ZnO (300 vs 15 m* g). In contrast to Fe-ZnO, activity of TiO, decreased significantly from
294the second cycle test. This strong inhibition in TiO, photoactivity could be probably due to the
295presence of organic and inorganic compounds in hospital wastewater which can affect the

296(photo) chemical mechanisms on TiO, surfaces.

297As an attempt to assess the impact of these ligands, two experimental series were performed in
298pure water containing the most common wastewater components. First, adsorption experiments
2990f inorganic ligands ([Phosphate] o= 150 mg L™, [Nitrate] = 10 mg L™, [Sulfate] o= 120 mg L™
300and [Chloride] (=250 mg L) were performed in the same reactor under dark and no-oxidative

301conditions. The results revealed higher adsorbed amounts (expressed in mg of ligand per g of

25 13
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302solid) of inorganic anions onto TiO, than Fe-ZnO (Fig. S7f). In the same way, the adsorbed
303amount of organic matter on TiO, (153 mgC of LHA per g of solid) was ~ 6 times higher than
3040n Fe-ZnO (26 mgC/g). When normalized to surface area of solids, the opposite trend can be,
305however, observed. At neutral pH, TiO, surface is positively charged (point of zero charge pH
306= 6.20),* and thus able to sorb effectively anionic ligands species.’ In case of FLU (pKa = 6.5),
307more FLU adsorption to TiO, results in better photocatalytic activity (k.= 0.264 h™") compared

308to Fe-ZnO (Fig. 8).

309In a second experimental series, removal rate constants of FLU were determined in presence of
310inorganic species and LHA separately at a concentration corresponding to that measured in
311hospital wastewater (Fig. 8). For both catalysts, the pseudo-first order rate constant decreased
312in presence of organic or inorganic compounds, but this fall is more pronounced in case of
313Ti0,, and particularly in presence of LHA. Indeed, kinetic rate constant decreases from k., =
3140.264 h™! to k., = 0.015 h' in presence of LHA (40 mgC L™). LHA possesses a high oxidation
315state and high aromaticity, and contains oxygenated polycyclic aromatics and carboxylic
316compounds which have greater affinity to metal oxides.”* The binding of LHA compounds to

317metal-oxides may poison the catalyst surface and/or scavenge radical species.”

318The dissolved iron concentration measured in solution at the end of oxidation run showed a
319very low release of Fe from Fe-ZnO (i.e. < 0.1 pM). In addition, XRD diffractogram recorded
320at the end of oxidation reaction was found to be quite similar with that recorded before reaction
321(Fig. 1). The stability of the catalytic activity of Fe-ZnO confirmed through reusability tests in
322successive oxidation cycles, could be partially attributed to the very low iron leaching during
323oxidation cycles and to the structural stability of the solid.

324

3254. Conclusion

27 14
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326We have notably demonstrated that the PS/Fe-ZnO/UV-A system can be effectively used for
327the removal of fluoroquinolones antibiotics in hospital wastewater, and in a new recirculation
328reactor system. Based on the probe and scavenging experiments, sulfate radicals were mainly
329involved in the heterogeneous oxidation reaction. The higher degradation rate constant of CIP
330relative to those of FLU could be explained by the high reactivity of SO, radical with
331cyclopropane ring. Kinetic rate constants were found lower in binary systems with respect to
332those of individual compounds. The most common inorganic anions found in wastewaters can
333reduce the degradation efficiency, but they have much less impact compared to the organic
334compounds. The organic ligands and natural organic matter exhibited strong inhibition effects
3350n TiO, activity compared to Fe-ZnO. The Fe-ZnO system exhibited better efficiency than
336Ti0O, and especially in hospital wastewater, and can be re-used for several oxidation cycles.
337Without ligands or organic matter, TiO, worked much better than Fe-ZnO, but when these
338compounds were present, they exhibited strong inhibition effects on TiO; activity compared to
339Fe-Zn0. The Fe-ZnO system exhibited better efficiency than TiO, in hospital wastewater and
340can be re-used for several oxidation cycles. Therefore, we expect that the developed system
341could be efficiently applied to remove antibiotics from contaminated waters, as a suitable

342alternative to TiO, in wastewater treatment technologies.
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502Fig. 1. X-Ray Diffractograms of ZnO and 0.7 wt % Fe-ZnO before and after five consecutive

503oxidation runs in hospital wastewater.
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515 KonKuk 10.0kV 8.3mm x100k SE(U) 500nm KonKuk 10.0kV 8.0mm x100k SE(U) 500nm

516Fig. 2. HR-FESEM images of (a): ZnO/CA membrane and (b): Fe-ZnO (0.7 wt % Fe)/CA
517membrane. Abbreviations: high resolution-field emission scanning electron microscopy with

518energy dispersive X-ray (HR-FESEM-EDX).
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531Fig. 3. Kinetic rate constants, k., of FLU removal as a function of (a) Fe loading on ZnO

532supported catalyst and (b) oxidant concentration using 0.7 wt % Fe-ZnO catalyst. Experimental

533conditions: [FLU] ¢ = 5 uM, [catalyst] = 7.77 g m™ on CA membrane, UV-A reaction time = 24

534h, pH o =7.0 £ 0.2, V = 1 L, recirculation flow rate = 222 mL min™ (the correlation coefficients

535were more than 0.99 for all experiments). Abbreviations: FLU = flumequine, PS = Persulfate,

536H,0, = hydrogen peroxide.
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546Fig. 4. Degradation kinetics of FLU and CIP in single (a) and binary (b) systems under UV-A
547irradiation. Experimental conditions: [FLU] o= 5 uM, [0.7 wt % Fe-ZnO] = 7.77 g m* CA
548membrane, UV-A reaction time =24 h, pH (= 7.0 £ 0.2, V =1 L, recirculation flow rate = 222
549ml min™. The correlation coefficients for kinetic model are more than 0.98 for all experiments.

550Abbreviations: FLU = flumequine, CIP = ciprofloxacin, PS = persulfate.
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558

559 Fig. 5. Kinetic rate constants of FLU and CIP degradation obtained in different water matrices
560in (a) single and (b) binary systems. Experimental conditions: [FLU] o= [CIP] ¢ = 5 uM, [Fe-
561Zn0] - 7.77 g m? CA membrane, [PS] o= 0.5 mM, UV-A reaction time = 24 h for CIP and
562FLU in UPW and 72 h for FLU in SWW and RHW, pH (= 7.0 £ 0.2, V =1 L, recirculation
563flow rate = 222 mL min™ (the correlation coefficients were more than 0.99 for all experiments).
564Abbreviations: FLU = flumequine and CIP = ciprofloxacin, PS = persulfate, UPW = Ultra-pure

565water, SWW = Synthetic wastewater, RHW = Real hospital wastewater.
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576Fig. 6: Effect of inorganic ions and LHA (a) and organic ligands (b) on FLU removal using 0.7
577wt % Fe-ZnO. Experimental conditions: [FLU] o= 5uM, [PS] ¢= 0.5mM, pHo= 7.0 £ 0.2, [Fe-
578Zn0] = 7.77 g m” CA membrane, [Phosphate] o= 150 mg L', [Nitrate] o= 10 mg L, [Sulfate] o
579= 120 mg L™, [Chloride] =250 mg L™, [LHA] o= 40 mgC L™, [Ascorbic acid] o= 30 mg L,
580[Citric acid] o= 50 mg L', [Sucrose] o= 100 mg L, reaction time = 24 h, V = 1 L, mass of
581catalyst = 0.025 g, recirculation flow rate = 222 mL min™'. The correlation coefficients were
582more than 0.98 for all experiments. Abbreviation: FLU = flumequine, PS = persulfate, LHA =

583Leonardite Humic Acid.
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587Fig. 7. Reusability cycles of Fe-ZnO in hospital wastewater. (a): 0.7 wt % Fe-ZnO and (b):

588Ti0,. Experimental conditions: [FLU] =5 uM, [PS] o= 0.5 mM, mass of catalyst = 0.025 g,

589UV-A reaction time = 72 h, pH (= 7.0 + 0.2, V = 1 L, recirculation flow rate = 222 mL min™'.

590The correlation coefficients were more than 0.98 for all experiments. Abbreviations: FLU =

591flumequine, PS = Persulfate
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601Fig. 8: Effect of humic acids and inorganic ligands on removal kinetics using 0.7 wt % Fe-ZnO
602or TiO, under UVA irradiation. Experimental conditions: [FLU] o= 5uM, [PS] ¢=0.5mM, pH ,
603= 7.0 + 0.2, [Phosphate] o = 150 mg L', [Nitrate] o = 10 mg L™, [Sulfate] ¢ = 120 mg L,
604[Chloride] =250 mg L', [LHA] o= 40 mgC L™, reaction time =24 h, V = 1 L, catalyst mass =
6050.025 g, recirculation flow rate = 222 mL min"'. Abbreviations: FLU = flumequine, PS =

606persulfate, LHA = Leonardite Humic Acid.
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