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Figure S1. XRD patterns of the starting materials used in this study: (a) MnO2 indexed with 

the pyrolusite structure (° indicate an impurity peak probably belonging to MnOOH); (b) 

FeOOH indexed with the goethite structure; (c) MnOOH indexed with the manganite 

structure (* indicates an XRD contribution from the stored salt NaNO3 of manganite 

suspension). For clarity, only the main Bragg peaks are indexed. 
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Figure S2. Solubility and distribution of species of FLU (a, b) and NOR (c, d), respectively.  
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Figure S3. Removal kinetics of FLU (24 µM) and NOR (24 µM) onto 10 m² L
-1

 α-FeOOH or 

MnO2 under dark conditions at pH = 6.5 ± 0.1. aq = aqueous residual concentration; tot = total 

concentration representing both aqueous (residual) and adsorbed concentrations. 
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Figure S4. UHPLC-ESI-MS spectra of oxidation products of Norfloxacin at pH 6.5 [NOR]o = 

24 µM; [MnO2]o = 0,027g L
-1

 (10 m² L
-1

); Pre-equilibrium time 1h (A) and 22 h (B and C). 

Scheme S1: possible oxidation pathways of NOR. 
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Figure S5. Removal kinetics of FLU under dark and irradiation conditions at pH 6.5 ± 0.1: 

[FLU]o = 24 µM; [H2O2]o = [S2O8
2-

]o = 0.5 mM; [goethite]o = 0.118 g L
-1

 (10 m²/L); [MnO2]o 

= 0.027g L
-1

 (10 m² L
-1

); aq = aqueous residual concentration; tot = total concentration 

representing both aqueous (residual) and adsorbed concentrations. The same legend is valid 

for goethite or MnO2.  
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Figure S6. Removal kinetics of NOR under dark and irradiation conditions at pH 6.5 ± 0.1: 

[NOR]o = 24 µM; [H2O2]o =  [S2O8
2-

]o = 0.5 mM; [goethite]o = 0.118g L
-1

 (10 m² L
-1

); 

[MnO2]o = 0.027g L
-1

 (10 m² L
-1

).  aq = aqueous residual concentration;  tot = total 

concentration representing both aqueous (residual) and adsorbed concentrations. 
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Figure S7. Removal kinetics of FLUtot (empty symbols) and TOCtot (full symbols) under dark 

and irradiation conditions at pH 6.5 ± 0.1: [FLU]o = 24 µM; [H2O2]o =  [S2O8
2-

]o = 0.5 mM; 

[goethite]o = 0.118g L
-1

 (10 m² L
-1

); [MnO2]o = 0.027g L
-1

 (10 m² L
-1

). 
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Figure S8. Determination of FLU reactivity with hydroxyl radical using competition kinetics 

with thiocyanate anion (SCN
–
) at pH 3 and 10.  
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Figure S9. Scavenger tests for UVA + goethite or MnO2 + H2O2 or S2O8
2-

 (PS)) at pH 6.5 ± 

0.1: [FLU] = 24 µM; [H2O2] = [S2O8
2-

] = 0.5 mM; [goethite] = [MnO2] = 10 m²/L; [2-Pr] = 

100 mM; [t-but]=10 mM; reaction time =300 min.  
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Figure S10. Removal kinetics of FLUtot (empty symbols) and TOCtot (full symbols) with 24 h 

of pre-equilibration time before addition of oxidants, under dark and irradiation conditions 

and at pH 6.5 ± 0.1: [FLU]o = 24 µM; [S2O8
2-

]o = 0.5 mM; [MnO2]o = 0.027g L
-1

 (10 m² L
-1

); 

h. The arrow indicates the moment where oxidant addition and/or UVA irradiation take place. 
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Figure S11. Removal kinetics of NORtot (full symbols) and TOCtot (empty symbols) under 

dark and irradiation conditions at pH 6.5 ± 0.1: [NOR]o = 24 µM; [H2O2]o = [S2O8
2-

]o = 0.5 

mM; [goethite]o = 0.118g L
-1

 (10 m² L
-1

); Pre-equilibration time = 48 h; The arrow indicates 

the moment where oxidant addition and/or UVA irradiation take place. 
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Figure S12. Adsorption isotherm of Mn
2+ 

on MnO2 at pH 6.5 ± 0.1: [MnO2]o = 0.027g L
-1

 (10 

m² L
-1

); [Mn
2+

]initial = 0 - 140 µM; reaction time = 48h.  
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Figure S13. Powder XRD patterns (shifted along z for clarity) of unreacted MnO2 (purple) 

and MnO2 reacted in different processes after 72 h of reaction time. The theoretical XRD 

pattern of tetragonal MnO2 is plotted in black solid line and the asterisks indicate the probable 

highest intensity peak of -MnO(OH). The inset shows a zoomed area evidencing the intensity 

ratio change between (200) and (111) Bragg peaks of pyrolusite when MnO2 is irradiated with 

UV light (blue and brown symbols, see text for details). The observed peak shift, which is 

related to the “zero-shift” of the measurements performed on various sample holders, is 

considered during Rietveld refinements. 
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Figure S14. Removal kinetics of NORtot (full symbols) and TOCtot (empty symbols) in 

presence of Mn
2+

 under dark and irradiation conditions and at pH 6.5 ± 0.1: [NOR]o = 24 µM; 

[S2O8
2-

]o = 0.5 mM; [MnO2]o = 0.027g L
-1

 (10 m² L
-1

).  
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Figure S15. Removal kinetics of NOR (full symbols) and TOC (empty symbols) with Mn
2+

 

and S2O8
2- 

(PS) under dark and irradiation conditions and at pH 6.5 ± 0.1: [NOR]o = 24 µM; 

[S2O8
2-

]o = 0.5 mM; [Mn
2+

]o = 48 µM.  
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Figure S16. Removal kinetics of NORtot and TOCtot after removing MnO2 or goethite after 1 

h and 24 h of pre-equilibration time, respectively, at pH 6.5 ± 0.1: [NOR]o = 24 µM; [S2O8
2-

]o 

= 0.5 mM; [MnO2]o = 0.027g L
-1

  (10 m² L
-1

); The arrow indicates the moment where oxidant 

addition and UVA irradiation take place.  
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Table S1. Reactivity percentage of radicals with species in solution 

 

Radical Species and 
concentration 

k’’ (M-1 s-1) k’ (s-1) % of 
reactivity 

 FLU (24 µM) 1.2 x 1010 2.88 x 105 4.6 

HO• t-But (10 mM) 6.0 x 108 6.0 x 106 95.3 

 PS (0.5mM) 1.2 x 107 6.0 x 103 < 0.1 

     

 FLU (24 µM) 1.8 x 109 4.32 x 104 83 

SO4
•- t-But (10 mM) 8.4 x 105 8.4 x 103 16 

 PS (0.5mM) 6.5 x 105 3.25 x 102 < 0.1 

 

The percentage of the hydroxyl radical (•OH) and sulfate radical (SO4
•-
) reacted with FLU, 

scavenger and oxidant can be estimated using the bimolecular rate constants and 

concentration of each species. According to our calculations (Table S1), t-Butanol (10mM) is 

selective for •OH since it will react with more than 95 % of hydroxyl radical. Isopropanol has 

been used at high concentration (i.e. 100 mM) to ensure effective and total scavenging of 

hydroxyls radicals.  
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Table S2. Second order rate constant (k) determined using laser flash photolysis experiments 

between sulfate radical and NOR (initial concentration of 24 µM) at different reaction times 

(0 - 24h) with MnO2. 

 

Reaction time k (L mgC
-1

 s
-1

) 

0 min 1.66 × 10
7
 

6 min 1.57 × 10
7
 

1 h 1.57 × 10
7
 

24 h 1.56 × 10
7
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Table S3. Main crystallographic data obtained from Rietveld refinements of powder XRD 

patterns of various MnO2 samples presented in Figure S13. 

Sample Cell parameters (Å) Refined 4f site 

occupancy (%) 

² 

a c 

MnO2 4.4026(1) 2.8726(1) 97(2) 2.04 

MnO2 +NOR 4.4028(1) 2.8734(1) 98(1) 3.85 

MnO2 +Mn
2+

 4.4029(1) 2.8733(1) 98(1) 3.23 

MnO2 + UV 4.4058(2) 2.8752(2) 91(2) 3.34 

MnO2 + NOR + 

Mn
2+

 

4.4029(1) 2.8735(1) 100(1) 2.52 

MnO2 + NOR + 

Mn
2+

 + UV 

4.4029(1) 2.8732(1) 88(1) 2.89 

  

To check the structural modification of pyrolusite, XRD patterns were recorded for MnO2 

particles undergoing different oxidation reactions (Fig S13). All the patterns are indexed with 

the expected tetragonal pyrolusite structure (β-MnO2, space group P42/mm, no. 136) and an 

additional peak around 26.6° that can be attributed to the main intensity peak of -MnO(OH) 

(space group P21/c, no. 14). The main observed differences between the patterns come from 

the relative intensities of some Bragg peaks (for example (200) and (111) in the inset to 

Figure S13). Simulation of XRD patterns easily correlates these relative intensity changes to 

the occupancy of the oxygen 4f Wyckoff position in the unit cell. XRD thus showed the 

reduction of MnO2 under UVA irradiation, inducing oxygen depletion in the pyrolusite 

structure but yet no visible structural change (e.g. into hausmannite or manganosite) can be 

determined. Rietveld refinements were performed by including this occupancy as a varying 

parameter. While no significant deviation from a full occupancy is found for MnO2 in the 

presence of NOR, Mn
2+

 or a combination of both, the occupancy drops to about 90 % of its 

theoretical value when MnO2 was subjected to UV irradiation (Table S3).  

 


