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Name: Meropenem
Molecular formula: C;;H,;N;05S
Molecular weight: 383.5 g mol-! \N/
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12 Figure S 1. Meropenem.
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1- Working Electrode (TiO, NTA/Co/Bi-6¢cm?)
2- Counter Electrode (Pt)

3- Reference Electrode (Ag/AgCl-3M NaCl)
4- Potentiostat

5- Stir Plate

6- Magnetic Stir Bar

7- Cation Exchange Membrane (Nafion-117)
8- Computer
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15 Figure S 2. Schematic diagram of the experimental setup.
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19 Figure S 3.Cyclic voltammetry of different TiO, NTA electrodes [Experimental conditions: 100
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20 mM NaClO,4, Ag/AgCl (3 M NacCl) reference electrode].
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24 Figure S 4. Direct oxidation of BA [Experimental conditions: 1 mM BA, 100 mM NaClQ,,
25 Ag/AgCl (3 M NaCl) reference electrode].
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Figure S 5. ['OH] estimated from BA electrocatalytic degradation using Co/Bi1/TiO, NTA
electrodes with different metal doping [Experimental conditions: 1| mM BA+100 mM NaClOy,
Ag/AgCl (3M NaCl) reference electrode].
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Figure S 6. A&B) SEM images; C&D) XRD and XPS spectra of Co/Bi/TiO, NTA electrodes,

respectively.
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Figure S 7. EDX spectra of Co/Bi/TiO, NTA electrode.
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41 Figure S 8. XPS spectra of Co/Bi/Ti0, NTA electrode: A) O 1s, B) Ti 2p, C) Co 2p, D) Bi 4f.
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Figure S 9. pH evolution in different reactor chambers during the experiments: A) anodic chamber,
B) cathodic chamber; C) Effects of initial pH on Meropenem degradation [Experimental
conditions: 10 mA/cm?, Ag/AgCl (3M NaCl) reference electrode].
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Figure S 10. Meropenme degradation in divided and undivided electrochemical cell using
Co/B1/TiO2 NTA electrode [Experimental condition: working electrode: Co/B1/TiO2 NTA;
counter electrode: Pt; applied current density: 10mA/cm?; pH:7; background electrolyte: 30 mM
NaClOy4; Ag/AgCl (3M NaCl) reference electrode]
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57 Figure S 11. Chlorinated byproduct formation and Cl mass balance: A&C) 60 mg/L Cl-, B&D)
58 240 mg/L CI' [Experimental conditions: 10 mA/cm?, pH 7, 30 mM Na,SO,4, Ag/AgCl (3M NaCl)
59 as the reference electrode in A&B, Hg/HgO (20% KOH) as the reference electrode in C&D].

60

12



61
62

63
6

I

65

66

67

68

69

70

71

72

73

74

75

—— Without Meropenem
— With Meropenem

© © © © o
N WO A O O
| I IR S T |

°o o
o =
1 1

Current density (mA/cmz)

0.2 L=

0:0 ' 0:4 ' 018 ' 112 ' 116 ' 210
Potential vs Aa/AqCl (3M NaCl)
Figure S 12. Direct oxidation of Meropenem on the Co/B1/Ti0, NTA electrode [Experimental
conditions: Smg/L. Meropenem, background electrolyte: 5 mM NaClQOy, sweep rate: 25mV/s,
Ag/AgCl (3 M NaCl) reference electrode].
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77 Figure S 13. Meropenem degradation in the presence and absence of scavengers [[Experimental

78 conditions: 100 mg/L SO4*, 100 mM ethanol, | mM BA, 10 mA/cm?, pH 7, Ag/AgCl (3M NaCl)
79 reference electrode].
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83 Figure S 14. Direct oxidation of AA, bicarbonate, and TBA [Experimental conditions: 100 mM
84 NaClO4 A) 100 mM AA, B) 50 mA HCOs5, C) 100 mM TBA Ag/AgCl (3 M NaCl) reference
85 electrode].
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89 Figure S 15. Meropenem degradation in the presence and absence of RCS probe compounds
90 [Experimental conditions: A)100 mM AA, B) 10 mM BA; Ag/AgCl (3M NaCl) reference
91 electrode].
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94 Figure S 16. LC/MS Spectrum of Meropenem transformation products in the positive EIS mode
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98 Figure S 17. HPLC/UV Spectra of Meropenem transformation products [Experimental conditions:
99 pH=7, 10 mA/cm?, Ag/AgCl, 15 mins electrolysis (3M NaCl) reference electrode].
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102 Figure S 18. 'H-NMR spectrum of peak # at 500 MHz
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104 Figure S 19. HSQCSE spectrum of peak # at 500 MHz; blue peaks corresponding to DSS; red
105 peaks due to sample.
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Text S1

Meropenem trihydrate was purchased from TCI (Tokyo Chemical Industry, Japan); Benzoic
acid (BA), bismuth (III) nitrate pentahydrate, and ammonium fluoride were obtained from Alfa
Aesar (Massachusetts, USA); Allyl Alcohole was purchased from Sigma-Aldrich (St. Louis,
USA). Other reagents were obtained from Fisher Scientific. All chemicals are of analytical grade

and were used without further purification.

Text S2

Titanium foil (0.1 mm, 99.6%) was cleaned by sonication in acetone and ethanol for 10
minutes, respectively, followed by rinsing in deionized (DI) water and drying under ambient
atmosphere. Then, Ti foil was anodized in an ethylene glycol (EG) electrolyte containing H,O (2.5
wt%) and NH4F (0.2 wt%) for 16 hours under a constant voltage of 45 V at room temperature.
Subsequently, the as-formed TiO, NTA layer is anodized under 60 V for 5 minutes in fluoride
free electrolyte (5% H3;PO, in EG solution) to enhance the physical stability of nanotube layer.
A platinum mesh was used as the cathode in the anodization processes. After anodization, the
electrode was washed with ethanol to remove remnants from the surface, and then dried naturally

at room temperature.

Text S3

As shown in eqs. 1-2, the quasi steady-state concentration of ‘OH (["OH]ss) during the
electrolysis was estimated based on the pseudo first order rate constant of benzoic acid (BA) decay
(Kga) in background electrolyte (30 mM NaClQ,) !. The electrochemical behavior of BA on the

surface of TiO, NTA-based electrodes was investigated using CV measurements (Figure S3).
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d[BA]

= kg on [BAI[- OH] = ke ,[BA]

dt
eq.1
Kpa
[ OH]¢s = k
BA,OH
eq.2
Text S4

The concentration of Meropenem was measured using a high performance liquid
chromatography (HPLC-Agilent 1100 series) with a diode array detector (DAD) at 290 nm with a
Hypersil Gold 100 x 2.1 mm C18 column. The mobile phase was acetonitrile/KH,PO,4 (20:80,
vol:vol%) with a flow rate of 0.2 mL/min. The benzoic acid concentration was determined using
the same HPLC column at a wavelength of 210 nm with a mobile phase of 30:70, vol:vol;% of
methano:water. Concentrations of ions (C1~, SO4>", CIO*", NOj5-, PO4*- and C10*") were measured
by an ion chromatography (Thermo Dionex ICS-1600 upgraded with the RFIC system) using an
IonPac AS 19 anion-exchange column (4 x 250 mm), where the gradient elution was: 0—5 min

(10 mM KOH), 5—10 min (10—18 mM KOH) and the flow rate was 1.0 ml/min.

Text S5

The peak at 530.06 eV is attributed to the O 1s, which is fitted with two peaks at 529.78 (Ti-
O) and 531.28 eV(surface O-H) 2. The Ti 2p spectra shows two peaks at 464.48 and 458.54 eV,
which correspond to the Ti 2p;,, and Ti 2ps., respectively. These two peaks can be deconvoluted
into two sets of peaks. One refers to the Ti**, which is located at 458.58 and 463.76 €V, and the

other applies to the Ti*" with binding energy at 464.58 and 458.68 eV 2. The Co 2p pattern shows
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two peaks at 786.28 and 780.58 eV, which were deconvoluted into three peaks centered at 786.18,
781.88, and 780.48 eV. The peaks located at 781.88 and 780.48 ¢V are attributed to Co?" and Co’",
respectively 3. The peaks at the binding energy of 163.98 and 158.68 eV are assigned to the Bi

4f;, and Bi 4fs),, respectively 4.

Text S6

Effects of initial pH on Meropenem degradation and the pH evolution during the electrolysis
in different reactor chambers are shown in Figure S8C, respectively. While a slightly better
Meropenem removal was observed at pH 8 in the first 5 minutes than pH 7 or 5, overall initial pH
exhibited minimum effects during the treatment. Aa shown in Figure S8A, pH in the anodic
chamber dropped to ~3 within 2~3 min regardless of the initial value. High pH at the beginning of
experiment may facilitate OH- adsorption on the electrode surface and assist the oxidation of

Meropenem via boosting *OH generation?342,

Text S7

Chloride mass balance in synthetic electrolyte and environmental matrices:
Synthetic electrolyte:

The CI mass balance was conducted in the synthetic electrolyte to investigate the formation of
chlorinated intermediate products from electrochemical oxidation of Meropenem. Here, 1.5 mM
Na,S;0, was added to the samples taken at different time intervals to quench the residual active
chlorine species, and then the samples were analyzed for chloride and chlorate (perchlorate was

not detected). The Cl mass was then calculated from the concentration of chloride and chlorate.
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The formation of chlorinated products was evaluated based on the difference between the initial

Cl mass and the sum of Cl mass from chloride and chlorate during the electrolysis.
Environmental matrices:

In order to examine the generation of organic chlorinated byproducts and chlorine volatile
species, Cl mass balance was examined in SE and RO concentrate. First, chloride and chlorate
concentrations were measured immediately after the electrolysis of environmental matrices. Since
there is a chance for free chlorine species to decompose to chloride, the concentration of chloride
was monitored during the following three days after the experiment. Here Na,S;0, was not used
to react with free chlorine because it may also react with organic chlorinated byproducts such as
organic chloramines. The difference between initial chloride (before electrolysis) and the sum of
Cl mass in chlorate and chloride at the end may represent the formation of chlorinated byproducts

and/or chlorine volatile species.

Text S8
Energy consumption is an important concern for practical applications of electrochemical
treatment. In this study, the Ego value was calculated using eq. 3 and data from the batch

experiments >.

E. = AXIXUXt
EO — Cy
1000V x log(?)
eq.
3
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where Egg is the electric energy consumed to degrade the concentration of Meropenem by one
order of magnitude in 1 m?® wastewater (kWh/m?), A is the surface area (cm?), I is the applied
current density (A/cm?), U is the average overall potential (V), Vis the volume of wastewater (m?),

t is the time of electrolysis (hr), and C is the concentration of Meropenem (ug/L).

Text S9

An empirical equation (eq. 4) was used to estimate the anodic lifetime of Co/Bi/TiO, NTA
electrode 7.

T, xi{=T, X iy eq. 4

where, 7T is anodic lifetime of electrode at a constant current density (i) and # is a coefficient
which can be calibrated with experimental data at different current densities. Here n = 2.135 was

obtained based on the electrode lifetime at 120 and 200 mA/cm?.
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