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there should be a great flexibility in this regard. For example, if the electrode is switched
every week, the Co/Bi/TiO2 NTA electrode can be good for ~2000 days, where the limiting
factor would be the bipolar stability (assume ~280 switches here). All these preliminary
estimation indicates the great potential of utilizing Co/Bi/TiO2 NTA electrodes to achieve
a high overall energy efficiency for electrochemical water treatment, whereas the optimal
treatment scheme and operational conditions will depend on the specific application such
as water characteristics, treatment goal, energy requirements, and final disposal/discharge

options.
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Figure 5. 6 Meropenem degradation in flow-through tests [Experimental conditions: 10
mA/cm?, Flow rate: 1 mL/min, initial Meropenem concentration: 30 pg/L, matrix: RO
concentrate, Ag/AgCI (3M NaCl) reference electrode].
5.4 Conclusion

In this work, several coupled anodic oxidation and cathodic reduction processes
were investigated to utilize the full cell potential in water/wastewater treatment

applications. A novel Co/Bi/TiO2 NTA electrode was employed in the coupled processes

for the elimination of a widely-used antibiotic, Meropenem. The results obtained from this
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study could provide insights into design and development of electrochemical treatment
schemes with high energy efficiencies. Specific conclusions include:

e While degradation of Meropenem via electrochemical reduction can proceed in a
much more energy-efficient way than electrochemical oxidation in synthetic electrolytes,
the cathodic reduction of Meropenem was suppressed significantly in environmental
matrices (e.g. SE and RO concentrate) due to the competition and the inhibition effects of
co-existing species (e.g. bulk organics and bicarbonate) as well as electrode fouling;

e (CaCOs3and MgO were identified as the main cathode foulants;

e Compared to the sequential oxidation/reduction process, simultaneous oxidation &
reduction with regular polarity switching appeared to be the preferred treatment scheme
for both RO concentrate and SE with simpler setup and higher energy efficiency; however,
the bipolar stability of the nanostructured electrode may limit the practical application of
such treatment schemes;

e A hybrid electrolysis system coupling anodic oxidation of organic pollutants with
cathodic hydrogen generation demonstrated a satisfactory performance in a flow-through
setup and the advantageous effects of in-situ electrode regeneration through cathodic
polarization; and

e Future research should focus on improvement of the mechanical stability of TiO>
NTA based electrodes; selection and design of coupled electrochemical processes for water

purification need take matrix effects into consideration.
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5.5 Supporting Information
Text S5.1

Briefly, the cleaned titanium foil (0.1 mm, 99.6%) was anodized in a mixture of
ethylene glycol (EG), 2.5 wt% H-0O, and 0.2 wt% NH4F under constant potential (45V) for
16 hours. Afterwards, an additional anodization was performed for 5 minutes at 60V in a
fluoride-free electrolyte (5% H3PO4 in EG solution) to enhance the physical stability of
nanotube layer to the Ti substrate. Subsequently, the TiO2 NTA electrode was dipped
into the aqueous solution containing 125 mM cobalt (Co) and 60 mM bismuth (Bi) for 1
min and pulled up at the rate of 1 cm min*. The dip-coating method was repeated three
times. The Co/Bi/TiO2 NTA electrode was annealed for 1 hour at 450 °C with a rate of
2 °C mint in 5% Ha/Ar environment. Finally, the cooked Co/Bi/TiO2 NTA electrode was
cathodized for 90s at constant current density (17 mA cm) in a buffer solution (100 mM
phosphate) for full activation. In this study, carbon paper (0.18 mm, AvCarb P50T) was

used as a control electrode.

Text S5.2

The concentration of Meropenem was measured at 290 nm using a high-
performance liquid chromatography (HPLC-Agilent 1100 series) with a Hypersil Gold 100
X 2.1 mm C18 column and a diode array detector (DAD). The mobile phase was
acetonitrile/KH2PO4 (20:80, vol:vol%, pH:3) with a flow rate of 0.2 mL/min. The
concentration of ions (CI~ and SO4*") were measured by ion chromatography (Thermo
Dionex ICS-1600 with an lonPac AS 19 anion-exchange column (4 x 250 mm). The mobile

phase was delivered at a flow rate of 1.0 ml/min, with the following stepwise gradient
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elution program: 0 — 5 min (10 mM KOH), 5 — 10 min (10 — 18 mM KOH). Total
organic carbon (TOC) was measured using TOC-LCPH (Shimadzu). The metal (Co, Bi)
loading and leaching were analyzed using ICP-MS (ICP-MS Thermo X-Series Il, XO 472,

Thermo Fisher Scientific, Waltham, Massachusetts).

Text S5.3

The XRD patterns of TiO2> NTA and Co/Bi/TiO2 NTA are shown in Figure S1C.
Most diffraction peaks of the samples are in good agreement with anatase-phase TiO>
standard pattern (JCPDS No. 21-1272) with the preferential {101} exposed facets [92,173].
As mentioned in our previous study, the {101} exposed facets are sensitive to the nanotube
surface modification, where the (101) and (004) crystal planes were decreased and
increased after metal loading, respectively, without changing the exposed facet [297,317].
The peaks corresponding to the bismuth oxide can be observed at 28.3 and 32.6 degree.
The EDX spectrum of Co/Bi/TiO2 NTA electrode is shown in Figure S1D. The Ti, O, Co,
and Bi peaks are observed with a weight percentage of 61.46%, 37.33%, 0.78%, and 0.43%,
respectively. According to the full XPS survey scan spectra in Figure S2A, the as-prepared
Co/Bi/TiO2 NTA electrode is mainly composed of Ti, O, Co, and Bi elements. The
deconvolution of high-resolution O 1s, Ti 2p, Co 2p, and Bi 4f spectra was presented in
Figure S2B-E. 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) [126]. The Ti 2p spectra shows two
peaks at 464.48 and 458.54 eV, which correspond to the Ti 2p1/2 and Ti 2ps/2, respectively.
These two peaks can be deconvoluted into two sets of peaks. One refers to the Ti%* at

458.58 and 463.76 eV, and the other applies to the Ti** with binding energy of 464.58 and
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458.68 eV [126]. The Co 2p pattern shows 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 eV are attributed to Co?* and Co®", respectively [205]. The
peaks at the binding energy of 163.98 and 158.68 eV are assigned to the Bi 4f72 and Bi

4fspo, respectively [185].

Text S5.4

In order to examine the possible reduction of Meropenem via direct electron
transferring with Co/Bi/TiO2> NTA surface, CV tests were performed in the range of -1.6V
to 0.0V/SCE in the presence and absence of Meropenem in an undivided cell. As shown in
Figure S5A, the peak in the range of -1.0V to -0.8V/SCE, which was detected after the
addition of Meropenem into the background electrolyte, represents the direct reduction of
Meropenem on the Co/Bi/TiO2 NTA electrode. The contribution of atomic hydrogen (H*)
in Meropenem degradation via the indirect reduction mechanism was investigated by
employing t-buOH (TBA) as a scavenger [318,319], where the electrochemical stability of
TBA was first confirmed (Figure S5B). As shown in Figure S5C, the removal of
Meropenem decreased with the addition of TBA, demonstrating the active role of H* in
Meropenem degradation. It has been reported that the surface defects (e.g. Ti** or O
vacancies/OVs) that may be generated on TiO2 NTA during cathodic polarization are the
reactive sites for dissociative adsorption of H,O/H* leading to the formation of surface
adsorbed H* [173,320]. In addition, the possible formation of H.O> during electrolysis was
examined using a colorimetric method reported previously (1-120 x 1076 M) [122,243].

The formation of H2O> in the presence and absence of Meropenem was shown in Figure
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S5D. The higher amount of H20O- detected in the absence of Meropenem may indicate the

possible reaction between these two compounds.

Text S5.5
In this study, the EE/O value was calculated using eq. 1 & 2 with data from batch

and continuous flow experiments, respectively. [207].

AXIXUXt

EE/O = artog[@) eq. 1
AXIXU

EE/O = S ooxgriog() €q.2

where EE/O 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?), 1 is the applied current density (A/cm?), U is the average overall potential (V), V is
the volume of wastewater (m3), t is the time of electrolysis (hr), Q is the flow rate in

continuous flow-through runs (m®/hr), and C is the concentration of Meropenem (pg/L).

Table S5. 1 Characteristics of simulated secondary effluent and RO concentrate

Characteristics Simulated Simulated
Secondary effluent RO concentrate
Na* (mg L?) 18.07 71.55
Mg?* (mg/L) 7.50 31.50
K* (mg LY 1.28 4.16
Ca?* (mg/L) 44.50 176.00
CI- (mg/L) 38.50 141.68
PO+* (mg/L) 0.80 3.50
HCOs (mg/L) 86.00 395.00
NOs™ (mg/L) 6.00 23.50
S04* (mg/L) 28.90 114.08
Conductivity (uS/cm) 385 1710
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Figure S5. 1 Co/Bi/TiO2 NTA electrode characterization, A&B) SEM image; C) XRD
pattern; D) EDX spectra.
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Figure S5. 3 Meropenem degradation using Co/Bi/TiO2 NTA and carbon cathode
[Experimental conditions: pH=7; applied potential: -1.2 VV vs SCE; background electrolyte:
~30 mM NaClO4; Hg/HgO (20% KOH) reference electrode].
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Figure S5. 4 Effects of co-existing ions on Meropenem removal: A) Chloride, B) Sulfate,
C) bicarbonate [Experimental conditions: pH=7; applied potential: -1.2 V/SCE;
background electrolyte: ~30 mM NaClO4 except A, A) ~30 mM NaSO4 (conductivity of
the electrolyte was adjusted to be equal to that of 30 mM NaClO4 when other ions were
added); Hg/HgO (20% KOH) reference electrode].
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Figure S5. 5 Meropenem reduction mechanism: A) Direct reduction of Meropenem on
Co/Bi/TiO2 NTA electrode; B) Performance of TBA on Co/Bi/TiO2 NTA electrode; C)
Meropenem degradation in the presence and absence of TBA; D) H20, formation during
the electrolysis [Experimental conditions: A) 5mg/L Meropenem, background electrolyte:
A) 5 mM NaClO4, B) 2 mM NaClO4, C&D) 30 mM NaClO4; TBA concentration: B&C)
1mM TBA; Hg/HgO (20% KOH) reference electrode].
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Figure S5. 6 Overall potential in electrochemical oxidation and reduction of Meropenem
[Experimental conditions: pH=7; background electrolyte: 30 mM NaClOs; Reference
electrode: A) Ag/AgCl (3M NaCl), B) Hg/HgO (20% KOH)].
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Figure S5. 7 LC/MS Spectrum of Meropenem transformation products in the positive EIS
mode [M+H]": A) Reduction; B) Oxidation.
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Figure S5. 8 Meropenem degradation in different water matrices including secondary
effluent (SE), RO concentrate (RO), simulated secondary effluent (SSE), simulated RO
concentrate (SRO), synthetic electrolyte [30 mM NaClO4 ] (Syn), synthetic electrolyte with
200 mg/L HCOs™ (Syn with 200 mg/L HCOs), and synthetic electrolyte with 800 mg/L
HCOs™ (Syn with 800 mg/L HCO3") [Experimental condition: applied potential: -1.2V/SCE
for syn, syn with 200 mg/L HCOz", and syn with 800 mg/L HCOg", -1.6V/SCE for SE, RO,
SSE, and SRO; Hg/HgO (20% KOH) reference electrode].

Figure S5. 9 Photos of A) Pristine Co/Bi/TiO2 NTA electrode; B) Co/Bi/TiO2 NTA
electrode used in synthetic electrolyte; and C) Co/Bi/TiO2 NTA electrode used in RO
concentrate; SEM images of D) Co/Bi/TiO2> NTA electrode used in RO concentrate, and
E) Precipitates collected from the surface of the used electrode.
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Figure S5. 10 Effects of operational conditions on Meropenem removal in coupled anodic
and cathodic processes [Experimental condition: Hg/HgO (20% KOH) reference electrode;
treatment scheme: simultaneous].
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Figure S5. 11 pH evolution during simultaneous oxidation & reduction processes in
different environmental matrices: A) RO concentrate, B) SE [Experimental conditions: A)
6 mA/cm?, B) 5 mA/cm?; Hg/HgO (20% KOH) reference electrode].
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Figure S5. 12 Bipolar stability test of Co/Bi/TiO, NTA electrode in simultaneous oxidation
& reduction processes [Experimental condition: Ag/AgCl (3M NaCl) reference electrode;
polarity switching frequency: every 20 min].

Figure S5. 13 Deactivated Co/Bi/TiO, NTA electrode in bipolar stability tests.
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Figure S5. 14 Schematic diagram of the Hybrid electrolysis system [Experimental
conditions: Flow rate: anodic chamber (1mL/min), cathodic chamber (10mL/min),
reactor volume: anodic chamber (80 mL), cathodic chamber (80 mL), electrode surface

area: 6 cm?, current density: 10 mA/cm?, Reference electrode: Ag/AgCl (3M NaCl)].
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Figure S5. 15 TOC mineralization during flow-through tests [Experimental conditions: 10
mA/cm?, Flow rate: 1 mL/min, initial Meropenem concentration: 30 pg/L, matrix: RO
concentrate; Ag/AgCI (3M NaCl) reference electrode].

165



CHAPTER VII

CONCLUSION AND FUTURE WORK

6.1 Conclusion

Titanium dioxide (TiO2) can be an ideal material for environmental applications
attributed to many advantageous properties such as chemical stability, low-cost, and
nontoxicity. This dissertation focused on engineered modifications of the main structure
parameters of titanium dioxide including the crystallinity, shape, size, surface structure,
and defects to improve the electrochemical functionalities of TiO2, which can then be used
as a novel electrode material (both anode and cathode) in different electrochemical water
and wastewater treatment applications. TiO. nanotube array (NTA) can be synthesized by
simple electrochemical anodization using metallic Ti as the substrate. The 1-D
nanostructure may provide a unique combination of the highly functional features of TiO;
with a regular and controllable nanoscale geometry as well as beneficial features of
directional charge transport and high efficiency of charge separation. In this dissertation,
novel TiO2 NTA-based electrodes were developed and evaluated in different water and
wastewater treatment applications including, electrochemical disinfection of E.coli (served
as an anode), electrochemical oxidation of Meropenem (served as an anode),
electrocatalytic reduction of nitrobenzene (served as a cathode), and coupled anodic
oxidation and cathodic reduction of water pollutants (served as both an anode and a

cathode). Results indicate that TiO2> NTA with appropriate modifications is a promising
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electrode material for different electrochemical water and wastewater treatment
applications. In addition, specific conclusions include:

1- TiO2 NTA based electrodes are able to degrade organic pollutants via both direct
and indirect mechanisms, demonstrating the excellent electroactivity of TiO2 NTA based
electrodes towards water pollutants. The underlying mechanism for such superior
performance is the generation of Ti®* states/oxygen vacancies (Ov) on the nanostructured
platform during the functionalization process, which can serve as the crucial reactive sites
for many reactions such as generation of oxidizing species (e.g., ‘OH, Os, H202, *02")
and/or reductive species (e.g., H*), both of which are important active species for water
purification. In this study, two functionalizing approaches including cathodic polarization,
and calcination of anatase TiO> NTA in Hz environment were successfully employed to
enhance the electroreactivity of TiO2 NTA.

2- Co-doping Co/Bi has proved to be a viable approach to enhancing the lifetime
and promoting ROS generation of TiO2 NTA electrodes as a cost-effective anode material
for environmental applications. Here, Meropenem, a representative recalcitrant antibiotic
that is widely present in wastewater but much less studied, was successfully removed from
different environmental matrices using Co/Bi/TiO2. NTA as the anode. In addition, this
study was the first attempt to identify the transformation products of Meropenem oxidation
during water treatment and C7N.O>H1> was identified as one of the main intermediates.

3- The control over the nanotube morphology (diameter, length, and exposed facet)
may affect the electrocatalytic degradation efficiency of organic pollutants. For example,
the {001}-exposed facet, longer nanotube length, and larger nanotube diameter are the

structural and morphological features that can lead to enhanced performance of TiO2 NTA
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electrodes. These can be attributed to the increase in the electroactive surface area and
better electron transferring, as well as the improved H* storage capacity in the defected
nanostructures.

4- Coupled strategies combining both anodic oxidation and cathodic reduction
enhanced the removal efficiency of organic contaminants and decreased energy
consumption by taking advantages of the synergistic action of each electrode. In a coupled
treatment scheme, the anodic oxidation gradually deactivates the self-doped TiO2 NTA
electrodes due to surface passivation (at a much slower rate with cobalt doping), while the
cathodic reduction process may recover the deactivated electrode through cathodic
polarization. Therefore, a regular polarity switching between electrodes can enhance the
anodic lifetime of TiO> NTA electrodes. However, the weak adhesion between the
nanotube layer and the Ti substrate as well as the mechanical stability of the nanostructure
may limit the practical application of coupled treatment scheme with polarity switching.

5- The treatment efficiency of organic pollutants or pathogens is affected by the
working matrix. For example, in environmental matrices like RO concentrate or secondary
effluent, competition and/or inhibition effects of co-existing species as well as electrode
fouling may result in a decreased removal efficiency of the target compound. In addition,

the low conductivity in environmental matrices also increases energy consumption.

6.2 Future Work

Increasing interest in TiO2> NTA has been observed in the last decade. At present,

the literature can be classified into three main fields:
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1- Theoretical modeling of the nanotubes with the trend of obtaining a unified
theory of anodic growth of the metal oxide.

2- Formation and growth of TiO2> NTA and empirical manipulation and control of
their properties.

3- Applications and other advanced nanostructures modification of TiO, NTA for
specific engineering processes.

Studies on the theoretical modeling of TiO2 NTA have been of great interest among
the research groups and the results indicated that the mechanism of TiO2, NTA growth is
very similar to that of Al>Os pore formation. Therefore, many theoretical and experimental
ideas were borrowed from the well-studied AlOs pores and directly applied to the
formation and modification of TiO2 nanotubes. However, more experimental work is
needed to prove its versatility and validity for self-doped TiO2 NTAs. This study belongs
to the second and the third category, particularly focusing on water/wastewater treatment
applications. Based on the research results obtained in this study, the following future work
is suggested:

1- Despite increasing work on the applications of the TiO2 NTA electrode for water
and wastewater treatment, some aspects still need further improvements. For example, the
weak adhesion between the nanotube layer and the Ti substrate as well as mechanical
stability may limit the practical application of TiO2 NTA. The mixture of the organic
electrolytes like ethylene glycol (EG), glycerol, dimethyl sulfoxide (DMSO), etc. which
was used for growing the nanotube may change the structure of nanotube (spaced, single-
wall, double-wall, etc.) [241,321,322] as well as the growing rate. For example, the doping

approach can be more efficient on spaced or single-wall nanotube structures as metals may
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be doped between nanotubes or penetrate into the tubes, which enhance the mechanical
stability of the electrode. So far several methods like two-step anodization and tube in tube
structure have been taken to improve the mechanical stability [21,323]. However, further
investigation is still needed to develop an effective and reliable method to enhance the
mechanical stability of the nanotube structure.

2- Since the electrochemical degradation of organic pollutants was investigated
using a 2-dimensional (plate) TiO2 NTA electrode in this study, the mass transfer limitation
was the most challenging part. A unique property of grown nanotube via anodization
method is that the nanotube can be successfully grown on any regular and irregular Ti
substrate. For example, Ti sponge with a much higher specific surface area than the plate
can be used as a good substrate to grow the TiO2 NTA on. These 3-D electrodes are
generally granular or fragmental materials filled between working and counter electrodes.
At an appropriate voltage, these particles will be polarized to form a large number of
charged microelectrodes which can be considered as the anode at one site and cathode on
the other site (bipolar particle electrodes). Also, these particles can be placed near the
working electrode and serve as an anode or a cathode separately, depending on the working
electrode charge.

3- Scale-up from the lab-scale is of significant importance for the application of the
TiO2 NTA as novel electrode materials. Studies on the upscaling potential of the material
are needed. For example, Pablos et al. focused on the performance of TiO2 photoanodes
for the oxidation of methanol and the disinfection of E.coli from tertiary wastewater. Since
the majority of their results have been carried out by using photoelectrodes at a laboratory

scale, an additional study has been done to scale-up their small electrodes for commercial
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applications [324]. Also, Garcia-Segura et al. investigated the fundamental parameters for
electrocatalytic degradation of nitrate in full-scale water treatment applications [325].
These two studies can be a good start point for further investigation of the scale-up
applications of electrochemical technology for water and wastewater treatment.

4- Besides the technical aspects of the TiO> NTA based electrodes, economic
feasibility should also be considered for practical applications. Therefore, techno-
economical evaluation and life cycle analysis of the applications of TiO2 NTA based

electrodes are highly recommended for future study.
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