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SUMMARY

This dissertation summarizes different modifications of porous and non-porous electrode
surfaces for electrochemical water and wastewater treatment and sensing applications.
Specifically, the research is focused on the preparation of porous substoichiometric TiO,
electrodes (Ti,O2n.1, N = 4 - 10), modification of Ti,O2y.1 and non-porous boron-doped diamond
(BDD) electrodes, electrode characterization using analytical and electrochemical techniques,
and their use for trace contaminant detection, oxidation and reduction of organic and inorganic
contaminants from water matrices. The major objectives of the research are: 1) to study the
electrochemical detection of antibiotics in wastewater matrices with high sensitivity and
selectivity using modified electrodes, 2) to investigate the effects of different surface fluorination
methods on perchlorate (carcinogenic) formation inhibition and organic contaminant oxidation
during electrochemical water treatment, 3) to investigate the use of bimetallic catalysts for
electrocatalytic nitrate reduction in water matrices, and 4) to determine the effect of doped metal
oxide (bismuth doped tin oxide) catalysts for the enhancement of hydroxyl radical production to
enhance the electrochemical oxidation of organic contaminants.

This dissertation reports on the successful fulfilment of the research objectives as
follows:
The overuse and presence of ciprofloxacin (CFX), a second generation fluoroquinolone, an
antibiotic for treating diseases associated with gram-positive and gram-negative bacteria and can
cause the emergence of potential drug resistant bacteria. Electrochemical techniques are the most
extensively used methods compared to other analytical techniques as they are cost effective,
energetically viable, robust, highly sensitive, quick and easy to use. They have been mainly used

for CFX detection in urine sample, milk, serum and tablets. However, CFX detection in natural
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or wastewater matrices has not been investigated. In this work an electrochemical sensor was
fabricated by modifying the boron-doped diamond (BDD) electrode surface with a porous nafion
multi-walled carbon nanotube composite film. X-ray photo electron spectroscopy (XPS),
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were utilized
to characterize the sensor. The sensors were able to detect CFX using differential pulse
voltammetry (DPV) in the presence of other antibiotics (i.e., amoxicillin), other non-target water
components and several commonly present organic compounds. The sensor was capable of CFX
detection in the presence of WWE matrix with excellent sensitivity and selectivity. Different
concentration of different organic compounds can foul the sensor but the fouling was easily
removed using short cathodic current confirming its effectiveness for contaminant detection in
diverse water matrices.

Electrochemical advanced oxidation process (EAOPS) has been widely used for organic
compound oxidation in various water matrices. However, the use of EAOPs are limited by
perchlorate formation, which is a carcinogenic byproduct formed via extended electrolysis of
chloride ions present in solution. To address this problem, fluorination was performed on BDD
electrodes using radio frequency (RF) plasma in the presence of H, and CF,, perfluorooctanoic
acid (PFOA) electrochemical oxidation, and silanization using aliphatic and aromatic silane.
XPS was performed to characterize the effectiveness of the fluorination methods.
Chronoamperometry experiments were used to monitor perchlorate production and organic
compound oxidation as a function of electrode coating. The most effective method to prevent
perchlorate production was modification of the BDD electrode with an aliphatic silane (1H, 1H,
2H, 2H perfluorodecyltrichlorosilane) self-assembled monolayer (SAM). The SAM was able to

completely inhibited perchlorate formation with only minor effects on organic compound
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oxidation. The surface coverage, thickness the blocking layer and steric effect hindered the
electron transfer rate and the result was supported by XPS and density function theory (DFT)

simulations determined film length.

Nitrate (NO3) is one of the most common pollutants in the natural environment.
Therefore the US Environmental Protection Agency (EPA) has set maximum contaminant levels
(MCLs) for NO3 and NO, of 700 and 70 uM, respectively. Destructive methods for NOs
removal have been extensively researched over the years. Catalytic and electrocatalytic nitrate
reduction using bimetallic catalysts have shown promise, but these methods are limited by
storage and delivery of an external electron donor (e.g., H2) and formation of high concentrations
of undesired NO, and NHg, respectively. In this study two different bimetallic catalysts (e.g. Pd-
Cu and Pd-In) were used to modify reactive electrochemical membranes (REMs) using the
incipient wetness method and the modified REMs were characterized by X-ray diffraction
(XRD), SEM/EDS, and ICP-OES. Electrocatalytic nitrate reduction was performed with respect
to electrode placement, flow rate, electrode potential, NO3™ concentration, and under various
solution conditions using chronoamperometry in flowthrough mode. This study showed that
NOj3™ was reduced from a 1 mM feed concentration to below the EPA’s regulatory MCL (700
uM) in a single pass through the REM (residence time ~ 2 s), with low product selectivity (<2
%) of NO,/NHs, high current efficiency (105 + 5.4%), and low energy consumption (1.1 to 1.3
kWh mol™). Nitrate reduction was not affected by dissolved oxygen and carbonate species and
only slightly decreased in a surface water sample due to Ca®* and Mg?®* scaling.

Research has shown that REMs composed of Ti,O.,1 are very effective for EAOPSs.
However, at high membrane fluxes the removal of contaminants can become kinetically limited.

This work showed that the deposition of bismuth doped tin oxide (BDTO) catalysts to REMs
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could enhance the hydroxyl radical and thus increase electrochemical oxidation rates. The
catalysts were deposited by pulsed electrodeposition and pulsed laser deposition techniques and
characterized using XPS, XRD, SEM/EDS, TEM, linear scan voltammetry (LSV), and ICP-OES.
Terephthalic acid (TA) was used as a hydroxyl radical probe, whereas atrazine (ATZ) and
clothianidin (CDN) were chosen as potential harmful herbicide and pesticide, respectively. TA,
ATZ, and CDN oxidation rate constants increased upon BDTO deposition. At the highest applied
potential (3.5 V/SHE), TA, ATZ and CDN concentrations were below the detection limit in the
permeate for REM/BDTO electrodes. Chemical oxygen demand (COD) analysis of TA and total
N analysis of ATZ and CDN showed complete mineralization of the compounds at the highest
applied potential. DFT simulations provided potential dependent activation energies for ATZ and

CDN, which were supported by experimental data.

The dissertation showed modification of porous and non-porous electrodes for excellent
sensitivity and selectivity for antibiotics detection in water matrices, minimization of perchlorate
formation, nitrate reduction and subsequent removal from water matrices and excellent organics
oxidation and mineralization. The results of the dissertation have opened several new research
directions. The modification of BDD electrodes can be performed using selectively edge
functionalized (-COOH) vertically aligned carbon nanotubes and porous nafion composite film
which may increase the selectivity and sensitivity. Due to the toxicity of fluorocarbons,
electrodes can be modified using metal oxide materials (Al,O3, ZrO,, TiO,) for perchlorate
formation inhibition with significant organics oxidation by creating a blocking layer. A series of
bimetallic catalyst deposited REMs can be used for highly concentrated nitrate reduction and

removal in reverse osmosis and ion exchange brine solution. Bimetallic catalyst deposited REM
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and bismuth doped tin oxide catalyst deposited REM can be used as cathode and anode,

respectively for nitrate reduction and organics oxidation simultaneously in a single setup.
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1. Introduction

1.1 Background

Water covers about 71 % of earth’s surface among which 96.5 % is held by ocean [1,2].
Only 2.5 % of the total water is fresh water and 70 % of it is held by icecaps, icebergs etc.
Therefore clean, fresh and drinkable water that are in the form of surface water and groundwater
are concentrated in certain regions and highly necessary for life on earth [2—4]. Due to uneven
distribution of drinking water in the form of groundwater and surface water, a high population on
earth does not have adequate access to drinking water [3-5]. Due to increased demand of fresh
water for agricultural, industrial, domestic, and commercial use, the drinking water scarcity
situation is becoming worse [2,3,5]. Due to lack of effective water treatment technologies,
increased population, and mismanagement of drinking water sources, the water supplies have
been contaminated with trace organic contaminants, heavy metals, inorganic contaminants,
pathogens, and disinfection byproducts that can cause acute and chronic illness in human being
[6-9]. Several contaminants present in water matrices are of concern because they can cause
serious health risks and therefore have prompted government agencies, such as the US
Environmental Protection Agency (EPA) and European Union (EU) to set maximum
concentration limits in drinking water [10-12].

Water treatment and sensing technologies should be energy efficient, low cost, quick, easy to
use, and have high sensitivity and selectivity. Several different physical, biological, and chemical
treatment techniques have been used as destructive treatment methods to remove recalcitrant
contaminants from water. Physical separation techniques mainly used coagulation, evaporation,

liquid-liquid extraction, distillation, ion exchange, adsorption, reverse osmosis, and membrane



filtration to remove a wide range of contaminants from water [13-22]. Physical techniques suffer
from several disadvantages such as fouling, incomplete removal, concentrated brine formation,
and chemical addition. For example, membrane filtration depends exclusively on size of the
contaminants for effective separation and removal, suffers from membrane fouling and
associated physical and chemical cleaning cost and time. Membrane filtration is often coupled
with other processes such as coagulation and flocculation, advanced oxidation processes, and
ozonation to achieve effective removal of contaminants, which have additional disadvantages
such as pH adjustment, sludge production and removal, and cost associated with chemical
addition [23-27]. Another water treatment method is biological treatment, which uses different
types of bacteria and microorganism to degrade contaminants [28-32]. However, the application
of biological treatment suffers from high sludge production, bacterial contamination, and
sometimes low removal efficiency [33-36]. The photochemical techniques utilize UV light in the
presence of a photocatalysis (e.g. TiO,) or oxidizing chemicals (e.g. O3, H20,) to produce highly
active in-situ reactive oxygen species for effective removal of contaminants [37-39]. The
photochemical treatment suffers from the requirement of a UV light source, addition of
chemicals, formation of reaction byproducts, and low process efficiency [40]. The chemical
treatments are chlorination, fenton and ozonation process that require the addition of bleach,
Fe(I), H,O,, and O3 for contaminant degradation [41-44]. The chemical treatments suffer from
formation of hazardous reaction byproducts and associated treatment cost, treatment of
downstream slurries, and high cost due to the addition of the chemicals [45,46].

Electrochemical advanced oxidation processes (EAOPs) have emerged as an effective water
and wastewater treatment technology [47-57]. The widely used materials for EAOPSs are doped-

Sn0,, PbO,, boron-doped diamond (BDD), and substoichiometric- and doped-TiO, [47-57]. EAOPs



have certain advantages over the conventional methods discussed above, such as high current
efficiency, low cost, no requirement of chemical addition, and are pathogen free [58-61]. EAOP
involves direct electron transfer (DET) and the production of OH® at an appropriate anode
surface. The formation of OH® is very effective for contaminant removal because it reacts
unselectively with several organic compounds at diffusion-limited rates without leaving a
residual in the treated water [62].

The application of EAOPs is limited by the formation of perchlorate (ClIO4) from chloride via
extended electrolysis. The formation of CIO,4 is unwanted as it is carcinogenic and EPA has set a
health advisory level of 15 ppb [63]. Therefore modification of electrodes or treatment strategies
IS necessary to reduce or inhibit perchlorate formation without affecting the rates of organic
contaminant oxidation.

EAOPs with non-porous electrodes and in batch or flow-by configurations suffer from low
surface area, low mass transfer rate constants, and thus require extended contact times to achieve
water treatment goals. To address these challenges, reactive electrochemical membranes (REM)
made of conductive ceramic materials have been introduced. Recent work showed REMs have
high mass transfer rate constants due to the flow-through mode operation [64]. However,
previous results showed that rate constants for some contaminants became kinetically limited at
higher membrane fluxes [64]. To minimize the kinetic limitation, modification of REMs using
catalysts is necessary, which is mainly focused on increasing the hydroxyl radical production
rate.

EAOPs are very useful for organic and inorganic contaminant oxidation. However nitrate
cannot be oxidized as N in nitrate is already present in maximum oxidation state. The

consumption of NOs” and NO; has serious health risks [65-67]. Several physical separation



techniques such as electrodialysis, ion exchange, and reverse osmosis have been used for NO3’
removal, but they are nonselective and produce concentrated NOs™ brines, which require costly
post-treatment or disposal [68,69]. Previous studies have also shown destructive NO3™ removal
from water via catalytic and electrocatalytic reduction [70-80]. Chemical and electrochemical
reduction suffers from storage and delivery of an external electron donor (e.g. Hz) and formation
of high concentration of NO,  and NHs, respectively [70,74,75,81-83]. Therefore, continuous
NOj3" reduction and removal without brine formation, lowering the selectivity towards NO," and
NHs, and elimination of post treatment and disposal costs are highly necessary.

Once water is treated, it must be continuously monitored to determine if treatment
objectives have been obtained. Antibiotics are important class of compounds that enter the
environment from livestock operations and incomplete removal during wastewater treatment.
The overuse of antibiotics can cause the emergence of potential drug resistant bacteria. Different
analytical techniques were extensively utilized for the detection of antibiotics, which include
capillary electrophoresis, liquid chromatography—mass spectroscopy, spectrophotometry, high-
performance liquid chromatography, immunoassay, chemiluminescence, spectrofluorimetry and
electrochemical techniques [84-93]. Electrochemical techniques (impedance spectroscopy,
voltammetry) are the most extensively used methods compared to other analytical techniques as
they are cost effective, energetically viable, robust, highly sensitive, quick and easy to use.
Studies have been performed on the fabrication of electrochemical sensors for the sensing
antibiotics mainly in serum, urine, and tablets. However electrochemical sensors were not used
for the determination of antibiotics in water matrices [94—109]. Therefore detection of antibiotics

in water and wastewater matrix is highly necessary.



1.2 Research Objectives/Motivation

The overall motivation of this work is to modify different porous and non-porous
electrode surfaces for water and wastewater treatment and sensing applications. Non-porous
BDD electrode surfaces were modified using different materials to detect antibiotics (CFX) in
wastewater solutions and to inhibit perchlorate formation without significantly affecting organics
oxidation. Porous electrodes were modified using metal and metal oxide catalysts for nitrate
reduction and organic compound oxidation, respectively from water matrices. The specific
research objectives are as follows:

1) Electrochemical Detection of Antibiotics (Ciprofloxacin) with a Modified BDD Electrode

Ciprofloxacin (CFX) has been used to treat the diseases associated with gram-positive
and gram-negative bacteria. As it is not fully metabolized CFX can be found in natural and
groundwater which is highly influenced by domestic, industrial wastewater, and agricultural
runoff. The presence of CFX in water matrices can cause emergence of drug resistant bacteria.
Electrochemical techniques have been the most widely used method for CFX detection among
several analytical techniques due to low energy requirement, low cost, ease of use, and the short
time requirement. Electrochemical techniques have been mainly used for CFX detection in urine
samples, serum, milk, and tablets. However electrochemical CFX detection in natural or
wastewater matrices has not been investigated. The previously studied electrochemical sensors
for CFX detection was also limited by low sensitivity and selectivity. However high sensitivity
and selectivity of the sensor is required, as CFX is generally present in trace quantities and with
several other non-target water constituents. Therefore, modification of electrodes is needed to
increase the selectivity and sensitivity of the sensor for CFX detection in water matrices. The

BDD electrodes were modified using a solution mixture of MWCNT, Nafion, and salt. DPV was



used to detect CFX in the presence of different constituents to determine selectivity and
sensitivity of the sensor. Sensors can also be fouled in the presence of different contaminants in
water matrices. Therefore regeneration of the sensor is necessary for continuous detection of
CFEX with excellent sensitivity, selectivity, and long term use. An electrochemical technique has
also been introduced to fully regenerate the sensor.

2) Modification of BDD Electrode Surfaces for Minimization of Perchlorate Formation

Electrochemical advanced oxidation processes (EAOPs) have been widely used for
organic compound oxidation from water matrices due to high current efficiency, low cost, no
chemical addition, no pathogen contamination and no or less by-product formation. However the
use of EAORP is limited by toxic perchlorate formation (EPA health advisory level = 15 ppb). The
perchlorate has been formed via extended electrolysis of chloride present in water matrices. The
perchlorate formation strongly depends on the electrode surface functional groups. Fluorination
of electrode surface with thin blocking films can be effective for preventing perchlorate
formation by limiting the probability of electron tunneling. In this study, BDD electrodes were
modified using fluorination techniques such as radio frequency (RF) plasma in the presence of
H, and CF, gases, perfluorooctanoic acid (PFOA) electrochemical oxidation, and silanization
using aliphatic and aromatic silane.. The different fluorination methods may incorporate different
thicknesses and areal coverages of fluorinated groups on the BDD surface. Chronoamperometry
was used to monitor perchlorate formation and organic compound oxidation on the modified
electrodes, to determine the most effective and stable electrode modification method.

3) Modification of REM Electrode Surfaces for Nitrate Reduction

Nitrate is one of the most common pollutants present in natural waters. Nitrate and nitrite

both have potential health risks and therefore the USEPA has set maximum contamination levels



(MCLs) for NO3s  and NO; as 700 and 70 uM, respectively, in drinking water. Catalytic and
electrocatalytic nitrate reduction methods are limited by storage and delivery of an external
electron donor (e.g., H) and formation of high concentrations of undesired NO,  and NHs,
respectively. Bimetallic catalysts composed of a noble metal (e.g., Pd, Pt) for H adsorption and a
promoter metal (e.g., Cu, Sn, In) for nitrate reduction are needed. In this study, two different
bimetallic catalysts (e.g., Pd-Cu and Pd-In) were deposited on the REM surface using the
incipient wetness method and the modified electrodes were used for electrocatalytic nitrate
reduction. Various operational parameters were investigated, including counter electrode
placement, flow rate, electrode potential, NO3  concentration, and effect of various solution
conditions.

4) Modification of REM Electrode Surfaces for Improved Electrocatalytic Organics

Oxidation and Removal

The use of non-porous electrodes to oxidize water contaminants using EAOPs is limited
by low surface area and low mass transfer rate constants, requiring long contact times to achieve
treatment goals. REMs made of substoichiometric TiO; (Ti,O2n.1, N = 4 — 10) are very effective
for electrochemical oxidation of organic compounds due to their high specific surface area, low
cost, high mass transfer rate constants, and ability to generate hydroxyl radicals. Previous work
indicated that the fast mass transfer rates achieved in the REM system caused kinetic limitations.
To overcome these Kkinetic limitations, electrode modification is necessary. Doped tin oxide is
another material that is an effective EAOP electrode material. Bismuth doped tin oxide (BDTO)
catalysts were deposited on REMSs using pulsed laser deposition (PLD) and pulsed
electrodeposition methods. The formation of hydroxyl radicals on this modified REMs was

investigated using terephthalic acid as a hydroxyl radical probe, and atrazine and clothianidin as



model herbicide and pesticide contaminants, respectively. Chronoamperometry flow-through
oxidation experiments were performed as a function of potential and flow rate were to determine
the effectiveness of these electrodes for water treatment of agricultural waters.

1.3 Outline

The dissertation is organized in the following manner. Chapter 2 presents the literature review
and state of knowledge on the 1) synthesis of non-porous BDD and porous, substoichiometric
TiO, REM electrodes, 2) modification of non-porous electrode surfaces for water treatment and
sensing application, 3) modification of porous REM electrode surfaces for water treatment
application and 4) electrocatalysts for nitrate reduction and hydroxyl radical production. Chapter
3 contains a study focused on sensor fabrication and electrochemical detection of antibiotics in
water matrices, which was published in ACS Applied Materials and Interfaces as “Selective
Electrochemical Detection of Ciprofloxacin with a Porous Nafion/Multi-Walled Carbon
Nanotube Composite Film Electrode”. This paper fulfills research objective 1. Chapter 4
contains a study focused on the modification of BDD electrode surfaces for inhibition of
perchlorate formation, which was published in ACS Applied Materials and Interfaces as
“Fluorination of Boron-doped Diamond Film Electrodes for Minimization of Perchlorate
Formation”. This publication fulfills research objective 2. Chapter 5 contains a study focused on
the modification of porous REM electrode surfaces using bimetallic catalysts for nitrate
reduction. This work fulfills research objective 3. Chapter 6 contains a study focused on the
modification of porous REM electrode surfaces using doped metal oxide catalysts to enhance the
oxidation rates of organic contaminants. This work addresses research objective 4. Chapter 7

summaries the major findings of the dissertation and discusses future related research directions.



2. Literature Review

This section communicates the state of knowledge of the 1) synthesis of non-porous BDD
and porous Magnéli phase TiO, electrodes, 2) modification of BDD electrode surfaces for water
treatment and sensing applications, 3) modification of porous REM electrode surfaces for water
treatment applications and 4) electrocatalysts for nitrate reduction and hydroxyl radical
production. BDD electrodes are more useful for water treatment and sensing applications
compared to other conventional electrodes (e.g., GCE, CPE), due to their large potential window,
low background current density, high stability, and resistance to fouling [52,53,110-113]. Due to
the large potential window of BDD, numerous analytes (e.g., antibiotics, organics and heavy
metals) can be detected using modified BDD electrodes. The conductive Magnéli phase sub-
stoichiometric TiO,, and doped-TiO, are also very promising electrode materials to prepare
porous REMs that function as both an EAOP electrode as well as a water treatment filtration
membrane [50,54,64,114]. BDD and TisO; electrodes oxidize and remove recalcitrant
compounds from wastewater by the production of hydroxyl radicals (OHe) (equation 2-1) and
direct electron transfer (DET) reactions (equation 2-2) [55,113,115-118]:

H,O >OH"+H" +e (2-1)
R—>(R") +e” (2-2)
The synthesis, properties, different modification methods for BDD and TisO; electrodes, and
their use for wastewater treatment and sensing applications are discussed below.
2.1 Synthesis and Properties of Non-porous Boron-doped Diamond (BDD) Electrodes

2.1.1 Synthesis of Boron-doped Diamond (BDD) Electrodes

Un-doped diamond is an insulating material due to its large band gap (> 5 eV). It has a

high resistivity on the order of 10°° ohm-cm. To make the diamond conductive, a dopant (e.g.,
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boron (p-dopant), phosphorus (n-dopant)) is added to decrease the band gap. The n-type
semiconductor can be prepared by incorporating nitrogen, phosphorus, antimony, or another
group V element [119-123]. A p-type semiconductor can be prepared by doping with boron (to
form BDD) or other group Ill element, which has low charge carrier density and an activation
energy of 0.37 eV to form BDD [119-123]. BDD film deposition on a substrate is usually
performed by chemical vapor deposition (CVD) method. BDD electrodes have been mainly
synthesized as microcrystalline and nanocrystalline materials [122,124-127]. The CVD methods
use hot filaments [128-131] or microwave radiation [132-136] to activate the gases at ~ 2000
°C. The pressure used for CVD is typically in the range of 10-50 mbar and the gas phase consists
of 0.5-3.0 % methane in a hydrogen carrier gas. The boron dopant source used is usually
diborane (~ 0.0015%) [129,131,137,138], trimethyl borate [128,139], B,Os; [140-142], or

trimethoxy borane [133].

Different self-passivating metals (e.g. Ti, Ta, W, Mo, Nb) and polycrystalline silicon
have been used as substrates for BDD. Due to the fragility of Si, it is not an ideal substrate for
industrial applications. However, it is highly compatible for BDD deposition, due to the
formation of a self-limiting oxide and its low electrochemical activity [143]. Diamond films
deposited by CVD methods are usually microcrystalline diamond (MCD) and have grain sizes of
2-5 um. Nanocrystalline diamond (NCD) can be deposited by Ar/H,/CH,4 plasma with a higher
argon content. NCD (grain size= 3-5 nm) has higher conductivity than MCD as it has higher
content of sp? hybridization and graphitic carbon phase [127,144,145]. Raman spectroscopy has
been generally used to characterize the diamond film. A single sharp peak at 1332 cm™ is

assigned to the diamond (sp® bonding) peak [146,147].
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2.1.2 Properties of Boron-doped Diamond (BDD) Electrodes

The electrochemical properties of BDD electrodes depend on different parameters such
as doping level, surface termination, and type of pretreatment (annealing, cathodic, anodic). The
various parameters responsible for different BDD electrode performance and properties are

discussed below.
2.1.2.a Effect of Doping Level

The most common dopant is boron that has been extensively used to make the diamond a
p-type semiconductor. At low doping levels (10'® atoms/cm®), the doped diamond shows
semiconducting behavior, but at high doping levels (10%° atoms/cm?®) the doped diamond exhibits
semi-metallic behavior [144]. The different doping levels (10*® (lightly doped) and 10%° (heavily
doped) cm™) show different hydrophobicity, reversibility, and working potential window. Raman
spectra showed that for low doping levels only a single peak was observed at 1332 cm™, which
was a confirmation of diamond phase formation [148], whereas for higher doping levels another
peak was observed at 500 cm™, that might be due to Fano interference between phonon state and
the electronic continuum [141]. XPS data showed that the O1s/C1s increased from 1.2 (lightly
doped, contact angle- 106°) to 2.7% (heavily doped, contact angle- 84°) which was in accordance
with the wetting behavior. After hydrogen plasma treatment of moderately boron doped diamond
(10*° atom cm™) the electrode behaves as an insulator, which suggests a strong decrease of the
free carrier density due to passivation of free charge carriers by hydrogen trapping of the dopant

[137].
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2.1.2.b Effect of Different Pretreatment Methods

Annealing, anodic treatment, and anodic with subsequent cathodic treatments have
different effects on the electrode performance [149,150]. Different redox couples were used with
cyclic voltammetry experiments (CV) to characterize the electrodes after pretreatment. The peak
separation in CVs (Ce*"** and Fe(CN)s*"*") [151] increased after anodic treatment (+3V for 30
min) & annealing (400 °C for 30 min in O, atmosphere) but decreased after cathodic treatment (-
3V for 30 min) due to the presence of small amounts of sp® carbon as a surface impurity in
cathodically pretreated BDD [150]. The differences in redox couple measurements may be due to
surficial property, which may be due to change in the surface functionalization of the BDD film
which became H-terminated. XPS confirmed the result showing an increase in superficial
oxygen content (mainly C-O or C-O-C and C=0 group) [139]. From Mott-Schottky analysis it
was found that the apparent doping density increased after combined cathodic and anodic
treatment which was derived from the slope of the Mott-Schottky plot, and a positive shift of
flat-band potential occurred after only anodic treatment [149]. The flat band potential increased
(positive shift) after anodic treatment but decreased (negative shift) after subsequent cathodic
treatment as well as for annealed electrode [149]. For as-deposited electrode all the results were

explained by valence band edge position close to Ce*”**

redox level but for annealed samples it
was suggested that a new superficial conductive layer was formed after cathodic and anodic
steps. The ascending order of reversibility was: as-deposited < anodically pre-treated < thermally

pre-treated < cathodically pre-treated. The effect of application of different current densities on

surface termination was also studied [151].
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2.2 Different Modification of BDD Electrode Surfaces

Different modification methods are used on BDD electrodes to allow them to function
for water treatment and sensing applications. These methods are discussed in the proceeding

sections.
2.2.a Formation of O-terminated Surface

O-terminated surface can be prepared by electrochemical oxidation [149,151-153],
high-temperature acid treatment [128,134,152], thermal treatment (400°C) [152], oxygen plasma
treatment [142,154], electroless oxidation (Ce**, MnOy4 etc) [155,156], and UV treatment in O,
[157], air [158], and O3 [154]. The oxidation of BDD can produce different surface functional

groups —C-OH, -C=0, -COOH and C-O-C, as determined by XPS [159].

XPS data compared the different oxidation methods which indicated that the
electrochemical oxidation method was best for production of hydroxyl group termination,
UV/ozone method was best for hydroxyl group termination when it was applied for 15 min but
plasma method was not suitable as it graphitized the surface [154]. The contact angle
measurement confirmed the presence of oxygenated group on the surface. The water contact
angle was decreased from higher value (92.5deg) (H-termination) to a lower value (1.6deg) (O-
termination) confirming lower hydrophobicity of O-terminated BDD [160,161]. The contact
angle is dependent on surface energy, which is a combination of dispersive (c4) component and
polar component (cp). The data of dispersive component which is an indication of roughness
showed almost no change confirming that decrease of contact angle was attributed to oxygenated

surface only (change in op) and not by roughness [155,156].
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2.2.b Formation of F-terminated Surface

Fluorine-termination of the BDD surface was mainly accomplished by using RF plasma
treatment in either CF, [162-164], F,, [165] or XeF, [166] gas. Fluorine termination was also
fabricated by using electrochemical oxidation of perfluorooctanoic acid (PFOA) [167].
Plasma treatment caused etching of the crystals and roughness was reduced, which was
evidenced by SEM and AFM analyses [162]. The Cls core spectra shifted to higher bond
energy (+1.5eV) after fluorination. After keeping it in an ultra-high vacuum for 3 weeks XPS
showed a decrease in intensity of the peaks, which suggested that fluorination process was
not stable. The potential window increased after fluorination from about 3 V to 5 V
[162,165]. Results concluded that fluorination took place not only at BDD surface but also at
underlying region and also rearrangement of the surface was speculated [162]. Fluorination
made the surface hydrophobic and decreased the interaction between hydrophobic surface
and hydrophilic compounds (e.g., water), which eventually increased the potential window.
Contact angle measurements confirmed that after fluorination (106.3 deg) the surface was
more hydrophobic than as-deposited BDD (85.9 deg). Different redox couples were used to

3-/4-

characterize the surface terminations and the results of CV scans with the Fe(CN)g”"" redox

couple showed a decrease in current response and an increase in peak separation for
fluorinated BDD relative to oxidized BDD [168]. Electrostatic or dipole-dipole interaction

between redox couple and F atoms present on electrode was responsible for the decrease in

2+/3+
current. It was also seen that redox reaction with Ru(NH;)s redox couple was not
influenced by surface termination of BDD electrodes as electrical passivation was not caused

by the plasma and the reactivity of this redox couple was not highly dependent on surface

3-/4- 2+/3+
termination as observed for Fe(CN);  and Fe [168]. It was concluded that Fe*** and
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Fe(CN)g>"™ had lower rate constants after fluorination as the reactions were highly dependent
on surface termination. BDD surface was fluorinated also via electrochemical reactions [165].
The fluorination was accomplished by electrochemical oxidation of the BDD surface by
applying 2.3 V/SHE in the presence of perfluorooctanoic acid (PFOA) [165]. Fluorinated
BDD surface was analyzed by XPS and results indicated that the fluorinated diamond
contained the following element: carbon (83.3%), fluorine (8.6%), and oxygen (7.3%) which
confirmed the successful incorporation of F on to the BDD surface [165]. At lower binding
energies (284.24 - 288.09 eV) the observed peaks may be due to the C-C, C=C, -C-OH, -C=0
and —COOH. However at the higher binding energies (290.67 - 293.09 eV) the observed
peaks at might be due to CF, and CF3 functional groups [165]. The contact angle increased
form 43.5deg (untreated) to 115.2deg (fluorinated) showing higher hydrophobicity which was
due to the incorporation of fluorinated groups on BDD surface. BDD electrode was also
fluorinated in RF barrel reactor (100mTorr, 100W, 2min) [163,164]. XPS data showed an
additional peak at 288.5eV associated to C-F bonds along with CF, functional group at 291.4
eV [163,164]. The results confirmed that fluorination using different methods were able to incorporate
different fluorinated functional groups on the BDD electrode surface which increased hydrophobicity
of the surface. Chlorate and organics oxidation was done on both electrode to show the effect
of functionalization using fluorine on both the oxidation rates [167]. Perchlorate formation
rate was much higher for the oxidized BDD electrode than that for the fluorinated BDD
electrode, suggesting that the fluorinated electrode was able to lower the formation of
CIO4 [167]. The lower CIO4 formation for fluorinated BDD electrodes may be due to the
hydrophobic interactions and/or dipole-dipole interactions. The increase in the reaction

distance of ClO3™ from the electrode surface due to the interactions decreased the chances of
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DET (electron tunneling) which subsequently decreased the perchlorate formation [167].
2.2.c Formation of H-terminated Surface

The as-deposited BDD is mainly H-terminated. H-terminated surface can be prepared from O-
terminated surface by using hydrogen plasma [137,140]. During preparation of BDD, hydrogen
flow is continued after the flow of methane is stopped in the CVD process and which results in a
H-terminated surface [142]. Hydrogen plasma was applied by radio-frequency plasma (320W,
power density between electrodes 0.4 W cm, 500°C, 3-6 hours) [137], microwave hydrogen
plasma (800°C, 300 sccm hydrogen, 1200W, 50Torr, 30 min) [128], hydrogen plasma CVD
(1kw, 60Torr for 10min) [169], annealing (800°C, 40 min, 0.02 Mpa, hydrogen atmosphere)
[133] and electrochemical (-35 V vs a platinum counter electrode in 2M H,SQO,) [134]. Different
boron concentration (10*° and 10 cm™) and hydrogen plasma (0.4 W cm, 500°C, 6 hours)
were used to check the effect of hydrogen plasma [137]. Mott-Schottky analysis and CVs (redox

couple: Ce*3*

) were performed on the hydrogenated electrode to check the effect of the
hydrogenation on surface properties. Mott-Schottky analysis between before and after plasma
treatment showed significant difference for moderately doped (10*° cm™) electrode and almost
no difference for on highly (10® cm™) doped electrode. After hydrogen plasma treatment of
moderately boron-doped diamond, the electrode behaved as an insulator which was revealed
from the flat Mott-Schottky plot. The result suggested strong decrease of free carrier (Boron)
density and eventually conductivity due to passivation of free charge carrier by hydrogen
trapping on dopant and forming B-H bond [137]. For highly doped electrode the charge transfer

was not disturbed by hydrogen plasma [137]. The change in surface termination also changed the

bulk properties of superconducting diamond [133].
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2.2.1 Modification of BDD Electrode Surfaces for Water Treatment Application

Various advanced water treatment applications are being researched using BDD electrodes
such as: industrial wastewater treatment, electrochemical disinfection of cooling tower waters,
and drinking and wastewater treatment [52,118,170-172,172-186]. Due to the unique
characteristics, such as the high potential window, high overpotential for oxygen evolution and
the ability to use EAOP electrodes with high current efficiency, BDD is especially used for the
sensing, destruction and removal of organic pollutants from water matrices. Oxidation and
removal of different types of organic pollutants mainly phenolic compounds and aliphatic acids
using BDD is reviewed below because they are abundant in different wastewater streams, highly
hazardous, and not removed by conventional water treatment technologies [52,118,170—

172,172-186].

2.2.1.a Oxidation of Organic Pollutants

BDD electrodes are very effective at oxidizing recalcitrant compounds via DET reactions and
OHe production. It was seen that BDD was useful for mineralization of different organics
(phenol, benzoquinone, oxalic acid, aromatic amines, N-nitrosodimethylamine, and
perfluorooctane sulfonate) via the formation of hydroxyl radical and direct electron transfer
(DET) [52,118,170-172,172-186]. The electrochemical mineralization was partly attributed to
the DET and partly to hydroxyl radical reaction. The extent of DET decreased with increasing

potential due to competing hydroxyl radical reactions.

Phenolic compounds are very common in industrial wastewater and are not removed by
conventional treatment techniques such as biological, filtration, ion exchange and reverse
osmosis [118,170-172,172-175]. EAOP method is found to be very useful to degrade and
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mineralize phenolic compounds in water matrices [118,170-172,172-175]. Three different
mechanisms for phenolic compound oxidation via EAOP methods were proposed. First
mechanism is the oxidation of phenolic compounds via DET, formation of phenoxy radical and
subsequent polymerization at lower potentials where OH® production is not occurring, second
mechanism is the DET of the phenoxy radical, reaction of the product with water and formation
of p-benzoquinone, and third mechanism is the reaction of phenolic compounds with OH® at
higher potentials, formation of organic acids as intermediates and carbon dioxide and water as
the final products [159]. The aliphatic acids are the byproducts of AOP and EAOP methods and
they do not degrade, due to slow reaction kinetics towards OH®. EAOP using BDD electrodes
can be very useful as the acids are prone to DET oxidation and they form carbon dioxide and

water as final products [182-187].

2.2.1.b By-product Formation (Perchlorate)

When drinking water is subjected to treatment by electrochemical oxidation, toxic by-
products can be formed from the oxidation of the chloride ion. BDD electrodes can remove
contaminants by direct and indirect electrochemical oxidation. These indirect oxidation
mechanisms can result in perchlorate and chlorinated byproduct formation [187-190]. BDD

electrode has been shown to oxidize chloride to perchlorate in the following pathway [190]:

ClI" - OCI" - CIO, - CIO; - CIO, (2-3)

The fourth reaction step (formation of perchlorate from chlorate) was proved to be the slowest

step and was considered as rate determining step (RDS).

Perchlorate found in drinking water has carcinogenic potential. The USEPA has fixed a
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health advisory level for perchlorate of 15 ppb in drinking water matrices. California and
Massachusetts have fixed the limiting concentrations of 6 and 2 ppb respectively, for
perchlorate in drinking water. Formation of this by-product can limit the use of BDD electrodes

for water treatment applications [63,192—-195].

2.2.1.c Perchlorate Formation Mechanism

Due to the high health risk of perchlorate formation during anodic oxidation of chloride
containing waters with BDD electrodes, reactions that form perchlorate must be suppressed.
Previous research showed that the oxidation of chlorate to perchlorate was the rate-determining
step in the process [84], and the formation of perchlorate from chlorate involved a two-step

process, which is stated below [85]:

ClO; —CIO; +e (2-4)

CIO; + OH* — HCIO, +e (2-5)

The first step (equation 2-4) involved the oxidation of chlorate ion to chlorate radical via

DET and in the second step (equation 2-5) chlorate radical reacted with hydroxyl radical in the

diffusion layer to form perchlorate [195]. High concentration of competitive ions (e.g CI)
inhibits the formation of perchlorate as chloride ion is adsorbed faster than chlorate and stops
the chlorate oxidation to perchlorate [195]. BDD can form bonds with intermediate chlorate
radicals, thus increasing their lifetimes and probability of reacting with hydroxyl radicals. The
formation of chlorate radical from chlorate ion went through direct electron transfer mechanism

determined by DFT modeling [195]. It indicated that chlorate radical did not chemisorb to =CH

or =C=0 sites but formed complexes with =C- and =C-O-. Also chlorate radical adsorbed at this
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site supported the result showing that low concentration of chlorate ion blocked water oxidation

[195]. The chlorate radical chemisorbed to the =C- site by both oxygen and chlorine atom. The
activation energy for the reaction of hydroxyl radical and chlorate radical was significantly low

confirming the possibility of this reaction at room temperature. Also chlorate radical could react

with=C-0O- and =CHO- sites but reaction with =CHO" was not possible at room temperature due
to its high activation energy. The binding of chlorate with the other site could limit chlorate ion
formation [195]. A linear increase of perchlorate formation with current density was not
observed due to oxygen formation or reaction of chlorate radical with electrode surface. The
presence of organic compounds inhibited perchlorate formation compared to the blank
electrolyte which may be due to the competition between chlorate ion and organics or the
reaction between organics and chlorinated compounds [196]. Hydrophobicity had no influence
in inhibition of perchlorate formation values [196]. At lower current densities primary reaction
was between hydroxyl radical and organics at kinetic limited conditions. At higher current
densities the perchlorate formation inhibition decreased as the reaction was mass transfer limited
[196]. All the previous results confirmed that surface modification and surface functional

groups play an important role towards organics oxidation and perchlorate formation.

2.2.2 Modification of Electrode Surfaces for Sensing Applications

Sensors have been used for detection of a wide variety of components in different matrices,
including toxic gas sensors; sensors to detect heavy metals, toxic organics and antibiotics in
water matrices. Many different analytical techniques have been used to detect CFX and other
antibiotics in different matrices [84-93]. Though there are several analytical techniques present

the electrochemical techniques are the most extensively used the most extensively used methods
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compared to other analytical techniques as they are cost effective, energetically viable, robust,

highly sensitive, quick and easy to use (Table 2-1).
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Table 2-1 - Electrochemical methods for the determination of different antibiotics

Electrode  Method Material Used Linear Range LOD Antibiotics Refs.
(UM) (LM)
GCE DPV MWCNT/SnO, 1-99 0.2 Levofloxacin [197]
GCE DPV MIP/G-Au 1-100 0.53 Levofloxacin [198]
CPE Ccv Nickel oxide 250 - 6980 25.4 Choline [199]
GCE DPV PAR/EGR 0.04 - 120 0.01 Ciprofloxacin [96]
GCE Ccv GO-MWCNT 0.1-10 0.07 Azithromycin [200]
GCE Ccv MWCNT/DNA 2.41-290 1.0 Ciprofloxacin [201]
CPE Ccv P-pB-CD-l-arg 0.05-100 0.01 Ciprofloxacin [97]
CPE Ccv PVC 10 -10* 10 Ciprofloxacin [202]
CNT Ccv Antibody 0.01 -10° 0.01 Norfloxacin [92]
GCE DPV POAP/MWCNT 3-200 1.0 Levofloxacin [93]
GCE Ccv CNT/MgFe,04 0.10 - 1000 0.01 Ciprofloxacin [203]
GCE Ccv SWNT 5-100 0.5 Roxithromycin [204]
GCE Ccv Cyt-C/CNTs/CF 2-78 1.0 Ciprofloxacin [205]
GCE Ccv MWCNT 40-1000 6.0 Ciprofloxacin [101]
GCE DPV MWCNT/Nafion 0.1-100 0.05 Norfloxacin [206]
GCE Ccv DNA 05-5 0.1 Levofloxacin [91]

* MWCNT/SnO; = Multi-walled carbon nanotubes modified with SnO, rods, MIP/G-Au =
Molecularly imprinted polymer (MIP) constructed with graphene—Au nanoparticles, PAR/EGR =
poly(alizarin red) and electrodeposited graphene, GO-MWCNT = graphene oxide and multi-
walled carbon nanotubes, MWCNT/DNA= Multi-walled carbon nanotubes and
Deoxyribonucleic acid, P—p-CD-l-arg= polymerized B-cyclodextrin (B-CD) and L-arginine (L-
arg), PVC= Polyvinyl chloride, POAP/MWCNT= poly(o-aminophenol)/multi-walled carbon
nanotubes composite, MgFe,Os MWCNT= MgFe,O,4 nanoparticles and multi-walled carbon
nanotubes composite, SWNT= single walled carbon nanotubes, Cyt-
C/MWCNTSs/CF= cytochrome C, Multi-walled carbon nanotubes and ciprofloxacin composite

film.
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The use of different materials (e.g. polymer, CNTs, and nanoparticles) to modify
electrodes (e.g BDD, GCE and CPE) has been used by electrochemical methods (e.g.
voltammetry, impedance spectroscopy) to detect antibiotics. Nanostructured carbon compounds,
especially carbon nanotubes (CNTSs), have merged as a robust material for surface modification
of electrodes, due to their unique properties. CNTs have gained attention due to the following
properties: high specific surface area, thermal and chemical stability, conducting behavior, and
the presence of functional groups formed on the CNT surface [207-211]. Different functional
groups can be incorporated by different treatment methods. For example, CNTs were reacted
with a mixture of nitric acid and sulfuric acid to create acid groups on the surface [212-214]. The
formation of the functional groups on CNTs changes the properties (hydrophobic nature,
conductivity, H-bond, and n-n* electron donor-acceptor mechanism) of CNTs [207-209,212—
214]. The oxidized CNTs can interact with different compounds (e.g. organics, antibiotics,
surfactants, dyes and heavy metals) via hydrophobicity, H-bond, n-n* electron donor-acceptor

mechanism (EDA), charge assisted H-bond (CAHB) [208,213,215,216].

Various modified electrodes were used to detect antibiotics due to their high selectivity and
sensitivity (Table 2-1) [91-93,96,97,198-207]. As highly selective recognition elements
(fluoroquinolones), molecularly imprinted polymers (MIPs) were used for the development of
various sensors, via electro-polymerization. The prepared G-AuNPs were dispersed in water and
the glassy carbon electrode (GCE) surface was coated with G-AuNPs suspension and dried under
infrared lamp to obtain G-AuNPs/GCE [198]. Graphene has some unique properties such as
large surface area (2630 m? g™ for single-layered graphene), high concentration of edge-
planes/defects, excellent electron transfer, strong mechanical strength and both excellent thermal

and electrical conductivities. The excellent conductivity and the large surface area of graphene
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and the oxygen-related defects of the reduced graphene oxide, (RGO)/nickel hydroxide
nanoparticles, (electrodeposited graphene) EGR/PAR (polyalizarin red) and MIP/Graphene-Au
provided a simple and novel method for the development of voltammetric sensors for the
accurate determination of trace amount of antibiotics [96,199,200]. Another method comprising
of DNA and MWCNTSs was also used to modify sensors to detect antibiotics (ciprofloxacin and
levofloxacin). A stable suspension of MWCNT in DMF solution was added to the DNA solution
and the resulting suspension was kept in an ice—water bath. The suspension of MWCNT/DNA
was drop casted on GCE, which was dried in air and the resulting electrode was called
MWCNT/DNA/GCE [201]. A major problem for developing CNT-based sensor is how to
immobilize CNT onto the electrode with high stability. Another method was introduced using
POAP/MWCNTSs composite film on GCE as sensor. The POAP/MWCNTs/GCE was prepared by
performing cyclic voltammetry in the potential range from —0.20 to 0.84 V for 10 cycles. The
polymer/MWCNT composite films deposited electrodes were effective for antibiotics detection
due to high stability, repeatability, reproducibility, film homogeneity and high electroactive
surface area [93]. BDD was also used as substrate to prepare sensors for antibiotics. The MIP
film was prepared by electro-polymerizing pyrrole on the surface of the BDD electrode via a
cyclic voltammetry (CV) process in phosphate buffer solution (PBS) with the antibiotic as
template molecule and BDD/PPY sensor was prepared [217]. Different materials like nickel
oxide, GO-MWCNT, MWCNT/SnO,, P-3-CD-L-arg/CPE, PVC, antibody, MgFe,0,4/MWCNT,
SWNT, MWCNT/Nafion, and Cyt-C/MWCNTSs/CF were also used to prepare sensors to detect

different antibiotics (Table 2-1).

Although several different techniques, substrates, and materials were used to prepare

sensors to detect antibiotics in serum, urine and tablet samples, electrochemical sensors has not
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been highly applied for the determination of CFX in water matrices. The underlying detailed
mechanism of antibiotics detection using electrochemical techniques has also not been
investigated thoroughly. Obtaining a lower detection limit will be also useful to monitor trace

amount of antibiotics in wastewater matrix.

2.3 Synthesis and Modification of Porous Conductive Substoichiometric and Doped TiO,

Membrane Electrode for Water Treatment Application

The Magnéli phase titanium suboxides (Ti,O2,-1, N = 4 to 10), and doped-TiO, are very
useful electrode materials for water treatment application due to high porous structure, ability to
use EAOP, high chemical stability, and low fabrication cost. Titanium dioxide (TiO) is an
insulator (conductivity = 10° Qcm™) [218], but can be made conductive by partially reducing
(oxygen deficiency in the lattice structure) at 900 °C in the presence of H. or incorporating n-
type dopant (Nb, V or Ta) creating n-type semiconductor behavior [159]. Ti;O7 (conductivity=
166 O'cm™) and TisOs are the most important Magnéli phases as they are the most conductive

[219]. Reduction methods and parameters have been optimized to synthesize mainly Ti,O; [218].

Ti,O7 electrodes have been widely used for cathodic protection of metal structures, battery
electrodes, fuel cell supports, photocatalysts, electrodes for electrochemical oxidation and
reduction of water contaminants due to their unique chemical, electrical, and electrochemical
properties [54,220-223]. The OHe produced on Ebonex® (commercially available Ti4O;) are
less abundant but more reactive than those formed on BDD [50,64]. A passivation layer of TiO;
can be formed on Magnéli phases via anodic polarization at 1.6V vs SHE due to the introduction
of oxygen in the lattice structure [223,224]. However researches showed that the passivation can

be reversible or irreversible [223,224] and a conclusion cannot be made depending on the
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literature. Nb doped oxide, TiggNig10, (general formula= Ti;xNbxO, (0 < x < 0.8)) has been
shown to have the similar conductivity as Ti4O7 [223]. The Nb doped TiO; is more resistant to
oxidation than Ti4O7 as it has lower oxygen deficiencies than Ti,O7 [225]. Substoichiometric
titanium oxides have been recently utilized for reactive electrodchemical membrane (REM)
fabrication because they can be prepared as porous monolithic structures at low cost (compared
to BDD) and are reported to produce OHe via water oxidation which can degrade recalcitrant
compounds [64,226-228]. A recent study showed large improvement in permeates flux at low
transmembrane pressures [64]. At high fluxes the heterogeneous rate constant plateaued, which
suggested a kinetic limitation [64]. To increase the kinetic rate constants of organic compound
oxidation, with the advantage of the fast mass transport associated with the submicron pores,
further modification with nanoparticles or catalysts will be performed on the REMs.

2.4 Electrocatalysts for Nitrate Reduction and OH* Production

Nitrate is one of the most common pollutants in ground and surface water due to the
excessive use of nitrogen rich fertilizers [229-234]. Nitrate poses serious health hazards as it can
be biologically reduced to nitrite which can cause blue baby syndrome and can form
carcinogenic nitrous amines [65-67,235]. Conventional removal technologies such as ion
exchange, reverse osmosis, and electrodialysis only separate nitrate and create concentrated
nitrate brine which again requires additional cost for the post treatment processes [68,69].
However catalytic and electrocatalytic nitrate reduction/hydrogenation has emerged as a
destructive method in the past few decades due to high nitrate reduction and removal efficiency
and low or no cost for the post treatment processes [70-80]. Several different monometallic and
bimetallic catalysts on different supports have been used for catalytic nitrate reduction [70,72—

75,81-83,236,237]. Noble metals such as Pd and Pt, transition metals such as Ni and Rh have
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been used as monometallic catalysts and also used with promoter metals such as Cu, Sn and In as
bimetallic catalyst [68,71,78,80,238-247]. The noble metals are highly effective for nitrate
reduction due to their high H-adsorption ability and they provide the best result when used with
the promoter metals. When nitrate and reductant (e.g. Hy) are present, promoter metal first
initiates the reaction by reducing nitrate to nitrate and is oxidized itself [236]. Then H, is
adsorbed on the noble metal as nascent hydrogen (H) and reduces the oxidized promoter metal
back to zero valent metal which again becomes active for nitrate reduction to nitrite [236]. The
formed nitrite is adsorbed to the noble metal and is further reduced to NO, N,O as intermediates
and N, and NHs; as final products depending on the N:H ratio [242,245,248-250]. Bimetallic
catalyst has shown better activity towards nitrate reduction compared to monometallic catalysts
[68,71,78,80,238-247]. If only noble metals were used, nitrate reduction decreased as the metal
was covered by the reductant hydrogen and nitrate was not adsorbed on the metal surface and
also nitrate was not converted to nitrite due to the absence of promoter metal [236]. If only
promoter metals are used, the nitrite formation became very high as it could not be further
adsorbed and reduced due to the absence of the noble metals [236]. Previous researches have
shown the use of Pd, Pt, Cu, Sn, In, Ni and Rh for catalytic nitrate reduction with high removal
efficiency. However catalytic and electrocatalytic nitrate reduction suffer from the production of
undesirable ammonia. The formation of NHs is unwanted due to several health risks [251].
Therefore the World Health Organization (WHO) has set a drinking water limit of 30 uM. The

NOj3" reduction processes via intermediate formation are as follows [252]:

NO; + H* + 26" —FM 5y NO: + OH" (2-6)
_ 5. .. ~ pgem 1 5 _
NO3 +EH +4e —)E N20+EOH (2'7)
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No3+3H++5e%%N2+3OH (2-8)

NO; +6H" +8¢” — M 5 NH, +30H" (2-9)

Electrochemical NO3’ reduction is better than catalytic reduction in some aspects which is the
no requirement of an external electron donor (e.g., H,). However, electrochemical NO3
reduction also suffer from the production of high concentrations of NO,  and NH3 [70,74,75,81—
83], and reaction rates are typically low in weak ionic strength solutions. Solution conditions
play an important role towards nitrate reduction. For example, the O, reduction reaction (ORR)
occurs at similar cathodic potentials as NO3 reduction [253], and dissolved organic matter
(DOM), other cations (e.g. Ca** and Mg®") may adsorb, deposit and block catalytic sites
[254,255]. However, most electrochemical studies use clean, deaerated electrolyte solutions and
therefore knowledge regarding the effects of solution conditions is limited.

Electrochemical NO3™ reduction have been studied in both batch [81,82,240,252,256] and
continuous flow-through reactors [257-264]. The electrochemical NO3™ reduction in a flow-
through electrode setup first used a Ni packed bed reactor [230]. However the reactor was not
suitable for nitrate reduction confirmed by the author [230]. The development of porous,
monolithic electrodes and composite conductive membranes has emerged as an efficient flow-
through technology which use electrochemistry [54,64,226,265-274]. REMs have been applied
to electrochemical oxidation of organic compounds [54,269], antifouling membranes [269,271],
membrane fouling regeneration [269,272], and bacteria inactivation [226,257,270,273].
However, REMs have not been applied for electrochemical NO3™ reduction.

Different porous and non-porous electrodes/catalysts have been extensively used for water
and wastewater treatment application as they can use EAOP. The promising materials among
them include boron-doped diamond electrode (BDD), substoichiometric TiO,, doped-TiO,, PbO,
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and doped-SnO, [47-50,53,55-57,62,114,124,275-279]. The leaching of Pb (toxic metal) for
PbO, electrode and high cost associated with BDD fabrication limited their application for water
treatment application [280,281]. However doped-TiO, and —SnO, does not suffer from severe
problems such as toxic material leaching and high fabrication cost [280,281]. The doping of TiO,
using reductant (e.g. H,) has been widely used to form highly conductive, porous and monolithic
Magnéli phases (Ti,Ozn.1, N = 4 to 10) electrodes [64,219,227]. Among all the Magnéli phases
Ti,O- has been found to be the most conductive one with conductivity of 1000 S cm™ [219]. Due
to high conductivity, porous structure, corrosion resistance, mechanical strength and ability to
use EAOP, Ti,O2n.1 anodes have been widely used as REM for the electrochemical oxidation of
recalcitrant organic compounds in water matrix. Doped-SnO, has been used as another effective
anode-coating material for electrochemical oxidation of organic compounds due to high
conductivity and stability [47,57,278]. A very high oxygen evolution potential (OEP) of doped-
SnO; has been reported as 1.7 V vs Ag/AgCl which facilitated water oxidation for OH®
production before O, evolution [282,283]. Due to high OEP of doped-SnO,, it can be used as an
anode to utilize EAOP for electrochemical organic oxidation. Different dopants (e.g. Sb, Bi, P)
have been used for SnO, doping among which Sb was the mostly used dopant [282,284—286].
However, the application of Sb doped SnO, for water treatment application was limited due to
high toxicity of Sb (EPA MCL = 6 ppb) [10]. Bi-doped SnO, (BDTO) coated carbon nanotubes
with very high OEP (1.71 V vs Ag/AgCl) has been recently used for electrochemical organics

oxidation with improved reactivity, current efficiency and energy consumption [282].
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3. Selective Electrochemical Detection of Ciprofloxacin with a Porous

Nafion/Multi-Walled Carbon Nanotube Composite Film Electrode

REPRINTED WITH PERMISSION FROM P. GAYEN AND B.P. CHAPLIN, SELECTIVE
ELECTROCHEMICAL DETECTION OF CIPROFLOXACIN WITH A POROUS
NAFION/MULTI-WALLED CARBON NAOTUBE COMPOSITE FILM ELECTRODE, ACS
APPL. MATER. INTERFACES 8 (2016) 1615-1626. COPYRIGHT 2016 AMERICAN
CHEMICAL SOCIETY

3.1 Abstract

This study focuses on the development of electrochemical sensors for the detection of
Ciprofloxacin (CFX) in natural waters and wastewater effluents. The sensors are prepared by
depositing a layer of multi-walled carbon nanotubes (MWCNTS) dispersed in a porous Nafion
film on to a boron-doped diamond (BDD) electrode substrate. The porous-Nafion-
MWCNT/BDD electrode enhanced detection of CFX due to selective adsorption, which was
accomplished by a combination of electrostatic attraction at —SOj" sites in the porous Nafion
film, and the formation of charge assisted hydrogen bonding between CFX and -COOH
MWCNT surface functional groups. By contrast, the bare BDD electrode did not show any
activity for CFX oxidation. The sensors were selective for CFX detection in the presence of other
antibiotics (i.e., amoxicillin) and other non-target water constituents (i.e., CI", Ca**, humic acid,
sodium dodecylbenzenesulfonate, salicylic acid, 4-aminobenzoic acid, and 4-hydroxybenzoic
acid). A limit of detection of 5 nM (S/N =5.04 £ 0.26) in a 0.1 M KH,PO, supporting electrolyte
(pH = 4.5) was obtained using differential pulse voltammetry. The linear dynamic ranges with
respect to CFX concentration were 0.005-0.05 uM and 0.05-10 uM, and the sensitivities were 41
+ 52 pA pM™? and 2.1 + 0.22 pA pM™, respectively. Sensor fouling was observed at high

concentrations of some organic compounds, such as 1 mM 4-aminobenzoic acid and 4-

hydroxybenzoic acid. However, a short cathodic treatment fully restores sensor response. The
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results indicate that these sensors have application in detecting CFX in natural waters and
wastewater effluents.

3.2 Introduction

Ciprofloxacin (CFX) is a second-generation fluoroquinolone, which is used as an antibiotic
against both gram-positive and gram-negative aerobic pathogens [95-97,101,104,201,203], and
is widely administered to humans and livestock. Since the drug is not fully metabolized, CFX
has been found in surface waters that are highly impacted by agricultural runoff and domestic
wastewater effluents [96,101]. Additional studies have also detected CFX in cow’s milk at
concentrations as high as 0.1-100 ng mL™ [104]. The presence of CFX and other antibiotics in
the environment is a cause for concern, due to the potential emergence of antibiotic-resistant
bacteria [95,96,101,104,203]. For this reason the development of sensitive and selective sensors
to monitor antibiotics in the environment (wastewater, surface water, milk, etc.) is an active area
of research.

Multiple analytical methods have been used to detect CFX in different matrices including
liquid chromatography—mass spectroscopy [85], high-performance liquid chromatography
[84,287], spectrophotometry [89,288], spectrofluorimetry [87,88], capillary electrophoresis [86],
immunoassay  [104], chemiluminescence  [90], and electrochemical techniques
[91,95,96,101,104,203]. Among these methods, the electrochemical techniques (impedance
spectroscopy, voltammetry) are the most extensively used methods due to their low energy
requirement, low cost, high sensitivity, short time requirement, and ease of use.

The functionalization of different electrodes is commonly performed in order to increase
sensitivity for analyte detection [92,93,101,121,198,201,206,289-291]. Carbon nanotubes

(CNTSs) and multi-walled carbon nanotubes (MWCNTS) have been extensively used to modify
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electrodes (e.g., glassy carbon electrode (GCE)) for the detection of numerous organic,
inorganic, and biological compounds [57,93,101,201,292,293]. CNTs have high conductivity,
high chemical and mechanical stability, and a very high specific surface area, which has resulted
in their use in different chemical and electrochemical sensors [93,201,206]. CNTs are more
resistant to electrochemical oxidation compared to carbon and show long-term stability and
reproducibility for sensor applications at an applied potential of 1.5 V vs. standard hydrogen

electrode (SHE) [294,295].

Functionalization of CNTs with different surface groups (e.g., -OH, -COOH, -NH,) has been
accomplished using various different methods (e.g., electrochemical oxidation, acid treatment,
plasma treatment), which can greatly affect compound adsorption [215,216,296-298].
Adsorption of organic compounds to CNTs occurs by various mechanisms, including
electrostatic and hydrophobic interactions, hydrogen bonding, and electron-donor-acceptor (r -7)
interactions [215,216,296-298]. Oxygenated CNTs decrease the hydrophobic adsorption of
compounds, but increases the formation of hydrogen bonding due to a higher content of oxygen
groups on the CNTs [215,216,296-298]. Oxygenated CNTs also increase the strength of
electrostatic attraction between deprotonated acid groups (e.g., -COQ") and positively charged
compounds. Functionalized CNTs have been extensively used to detect different analytes
including lectin and gonadotropin [299].

The presence of CFX in domestic wastewater effluent (0.09-6 pg L™), industrial wastewater
effluent, and hospital wastewater effluent (0.2-2.0 pg L™) is due to the fact it is not fully
removed during traditional wastewater treatment processes [300-304]. Most studies on sensor

development focused on the detection of CFX in human serum, urine, and tablets [96,101,203],
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but application of sensors for the detection of CFX in wastewater or natural water matrices has
not been explored.

In this work, we developed a sensitive, selective, and fast method for the determination of
CFEX in water by modifying a boron-doped diamond (BDD) electrode with a porous, conductive
Nafion/MWCNT film. Different modified electrodes were prepared and tested for their
sensitivity and selectivity towards CFX detection. Here we report the experimental results of
CFX detection via selective adsorption and anodic oxidation at various modified electrodes. The
prepared sensors were characterized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and cyclic voltammetry
(CV) with common redox couples. The optimized sensor was used to detect CFX in a secondary
wastewater effluent solution and in the presence of other interfering compounds. The sensor was
also tested for organic compound fouling and subsequent electrochemical regeneration.
Experimental results were interpreted to gain information regarding the active site for CFX

adsorption.
3.3 Experimental

3.3.1 Reagents. The MWCNTs (inside diameter: 4 nm, outer diameter: < 20 nm, length: 1-12
um, purity: > 99 wt.%) were obtained from Cheap Tubes Inc. (Grafton, VT, USA). All chemicals
were of reagent grade and obtained from either Sigma Aldrich or Fisher Scientific, and were
used without additional purification. Solutions were made from Barnstead Nanopure water (18.2
MQ-cm at 21 °C).

3.3.2 Fabrication of Porous-Nafion-MWCNT/BDD Electrode. The BDD electrode on a bead
blasted Ta substrate was obtained from Advanced Diamond Technologies (Romeoville, IL). The

BDD electrode was prepared by a chemical vapor deposition (CVD) process using trimethyl
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borane (TMB) at concentrations of 750-12,000 ppm in a CH4 gas stream and at a temperature
between 700 and 800 °C. The BDD film was nanocrystalline, had a thickness of approximately 2
pm, and a resistivity between 0.05 and 0.1 Q cm [143]. The BDD electrode was chosen due to its
high potential window and electrochemical stability, and was considered an ideal substrate to
study the effects of the composite film on CFX detection. Other electrode materials (e.g., glassy
carbon) may be suitable substrates, but were not investigated in this study. An anodic
pretreatment process (20 mA cm™ for 20 minutes) was used to clean the BDD electrode.
Although anodic treatment followed by cathodic treatment was reported as an activation method
in prior BDD sensor work [305], the effect of BDD surface treatment on CFX detection was not
investigated in this study. The anodic pretreatment was followed by methanol and water rinses.
Sensor preparation began by first preparing a 1 mL solution containing equal volumes of
Nafion solution (5 wt%) (0.5 mL) and a 0.1 M KH,PQ, electrolyte (0.5 mL). Then 4 mg of
MWCNT was added to the solution. The 0.1 M KH,PO, electrolyte was added to enhance the
dispersion of MWCNTSs and to create a porous film upon drying. The MWCNTs were also
dispersed by the hydrophobic interactions between MWCNTs and Nafion [293,306]. The
mixture was sonicated for 30 minutes (Branson 1800), and 50 pL was drop cast onto a cleaned
BDD electrode (electrode area: 1 cm?) and dried under a steady air stream for 30 minutes. The
KH,PO, salt crystallized during the drying process and allowed the creation of a porous
MWCNT/Nafion film. A stable coating was achieved by drop casting another 100 pL of a
Nafion and 0.1 M KH,PO4 mixture (1:1 v/v) (without MWCNT) on the modified electrode,
which was dried under air for another 1 hour. The resulting sensor is identified as porous-Nafion-

MWCNT/BDD.
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The dried electrode was subjected to multiple cyclic voltammetry (CV) scans (potential = 0
to 1.6 V versus standard hydrogen electrode (SHE); 200 cycles; scan rate (v) = 100 mV s™) to
remove residual salts and to obtain a consistent electrochemical response. Additional sensors
identified as Nafion/BDD, Nafion-MWCNT/BDD, and porous-Nafion/BDD were prepared by
similar methods and were used for CFX detection.

3.3.3 Oxidation of MWCNT. Oxidized MWCNTSs were also incorporated into sensor films to
determine the effect of oxygen functional groups on CFX detection. The oxidative treatments
were performed on the as-received MWCNTSs (0.2 g per 10 mL of solution) by heating in a 50
mL solution of H,SO, and HNO; (H,SO4:HNO3= 3:1, v/v) at 50 °C for 5 hours with sonication
[307,308]. The oxidized MWCNTSs were washed with DI water to remove residual acid and dried
in an oven at 60 °C for 10 hours.

3.3.4 Characterization. The functional groups of the MWCNTS were characterized by X-ray
photoelectron spectroscopy (XPS) (Kratos Axis-165). The sensor morphologies were
investigated using variable pressure scanning electron microscopy (VPSEM) (Hitachi S-3000N,
Japan) and transmission electron microscope (TEM) (JEOL JEM-3010, USA). The BET surface
areas of MWCNT and oxidized MWCNT (MWCNT-O) were determined using N, gas
adsorption at 77 K (Micromeritics ASAP-2020, USA).

3.3.5 CFX Detection Experiments. CV and differential pulse voltammetry (DPV)
experiments (parameters: initial voltage = 0.2V, final voltage = 1.8V, step size = 4 mV, sample
period = 1 sec, pulse time = 0.05 sec and pulse size = 50 mV) were utilized for CFX detection
using a three-electrode setup. The BDD electrode, Pt wire (99.95%- metal basis) (Alfa Aesar),
and Ag/AgCI/KCI electrode (Pine Research Instrumentation, Durham, NC) were used as

working electrode, counter electrode, and reference electrode, respectively. Electrochemical
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measurements were performed with a Gamry Reference 600 potentiostat/galvanostat
(Warminster, PA) and in a 100 mL jacketed, glass reactor (Adams and Chittenden Scientific
Glass, Berkeley, CA), which was maintained at 20 °C using a re-circulating water bath (Thermo
Scientific). The 1 cm® BDD electrode was mounted into a custom-made PEEK rotating disk
electrode (RDE) holder and was connected to a modulated speed rotator (Pine Research
Instrumentation, Durham, NC) through a 316 stainless steel current collector contained within
the electrode holder. A water-tight seal between the electrode and the holder was accomplished
using a Viton® gasket. The holder provided a 0.35 cm? geometric surface area exposed to the
solution.

The background electrolyte, unless otherwise stated, was a 0.1 M KH,PO, (pH = 4.5)
solution. A stock solution of 1 mM CFX was prepared in 0.1 M KH,PO,, and was added to the
background electrolyte to achieve a given CFX concentration. Before each experiment the
electrode was rotated at 800 rpm for 15 minutes to ensure a well-mixed solution. For DPV
measurements, the potential was swept from 0.2 to 1.8 V/SHE. The secondary wastewater
effluent sample was procured from Stickney Water Reclamation Plant (Cicero, IL, USA).

3.3.6 Capacitance Measurements. Measurements were performed to determine the double
layer capacitance (Cq) for selected sensors, which is a measure of the electroactive surface area.
CV scans were performed for different sensors in a 0.1 M KH,PO, supporting electrolyte at v
between 10 and 100 mV s™ and over a potential range of -0.5 to 0.5 V/SHE. This potential range
was chosen because it is within the range of water stability and therefore all current is assumed
to be generated from non-faradaic processes. The average current responses (i/2) were plotted

versus v, and the slopes of the regressed data were used to calculate Cgy values.
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3.3.7 Adsorption Experiments and CFX Analysis. A stock solution of 1 mM CFX was
prepared in a 0.1 M KH,PO, supporting electrolyte (pH 4.50). Equilibrium adsorption
experiments were performed using 5 mL glass vials with PTFE-lined screw caps. Each vial was
filled with 5 mL CFX solution (1 mM) with different MWCNT loadings (5, 10, 15, 20, 30, 50
and 100 mg), and were mechanically shaken at 200 rpm for 72 hours on a reciprocating shaker
(Eberbach Corporation, Michigan, USA) at a temperature of 21°C. Solutions were filtered
through 0.45 um filters (PVDF, Fisher scientific) and analyzed by HPLC. All adsorption
experiments were performed in duplicate.

The liquid phase CFX concentrations were measured using high performance liquid
chromatography (HPLC, Shimadzu, USA) equipped with a Kinetex C18 column (2.6
um, 2.1x75 mm, Phenomenex) and detected by a photo-diode array detector (Shimadzu) at a
wavelength of 254 nm. The amount of CFX adsorbed to the MWCNTSs was calculated by the

difference between the initial and equilibrium aqueous solute concentration as follows:

— (Co— C)V
e w

(3-1)
where q. is the amount of CFX adsorbed by MWCNTSs (mg g), Co and C. are the initial and
equilibrium liquid-phase concentrations of CFX (mg L™), respectively, V is the solution volume
(L), and W is the weight of MWCNTS used in the adsorption tests (g). Control experiments were
performed in the same manner described above but without the addition of MWCNTS.

Langmuir and Freundlich isotherms models were both fit to equilibrium adsorption data. The
Langmuir isotherm is mainly applied to monolayer adsorption on perfectly smooth and

homogeneous surfaces, and the Freundlich isotherm is widely employed for adsorption on

surfaces with a non-uniform energy distribution. The Langmuir isotherm is:

K1 GmaxCe (3_2)

e = =5 KLCe
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where g mayx is the maximum adsorption capacity (mg g™*) and K is the Langmuir adsorption
constant (L mg™). The Freundlich isotherm is:

qde = KrC¢' (3-3)
where K¢ is the adsorption equilibrium constant ((mg g*) (mg L") ™) and nis an empirical
constant indicative of adsorption intensity.

3.3.8 Statistical Analysis. Linear regression was performed to determine calibration curves
for the peak current response as a function of CFX concentration, and standard errors are
provided as a measure of uncertainty of the slope and intercept values. The LOD for CFX
detection was determined as the lowest CFX concentration that produced a signal that corresponded to
S/N ratio = 5. The S/N ratio was calculated by dividing the average peak current for CFX detection by the

average background current (n = 4). Errors on the S/N were calculated at the 95% confidence interval,

and represented the variation of the peak current, as the background current varied by < 0.25 %.

3.4 Results and Discussion

3.4.1 Physical and Chemical Characterization. The morphologies of the BDD, porous-
Nafion/BDD, and porous-Nafion-MWCNT/BDD electrodes were characterized by SEM and
TEM (Figure 3-1). Figure 3-1a shows a SEM image of the BDD electrode, which has a rough
surface due to the bead blasted Ta substrate. The deposited BDD coating has a nanocrystalline
grain size, which is not visible at this resolution. Figure 3-1b shows an image of the porous-
Nafion/BDD electrode, which contains a smooth Nafion film with several cracks in the film. The
crack shown in Figure 3-1b is approximately 70 um wide. It was observed that cracks became
larger during the vacuum drying process before SEM analysis, and therefore the cracks in the
hydrated porous-Nafion/BDD electrode used for CFX detection were likely much smaller. By
contrast, cracks were not observed in the Nafion film covering the Nafion/BDD electrode (image

not shown). The mixing of Nafion with the electrolyte solution was responsible for increasing
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the porosity of the Nafion film by creating structural defects caused by the precipitating salt
during the drying process.

Figures 3-1c and 3-1d show SEM images of the porous-Nafion-MWCNT/BDD electrode at
different magnifications. Figure 3-1c displays the general film morphology, which shows a
highly porous Nafion film consisting of a range of pore sizes. The MWCNTSs are dispersed
within the Nafion film and within the pores and are visible as wire-like features in Figure 3-1c.
The addition of MWCNTSs provided a more continuous film than observed for the porous-
Nafion/BDD electrode, likely due to the high strength and flexibility of the MWCNTSs. Figure 3-
1d shows a higher magnification of the porous-Nafion-MWCNT/BDD electrode within a single
pore. The SEM image shows the wire-like MWCNTSs covered with a film of Nafion, where the
bright spots in the image were due to charging of the Nafion film. Figures 3-1e and 3-1f show
TEM images of an unsupported porous-Nafion-MWCNT film. Figure 3-le shows that the
MWCNTSs are interconnected, and Figure 3-1f shows higher magnification of a single MWCNT.
The SEM and TEM images show that the porous-Nafion-MWCNT/BDD electrode has a porous,
high surface area coating, with a high dispersion of interconnected MWCNTSs that is anticipated

to increase CFX adsorption and detection.
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Figure 3-1. SEM images of (a) bare BDD, (b) porous-nafion/BDD and (c, d) porous-nafion-
MWCNT/BDD. TEM images of (e, f) unsupported porous-nafion-MWCNT.

The MWCNT and MWCNT-O samples were analyzed by XPS in order to investigate the
surface carbon-oxygen functional groups. The XPS data of the C1s region of the two different

samples is shown in the Appendix A (Figures S-3-1a and S-3-1b), and results are summarized in
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Table 3-1. The deconvoluted model fit to the XPS data was resolved into seven sub-bands. The
[O/C] ratio increased for MWCNT-O by approximately 11-fold compared to MWCNT,
indicating that the O content increased significantly after the mixed acid pretreatment. The
binding energy (BE) ranges for each functional group is provided in Table 3-1. The percentage
of the oxygenated functional groups (e.g. -C—OH, -C=0, -COOH) increased due to the acid
treatment, which corresponded with a decrease in the percentage of C=C groups and an increase

in the percentage of C-C groups. XPS results were consistent with the literature [307,309,310].
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Table 3-1 - Deconvolution results of C1s XPS spectra for MWCNT and MWCNT-O (values given in atomic percent).

Sample Functional Groups (eV)
[O/C] C=C Cc-C -C-OH -C=0 -COOH -CO3 ¥
% (2845)  (285.3+0.3) (286.3+0.25) (287.3+0.2) (288.7+0.15) (289.8) (291.2+0.02)
MWCNT 1.29 66.8 10.6 5.55 4.14 3.36 2.39 7.14
MWCNT-O 14.24 47.6 19.0 6.70 4.88 6.45 1.94 13.4
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3.4.2 Electrochemical Characterization. Cyclic voltammetry provides useful information
regarding the change in surface structure of the modified electrodes. CV scans were performed in

4-13-

the presence of a 5 mM Fe(CN)s" " redox couple in a 0.1 M KH,PO, background electrolyte,

and in the presence of a 5 mM Fe*"%*

redox couple in a 0.1 M HCIO,4 background electrolyte.
The anodic peak current (I, ) was used to assess the effect of different surface modifications to
the electrodes. Figure 3-2 shows CV scans for the different modified electrodes in the presence
of the redox couples. The bare BDD electrode showed a higher anodic current response for the
Fe(CN)s""* redox couple (I, = 1.60 mA cm™) compared to the Nafion/BDD (1,,= 0.40 mA cm’
%), porous-Nafion/BDD electrodes (Ipa= 155 mA cm™), and Nafion-MWCNT/BDD (Ipa=0.62

mA cm), which is attributed to electrostatic repulsion of the Fe(CN)g*"*

redox couple by the
Nafion —SO3" groups and blockage of the BDD surface by the Nafion film (Figure 3-2a). The
porous-Nafion-MWCNT/BDD (I, = 1.61 mA cm®) showed almost the same anodic current
response as the bare BDD (l,. = 1.60 mA cm®). This result is attributed to the increase in
porosity of the Nafion film and surface area (due to MWCNT), which countered the electrostatic
repulsion due to the presence of Nafion.

The CV scans in Figure 3-2b confirm the presence of an electrostatic effect, which show a
significant increase in the I, for the Fe**’** redox couple at all the modified electrodes relative to
the BDD electrode (I,,= 0.93 mA cm™). The Nafion/BDD electrode (l,, = 7.41 mA cm?)
showed an 8.0-fold enhancement in 1y, relative to BDD, and the Nafion-MWCNT/BDD
electrode (l,.=13.3 mA cm) showed a 1.8-fold enhancement in .2 relative to the Nafion/BDD
electrode. These results indicate that the Nafion film increased the current response due to the

electrostatic attraction between the negatively charged —SOs3" groups of Nafion and the positively

charged redox couple. The addition of MWCNTSs provided further enhancement of the current
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response by increasing the surface area of the electrode. The addition of porosity to the Nafion
film showed a uniform decrease in the I, , for the porous-Nafion/BDD (l,. = 1.31 mA cm™) and
porous-Nafion-MWCNT/BDD (I, = 3.00 mA cm) electrodes relative to the Nafion/BDD and
Nafion-MWCNT/BDD electrodes by a factor of 5.7 and 4.4, respectively. This decrease in Iy, is
attributed to the increased porosity, which decreased the compactness and coverage of the Nafion
film on the BDD electrode.

The Cg of three modified electrodes (BDD, porous-Nafion/BDD, and porous-Nafion-
MWCNT/BDD) was measured using CV at different scan rates. These three electrodes were
chosen in order to assess any change in the Cy due to the addition of the porous Nafion film
(porous-Nafion/BDD) and MWCNTSs (porous-Nafion-MWCNT/BDD). Table 3-2 contains the
measured Cgq values of the different modified electrodes, which is a surrogate for the
electroactive surface area. The Cq value for the bare BDD electrode was 720 pF (2.1 mF cm™)
after anodic electrochemical cleaning, which indicates that the bead blasted Ta substrate,
nanocrystalline grain size, and electrochemical cleaning procedure all contributed to a
significantly higher Cg value compared to typical values (3-10 pF cm®) [311]. This result is
consistent with past studies using nanocrystalline BDD electrodes, that showed that an anodic
treatment was able to increase the Cy from 14 pF cm™ to as high as 3.2 mF cm™ for the pristine
and oxidized electrodes, respectively [311]. This result was attributed to electrochemical etching
of the grain boundaries of the nanocrystalline BDD surface [311]. The small grain size of
nanocrystalline BDD allows for much higher capacitance compared to microcrystalline BDD

electrodes (165—234 pF cm™) [312-314].
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Table 3-2 - Double layer capacitances for different modified electrodes

Type of electrode Cai (UF)
BDD 720
Porous-Nafion/BDD 431
Porous-Nafion-MWCNT/BDD 840

The Cgq value decreased for the porous-Nafion/BDD electrode relative to the bare BDD, due
to coverage of the BDD electrode by the Nafion film. However, the porous-Nafion-
MWCNT/BDD electrode showed an approximate 2-fold increase in Cg compared to the porous-
Nafion/BDD electrode, due to the presence of the high surface area MWCNTSs. This result

suggests that the 1.8-fold enhancement in peak current for the Fe?"**

redox couple at the porous-
Nafion-MWCNT/BDD electrode relative to the porous-Nafion/BDD electrode was related to an

increase in the electroactive surface area.
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Figure 3-2. CV curves of bare BDD, Nafion/BDD, porous-Nafion/BDD, Nafion-MWCNT/BDD, and
porous-Nafion-MWCNT/BDD in (a) 0.1 M KH,PO; electrolyte containing 5mM
KsFe(CN)s/K4Fe(CN)g and (b) 0.1M HCIO4 electrolyte containing 5mM Fe(ClO4),/Fe(ClO4)s.

3.4.3 Electrochemical Detection of CFX. To explore the sensitivity of the fabricated sensors for
CFX detection, DPV was performed in a 0.1 M KH,PO, supporting electrolyte containing 50
MM of CFX with the BDD, Nafion/BDD, porous-Nafion/BDD, Nafion-MWCNT/BDD, and
porous-Nafion-MWCNT/BDD electrodes. Figure 3-3 shows the DPV response for the different
electrodes. A peak was not observed for the BDD electrode, whereas a broad peak (l,a = 6pA,
corrected for background) appeared for CFX oxidation at approximately 1.4 V/SHE for the

Nafion/BDD electrode. This oxidation peak occurred at a slightly higher potential than observed
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by others [315], which is likely attributed to the acidic solution pH and high electrical resistance
of the Nafion film. The porous-Nafion/BDD electrode showed an approximate 2-fold increase in
the current response (lp. = 11 pA, corrected for background) compared to the Nafion/BDD
electrode. The Nafion-MWCNT/BDD showed an approximate 2.5-fold increase in the current
response (lp. = 15 pA, corrected for background) compared to the Nafion/BDD electrode. The
porous-Nafion-MWCNT/BDD electrode showed a significant increase in the current response
(Ipa = 63 pA, corrected for background), which was 10.5-fold higher than the Nafion/BDD, 5.7-

fold higher than the porous-Nafion/BDD and 4.2-fold higher than the Nafion-MWCNT/BDD.
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Figure 3-3. DPV curves of 50 uM CFX on BDD, Nafion/BDD, porous-Nafion/BDD, Nafion-
MWCNT/BDD, and porous-Nafion-MWCNT/BDD electrodes in 0.1 M KH,PO, solution (pH =
4.50).

The differences in CFX detection for the different electrodes are likely due to several factors
including, electrostatics, porosity, and conductivity of the film. At the pH of the DPV
experiments shown in Figure 3-3 (pH = 4.5), CFX is positively charged due to the formation of -
NH," at the terminal —NH group and protonation of the -COOH group (pKa: = 6.2 (carboxyl

group), pKs2 = 8.68 (amine group)) [316,317]. The electrostatic attraction between the negatively
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charged —SO3™ groups of Nafion and the positively charged -NH," groups of CFX resulted in
CFX detection. The I, increased for the Nafion-MWCNT/BDD electrode due to the presence of
the high surface areas MWCNTs. The I,. increased further for the porous-Nafion/BDD
electrode, due to the increase in porosity and defects in the Nafion film. The CV results with the
Fe**”?* redox couple showed the highest I,, at the Nafion-MWCNT/BDD electrode (Figure 3-
2b), which is attributed to electrostatic attraction by the —SO3" groups of Nafion, transport of the

relatively small Fe*"%*

redox couple through the polymer film, and the increase in the surface
area of the electrode. By contrast, CFX showed the highest 1, at the porous-Nafion-
MWCNT/BDD electrode (Figure 3-3), because the relatively large CFX molecule is unable to
diffuse through a dense Nafion film, and therefore the added porosity of the porous-Nafion/BDD
electrode allows access of CFX to the conductive MWCNTSs and BDD surface, while the —-SO3”
groups within the pores enhance CFX adsorption compared to the nonporous electrodes.

The 5.7-fold increase in l,, for CFX detection for the porous-Nafion-MWCNT/BDD
electrode relative to the porous-Nafion/BDD electrode is greater than the approximate 2-fold
increase in electroactive surface area (Table 3-2), which indicates that other factors are
enhancing CFX detection. Specific functional groups on the MWCNT surface may enhance
adsorption of CFX, which will be discussed further in section 3.4.8.

3.4.4 Effect of pH and Scan Rate (v) on CFX Detection. The effect of solution pH on the
electrochemical detection of CFX for both Nafion/BDD and porous-Nafion-MWCNT/BDD was
studied, and background-subtracted results are shown in Figure 3-4a. The maximum I, occurred
at different pH values for the two electrodes. The porous-Nafion-MWCNT/BDD electrode had

the highest 1,, at a pH of 4.5, and the Nafion/BDD electrode had the highest I, , at a pH of 4.96.

The current response for porous-Nafion-MWCNT/BDD was much more sensitive to pH than that
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of Nafion/BDD (Figure 3-4a), which suggests that acidic functional groups (e.g., -COOH) on the
MWCNT surface aid in selective CFX adsorption and therefore increased the sensitivity for CFX
detection.
In order to gain information on the rate-controlling mechanism for CFX oxidation, the effect
of v on I, was studied and results are presented in Figure 3-4b. The I, varied linearly with v
(Figure 3-4b), according to the following equation:
Lo (RA) = 1792v + 96.62 (3-4)
with R? = 0.992. These results indicate that the oxidation process of CFX at the porous-Nafion-

MWCNT/BDD electrode was an adsorption-controlled process.
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Figure 3-4. (a) Effect of pH on the peak currents of 100 uM CFX in 0.1 M KH,PO,. (b) Linear
relationship of peak current (I,) vs scan rate (v) in 0.1 M KH,PO4 with 50 uM CFX.

3.4.5 CFX Detection at Porous-Nafion-MWCNT/BDD. Under optimized solution conditions (pH
= 4.50), DPV was used to test the electrochemical performance of the porous-Nafion-
MWCNT/BDD electrode for CFX detection in a 0.1 M KH,PO, supporting electrolyte. Figure 3-
5a shows the background-corrected DPV scans for CFX detection as a function of concentration
(0.05 - 10 uM). The I, varied linearly with the concentration of CFX (Figure 3-5b). The linear
regression equation was determined as:

Ip'a(H.A) = 2.07 CCFX(HM) + 491 (3'5)
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The coefficient of determination for linear regression was R? = 0.992 and the linear range was
0.05 to 10 uM. The limit of detection (LOD) of our sensor was defined as the lowest CFX
concentration that would yield a signal/noise (S/N) ratio of > 5 during DPV experiments. An
LOD of 5.0 nM was found (S/N = 5.04 £ 0.26; n = 4, 95% confidence interval), which to our
knowledge is the lowest LOD reported in the literature for a CFX sensor (Table 3-3), and is
included in the linear range of 5.0 to 50 nM (Table S-3-1). Our very low LOD was a result of the
highly porous, high surface area, conductive MWCNT/Nafion coating. The role of the MWCNTSs
towards CFX adsorption may also contribute to the low LOD, which can enhance CFX
adsorption through several mechanisms (e.g., hydrophobic effect, electrostatic interaction,
electron-donor-acceptor mechanism (z-7 interaction), Lewis acid base interaction). The effects of
MWCNTSs towards CFX adsorption will be discussed in more detail in section 3.4.8.

The repeatability of the sensor for CFX detection was determined by performing five DPV
experiments with 15 uM of CFX using a single sensor, which gave a relative standard deviation
(RSD) for repeatability of 4.3%. The reproducibility of the sensor was also studied by fabricating
five different sensors and performing DPV experiments for a 15 uM CFX solution. The RSD for
reproducibility was 6.35%. These results indicate that the sensor exhibits both high repeatability

and reproducibility during CFX detection.
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Table 3-3 - Comparison of different methods for the determination of Ciprofloxacin

Electrode Linear Range (uM) (LOD) References
(rM)
DNA biosensor 40 - 80 24 [318]
Enzymatic rotating biosensor 0.1-60 0.01 [319]
MWCNT-GCE 3-1200 0.9 [320]
Modified CPE 0.1-20 0.05 [321]
ds-DNA -BDD 0.5-60 0.44 [315]
MWCNT-GCE 40 - 1000 6 [101]
P-B-Cyclodextrin-L-arginine/CPE 0.05-100 0.01 [97]
MgFe,0,-MWCNT/GCE 0.1-1000 0.01 [203]
Porous-Nafion-MWCNT/BDD 0.005 - 0.05, 0.05-10 0.005 This work
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Figure 3-5. (a) DPV curves of porous-Nafion-MWCNT/BDD at different concentrations of CFX in

0.1 M KH,POy4 (b) The corresponding calibration graph of CFX.
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3.4.6 CFX Detection in the Presence of Non-target Water Constituents. A primary objective of
this work was to assess the ability of the sensor to quantify CFX in domestic wastewater effluent
and drinking water sources. CFX may be present in wastewater effluent and enter receiving
waters, and is a health concern especially in water recycling applications. Different ions and
compounds often coexist with CFX in wastewater effluent or in natural waters. Therefore,
several non-target water constituents were chosen to investigate their effect on CFX detection.
These constituents include common ions (Ca®* and CI'), surfactant (sodium dodecyl benzene
sulfonate (SDBS)), humic acid, and the commonly used antibiotic amoxicillin. All of these
compounds are found in wastewater effluent (WWE) except humic acid, which is found in
natural waters. Results for CFX detection in the presence of 1 mM of the various non-target
water constituents are summarized in Table 3-4. The LOD for CFX detection in the presence of
all the non-target water constituents was not compromised (LOD = 5 nM) (Table 3-4). The
inhibition for CFX detection increased (slopes (or sensitivity) decreased) in the following order:
CI" < Amoxicillin < humic acid < SDBS < Ca?".

The sensitivity was lowest in the presence of Ca®*, which is attributed to the electrostatic
attraction between the positively charged Ca®* and negatively charged —~SOs™ groups of Nafion,
and competitive adsorption of Ca?* at the -COOH groups on the MWCNTSs [322], which would
block access of CFX to the active -COOH adsorption sites. The individual calibration curve with
Ca®" is shown in the Appendix A (Figure S-3-2a). The linear ranges for CFX detection remained
essentially unchanged with all other non-target water constituents (see Table 3-4). These results
indicate that the porous-Nafion-MWCNT/BDD sensor is useful for the detection of CFX in the

presence of representative concentrations of common non-target water constituents.
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3.4.7 Detection of CFX on Porous-Nafion-MWCNT/BDD in wastewater effluent (WWE). To
verify the applicability of the sensor for the detection of CFX in WWE, the porous-Nafion-
MWCNT/BDD electrode was used to detect CFX in a secondary WWE sample. The sample had
a pH of 7.8 and a chemical oxygen demand (COD) concentration of 12.27 mg L™. The sensor
was tested in the as received WWE, but a current peak was not observed (data not shown),
indicating that CFX was not present in the WWE at significant concentrations. Therefore, to
ascertain the feasibility of CFX detection in the WWE, various concentrations of CFX were
spiked to the WWE solution. Calibration curves derived from DPV measurements (Appendix A,
Figures S-3-3 to S-3-5) of different concentrations of CFX at the porous-Nafion-MWCNT/BDD
electrode in the as received WWE, WWE after pH adjustment to 4.5 (WWE;n=45), and the
wastewater sample at pH = 4.5 and in 0.1 M KH;PO4 (WWEph=45, 1=01) are provided in the
Appendix A (Figure S-3-2b). The detection of CFX in the blank electrolyte is also included in
Figure S-3-2b as a point of reference.

Data in Table 3-4 summarizes the LOD, linear ranges, sensitivities, and linear equations for
the different WWE samples tested. Comparing the slopes it was observed that the sensitivity for
CFX detection increased in the following order: WWE < WWEpn=25 < WWEpH=45, 1=0.1 <
supporting electrolyte (without WWE). It was also observed that the LOD (5 nM) remained the
same for all the samples except the as received WWE. The LOD in the WWE increased to 5 pM,
indicating that pH and ionic strength adjustment is necessary. The development of in situ
monitoring sensors will require electrode isolation behind a selective membrane to achieve

desired results.
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Table 3-4 - Determination of CFX in the presence of different interferences. Errors on estimates represent the standard errors. Data

for lower concentration linear ranges are included in the Appendix A.

Interferences LOD Linear range Sensitivity
(nM) (nM) (Slope(pA pM™), R2, Intercept)
No interference 0.005 0.05-10 Slope =2.08 £ 0.085, R>=10.99
Intercept= 5.362 + 0.484
0.005—0.05 Slope =41 £5.196, R2=0.98
Intercept= 2.055 + 0.153
Ca®" 0.005 1-15 Slope = 0.69 + 0.034, R*=0.99
Intercept=5.734 + 0.286
Chloride (1mM) 0.005 0.05 - 10 Slope =2.38 £ 0.067, R*=0.996
Intercept= 4.122 + 0.349
SDBS (1ImM) 0.005 0.05-15 Slope = 1.23 £0.027, R2=0.997
Intercept= 1.741 + 0.195
Humic acid(11mg L™) 0.005 0.05-10 Slope = 1.69 £ 0.078, R>=0.993
Intercept= 3.105 £ 0.408
Amoxicillin (1mM) 0.005 0.05-15 Slope =2.19 £ 0.083, R*=0.991
Intercept=4.272 + 0.596
Without WWE 0.005 0.05-1, Slope; =3.78 + 0.59, R*=0.976
1-15 Slope, =1.68 £ 0.11, R*=0.983
Intercept;= 3.729+0.385, Intercept,= 7.068+0.911
WWEPH: s 0.005 0.05-1, Slope; =1.05 +0.15, R2=0.98
1-15 Slope; =0.32 + 0.007, R = 0.998
Intercept;= 0.991+0.099, Intercept,= 1.742+0.059
WWEPH: 45,101 0.005 0.05-2.5, Slope; =2.35+0.19, R*=0.987
25-15 Slope; = 1.04 + 0.07, R*=0.987
Intercept;= 0.668+0.259, Intercept,= 3.586+0.636
WWE 5 5-15 Slope =0.15 £ 0.03, R2=0.912
Intercept= 0.3284+0.341
Without organics 0.005 0.05-1, Slope; =3.87+£0.51, R2=0.974
1-15 Slope, =0.92 £ 0.03, R?=0.996
Intercept;= 3.254+1.073, Intercept,= 8.380+0.249
1:1 CFX:HBA 0.005 0.05-1, Slope; =3.14 £ 0.703, R* = 0.952
1-15 Slope, =0.72 + 0.052, R*=0.999
Intercept;= 2.826+0.082, Intercept,= 6.144+0.112
1:10 CFX:HBA 1 1-15 Slope =0.65 £ 0.012, R2=0.99
Intercept= 1.329+0.103
1:1 CFX:ABA 0.005 0.05-1, Slope; =3.42 +0.31, R2=0.98
1-15 Slope, =0.85 + 0.012, R*=0.990
Intercept;= 4.423+0.423, Intercept,= 7.328+0.105
1:10 CFX:ABA 0.05 0.05-1, Slope; =2.10 + 0.064, R* = 0.999
1-15 Slope; = 0.78 + 0.029, R =0.99

Intercept;= 3.832+0.845, Intercept,= 6.524+0.074

*ABA- 4-aminobenzoic acid & HBA- 4-hydroxybenzoic acid
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3.4.8 Elucidation of Adsorption Sites for CFX Detection. Results from Figure 3-4b indicate that
CFX oxidation at the porous-Nafion-MWCNT/BDD electrode was adsorption-controlled.
Additionally, experimental results indicate that the addition of the MWCNTs to the BDD
electrode caused a pH-dependence for CFX detection, with an optimal pH for CFX detection of
4.5 (Figure 3-4a). These results suggest that adsorption of CFX may be controlled by acidic
functional groups on the MWCNT surface. XPS results showed the presence of both -COOH
and —OH groups on the MWCNT sample (Figure S-3-1 and Table 3-1). The pK, for -COOH
groups has been reported between 3 and 6, and the pK, for —OH groups has been reported at 7.1
on MWCNTSs [323,324]. Thus the optimal CFX response at pH = 4.5 (Figure 3-4a) suggests that
—COOH groups may be involved in CFX adsorption.

One possible mechanism for pH-dependent CFX adsorption is through a negative charge-
assisted H-bond (CAHB) [325,326]. The CAHB is a covalent bond that involves the sharing of a
H atom between the sorbate and sorbent, compared to typical H-bonds that are electrostatic
[325,326]. The adsorption of various compounds containing —COOH groups have been shown to
undergo CAHBs at CNTs [326]. The strength of the CAHB increases with decreasing ApK,,
which is defined as the difference in pK, of the acidic CNT functional group and the weak acid
group of the sorbate[325,326]. The pK, of -COOH groups on CNTSs are between 3 and 6 [323],
and the pK, of the -COOH group of CFX is between 5.8 and 6.2 [316,317,324,327,328].
Therefore, the CAHB should be most energetically favorable at pH values between 4.4 and 6.1,
which compares well with experimental results shown in Figure 3-4a (pH = 4.5).

To further investigate the CAHB mechanism for CFX adsorption at the porous-Nafion-

MWCNT/BDD electrode, competitive adsorption experiments were performed with CFX and
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three model organic compounds containing —COOH groups with different pK, values. Model
compounds were 4-hydroxybenzoic acid (HBA) (pKj = 4.1), 4-aminobenzoic acid (ABA) (pKa =
4.9), and salicylic acid (SA) (pKa = 2.97). The strength of the CAHB should follow the order: SA
> HBA > ABA > CFX, and therefore the model organic compounds should inhibit CFX
detection to varying degrees. CFX detection was assessed with the individual addition of SA,
HBA, and ABA at an equimolar (1:1) concentration with respect to CFX (Appendix A; Figures
S-3-6 to S-3-9). As expected, the current response for CFX in the presence of HBA was lower
than in the presence of ABA (Appendix A; Figure S-3-10). However, SA experiments did not
follow the expected trend, which may be attributed to steric hindrance associated with SA having
the -OH and —COOH groups in the ortho position, compared to the para position for HBA. The
LOD was not compromised for any of the equimolar competitive adsorption experiments (Table
3-4). A higher concentration of HBA and ABA were also tested (1:10 = CFX:organics). The
sensitivity (slope) of the calibration curve for CFX with 1:10 ABA was much higher than that
with 1:10 HBA (Table 3-4). CFX detection with 1:10 CFX:HBA (LOD = 1 uM) was affected
much more than that with 1:10 CFX:ABA (LOD = 50 nM) (Table 3-4), indicating that HBA
inhibited CFX detection to a greater extent than ABA, which was expected from the ApK,
values.

To investigate the effect of the -COOH group of MWCNT on CFX detection, MWCNT-O
was used to prepare a sensor and tested for CFX detection. XPS data of the C1s region of the two
different samples is included in the Appendix A (Figures S-3-1a and S-3-1Db), and results are
summarized in Table 3-1. Results indicate that the percentage of -COOH groups was 3.36% on

the MWCNT sample and 6.46% on the MWCNT-O sample (Table 3-5). The [O/C] ratio
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increased for MWCNT-O approximately 11-fold compared to MWCNT, indicating that the O
content increased significantly after the mixed acid pretreatment (Table 3-1).

Batch adsorption experiments were performed with MWCNT and MWCNT-O to determine
the effect of —-COOH groups on CFX adsorption. Control experiments did not show a decrease in
the concentration of CFX without MWCNTSs. The data for CFX adsorption on MWCNT and
MWCNT-O are shown in the Appendix A (Figure S-3-11). The adsorption capacity of CFX on
MWCNT was lower than that on MWCNT-O, indicating that the higher quantity of -COOH
functional groups (6.46%) on the MWCNT-O increased the adsorption of CFX relative to the
MWCNT sample (-COOH = 3.36%). The acidic functional groups presumably increased the
adsorption of CFX through a CAHB, as discussed previously.

The Freundlich and Langmuir models were fit to the experimental adsorption data. A
summary of the fitted parameters for the two adsorption isotherm models are provided in Table
3-6. The data indicates that the Freundlich model matched the data better than the Langmuir
model, likely due to a distribution of adsorption energies on the MWCNT samples. Both
adsorption isotherm models indicate that MWCNT-O has a higher affinity for CFX adsorption
than MWCNT. Since the MWCNT and MWCNT-O samples had a similar specific surface area
(Table 3-5), these results clearly indicate that oxygenated functional groups enhanced the
adsorption of CFX. These results coupled with the pH-dependence of CFX detection (Figure 3-
4a) and the competitive adsorption experiments (Table 3-4), strongly suggest that the —-COOH
groups of MWCNTs enhances CFX adsorption and thus detection, possibly through the

formation of a CAHB between the -COOH groups of CFX and MWCNTSs [325,326].
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Table 3-5 - The comparison of normalized slopes for CFX calibration with porous-Nafion-

MWCNT/BDD and porous-Nafion- MWCNT-O/BDD. Errors on calculations represent standard

errors.

Parameter Porous-Nafion-MWCNT/BDD Porous-Nafion-MWCNT-O/BDD
Slope (LA uM™) 1.94 + 0.049 1.80 +0.13

Car (LF) 840 205

-COOH (%) 3.36 6.46

Normalized slope (A pM™) 0.58 1.14

BET (m” g™) 205 240

Sensors fabricated with both MWCNT and MWCNT-O were used for CFX detection and
were labeled as porous-Nafion-MWCNT/BDD and porous-Nafion-MWCNT-O/BDD,
respectively. The porous-Nafion-MWCNT/BDD electrode (1.93 + 0.049 pA pM™) had almost
the same sensitivity as the porous-Nafion-MWCNT-O/BDD electrode (1.80 + 0.13 pA pM™)
(Appendix A; Figure S-3-12). This result was unexpected, as it was anticipated that the porous-
Nafion-MWCNT-O/BDD electrode would have higher sensitivity based on adsorption isotherm
data.

The conductivity of the porous-Nafion-MWCNT-O/BDD electrode might have changed due
to the formation of defects during the acid treatment [329]. Therefore, the Cqy values (measure of
electroactive surface area) were measured for the two different electrodes. The Cg values
provided in Table 3-5 indicate that the porous-Nafion-MWCNT/BDD had over a 4-fold higher
electroactive surface area than the porous-Nafion-MWCNT-O/BDD electrode, while only a
slight increase in the BET surface area was observed for the MWCNT-O sample. In order to
normalize the sensor response by the electroactive —COOH content, the slopes were divided by
the corresponding —COOH content and multiplied by Cg1/Cqi. This model assumes a
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homogeneous distribution of —-COOH groups on the MWCNT surface. The Cy 1 is the Cy value
of the porous-Nafion-MWCNT/BDD electrode and i is the electrode of interest (see Table 3-5).
The normalized slopes were calculated as 0.58 and 1.14 uA uM™ for the porous-Nafion-
MWCNT/BDD and porous-Nafion-MWCNT-O/BDD electrodes, respectively. These results
suggest that the MWCNT-O did not increase the overall sensitivity of the sensor because
oxidation resulted in a decrease in the conductivity of the film, which caused many of the
adsorption sites to be electrochemically inactive. However, the normalized slopes calculated
above indicate that an increase in —COOH groups on MWCNTs could lead to enhanced
sensitivity for CFX detection, if the groups are electroactive, indicating further research in this
area is needed.

Table 3-6 - Results of adsorption isotherm models fitting to adsorption data of CFX on MWCNT

and MWCNT-O

Langmuir Model Freundlich Model
Samples Qmax Ky R’ Kg n R’
MWCNT 106.5 0.38 0.84 31.85 0.256 0.90
MWCNT-O 173.0 0.10 0.73 48.37 0.259 0.99

3.4.9 Fouling and Regeneration of the Sensor. Results in Table 3-4 show that the LOD was
compromised when the porous-Nafion-MWCNT/BDD electrode was exposed to a high
concentration of organic compounds. To investigate the fouling and regeneration of the sensor, a
freshly prepared porous-Nafion-MWCNT/BDD electrode was first used for CFX detection in a
blank electrolyte and then it was fouled with 1 mM ABA. After which, the sensor was again
tested for CFX in a blank electrolyte. Two different regeneration methods were tested. The first

method was cathodic treatment (-1 V/SHE for 60 sec) and the second method used a 0.01 M
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NaOH rinse for 10 minutes. After these regeneration treatments the sensor was again tested for
CFX detection in a blank electrolyte. As shown in Figure 3-6a, a peak (22 pA, corrected for
background) appeared for CFX oxidation at 1.43 V/SHE for the ‘as prepared’ electrode. The
sensor was then immersed in 1 mM ABA with 0.1 M KH,;PO, and DPV was performed to
oxidize ABA. Only one peak (77 pA, corrected for background) appeared at 1.1 VV/SHE, which
was attributed to ABA oxidation. After which, the sensor was used for CFX detection in a blank
electrolyte, but a peak for CFX was not observed. The sensor was then treated cathodically (-
1V/SHE for 60 sec) in a blank electrolyte solution (0.1 M KH,PQO,) to regenerate the sensor. The
sensor was again tested for CFX detection and a peak (11 pA) appeared for CFX oxidation at
1.43 V/SHE, which was approximately 50% of that for the ‘as prepared’ electrode. Regeneration
was attributed to the reduction of water at the electrode surface that created a local alkaline
region that destroyed the CAHBs between ABA and carboxyl groups on the MWCNTSs.
However, the solution used during regeneration was 0.1 M KH,PO,4 (pH buffer), which may have
minimized the pH increase at the electrode surface. Therefore, another set of experiments was
performed under identical conditions, except the regenerant solution was 0.1 M NaCl (Figure 3-
6b). The current response before fouling was the same as after cathodic cleaning in the NaCl
solution, concluding that cathodic cleaning (-1V/SHE for 60 sec) could fully regenerate the
sensor in a non-buffering solution (Figure 3-6b). Another set of experiments was performed
using 1 mM ABA as the foulant, and the electrode was regenerated by washing in 0.01 M NaOH
solution for 10 minutes. The DPV response before fouling was exactly the same as the response
after base wash, concluding full regeneration of the sensor was due to basic pH conditions

(Figure 3-6c¢).
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Figure 3-6. DPV curves before fouling (25 uM CFX), fouling with 1mM ABA, after fouling (25 uM
CFX), and after cleaning (25 uM CFX): (a) with cathodic treatment (-1 V vs SHE for 60 sec) in 0.1
M KH,PO, solution (b) with cathodic treatment (-1 V vs SHE for 60 sec) in 0.1 M NaCl solution
and (c) with base wash (0.01 M NaOH).
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3.5 Conclusions

In summary, a facile and novel porous-Nafion-MWCNT/BDD sensor was synthesized via a
drop cast method and used to detect CFX with a LOD =5 nM, using the DPV method. This LOD
is the lowest reported in the literature for an electrochemical-based sensor. Nafion was used to
enhance CFX adsorption by electrostatic attraction and a porous Nafion film was created to
increase the surface area and permeability of the film to CFX. MWCNT increased the surface
area as well as created -COOH adsorption sites for CFX, which increased sensor sensitivity. The
sensor was able to detect CFX in the presence of different interfering non-target water
constituents (e.g., CI,, SDBS, Ca**, humic acid, Amoxicillin, and various organic compounds),
and was also able to detect CFX in a pH-adjusted wastewater effluent matrix with full sensitivity.
The sensor was fouled with a high concentration of organic compounds, but was fully
regenerated using cathodic treatment (-1.0 V/SHE for 60 sec in 0.1 M NacCl solution) or base
wash (0.01 M NaOH).
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4. Fluorination of Boron-doped Diamond Film Electrodes for Minimization of

Perchlorate Formation

REPRINTED WITH PERMISSION FROM P. GAYEN and B.P. CHAPLIN,
FLUORINATION OF BORON-DOPED DIAMOND FILM ELECTRODES FOR
MINIMIZATION OF PERCHLORATE FORMATION, ACS APPL. MATER.
INTERFACES 9 (2017) 27638-27648. COPYRIGHT 2017 AMERICAN CHEMICAL
SOCIETY
4.1 Abstract
This research investigated the effects of surface fluorination on both rates of organic compound
oxidation (phenol, terephthalic acid (TA)) and CIO, formation at boron-doped diamond (BDD)
film anodes at 22° C. Different fluorination methods (i.e., electrochemical oxidation with
perfluorooctanoic acid (PFOA), radio frequency plasma, and silanization) were used to
incorporate fluorinated moieties on the BDD surface, which was confirmed by X-ray
photoelectron spectroscopy (XPS). The silanization method was found to be the most effective
fluorination method using a 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane precursor to form a
self-assembled monolayer (SAM) on the oxygenated BDD surface. The CIO, formation
decreased from rates of 0.45 + 0.03 mmol m™ min™* during 1 mM NaClO; oxidation and 0.28 +
0.01 mmol m? min™ during 10 mM NaCl oxidation on the BDD electrode to below detectable
levels (< 0.12 pmoles m™? min™) for the BDD electrode functionalized by a 1H, 1H, 2H, 2H-
perfluorodecyltrichlorosilane SAM. These decreases in rates corresponded to 99.94% and
99.85% decreases in selectivity for CIO4” formation during the electrolysis of 10 mM NaCl and 1

mM NaClO; electrolytes, respectively. By contrast the oxidation rates of phenol were only

reduced by 16.3% in the NaCl electrolyte and 61% in a nonreactive 0.1 M KH,PQO, electrolyte.

3-/4- 3+/2+

Cyclic voltammetry with Fe(CN)""" and Fe redox couples indicated that the long fluorinated

chains created a blocking layer on the BDD surface that inhibited charge transfer via steric
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hindrance and hydrophobic effects. The surface coverage and thickness of the fluorinated films
controlled the charge transfer rate, which was confirmed by estimates of film length using XPS.
The aliphatic silanized electrode also showed very high stability under OH® production.
Perchlorate formation rates were below the detection limit (< 0.12 umoles m?min™) for up to 10

consecutive NaClO3 oxidation experiments.
4.2 Introduction

The electrochemical advanced oxidation process (EAOP) is emerging as an effective and
versatile water and wastewater treatment technology [52,53,110,111]. Boron-doped diamond
(BDD) film electrodes have been considered the best EAOP electrode due to their large potential
window, high stability, resistance to fouling, and ability to generate high yields of hydroxyl
radicals (OH®) via water oxidation [51,330]. BDD electrodes are efficient at oxidizing
recalcitrant compounds in water through the production of OH® and direct electron transfer
(DET) reactions at the electrode surface [53,111-113,116,331,332]. The formation of OH® is
desirable because it is highly reactive with numerous organic compounds at diffusion-limited
rates and does not leave a residual in treated water since it decays to form water [62].

However, the application of BDD electrodes to water and wastewater treatment is limited by
the formation of CIO, via the oxidation of CI" [188-190,333]. The formation of ClO4 is
problematic because it has been linked to health risks, including disruption of the thyroid gland
and carcinogenic potential [63,334]. The U.S. EPA has set a health advisory level for CIO, at
0.15 puM for drinking water sources, and Massachusetts and California have set even lower
standards of 0.02 and 0.06 UM, respectively [335,336]. Removal of CI prior to electrochemical
oxidation is not practical since deionization would decrease the conductivity of the solution,

which increases the energy cost of electrochemical oxidation, and the CI" removal step would
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add costs and complexities to the treatment process. Methods to limit CIO,” formation during
EAOPs are necessary in order for them to develop into a feasible treatment technology in the
water and wastewater treatment sectors.

The formation of CIO, results from the step-wise oxidation of CI', with ClIO, species as
intermediates (1 < x < 3). The rate determining step during C1O4 formation is the oxidation of

ClO3 [187,189], which was determined to be a two-step process, as shown in reactions (4-1) and

(4-2) [195].
ClO; —CIO; +e (4-1)
ClO; +OH* — HCIO, (4-2)

The first step involves the formation of the chlorate radical (CI03) from CIO3™ via a DET reaction
at the electrode surface, followed by the bimolecular reaction between CIO§ and OH® to form
HCIO, [195].

The functional groups on the BDD surface have a significant effect on the rates of DET
reactions [167]. Our previous work showed that the incorporation of =C-F and C-CFzn+1 (L < n
< 7) functional groups to the BDD surface via electrochemical oxidation of perfluorooctanoic
acid (PFOA) was effective at lowering ClO, formation by 96%, which was attributed to a
combination of repulsive dipole-dipole interactions, steric hindrance, and reduced Van der Waals
attraction caused by the blocking film and inhibited electron tunneling via reaction (4-1) [167].
In the same study, the fluorination of the BDD surface slightly enhanced the oxidation rates of
aromatic non-ionic compounds (i.e., phenol, benzoquinone), but inhibited the rate of a model
aliphatic ionic compound (i.e., oxalic acid) [167]. Several methods have been used to fluorinate
BDD electrodes, including RF plasma in a gaseous CF4; [162], F, [165] or XeF, [166]

environment, electrochemical oxidation using PFOA [165,167], or silanization [337,338].
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However, their application towards reducing electrode selectivity towards CIO," formation while
maintaining organic compound oxidation has only been investigated in our prior study [167].

To that end, this study investigates the effects of surface fluorination of BDD electrodes on
rates for both ClO, formation and model organic compound oxidation (i.e. phenol and
terephthalic acid (TA)). Various fluorination methods were applied to BDD electrodes, including
RF plasma with H, and CF4, electrochemical oxidation of PFOA, and silanization with
perfluorinated silanes (i.e., 1H,1H,2H,2H perfluorodecyltrichlorosilane and
triethoxy(pentafluorophenyl)silane). X-ray photoelectron spectroscopy (XPS) was used to
characterize the surface functional groups incorporated by these different surface modifications.
Batch electrochemical oxidation experiments were performed to determine reaction rates as a

function of different electrode functionalization methods. Cyclic voltammetry (CV) scans were

3-/4- 3+/2+

performed with ionic redox couples (i.e., Fe(CN)s""" and Fe®™“") to characterize the coverage of
the film and effects it has on charge transfer. Stability of the surface modifications of selected
modified BDD electrodes were also studied using anodic ageing tests.

4.3 Materials and Methods

4.3.1 Reagents. All chemicals were reagent-grade and obtained from Fisher Scientific and
Sigma-Aldrich. Chemicals were received and were used without further modification. All
solutions were prepared with Type [ purity water (18.2 MQ.cm at 21°C) from a Barnstead
NANOpure system (Thermo Scientific).

4.3.2 Electrode Preparation. BDD nanocrystalline film electrodes (2 um thick; resistivity = 0.05-
0.1 Q cm) were purchased from Advanced Diamond Technologies (Romeoville, IL). The BDD

films were deposited on 2 mm thick, 1 cm? diameter Ta disk substrates by chemical vapor

deposition (CVD), with a concentration of trimethyl borane of 750-12000 ppm in flowing CH,4
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and at a temperature between 700 and 800°C. The BDD film electrodes were characterized by
near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, which showed they were
comprised of high quality sp* diamond [339].
4.3.3 Electrode Fluorination Experiments. Three methods were used for fluorination of the BDD
surface, including plasma fluorination, electrochemical oxidation, and silanization. Plasma
fluorination of the BDD electrode was accomplished by reactive ion etching (RIE) with radio
frequency (RF) plasma using a Surface Technology System 340 RIE. The BDD electrode was
placed in the RIE chamber with H, flow of 100 standard cubic centimeters per minute (sccm) to
remove oxygen termination from the BDD electrode (RF power = 100 W, time = 10 min,
chamber pressure = 200 mTorr). This procedure was followed by fluorination of the BDD
surface with CF, at 45 sccm (RF power = 50 W, time = 5 min, chamber pressure = 40 mTorr).
Fluorination via electrochemical oxidation was performed in a jacketed 100 mL single cell
batch reactor at 22 °C using a recirculating water bath according to methods from a previously
published study [165]. The BDD electrode was treated with H, RF plasma to eliminate oxygen
termination followed by electrochemical oxidation in a formic acid (99%) solution containing
100 mM perfluorooctanoic acid (PFOA) and 100 mM NaClO, as a supporting electrolyte.
Electrochemical experiments used a Gamry Reference 600 potentiostat/galvanostat (\WWarminster,
PA) with a rotating disc electrode (RDE) experimental setup. Experiments were conducted using
a three-electrode setup, with 0.35 cm? BDD as the working electrode, Pt wire (Alfa Aesar) as
counter electrode, and a Hg/Hg,SO4/K,SO, reference electrode. An anodic potential of 3.64 V vs
standard hydrogen electrode (/SHE) was applied for 6.0 hours while rotating at 3000 rotations
per minute (rpm) with a N, purge. The applied potential (3.64 V/SHE) was suitable for PFOA

oxidation at BDD anodes, as it was reported that PFOA oxidation occurred at > 3.0 V/SHE at
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BDD electrodes [176]. After electrochemical oxidation the BDD surface was cleaned in ethanol
and water for 5 minutes each and air-dried.

Fluorination of the BDD electrode by silanization was performed in an anaerobic glove box
with a N, atmosphere and relative humidity of ~ 2%. First, the BDD electrode was
electrochemically oxidized in 0.5 M NaClO, electrolyte with a current density of 0.1 mA cm™
for 60 minutes to create a high density of —OH groups on the surface [154]. Then, the BDD
electrode was immersed in a 10 vol% aliphatic (1H,1H,2H,2H perfluorodecyltrichlorosilane) or
aromatic (triethoxy(pentafluorophenyl)silane) silane solution (1 mL) in 9 mL anhydrous toluene
(99.8%) for 30 minutes. This method formed a self-assembled monolayer (SAM) on the BDD
surface. After which, the electrode was removed from the solution, cleaned with toluene and DI
water to remove non-bonded compounds, and dried under ambient conditions at room
temperature.

4.3.4 Electrochemical Oxidation Experiments. All oxidation experiments were conducted at 22
°C and in a two-compartment, glass, jacketed cell, with a three-electrode RDE setup, as
described previously. A Nafion N115 membrane (lon Power, Inc., New Castle, DE) was used to
separate anode and cathode compartments. The mass transfer rate of the organic compounds to
the electrode surface was determined from the Levich equation [340,341]. All potentials are
corrected for potential drop in solution (iRs) and reported versus the SHE. Before each
experiment, the BDD electrode was preconditioned in a 1 M NaClO4 electrolyte for 20 minutes
at a current density of 20 mA cm™ to remove adsorbed species from the electrode surface. The
RDE was rotated at 5000 rpm for all experiments except ClO3™ oxidation, which was rotated at

3000 rpm. All experiments were performed in duplicate.
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The organic compound (TA and phenol) oxidation experiments were performed in 100 mM

NaClO, electrolyte with 0.1 mM TA or 1 mM phenol at a constant anodic potential of 3.25
V/SHE (current ~20 mA cm™). Phenol was selected as a model neutrally charged organic
contaminant, and TA was chosen as a probe compound for OH® formation [342]. To determine
the CIO, formation rates from ClO;3’, oxidation experiments were performed in a 10 mM
KH,PO, solution containing 1 mM NaClO3 and at a constant anodic potential of 3.76 V/SHE.
Chloride oxidation (10 mM), in the presence and absence of 1 mM phenol was conducted under
constant current conditions (10 mA cm), which yielded an anodic potential between 3.5 and 3.6
VISHE and 3.9 and 4.1 V/SHE for the oxygenated and aliphatic silanized BDD electrodes,
respectively. Free chlorine (Cl,), ClOs, and CIO, formation were all monitored during
experiments containing NacCl.
4.3.5 Electrode Ageing Experiments. Electrode ageing experiments were conducted for PFOA-
modified BDD electrodes at 22° C. The PFOA-modified BDD electrode was aged in a 1.0 M
NaClO, electrolyte to an applied charge of 100 mAh cm™ (i.e., 10 mA cm™ for 10 hours). The
aliphatic silanized-modified BDD electrode was aged by conducting several consecutive 2 hr
ClO3 oxidation experiments, where the total applied charge was ~ 55 mAh cm™.

The following abbreviated sample names for the electrodes will be used throughout the
manuscript from this point forward: unmodified oxygen terminated electrode = BDD-O; plasma
fluorinated BDD = BDDF-plasma; fluorinated BDD by PFOA oxidation = BDDF-PFOA;
aliphatic silanized BDD = BDDF-aliphatic; aromatic silanized BDD = BDDF-aromatic; aged
BDDF-PFOA = BDDF-PFOA-aged; and aged BDDF-aliphatic = BDDF-aliphatic-aged.

4.3.6 Electrochemical Characterization Methods. CV scans were performed with two different

ionic redox couples (5mM Fe(CN)s>* and 5 mM Fe**?*) to assess the effects of dipole-dipole
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interactions between the redox couples and the surface functional groups on charge transfer at
the BDD electrode surface and to investigate film surface coverage. The charge transfer of these
redox couples is very sensitive to surface modifications [343-345]. CV experiments were
conducted in a 100 mM NaClO, background electrolyte for Fe(CN)¢>™* and a 100 mM HCIO,

*12* The potential was swept at a scan rate of 100 mV s™.

background electrolyte for Fe
4.3.7 Analytical Methods. Removal and formation rates were determined analytically by
measuring the disappearance and formation of constituents with time. All errors reported on rate
constants represent 95% confidence intervals obtained by simultaneous regression of
concentration versus time profiles of duplicate experiments. Concentrations of Cl’, ClOs;™ and
ClO4 were determined by ion chromatography (Dionex ICS-2100; Dionex lon Pac AS16
column; KOH eluent; 1.2 mL min™ flow rate). Free available chlorine was measured by Hach
method 8021 (USEPA N,N-diethyl-p-phenylenediamine (DPD) method) [346]. Concentrations of
phenol and TA were measured using a Shimadzu UFLC XR HPLC with a Phenomenex
Kinetex® 5 um C18 column and a photodiode array detector (PDA) (Nexera X2, Shimadzu)
(190nm-300nm). HPLC with a fluorescent detector (RF-20A, Shimadzu) was used for 2-
hydroxyterephthalic acid (HTA) quantification (Aex = 315 nm and Aem = 435 nm). For TA and
HTA measurement the mobile phase was 60:40 mixture of methanol and 0.1% formic acid in DI
water at a flow rate of 1.0 mL min™. For phenol measurement the mobile phase was a 70:30
mixture of methanol to DI water at a flow rate of 0.5 mL min™. For analysis, the PDA detector
was set to 254 nm for phenol and TA. XPS measurements were performed with a Kratos Axis-

165 at the Research Resource Center at the University of Illinois at Chicago. The peaks were

assigned according to literature values [347-349].
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4.3.8 Quantum Mechanical Simulations. Optimized structures for the fluorinated functional
groups were determined using density functional theory (DFT) simulations, which were
performed using Gaussian 16 software [350]. Simulations utilized the reactive site model, where
a 10-carbon atom cluster was used to represent the BDD surface [311,351]. Unrestricted spin,
all-electron calculations were calculated using the 6-31G+(d) basis set for geometry optimization
and energy calculations. A scale factor of 0.9806 was used to correct for known systematic errors
involving this basis set [352]. The gradient corrected Becke, three-parameter, Lee—Yang—Parr
(B3LYP) functional was used for exchange and correlation. Implicit water solvation was

incorporated using the SMD model [353].

4.4 Results and Discussion

4.4.1 Physical Characterization. The functionalized BDD electrodes were characterized by XPS
to determine their surface termination (Figure 4-1). A prominent F 1s peak was observed at 688
eV for all electrodes after fluorination, which confirmed the presence of fluorine groups on the
BDD surface (Figure 4-1). The F 1s and Si 2p peaks were observed at 688 and 102 eV,
respectively, confirming effective silanization for the BDDF-aromatic and BDDF-aliphatic

electrodes (Figure 4-1d and 4-1e).
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Figure 4-1. XPS spectra of a) BDD-O b) BDDF-plasma, c) BDDF-PFOA, d) BDDF-aromatic and e)

BDDF-aliphatic

The deconvoluted results for the C 1s XPS spectra of the fluorinated electrodes are provided
in the Appendix B (Section S-4-2 and Figure S-4-1), and the atomic concentrations of C, O, F,

and Si are summarized in Table 4-1.
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Table 4-1. Atomic Concentrations of C, O, F, and Si determined by XPS for different surface
modifications (values given in atomic percent).

Electrode C (%) O (%) F (%) Si (%)
BDD-O 82.5 17.5 - -
BDDF-plasma 76.3 - 23.7 -
BDDF-PFOA 76.2 15.2 8.60 -
BDDF-aromatic 66.2 25.7 6.20 1.88
BDDF-aliphatic 31.5 5.40 59.3 3.80
BDDF-PFOA-aged 75.8 154 8.80 -
BDDF-aliphatic- 32.2 6.49 57.4 3.91
aged

Table 4-2. Deconvoluted XPS results for C 1s spectra for BDD-O, BDDF-plasma, BDDF-PFOA,
BDDF-aliphatic, BDDF-aromatic, BDDF-PFOA-aged, and BDDF-aliphatic-aged electrodes (values
given in atomic percent). Functional groups: C1 (284.5 eV): =C=C=; C2 (285.3+0.2 eV): =C-C=;
C3 (286.310.3 eV): =C-OH; C4 (287.0+0.1 eV): =C=0; C5 (287.6+0.04 eV): =C-F; C6 (288.5+0.2
eV): -COOH; C7 (290.5+0.3 eV): =CF,; C8 (292.8+0.5 eV): -CFs.

Electrode Functional Groups (Atomic %)

Cl1 C2 C3 Cc4 ¢c5 ©C6 C7 C8 CF.CFxCFs

BDD-O 51.2 251 11.1 990 - 270 - - 0:0:0

BDDF-plasma 37.0 547 - - 432 - 281 117 372410
BDDF-PFOA 940 - - 166 - 129 216 085 0:2.6:1.0
BDDF-aromatic 715 934 734 - 906 276 - - 9.1:0:0
BDDF-aliphatic 129 173 - - - - 622 753 0:8.3:1

BDDF-PFOA-aged 942 - - 152 - 1.03 233 092 0251
BDDF-aliphatic-

aged 136 176 - - - - 616 7.20 0:8.6:1

The percentages of F were 0.00, 23.7, 8.60, 6.20, and 59.3 for the BDD-O, BDDF-plasma,

BDDF-PFOA, BDDF-aromatic, and BDDF-aliphatic electrodes, respectively. Peak assignments
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for the deconvoluted C s spectrum (Appendix B, Section S-4-2 and Figure S-4-1) were chosen
based on literature values [40-42, 48], and the data are summarized in Table 4-2. The peaks have
been assigned as follows: Cl: =C=C=; C2: =C-C=; C3: =C-OH; C4: =C=0; C5: =C-F; Cé6: -
COOH; C7: =CF,; C8: -CFs.

The XPS results of the electrodes can provide insights into the effectiveness of the
fluorination methods. BDD-O electrode contained 17.5% surficial oxygen and oxygenated
functional groups consisted of =C-OH (11.1%), =C=0 (9.90%), and -COOH (2.70%), where
percentages were determined from the C 1s spectra (Figure S-4-1a and Table 4-2). The presence
of these oxygenated carbon species were attributed to the oxidation of the BDD surface by air
[139] and during the anodic pretreatment [151]. The BDDF-plasma electrode did not contain
detectable oxygenated carbon species (Figure S-4-1b), nor a detectable O 1s peak in the survey
scan (Figure 4-1 and Table 4-1), which confirmed that the H, RF plasma pretreatment was able
to remove oxygen from the BDD-O surface. However, the BDDF-plasma electrode contained a
mixture of =CF (4.32%), =CF; (2.81%), and —CF3 (1.17%) groups (Figure S-4-1b and Table 4-
2), which yielded a CF:CF,:CF3; molar ratio of 3.7:2.4:1 (Table 4-2). These results indicated that
the attachment of free radicals (e.g., CF®, CF,®, CF3®, F*) occurred during the CF, plasma
treatment [354]. The BDDF-PFOA electrode showed 15.2% surficial oxygen content, which may
have formed during the synthesis process, (i.e., electrochemical oxidation of formic acid and
water) [355]. The CF:CF,:CF; ratio for the BDDF-PFOA electrode was 0:2.6:1 (Table 4-2). This
ratio suggested a mixture of —C3F; and —C4F9 groups were deposited on the electrode surface via
PFOA oxidation (Figure S-4-1c and Table 4-2) [356,357]. The BDDF-aromatic electrode
contained a high surficial content of oxygen (25.7%), which is attributed to a low attachment of

triethoxy(pentafluorophenyl)silane molecules to the pre-oxidized surface. A more complete
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silanization reaction would block the detection of the O content by XPS, as was the case for the BDDF-

aliphatic (Table 4-1). The Si:CF ratio for the BDDF-aromatic was 1:4.8 which compared well to
that of an aromatic silane molecule (Si:CF = 1:5) (Figure S-4-1e and Table S-4-1 (Section S-4-
2)). The BDDF-aliphatic electrode had the highest F content (F = 59.3%) and low oxygen
content (5.4%), indicating effective fluorination by the silanization method. The low oxygen
content detected by XPS is due to high surface area coverage by the aliphatic silane SAM, since
XPS is a surface characterization technique. The XPS data for the BDDF-aliphatic electrode
provided ratios of F:Si = 15.6 and F:C = 1.88, which compared well to atomic ratios for a
1H,1H,2H,2H perfluorodecyltrichlorosilane molecule (F:Si = 17, F:C = 1.7) (Figure S-4-1d and
Table S-4-1). The calculated atomic ratio for Si:CF,:CF3; was 0.51:8.3:1 on the BDDF-aliphatic
electrode  surface, which was also similar to that for a 1H,1H,2H,2H
perfluorodecyltrichlorosilane molecule (1:7:1), confirming effective silanization of the electrode
(Table S-4-1 and Table 4-2).

4.4.2 Electrochemical Characterization. The CV data was interpreted by considering the surface
modifications as non-conductive blocking layers, which would inhibit electron transfer rates. The
standard heterogeneous rate constant for electron transfer (k° (m s™)) can be expressed according
to equation (4-3):

k® = Kvi(X) exp(_Rl?l_g) (4-3)

where K is the precursor equilibrium constant (cm), v is the nuclear frequency factor (s%), EC is
the activation energy of the reaction at the standard reduction potential (kJ mol™), and R and T
have their usual meanings. The parameter x(X) is the electronic transmission coefficient, which is
related to the probability of electron tunneling, and is given by equation (4-4).

K (X) = x° exp(-X) (4-4)
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where k° is the electronic transmission coefficient at the electrode surface and £ is a distance
factor for extended charge transfer [340]. Based on equation 4-4, the value of £° is a function of
the length of the blocking layer.

A summary of the CV data for the Fe(CN)s>"* and Fe**?* redox couples for all electrodes is
provided in the Appendix B (Table S-4-2 (Section S-4-3)) and that for the BDD-aliphatic
electrode is shown in Figure 4-2. The CV results were similar for all the fluorinated electrodes,
except BDDF-plasma. The BDDF-plasma sample showed a larger peak separation and decreased

3-/4-

peak currents for the Fe(CN)g""" redox couple, and a smaller peak separation and increased peak

currents for the Fe?*®*

redox couple compared to the BDD-O electrode (Figure S-4-2a,b and
Table S-4-2). The charge dependent results of the redox couples are attributed to the electrostatic
repulsion/attraction between the ionic redox couples and the net negative charge of the
electronegative F atoms on the modified electrode surface (Figure S-4-2a,b) [167,358]. These
results also indicated that extended charge transfer was not an important factor for the BDDF-

plasma electrode, as the fluorinated functional groups (=CF, =CF,, and -CF3) were only ~ 1.5-

2.0 A in length and thus would not greatly affect «.
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Figure 4-2. CV scans of 5 mM a) Fe(CN)s>"* and b) Fe**/* for BDD-O, BDDF-aliphatic and BDDF-
aliphatic-aged; c) BDDF-aliphatic-aged: 5mM Fe(CN)¢S"*; d) BDDF-aliphatic-aged: 5 mM Fe3*/2*

in 100mM NaClO, (for Fe(CN)s*"*) and 100mM HCIO, (for Fe*”**).

79



CV results for the BDDF-PFOA, BDDF-aliphatic, and BDDF-aromatic electrodes showed
increases in peak separations for both redox couples, which was attributed to a reduction in «
due to an increased separation distance between the redox couples and the BDD surface caused
by the surface modifications (Appendix B (Section S-4-3), Figure S-4-2c-f, Figure 4-2a,b, and
Table S-4-2). These results indicated that the fluorinated-functional groups were capable of
blocking the electrode surface.

The BDDF-aliphatic electrode showed complete blockage of both redox couples, indicating a
low pinhole blocking layer was formed. The thickness of the blocking layer was estimated at
approximately 1.5 nm by DFT calculations, which is an appropriate thickness to prevent electron
tunneling [340]. The BDDF-PFOA and BDDF-aromatic electrodes showed significant but not
complete blockage of both redox couples, which is attributed to the lack of complete surface
coverage and a thinner blocking film. The BDDF-PFOA film thickness was estimated by DFT at
~ 0.62 nm, assuming a -C4Fg structure determined from XPS data; and the BDDF-aromatic film
thickness was estimated by DFT at ~ 0.61 nm. The optimized structures determined by DFT are
provided in the Appendix B (Figure S-4-3 (Section S-4-4)). The similar blocking film
thicknesses also correlate with similar peak separations for the two electrodes with both redox
couples (Appendix B (Section S-4-3), Table S-4-2), supporting the blocking film model
proposed in equations 4-3 and 4-4. However, since a relatively high O content was detected on
both electrodes, complete surface coverages of the blocking films were not obtained, indicating
that the oxygenated surface groups on the BDD surface also influenced charge transfer and
reactivity of the electrodes.

4.4.3 Perchlorate Formation Rates. The effect of the different fluorination methods on ClO,

formation rates was assessed by the oxidation of 1mM CIO3™ in a 10 mM KH,PO, supporting
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electrolyte and at a constant anodic potential of 3.76 V/SHE (Figure 4-3). The CIO, formation
rate measured on the BDDF-plasma (rate = 0.45 + 0.07 mmole m? min™*) and BDDF-aromatic
electrodes (rate = 0.42 + 0.005 mmole m? min™) were not significantly different from that
measured on the non-fluorinated BDD-O electrode (rate = 0.45 + 0.03 mmole m™? min™) (Figure
4-3). The BDDF-plasma electrode contained a high surficial content of F (23.7%) (Figure 4-1
and Table 4-1), but the lack of an effect on the CIO, formation rate was likely due to the very
short length of the fluorinated groups formed by plasma fluorination (e.g., =CF, =CF,, and -
CF3), which is consistent with CV results. These —CFx groups did not block CIO3; from the
electrode surface and therefore did not inhibit the DET reaction (equation 4-1). Furthermore,
dipole-dipole interactions between CIO3; and the —CF4 groups were not significant at the high
anodic potential of the experiments (3.76 V/SHE). This result is contrary to CV scans conducted
with the anionic redox couple (Figure S-4-2a). However, CV scans were conducted at low
applied potentials (+ 200 mV versus OCP) and with a 0.1 M supporting electrolyte, both of
which would limit the effect of the electric field. The BDDF-aromatic electrode did not inhibit
ClO4 formation due to the low surface coverage of aromatic silane groups, as determined by
XPS (Figure S-4-1e and Table 4-1). The low surface coverage for BDDF-aromatic may be due to
a slower hydrolysation rate of the ethoxy groups of triethoxy(pentafluorophenyl)silane compared
to chloride groups of 1H,1H,2H,2H perfluorodecyltrichlorosilane, leading to ineffective

silanization and thus detection of high O content by XPS [358].
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Figure 4-3. Perchlorate formation rates on BDD-O, BDDF-plasma, BDDF-PFOA, BDDF-
aromatic, and BDDF-aliphatic. The data for perchlorate formation were normalized according to
corresponding BDD-O as different oxygenated BDD electrodes (BDD-O) were used for each of
the different modifications [BDDFi.normalized = (BDDFi_experimental/ BDD-Oj.experimentat) *BDD-0O, where i
= aliphatic, aromatic, PFOA or plasma].

The CIO,4 formation rates decreased for the BDDF-PFOA electrode by 63.2% (Figure 4-3)
which is significantly more than the BDDF-aromatic electrode. Since the estimated film
thicknesses of the two electrodes were similar, the differences in the CIO, formation rates were
attributed to differences in surface coverages of the fluorinated films and the presence of
oxygenated functional groups on the non-fluorinated BDD surface. Previous work has shown
that the ClO, formation rate is highly dependent on the oxygenated functional groups present on
the BDD surface [167,195]. It is proposed that the higher content of oxygen on the BDDF-

aromatic electrode (O = 25.7%) compared to the BDDF-PFOA (O = 15.2%) was responsible for
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the higher CIO, formation rate [167]. However, the exact oxygenated functional groups that
affect perchlorate formation have not been determined and require further experimental
investigation.

The CIO, formation rate decreased for the BDDF-aliphatic electrode by > 99.96% (Figure 4-3).
The CIO4 concentration was less than the detection limit (10 nM (1 ppb)) at the conclusion of
the 2-hr experiment for the BDDF-aliphatic electrode, which yielded a formation rate < 0.12
pmoles m?min™. The detection limit is lower than the U.S. EPA health advisory level (150 nM)
and enforceable standards set by the states of Massachusetts (20 nM) and California (60 nM).
The decrease in the ClO4 formation rate was attributed to blocking of the electrode surface by
the surface fluorinated groups, which increased the distance of approach of CIO3" to the electrode
surface and thus decreased the probability of electron tunneling via reaction 4-1. The lower CIO4
formation rate on the BDDF-aliphatic electrode compared to the BDDF-PFOA electrode is
attributed to the higher surface coverage of fluorinated groups (Figure 4-1 and Table 4-1) and the
thicker blocking film. The above results indicated that the aliphatic silanization was the most
effective fluorination method for the BDD electrode.

In order to mimic more realistic treatment conditions, the CIO4 formation rates for BDD-O
and BDDF-aliphatic electrodes were also measured during the oxidation of a 10 mM NacCl
electrolyte in the presence and absence of 1 mM phenol (Figure 4-4 and Figure S-4-4 (Section S-
4-5)). The ClO, formation rates with the BDD-O electrode were 0.28 + 0.01 mmoles m™? min™in
the absence of phenol and 0.22 + 0.02 mmoles m™ min™ in the presence of 1.0 mM phenol.
These results indicated that the presence of organic compounds limited ClIO, formation rates,
which was caused by both competition for DET sites at the electrode surface and OH® [196]. The

BDDF-aliphatic electrode did not form detectable concentrations of ClO4 (< 10 nM (1 ppb)) in
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any of the experiments. The CI" oxidation rate and CIO3; and CIO, formation rates were
calculated as 3.51 + 0.03, 0.95 + 0.01, and < 1.2 x 10 mmoles m? min™, respectively, in the
absence of phenol. The CI" oxidation rate and ClO; and CIO4 formation rates were also
determined as 2.19 + 0.02, 0.59 + 0.01, and < 1.2 x 10 mmoles m™? min™, respectively, in the
presence of phenol. The CI" oxidation rate decreased by 71.5% in the 10 mM CI" solution, and
ClO3™ and CIO,4 formation rates decreased by 87.4% and > 99.95%, respectively, as a result of
silanization. Similar results were observed for the 10 mM CI/1 mM phenol solutions, where the
CI" oxidation rate decreased by 78.6% and the ClO3 and CIO, formation rates decreased by
90.7% and > 99.94%, respectively, after silanization. Free chlorine concentration was lower after
aliphatic silanization than that with BDD-O. The free chlorine concentration was also lower in
the presence of phenol compared to the absence of phenol for both the BDD-O and BDDF-

aliphatic electrodes.
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Figure 4-4. Total, free chlorine, chlorate, perchlorate and chloride mole balances for a) BDD-O
without phenol, b) BDDF-aliphatic without phenol, c) BDD-O with 1 mM phenol and d) BDDF-
aliphatic with 1 mM phenol. Experimental parameters: Supporting electrolyte = 10 mM NaCl;
current density = 10 mA cm?; T=22°C.

The decrease in the CIO, formation rates for the BDDF-aliphatic electrode was once again
attributed to the blocking of the electrode surface by the long fluorinated carbon chains, which
prevented DET reactions from occurring. All Cl-species except for ClO3™ are capable of reacting
with OH® with diffusion-limited rate constants (i.e., k¢~ on- = 4.3 X 10°, koci- o = 8.8 x 10°,
and ko500 = 6.6 X 10° M s1), which can explain the residual reactivity of these species
observed on the BDDF-aliphatic electrode. The decrease in the formation of CIOy species in the
presence of phenol may be due to either reactions between phenol and CIO, species or
competition for OH® and reaction sites at the electrode surface. The CI mole balances (total
moles of Cl species detected / moles of oxidized CI" * 100) for the duplicate experiments were

determined as 109 + 15% for BDD-O and 124 + 12% for the BDDF-aliphatic in the absence of
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phenol, and 87.7 + 9.5% for BDD-O and 63 + 8.8% for BDDF-aliphatic in the presence of
phenol. The results without phenol confirmed that the total moles of Cl were accounted for
during the experiments (Figure 4-4a,b). However, in the presence of phenol the total moles of ClI
were not accounted for (Figure 4-4c,d), indicating the possible formation of chlorinated organic
compounds, which is a known problem during electrochemical oxidation [359]. However, these
compounds should be mineralized at extended oxidation times [360], and warrants more study.
The average current efficiency for ClO, formation from CI" on the BDD-O electrode was
calculated as 3.57 + 0.13% without phenol, and 2.83 + 0.09% in the presence of 1.0 mM phenol.
The current efficiency for the CIO,” formation from CI” on the BDDF-aliphatic electrode was
calculated as < 0.002% based on the IC detection limit (10 nM). These results translate to a
1,415- to 1,785-fold decrease in selectivity for ClIO, formation on the BDDF-aliphatic electrode
relative to the BDD-O electrode. These results demonstrated the extreme promise of the BDDF-
aliphatic electrode for water treatment applications, where the formation of ClO4 is
unacceptable.
4.4.4 Organic Compound Oxidation. Phenol and TA were used to show the effect of fluorination
on organic compound oxidation rates as they both undergo reactions with OH® [274]. Only
BDDF-PFOA and BDDF-aliphatic electrodes were investigated for organic compound oxidation,
since their respective fluorination methods were shown to limit ClIO, formation (Figure 4-3).
The mass transfer rates of phenol and TA were calculated as 7.99 and 0.463 mmole m™ min™,
respectively (Appendix B, Section S-4-1). The experimental reaction rates for phenol (5.99 +
0.23 mmole m? min™) and TA (0.20 + 0.011 mmole m? min™) (Table 4-3) were lower but
comparable to the calculated mass transfer rate values, indicating the bulk oxidation of phenol

and TA were under mixed kinetic-mass transfer control (Appendix B, Section S-4-1).
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Table 4-3. Phenol and TA Oxidation Rates for Different Fluorinated Electrodes. The data for
organic compound oxidation are normalized according to BDD-O as different oxygenated BDD
electrodes (BDD-0) were used for each of the different modifications.

Electrode Phenol oxidation rate ~ TA oxidation rate
(mmoles m?min™) (mmoles m?min™)
BDD-O 5.99+0.23 0.20 £ 0.011
BDDF-PFOA 7.57 £0.57 0.24 £0.012
BDDF-PFOA-aged 7.14 £0.43 0.23+£0.024
BDDF-aliphatic 2.33+£0.07 0.09 £ 0.012
BDDF-aliphatic-aged 3.99 £ 0.09 0.15+0.023

Phenol and TA oxidation rates with BDD-O, BDDF-PFOA, and BDDF-aliphatic electrodes
showed zero order kinetics (Figure S-4-5), and removal rates are summarized in Table 4-3. The
reaction rates for phenol and TA increased by 26.4 + 4.2% and 20.0 = 1.2%, respectively, on the
BDDF-PFOA electrode relative to BDD-O, which may be due to the enhanced hydrophobic
interaction (Table 4-3), which was also reported previously [167]. The rate for phenol oxidation
on the BDDF-PFOA (7.57 + 0.57 mmole m™ min™) approached the mass transfer limit of 7.99
mmole m? min™.

Organic compound oxidation rates were also performed on BDDF-aliphatic electrode. The
reaction rates for phenol and TA oxidation decreased by 61 + 2.6 % and 55 + 2.4%, respectively,
on the BDDF-aliphatic electrode relative to BDD-O (Table 4-3), which was attributed to the
blocking film that formed on the electrode surface by the fluorocarbon chains. The phenol
oxidation rates in the presence of 10 mM CI" on BDDF-aliphatic decreased by only 16.3 £ 2.8%,
indicating that CIO, species likely enhanced phenol oxidation. However, contrary to CIO,4
formation rates, complete inhibition of reactivity was not observed for the organic compounds,

presumably due to the ability of phenol and TA to react with OH® that diffused through the
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fluorocarbon chains. The ratio of reaction rate to current density (mol A min™) was calculated
for phenol oxidation as 0.25 mol mA™ min™ on the BDD-O electrode and 0.54 mol A™ min™ on
the BDDF-aliphatic electrode. For TA oxidation, values of 0.008 mol A™* min™ and 0.017 mol A"
! min™ were determined on the BDD-O electrode and BDDF-aliphatic electrodes, respectively.
These results indicated an increased apparent selectivity for TA oxidation of 2.1-fold and an
increased apparent selectivity for phenol oxidation of 2.2-fold after aliphatic fluorination. By
contrast, the current efficiency of CIO, formation decreased from 1.36% on the BDD-O
electrode to < 0.002% on the BDDF-aliphatic electrode (data from Figure 4-3), which translates
to > 680-fold decrease. These results confirmed that the BDDF-aliphatic electrode effectively
inhibited ClO," formation while increasing the apparent selectivity towards organic compound
oxidation. The similar enhancement factors for TA and phenol cited above, suggested that the
decreased reaction rates were likely attributed to blocking of the electrode surface, which limited
the surface area available for OH® formation, hindered diffusion of OH® through the film, and
provided additional time for the self-decay of the OH® concentration (self-decay rate constant =
5.5 x 10° M s!). The OH* also may react with the fluorinated films, which may compromise
the film stability.

4.4.5 Electrode Stability. Electrode ageing experiments were only performed on BDDF-PFOA
and BDDF-aliphatic electrodes. The BDDF-PFOA electrode was aged by applying a charge of
0.1Ah cm?in 1.0 M NaClO, (BDDF-PFOA-aged). The BDDF-PFOA-aged electrode was then
tested for CIO,” formation to determine the stability of the electrode towards anodic conditions.
The CIO4 formation rate on the BDDF-PFOA-aged electrode was similar to that measured on
the BDDF-PFOA electrode (Figure S-4-6). The phenol and TA oxidation rates on the BDDF-

PFOA-aged electrode were also similar to those on the BDDF-PFOA electrode (Table 4-3).
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These results confirmed that the fluorination with PFOA was stable under anodic conditions.
However, further ageing experiments were not performed since CIO4 formation on the BDDF-
PFOA was already too high for environmental applications.

By contrast, ClO4 was not detected for the first 10 cycles of ageing for the BDDF-aliphatic
electrode, and subsequent cycles yielded rates between 0.01 and 0.03 mmole m min™ (Figure 4-
5). These results showed that the aliphatic silanization of BDD electrodes was highly effective at
inhibiting CIO4 formation and was stable under anodic conditions that included DET and OH®*
reactions. Our results are in line with previous reports that a (y-aminopropyl) triethoxysilane-
modified TiO, photocatalyst was stable and effective for the photocatalytic degradation of 2,4-
DNP, which was supported by similar reactivity during 10 consecutive 2-hour oxidation
experiments [361]. A representation of the aliphatic silane SAM on the BDD electrode is shown
in the inset of Figure 4-5. The current efficiency for CIO,” formation on the BDD-O electrode
was calculated as 0.84 + 0.06%, and the current efficiency for the first 10 cycles of the BDDF-
aliphatic electrode was calculated as < 0.002% based on the IC detection limit (10 nM). The
average current efficiency for the BDDF-aliphatic-aged electrode increased to 0.29 + 0.14%

from cycle 11 to 16.
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Figure 4-5. Perchlorate formation rates on BDD-O and BDDF-aliphatic (Cycle 1 — Cycle 16). Inset
shows DFT calculated geometry of the BDDF-aliphatic electrode surface.

Organic compound oxidation rates were also measured on the BDDF-aliphatic-aged
electrode after the completion of the 16 cycle ageing experiments. The inhibition of perchlorate
formation after ageing remained high (93.6 + 3.3%), whereas organic compound oxidation rates
were only inhibited 33.4 + 4.4% and 25 + 3.8% for phenol and TA, respectively (Table 4-3). The
ratio of reaction rate to current density (mol A™* min™) was calculated for phenol oxidation as
0.54 mol A min™ on the BDDF-aliphatic electrode and 0.38 mol A™* min™ on the BDDF-
aliphatic-aged electrode. For TA oxidation, values of 0.017 mol mA™ min™ on the BDDF-
aliphatic electrode and 0.012 mol mA™ min™® on the BDDF-aliphatic-aged electrode were

determined. The results indicated a decreased apparent selectivity of 1.4-fold for both phenol and
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TA oxidation after ageing. However the apparent selectivity for the BDDF-aliphatic-aged
electrode remained higher by 1.5-fold for both phenol and TA oxidation compared to BDD-O.
By contrast, the current efficiency of ClO, formation increased from < 0.002% on the BDDF-
aliphatic electrode to 0.24% on the BDDF-aliphatic-aged electrode. However, the current
efficiency of ClO, formation remained 3.5-fold lower for BDDF-aliphatic-aged compared to
BDD-O (Figure 4-5). These results confirmed that the aliphatic silanization of BDD electrodes
was stable and effective at inhibiting ClO, formation and maintained relatively high reactivity
for organic compound oxidation under anodic conditions.

XPS analysis was also performed on the BDDF-aliphatic and BDDF-PFOA electrodes after
ageing to determine the stability of the surface modifications. The XPS data showed that the
atomic concentrations of C, O, F, and Si for BDDF-PFOA-aged and BDDF-aliphatic-aged were
similar to those before ageing, which confirmed the relative stability of the BDDF-PFOA and
BDDF-aliphatic electrodes against anodic ageing (Table 4-1, Table 4-2 and Figure S-4-1f,g).
XPS data of the BDDF-aliphatic-aged electrode showed that F:Si = 14.7, F:C = 1.78, and
Si:CF,:CF; = 0.54:8.63:1, which were similar to the ratios determined for the freshly prepared
BDDF-aliphatic electrode (Table S-4-1). These results confirmed a highly stable silane-
functionalized BDD surface with respect to anodic polarization. However the increase in ClIO4
formation after ageing may be due to defects that formed in the blocking film, which were not
discernible by XPS analysis. The reactivity of the aliphatic silane towards DET reactions and
attack by OH® at the —CH, groups has not previously been investigated but warrants detailed
study.

CV scans were also performed on both aged electrodes. The CV results for the BDDF-

PFOA-aged electrode showed very little change relative to BDDF-PFOA in both the peak
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currents and peak separations for both redox couples (Figure S-4-2c,d and Table S-4-2). CV
scans for the BDDF-aliphatic-aged electrode also showed only a very small change in the peak
currents and peak separations for both redox couples (Figure 4-2a-d and Table S-4-2). The CV
scans on the BDDF-aliphatic-aged electrode did not show clear behavior indicative of pinhole
formation, which produces an S-shaped CV curve (Figure 4-2b) [340]. Therefore, it was
concluded that the size of the defect sites that formed in the BDDF-aliphatic-aged electrode were
on the order of > 25 um in size.

4.4.6 Mechanism. A schematic for a possible mechanism for the inhibition of CIO," formation
during the oxidation of organic compounds (e.g., phenol) on the BDDF-aliphatic electrode is
shown in Figure 4-6. It is proposed that the SAM on the BDDF-aliphatic electrode can block
access to ClOy species (0 < x < 3) and organic compounds. However, the diffusion of OH®
through the SAM can result in the oxidation of CI" to ClO3s and the oxidation of organic
compounds. The formation of CIO3™ can occur through a OH® mediated mechanism [362,363], as

shown in reactions (4-5)-(4-9).

Cl~ + OH® - HOCI~ (4-5)
HOCI~ + OH® — HOCI + OH~ (4-6)
HOCI + OH® = 0CI® + H,0 (4-7)
OCI® + OH® - ClO; + H* (4-8)
Cl0; 4+ OH® = HCIO; (4-9)
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Figure 4-6. Schematic of the proposed mechanism for the inhibition of chlorate oxidation in the
presence of phenol oxidation on a BDDF-aliphatic electrode. Atom key: C (grey); F (teal); O
(red); H (white); Si (blue-grey); Cl (green). See online version for colors.

The oxidation of CIO3™ to CIO3 cannot occur according to the DET reaction shown in reaction 4-
1, since it is at a distance from the electrode surface (~ 1.5 nm) where electron tunneling is
negligible. The slow degradation of the SAM was apparent during cycling tests (Figure 4-5), and
it is proposed that the reactive sites are the C-H bonds of the SAM, which are susceptible to OH*
attack. Future research is needed to understand the mechanism of the SAM degradation along
with developing more robust blocking films.
4.5 Conclusions

The BDD electrode surface was successfully modified by plasma (H, and CF,) fluorination,

electrochemical fluorination with PFOA, and aliphatic and aromatic silanization. XPS
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measurements confirmed the introduction of fluorinated functional groups to the BDD electrode
by all methods tested. CV scans of Fe(CN)s>’* and Fe**’?* redox couples confirmed that surface
modification affected the electrochemical properties of the electrodes. For the BDDF-plasma

3" redox couple was inhibited and the Fe**"** redox

electrode the electron transfer of the Fe(CN)g
couple displayed increased reversibility and increased current response, which was attributed to
dipole—dipole interactions. For the BDDF-PFOA and BDDF-aliphatic electrodes, the electron
transfer of both redox couples was inhibited, which was attributed to the formation of a blocking
film. For the BDDF-aliphatic electrode the film was found to be pinhole free, which resulted in
the complete inhibition of CIO,” formation during the oxidation of 10 mM NaCl and 1 mM
NaClO3 electrolytes. The BDDF-aliphatic electrode had 1,785 and 680-fold decreases in
selectivity for ClO, formation during the electrolysis of the NaCl and NaClO; electrolytes,
respectively. By contrast the oxidation rates of phenol were only reduced by 16.3% in the NaCl
electrolyte and 61% in the NaClOj3 electrolyte. The BDDF-aliphatic electrode was shown to be
stable for up to 10 consecutive NaClO3 oxidation experiments before the formation of low levels
of CIO4 were observed. These results indicated that aliphatic silanization of BDD electrodes can

be used to inhibit CIO, formation while still allowing for significant organic compound

oxidation.
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5. Electrocatalytic Reduction of Nitrate using Magnéli Phase TiO, Reactive

Electrochemical Membranes Doped with Pd-based Catalysts

5.1 Abstract

This research focused on synthesis, characterization, and application of catalytic reactive
electrochemical membranes (REMSs) for electrocatalytic NO3™ reduction in a flow-through
reactor. The REMs were synthesized by sintering substoichiometiric TiO, powders into
monolithic, porous electrodes with sub-micron transport pores. The deposition of Pd-Cu and Pd-
In catalysts to the REMs produced catalytic REMs (i.e., Pd-Cu/REM and Pd-In/REM) that were
active for NO3™ reduction. Electrocatalytic NO3™ reduction was investigated as a function of
electrode placement, flow rate, electrode potential, NOs™ concentration, and under various
solution conditions. Optimal performance for NO3™ reduction was achieved with a Pd-Cu/REM
with an upstream counter electrode. In this setup, NOs was reduced from a 1 mM feed
concentration to below the EPASs regulatory MCL (700 uM) in a single pass through the REM
(residence time ~ 2 s), obtaining product selectivity of < 2% towards NO,/NHs;. Nitrate
reduction was not affected by dissolved oxygen and carbonate species and only slightly
decreased in a surface water sample due to Ca®* and Mg?" scaling. A maximum current
efficiency for Pd-Cu/REM of 105 + 5.4% was observed in a 1mM NaNOg; solution and it
decreased to ~ 51% for a surface water sample. The energy consumption for the surface water
sample was between 1.1 to 1.3 kWh mol™ at 1 mM NO3™ concentrations. Energy consumption
decreased to 0.19 and 0.12 kWh mol™ for 10 and 100 mM NOs solutions, respectively. The high
NOj" conversion, low NO, and NH3 formation, and low energy consumption demonstrated the

extreme promise of using the Pd-Cu/REM for NO3™ removal from natural waters.
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5.2 Introduction

Nitrate is one of the most common pollutants in natural waters due to the over application of
nitrogen based fertilizers and it is also present in numerous industrial wastewaters (e.g., nuclear
processing, dairy, metal refining, pharmaceutical) [229-234]. The consumption of NO3  and
NO;" has documented health risks [65-67,235], and therefore the US Environmental Protection
Agency (EPA) has set maximum contaminant levels (MCLs) for NO3;™ and NO," at 700 and 70
uM, respectively [364,365]. Several physical separation treatment methods such as
electrodialysis, ion exchange, and reverse osmosis have been used for NO3™ removal. However,
the processes are nonselective and produce concentrated NO3™ brines, which require costly post-
treatment or disposal [68,69].

Catalytic and electrochemical NOj reductions have been investigated as alternative
destructive treatment methods [70-80]. Various catalysts and electrode materials have been
investigated [70,72-75,81-83,236,237], and bi-metallic catalysts comprised of a noble metal
(e.g., Pd, Pt, Rh) to facilitate adsorbed H formation and a promoter metal (e.g. Cu, Sn and In) for
NO;3 reduction generally have shown the highest reduction rates [68,71,78,80,238-247]. The
main reduction products of both catalytic and electrochemical NO3™ reduction are N, and NHs,
with NO, and N,O as the primary detected intermediates [242,245,248-250]. The formation of
NH; is undesirable due to documented health risks [251], and therefore the World Health
Organization (WHO) has set a drinking water limit of 30 uM. The relevant half reactions during

NOs reduction are as follows [252]:

NO; +H* +2e —" 5> NO, +OH~ (5-1)
— 5 + — Pd*M 1 5 —
NO; +§H +4e ——)E NZO+EOH (5-2)
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No3+3H++5e%%N2+3OH (5-3)

NO; +6H" +8¢ —™ 5 NH,+30H" (5-4)

Electrochemical NO3™ reduction has advantages over catalytic reduction, as it does not require
the storage and delivery of an external electron donor (e.g., Hz) and thus the development of
compact treatment technologies are possible. However, electrochemical NO3 reduction is
associated with high concentrations of NO,  and NH3 [70,74,75,81-83], and reaction rates are
typically low in weak ionic strength solutions that typify natural waters due to electrostatic
repulsion between polarized cathodes and NO3™ [366,367]. Solution conditions may also have an
adverse effect on electrochemical NO;™ reduction. For example, the O, reduction reaction (ORR)
occurs at similar cathodic potentials as NOj3 reduction [253], and dissolved organic matter
(DOM) may adsorb and block catalytic sites [254,255]. However, most electrochemical studies
use clean, deaerated electrolyte solutions and therefore knowledge regarding the effects of
solution conditions is limited.

Electrochemical NOs; reduction studies have been investigated in both batch
[81,82,240,252,256] and continuous flow-through reactors [257—-264]. The most notable study of
electrochemical NOjs reduction in a flow-through electrode setup utilized a Ni packed bed
reactor, but the authors concluded that the reactor was not appropriate for NO3™ treatment due to
low electrode conductivity caused by particle-particle contact resistance that resulted in
significant potential drop in the electrode phase [230]. Recently the development of porous,
monolithic electrodes and composite conductive membranes has enabled efficient flow-through
electrochemistry without significant potential drops in the electrode material [54,64,226,265—
274]. Porous electrodes comprised of substoichiometric TiO,, carbon, and PbO, have been
fabricated as reactive electrochemical membranes (REMs), where simultaneous filtration and
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electrochemical conversions are possible [54,64,226,265-274]. REMs have been applied to
electrochemical oxidation of organic compounds [54,269], antifouling membranes [269,271],
membrane fouling regeneration [269,272], and bacteria inactivation [226,257,270,273].
However, REMs have not been applied for electrochemical NO3™ reduction.

In this study, Pd-Cu and Pd-In catalysts are deposited on sub-stoichiometric TiO, REMs and
the resulting electrodes are characterized and studied for NO3™ reduction and product selectivity
in a flow-through setup. Various operating conditions were investigated including flow direction,
flow rate, electrode potential, NO3 concentration, and reactor number. Different solution
conditions were tested to determine the effects that dissolved oxygen, carbonate species, and
other natural water constituents had on NOj3™ reduction and product selectivity. A simple kinetic
model was used to interpret the experimental data and determine rate constants for NOj3
removal.

5.3 Materials and Methods

5.3.1 Reagents. All chemicals were reagent grade and purchased from Sigma-Aldrich and Fisher
Scientific. All gases (purity of 99.999%) were obtained from Praxair. Chemicals were used as
received. All reactions solutions were made using Type | water (> 18.2 MQ.cm at 25°C)
obtained from a Barnstead NANOpure system (Thermo Scientific).

5.3.2 Catalyst Loaded Magnéli Phase Powder Preparation. The TiO, powder was reduced to a
Magnéli phase titanium suboxide (Ti,O,,-1) (n = 4, 6) at 1050 °C under flowing H; gas in a tube
furnace (OTF-1200X, MTI) for 6 hours. Catalysts were deposited on 2.5 g of Ti,O,,-; powder
using the incipient wetness method. A 2 wt% Pd with a 2:1 molar ratio of Pd to promoter metal
(M = Cu or In) was prepared by dissolving the corresponding salts in an aqueous solution

containing 1 mM HNOg; (pH = 3), where the solution volume corresponded to the approximate
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pore volume of the powder (150 pL g™). For Pd-Cu deposited powder (Pd-Cu/Ti,O2n.1), 0.125 g
Pd(NO3),*2H,0 and 0.057 g Cu(NO3),*3H,0 were dissolved in 1 mM HNO3z and mixed with 2.5
g of TinOzn-1 powder. For Pd-In deposited powder (Pd-In/Ti,O2n.1), 0.125 g Pd(NO3),*2H,0 and
0.065 g In(NO3)3*H,0 were dissolved in 1 mM HNO3; and mixed with 2.5 g of Ti,O2n.1 powder.
The Pd-In/Ti,Oz.1 and Pd-Cu/Ti;Oz1 powders were calcined/reduced at 120 and 200 °C,
respectively. The lower synthesis temperature for the Pd-In/Ti,On.1 powder was chosen to avoid
volatilization of In species as InH3 [368,369].

5.3.3 Catalyst Loaded REM Preparation. Magnéli phase REMs were synthesized from Magnéli
phase powder. First, a given amount of powder was weighed and mixed thoroughly with paraffin
oil as binder (8 drops per g of powder). Then, approximately 0.6 g of the mixed powder was
loaded into a stainless steel cylindrical die and pressed with a hydraulic press under a uniaxial
pressure of 20.7 bar to obtain a 2.5 mm thick, 1.1 cm diameter Magnéli phase pellet. The pellet
was sintered in a tube furnace under a flowing H, atmosphere at 1050 °C for 6 hours to remove
the paraffin oil and sinter the particles. The as prepared pellet was used in control experiments
and is defined as the “REM”. Catalysts were deposited on the REMs using the incipient wetness
method, as described above, with the same catalyst loadings. The Pd-M/REM pellets were then
calcined in air and subsequently reduced in flowing H, at the same temperatures as the Pd-
M/Ti,O2n.1 powders.

5.3.4 Batch Nitrate Reduction Experiments. Nitrate reduction experiments were performed in a
batch system using Pd-Cu/Ti,O2.1 and Pd-In/Ti,On1 powders. The batch reactor was filled with
297 mL of DI water and charged with 0.2 g of Pd-M/Ti,O2n.1 powder. The solution was purged
with H, and CO at flow rates of 85 and 15 mL min™, respectively, for 10 minutes before spiking

the solution with 3 mL of a 100 mM NaNOj stock solution to give a concentration of 1 mM
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NaNOs. The gas purging was continued for the duration of the experiment. Samples were taken
at consistent time intervals, filtered, and analyzed by ion chromatography (IC).

5.3.5 Flow-through Nitrate Reduction Experiments. Electrocatalytic NO3 reduction was also
performed with the REM, Pd-Cu/REM, and Pd-In/REM in a flow-through reactor (Appendix C,
Figure S-5-1). The electrochemical cell (polyether ether ketone (PEEK)) consisted of the Pd-
M/REM as the working electrode, boron-doped diamond (BDD) film electrode on Ta substrate
as the counter electrode, and a 1 mm diameter Ag/AgCI/KCI (1M) reference electrode (Harvard
Apparatus, MA, USA). A hole of ~ 3.8 mm was drilled in the center of the BDD/Ta counter
electrode and the reference electrode was inserted through this hole to obtain a 3.3 mm gap
between the working and reference electrodes. Electrochemical potentials and currents were
controlled and monitored using a Gamry Reference 600 potentiostat/galvanostat (\Warminster,
PA). All potentials were solution potential drop corrected (iRs) and documented versus the
standard hydrogen electrode (SHE). Two flow modes were investigated, referred to as cathode-
anode and anode-cathode flow modes (see Figure S-5-1). In the cathode-anode flow mode the
counter electrode is placed downstream, and solution first flows through the REM cathode
followed by the BDD anode. In the anode-cathode flow mode the counter electrode is placed
upstream, and solution first flows through the BDD anode followed by the REM cathode. For the
anode-cathode flow mode, the H, evolved at the REM surface would pass through the entire
REM pellet and thus could be utilized for catalytic nitrate reduction. However, the O, evolved at
the upstream anode may inhibit nitrate reduction activity and selectivity. For cathode-anode flow
mode, the H; evolved at the outer surface of the REM would be transported towards the BDD

anode via convective flow and would have minimal contact with the catalytic sites within the
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inner surface of the REM. However, the REM cathode would be unaffected by the O, evolved at
the downstream BDD anode.

Reduction experiments were conducted using either a NaNO3 (1 to 100 mM) or NaNO; (1
mM) feed solution. Before the application of an electrode potential, the feed solution was purged
with Ar for 15 minutes under vigorous stirring to remove dissolved oxygen or with air to saturate
with dissolved oxygen. Gas purging continued for the duration of the experiment. The feed
solution was pumped through the REM pellet at flow rates of 0.2 to 1.8 mL min™, which
corresponded to surface area normalized permeate membrane fluxes (J) of 240 to 2160 L m? h™
(LMH). A cathodic potential was applied to the REM after 10 minutes of fluid flow and the
permeate was collected for anion and cation analysis. A portion of the collected sample was
immediately acidified with 0.1 M HCI to pH 3.0 to convert NHs to NH,". Cathodic potentials
between -0.01 and -3.6 VV/SHE were applied for all the reduction experiments. Electrocatalytic
reduction experiments were also conducted on Pd-Cu/REM as a function of J at a constant
potential of -2.5 V/SHE with air purging and anode-cathode flow mode. Catalytic NO3  and NOy
reduction experiments were performed with only Pd-Cu/REM in anode-cathode flow mode
under H, purging and with J between 240 and 2160 LMH, in order to assess catalytic reduction
in the absence of an applied electrode potential.
5.3.6 Membrane Characterization. The REM, Pd-Cu/REM, Pd-In/REM, and Ti,Ozn.1 powder
without catalyst were characterized by X-ray diffraction (XRD, Siemens D-5000) with a Cu X-
ray tube (40 kV and 25 mA). Scans were controlled and analyzed with DataScan software (MDI,
v. 4.3.355, 2005) at a 0.01° step size and a 0.5 s dwell time.

Scanning electron microscopy (SEM) was performed using a Tescan Vega3 XMU instrument

(Tescan Orsay Holding, Brno, Czech Republic) to characterize the surface morphology of the
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REM, Pd-Cu/REM, and Pd-In/REM pellets at 4 to 25 kV and from 3 to 6 k magnifications. To
show the presence and distribution of the different catalyst metals within the REM, elemental
analysis using SEM with energy dispersive X-ray spectroscopy (EDS) was performed on the
different REM surfaces. The X-rays maps were acquired using SEM with an IXRF i550 SSD
Energy Dispersive X-ray detector (IXRF Systems, Texas, USA). The SEM with microprobe
mapping was performed on vertical cross sections of the REMs to show the catalyst penetration
depths within the REM pellets. The X-ray maps of the samples were collected using a JEOL
JXA-8200 (JEOL Ltd., Tokyo, Japan) electron microprobe at the Department of Earth and
Planetary Science/Institute of Meteoritics, University of New Mexico. To determine the
elemental concentrations of the REM, Pd-Cu/REM and Pd-In/REM, an acid digestion method
was used to extract the elements. The acid digestion used a mixture of 3 mL HF (48 %), 3 mL
HNO; (70 %), and 5 mL HCI (37 %). Then the mixture was introduced into a 50 mL Teflon
digestion tube containing a single pellet (0.5 — 0.6 g) and heated in a Digi prep MS SCP Science
block heater at 95 °C for 2 hours. Prior to analysis acid extracts were diluted to 25 mL and
filtered (0.45 pm) to remove any suspended solids. All the acid digestion experiments were
performed in triplicate. Elemental concentrations of Pd, Cu, and In were measured in these acid
extracts using a PerkinElmer Optima 5300DV Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES) (detection limit ~ 0.5 mg L™).

The through plane electrical conductivity (o) for the REM and Pd-M/REMs were determined
using electrochemical impedance spectroscopy (EIS) with an amplitude of +£7 mV about the open
circuit potential (OCP) and a frequency range of 0.5 to 100 kHz using a Gamry Reference 600
potentiostat/galvanostat (Warminster, PA). Values for o were calculated according to the

following equation:
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X
ARREM
where, Rgrewm IS the measured resistance (ohm) of the pellet, A is the pellet cross-sectional area (1

o

(5-5)

cm?) and x is the pellet thickness (0.25 cm).

5.3.7 Analytical Methods. Concentrations of NO3", NO,", NH30H", and NH,;" were determined
using IC (Dionex ICS-2100). The pH was measured using a meter and probe (PC2700, Oakton).
Chemical oxygen demand (COD) was measured by Hach method 8000 (USEPA Reactor
Digestion Method). Total nitrogen (N) was determined through oxidative digestion of all
dissolved nitrogen species, excluding dissolved N, to NO3 followed by IC detection [370].

5.3.8 Product Selectivity, Current Efficiency, and Energy Calculations. The selectivity of NO3’

reduction (S;) was calculated by equation (5-6):
—PL 4 100 (5-6)

where species i is NO,, NH3, N2O, or Ny, and v; is the stoichiometric coefficient of species i
(e.g., moles of i per mole of NO3; degraded). The apparent N, selectivity was calculated
assuming that it represented the gap in the N mass balance, as other soluble products were not
detected (e.g., NH3OH"). Total N analysis of acidified permeate samples was performed
immediately after collection, both with and without CO, purging, and the difference between
these measurements was used as an estimate of N,O production. This approach was deemed
reasonable based on previous reports that electrochemical NO3™ reduction results in mainly NO/,
NHs, N,, N,O, and NH;OH" [248].
Current efficiency (CE) was calculated using the following equation:

JFz(C, —-C )
CE(%) = LMo PO~ %100 (5-7)
J
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where z is the moles of electrons transferred per moles of reactant, j is the current density (A cm’

%), F is the Faraday constant (96485 C mol™), and C and CpN _are feed and permeate

f,NO; 0;
concentrations (mol m®) of NOs, respectively. All experiments were performed at room
temperature (21 + 1 °C). Values for z were determined based on the observed product
distributions.

Energy consumption (EC) (kWh mol™) was calculated according to the following equation:

=10 Vel (5-8)

Q(Cf,NOé } Cp,NOé)

where, Ve is cell potential (V), I is the current (A) and Q is the volumetric flow rate of the
permeate (m® h™). In order to normalize by the concentration of contaminant, the electrical
energy per order (Ego) metric was also calculated. The Ego is a measure of the electric energy
(kWh m™3) needed to reduce the NO3™ concentration by 1 order of magnitude per unit volume of

solution [371,372], and is given by the following equation.

: Vel
E,, =107°* e (5-9)

O*log C""Noé
C

p.NO;

5.4 Results and Discussion

5.4.1 Materials Characterization. The bulk elemental compositions of the REM, Pd-Cu/REM,
and Pd-In/REM samples were determined by acid digestion and measurement of elemental
compositions by ICP-OES. The results provided molar ratios of Pd:Cu = 2.0 + 0.2 for Pd-
CUu/REM and Pd:In = 2.2 + 0.1 for Pd-In/REM, which were similar to the expected molar ratio of
2:1. The catalyst metals were not detected on the REM sample. The results confirmed successful

catalyst deposition on REMs using the incipient wetness method. The pore radius of the REMs
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was determined as 0.46 = 0.04, 0.40 + 0.02, and 0.44 = 0.03 pm for the REM, Pd-Cu/REM, and
Pd-In/REM, respectively. These results indicated that the pore size did not change significantly
as a result of catalyst deposition (Appendix C, Figure S-5-2).

The XRD data for the Ti Ozn.1 powder, REM, Pd-Cu/REM, and Pd-In/REM are shown in
Figure 5-1 along with the XRD characteristic peaks for Ti;O, TisOg, TigO11, Pd, Cu, and In. The
XRD data for the TinO2,.1 powder contained characteristic peaks representative of Ti,O7 (10-2),
(104), (120), (2-13) and (1-20) crystal faces, with minor amounts of TisOg (10-2) and TigO11 ((1-
21) and (101)). The Ti,O2,.1 REM contained additional peaks for Ti,O7 (1-22), (10-4), and (200)
crystal faces. The XRD data for Pd-Cu/REM and Pd-In/REM had similar patterns to the Ti,Ozn-1
powder, with additional characteristic peaks for Pd(111), Pd(200), Cu(111), and Cu(200) for Pd-
CUu/REM and Pd(111), Pd(200), In(111), In(200), and In(002) for Pd-In/REM. Significant peaks
were not detected for CuO, Cu,0, In,O3, PdO, or PdO,, which indicated that the catalyst

precursors were predominately reduced to their metallic oxidation states (Figure 5-1).
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The through plane conductivity of the REM was measured as o = 785 + 15 S m™ and it
increased to o = 835 + 21 for Pd-Cu/REM and o = 824 + 12 S m™ for Pd-In/REM. The slight
increases in o values were attributed to the deposition of the highly conductive Pd, Cu, and In
metals. The measured o values were similar to that reported previously for a high purity Ti O
ultrafiltration REM [373].

To characterize the spatial distribution of the catalysts, SEM/EDS mapping was conducted
on the Pd-M/REM samples. The SEM image of the REM shows a porous structure with particle
size of approximately 2 um (Figure 5-2). The results of the Pd-M/REMs showed fairly uniform
distribution of the catalyst metals on the planar surface and a high spatial correlation between Pd
and M (Figure 5-3). Analyses using SEM/EDS and electron microprobe mapping were
performed on vertical cross sections of the Pd-M/REM samples to determine the penetration
depths of the catalysts into the REMs. The results for the Pd-Cu/REM showed that the catalyst
metals penetrated to approximate depths of 420 um for Pd and 400 um for Cu (Figure 5-4).
However, for the Pd-In/REM depths of 900 um for Pd and 800 um for In were observed, and
more uniform distributions of the catalysts were observed with depth compared to the Pd-
CUu/REM (Figure 5-4). The differences in the depths of penetration may be affected by the
electroless deposition of Cu® onto the REM substrate (reaction (5-10)), followed by a galvanic
replacement reaction that deposited Pd° (reaction (5-11)). By contrast, the redox potential for the
deposition of In** is much more negative (reaction (5-12)) and not feasible at the measured OCP

(Eocp = 0.3 VISHE) [374,375].

Cu**+2¢ > c’ E® = 0.34 V/SHE (5-10)
Cu® + Pd* > cu®* + Pd° Enn = 0.61 V/SHE (5-11)
In** + 3¢ > In° E® = -0.34 V/SHE (5-12)
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Therefore, in the case of the Pd-In system, deposition onto the REM support is likely controlled
by weaker physisorption interactions and thus the metals were able to penetrate to a further depth

into the pellet.

Figure 5-2. SEM image of REM surface.
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Figure 5-3. Scanning electron microscope images of the a) Pd-Cu/REM and f) Pd-In/REM surface. SEM/EDS elemental mapping of b)

Ti; ¢) O; d) Pd; and e) Cu on the Pd-Cu/REM surface and g) Ti; h) O; i) Pd; and j) In on the Pd-In/REM surface.
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Figure 5-4. Scanning electron microscope and microprobe image of the vertical cross-section of a) Pd-Cu/REM and f) Pd-In/REM.
Scanning electron microscope and microprobe mapping of the vertical cross-section: b) Ti, c) O, d) Pd, and e) Cu in Pd-Cu/REM; and
g) Ti, h) O, i) Pd, and j) In in Pd-In/REM. Top surface of the pellet is the left side of the image. Solid black lines on panels d, e, i, and j

are estimated penetration depths of the catalyst metals.
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5.4.2 Catalytic Nitrate Reduction. Batch experiments were conducted to assess the Pd-Cu/TinOap.
1 and Pd-In/Ti,02,.1 powders for catalytic NO3™ reduction in the presence of H; as a reductant. A
Pd-Cu/TiO; catalyst was also tested to ascertain the effect of the Magnéli phase support on NO3’
reduction. Pseudo first-order rate constants for up to 50% conversion were fit to the NO3’
concentration versus time profiles. Concentration profiles for NO3” and NO;" and first-order rate
constant fits for NO3™ reduction are shown in the Appendix C (Figure S-5-3). The catalyst metal
normalized NOs™ reduction kinetics were faster for Pd-Cu/Ti,Ozn.1 (3.6 + 0.2 L Gmea~ min™) than
for Pd-In/TinOzn1 (1.4 # 0.2 L Gmerar ™ mMin™) and Pd-Cu/TiO; (0.9 + 0.1 L gmer* min™) (Figure
S-5-3). The 2.7-fold increase in rate constant for the Pd-Cu/Ti,O5;.1 catalyst compared to the Pd-
Cu/TiO; catalyst was unexpected since the surface area of the Ti,O,,.1 catalyst was 7.0 times less
(e.g., 1.2 m? g™ (TiyOzn-1) Versus 8.4 m? g™ (TiO,)). The increase in reactivity was attributed to
the oxygen vacancies in the Ti,Ozn.1 support, which created Ti*" sites that reduced Pd and Cu to
their metallic states during reaction and thus increased catalytic turnover [376].

The measured rate constant for Pd-Cu/TinOzn.1 (3.6 + 0.2 L gmetar - Min™) was comparable to
values for Pd-Cu catalysts reported in the literature (0.1 — 5.1 L Qe - min™) [237,238,241,377—
379]. The measured rate constant for Pd-In/TisOz1 (1.4 + 0.2 L Qmew - Min™) was also
comparable to literature values (1.7 — 2.9 L gmewa~ min™) [377,378]. However, due to the low
specific surface area of the Ti,Ozn.1 powder support (1.2 m? g™) compared to that of typical
catalyst supports (~100-200 m? g%), these rate constants would be much higher if compared on a
surface area normalized basis. However, catalytic metal dispersion is rarely reported and

therefore an accurate comparison on a surface area basis cannot be made.

111



The maximum NO," concentrations during the batch experiments were 25 + 4 uM for the Pd-
Cu/Ti,04,1 catalyst and 47 + 2 uM for the Pd-In/Ti,O,,.1 catalyst (Figure S-5-3b). The NO,” was
completely removed at the end of the experiment for the Pd-Cu/Ti,O5p.; catalyst, whereas the
concentration was 38 £ 6 uM for Pd-In/Ti,O2,.1. The NO,™ concentration remained below the

U.S. EPA’s MCL (70 uM) for both catalysts. The final Sy,; values were calculated as 4.2 +

0.2% for Pd-In/TiyOzn.1 and < 5.2 x 10° % for Pd-Cu/Ti,Ozn-1. The final Snu, Were determined
as 19 = 1% for Pd-In/Ti,Oz,.1 and 22 = 2% for Pd-Cu/Ti,O2n.1. These results indicated that the
catalysts exhibited high catalytic NO3™ activity but substantial NH3 production.

5.4.3 Electrocatalytic Nitrate Reduction. After successful performance of the powder Pd-
Cu/TiyOz,1 and Pd-In/Ti,Oyn; catalysts for NO3z™ reduction in batch mode, the REM, Pd-
CUu/REM, and Pd-In/REM were tested for electrocatalytic NO3™ reduction in flow-through mode.
The REM, Pd-Cu/REM, and Pd-In/REM were operated with both cathode-anode and anode-
cathode flow modes (as described previously) and under either Ar- or air-saturated conditions
(Figure 5-5 and Figure S-5-1). Both REM and Pd-Cu/REM were also tested separately for NO3
reduction in a bicarbonate buffer and surface water sample using the anode-cathode flow mode
and in air-saturated solutions. Two Pd-Cu/REMs operated in series were also tested for
electrochemical NO3 reduction in an air-saturated bicarbonate buffer and surface water sample
(Table 5-1). Results for all experiments are summarized in Table S-5-1 and experiments

conducted at a cathodic potential of -2.5 V/SHE are summarized in Table 5-2.
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a) NO, Feed b) Permeate

Permeate NO, Feed
Figure 5-5. Schematic showing REM flow-through reactor with a) anode-cathode flow mode
(upstream counter electrode) and b) cathode-anode flow mode (downstream counter
electrode).

Table 5-1. Water quality data of the surface water sample.

Filtered Surface Water

Sodium 0.56 mM
Potassium 0.17 mM
Calcium 0.90 mM
Magnesium 0.25 mM
Chloride 0.63 mM
Sulfate 0.015 mM
Bicarbonate 2.42 mM
Alkalinity 124 mg L™ as CaCO;
CcoD 39mgL*

pH 8.1
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5.4.3.1 Effect of Flow Direction. Flow schematics of the cathode-anode and anode-cathode flow
modes are shown in Figure 5-5. All the flow mode experiments were performed under Ar
purging to remove dissolved oxygen, which was expected to compete with NO3™ for either
adsorbed H or direct electron transfer reaction sites. Reduction experiments for the cathode-
anode flow mode were performed at the OCP, -0.01, -0.2, -1.2, -2.5, and -3.6 V/SHE (J = 600
LMH). The same potentials were used for the anode-cathode flow mode, with the exception that
a potential of -3.6 V/SHE was not used due to the formation of large quantities of H, bubbles at
the REM surface, which blocked the electrode surface, resulting in increased pressure drop
across the REM and large fluctuations in current. The NO3z™ and NO,™ concentration versus time
profiles at different potentials are summarized in Figure 5-6 for the anode-cathode flow mode

and Figure 5-7 for the cathode-anode flow mode.
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Figure 5-6. a) Nitrate and b) nitrite concentration profiles for REM and Pd-Cu/REM at different
potentials in the anode-cathode flow mode under different solution conditions. c) Nitrate and
d) nitrite concentration profiles for REM and two Pd-Cu/REM in series at different potentials in

anode-cathode mode.
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Figure 5-7. a) Nitrate and b) nitrite concentration profiles for catalyst-free REM, Pd-Cu/REM and
Pd-In/REM in cathode-anode flow mode.

The extent of NO3™ conversion for both flow modes was highest for Pd-Cu/REM, followed
by Pd-In/REM and REM (Table S-5-1). Both catalysts showed significant enhancements in NO3’

conversion compared to the REM. These results were consistent with LSV scans, which showed
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increased current for Pd-M/REM compared to REM in the presence of 5 mM NaNOj3 (Figure S-
5-4a). LSV scans also indicated that NO3™ reduction became mass transport limited in the anode-
cathode flow mode at potentials less than ~ -2.0 V/SHE (Figure S-5-4b). For both flow modes,
the product selectivity was more favorable for the Pd-Cu/REM relative to the Pd-In/REM, where
the later consistently had higher selectivity towards NO, and NHs. These results for
electrocatalytic NO;3™ reduction are similar to catalytic batch experiments that showed that Pd-Cu
was more active and selective then Pd-In.

There were also several differences in performance observed for the two flow modes.
Discernable NOg3™ reduction for all REMs was observed at lower potentials for the anode-cathode
flow mode (-0.2 V/SHE) compared to the cathode-anode flow mode (-1.2 V/SHE). The extent of
NOs" conversion was greater for the anode-cathode flow mode relative to the cathode-anode flow
mode at a given potential (Figures 5-6 and 5-7). For example, at a potential of -2.5 V/SHE NO3’
conversion for the Pd-Cu/REM was approximately 20% in cathode-anode flow mode and 43% in
anode-cathode flow mode (Table 5-2). The most noticeable difference between the two flow
modes was related to the distribution of NO3 reduction products. The cathode-anode flow mode
resulted in high selectivity towards both NO," and NHs, while the selectivity in the anode-
cathode flow mode was primarily towards N, and N,O (Table S-5-1, Table S-5-2 and Table 5-2).
At a potential of -2.5 V/SHE, NOj3" selectivity for the Pd-Cu/REM in the cathode-anode flow
mode was Syos = 35%, Syu, = 31%, Sy,0 = 13%, and Sy, = 23%; and the selectivity in the
anode-cathode flow mode was Syo> = 0.07%, Sy, < 2.3%, Sy,0 = 71%, and Sy, = 29% (Table

5-2).
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Table 5-2. Summary of results for nitrate reduction with a Pd-Cu/REM at a cathodic potential of -2.5 V/SHE

NOs’

Reaction Conditions Con(\é;)r)sion S((I>,I /E))Z-) S((IEI/OF)M S((l(\,l/(z)?) S&S) EffFI)L;Ient CE (%) (kV\Ifrf ?n'3) (kWE ?nol-l)
Cathode-Anode/Ar Purging 20+1.02 35+24 31+23 12+0.09 23+091 9.8+0.2 60+24 2.6 £0.06 1.9+0.02
Anode-Cathode/Ar Purging 43+22 0.07+0.02 <23+011 70+038 29%+0.72 9.2+0.1 102 £ 5.7 1.1+0.23 0.90 = 0.07
Anode-Cathode/Air Purging 42+1.8 0.78+0.04 <23x0.1 55+029 43+101 94%0.2 106 £ 5.4 1.1+0.12 1.06 £ 0.03
Anode-Cathode/Air Purging/Bicarbonate Buffer 44+14 056+0.02 <22+£007 42+036 57003 7.8+04 51+25 23+0.34 1.3+£0.08
Anode-Cathode/Air Purging/Surface Water 32+£1.09 0.07+001 <31+£011 43+£032 56+049 88x£0.2 51+4.3 2.7+0.17 1.4+£0.03
Anode-Cathode/Air Purging/Bicarbonate Buffer/Series 65+1.3 040+£0.06 <15+004 43+£036 56+x094 80x0.2 60 +4.2 35+0.27 2.4 +£0.06
Anode-Cathode/Air Purging/Surface Water/Series 51+2.07 007+£014 <19+£0.08 52+0.84 47+093 89+0.3 35+5.01 6.9+0.13 3.7+£0.04
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The higher NO3™ conversion and lower NO," formation for the anode-cathode flow mode
relative to the cathode-anode flow mode were attributed to the placement of the counter
electrode. These results were consistent with prior studies that concluded a downstream counter
electrode (cathode-anode) resulted in lower conversion compared to an upstream counter
electrode (anode-cathode) in the presence of a more favorable side reaction (i.e., H, evolution)
[380]. Therefore, in our experiments the H, evolution reaction was more significant in the
cathode-anode flow mode relative to the anode-cathode flow mode and inhibited NOj3
conversion. The differences in H, production also affected the observed product selectivity in the
two flow modes, as it is well accepted that product distributions are controlled by the local N:H
concentration ratio [238,381]. A high N:H ratio was present in the anode-cathode flow mode and
would favor N coupling reactions (e.g., N2O, Ny), where the low N:H ratio was present in the
cathode-anode flow mode and would favor hydrogenation reactions (e.g., NH3) [238,381]. The
NH; selectivities in the anode-cathode flow mode were much lower than previously reported
selectivities (28 to 92%) for electrochemical NO3™ reduction [382-389].

These experiments indicated that the Pd-Cu/REM operated in the anode-cathode flow mode
was the most active for NO3" reduction and had the best product selectivity for N atom coupling.
At a potential of -2.5 V/SHE the permeate concentrations were below the EPA MCLs of 0.7 mM
for NO3™ and 70 uM for NO;’, and NH3; concentrations were always below the IC detection limit
(< 10 uM), which was less than the WHO limit of 30 uM. Considering the higher activity and
selectivity of the anode-cathode over the cathode-anode flow mode, we selected the anode-

cathode flow mode for all additional experiments.
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5.4.3.2 Effect of Solution Conditions. Prior studies indicated that solution conditions have an
adverse effect on both catalytic NOjs reduction activity and product selectivity
[68,237,240,245,247,248,385,390-392], but few studies have investigated the effects of solution
conditions on electrocatalytic NOj3 reduction. Therefore, electrocatalytic NOjz; reduction
experiments were performed under a variety of solution conditions, including air-saturated water,
10 mM NaHCO; buffer (pH = 8.2), and in a surface water sample (pH = 8.1) (see Table 5-2 and
Table S-5-1). Both Pd-Cu/REM and Pd-In/REM were tested in the air saturated solution, and all
other solution conditions were tested with Pd-Cu/REM. All experiments were conducted in the
anode-cathode flow mode, and results are summarized in Figure 5-6, Figure S-5-5, and Table 5-
2.

The results for NO3™ conversion for both Pd-Cu/REM and Pd-In/REM in the air-saturated
solution were similar to the Ar-saturated solution over the same applied cathodic potentials
(Figure 5-6, Figure S-5-5, Table 5-2, and Table S-5-1), indicating that the ORR did not directly
compete for NO3™ reduction sites. LSV scans support this hypothesis, as measured currents were
nearly identical for Ar-saturated and air-saturated electrolytes (Appendix C, Figure S-5-6). These
results are attributed to the low ORR activity of the Ti,O2,.1 Support [220,393], promoter metals
[394-396], and the Pd crystal faces observed by XRD (i.e., Pd(111) and Pd(200)) [381]. The lack
of competition from the ORR during electrocatalytic NO3™ reduction with the Pd-M/REMs is a
significant advantage over other electrodes and catalytic systems that require deoxygenated
solutions [245,377,397,398]. The product selectivities were also similar for the Pd-In/REM and
Pd-Cu/REM in the air-saturated and Ar-saturated solutions (Figure S-5-5b, Figure 5-6b, and

Table 5-2).
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The extent of NO3™ conversion was not significantly affected by any of the other solution
conditions tested compared to the Ar-saturated solution, with the exception of the surface water
sample that showed significant differences in NO3™ conversion at a cathodic potential of -2.5
VISHE. For example, the NO3™ conversion in the surface water decreased by 1.4-fold compared
to the 10 mM NaHCO3 buffer solution of similar pH at -2.5 V/SHE (Figure 5-6a and Table 5-2).
The inhibition in the NOs reduction was most likely due to scaling from CaCOjs¢ and
Mg(OH)) onto the catalyst surface, which occurred at high cathodic potentials, as the alkalinity
decreased from 124 mg L™ to 67 mg L™, Ca®" concentration decreased from 0.88 mM to 0.66
mM, and the Mg?* concentration decreased from 0.26 mM to 0.19 mM at a cathodic potential of
-2.5 VISHE. In a long-term treatment application mineral scaling can be overcome by periodic
reverse polarity treatments to dissolve the scale. This approach has been demonstrated in other
electrochemical studies [399].

The product selectivities during NO3™ reduction were not greatly affected by the different
solution conditions (Figure 5-6b, Table 5-2, and Table S-5-1). The NO, concentrations were
always significantly below the MCL and NH3 concentrations were below the IC detection limit
for all solution conditions and potentials tested. These results confirmed that Pd-Cu/REM was
able to reduce NO3 from a 1 mM feed concentration to below the regulatory MCL in a single
pass through the REM in the anode-cathode flow mode, without negative effects from dissolved
oxygen and carbonate species and only minor effects from constituents found in surface water
(e.g., Ca**, Mg®").
5.4.3.3 REMs in Series. Though the NOj3™ concentrations for all the experiments were lower than
the MCL (0.7 mM) at the most cathodic potentials tested, two Pd-Cu/REMs in series were used

to further decrease the NOjz  concentrations. Experiments were performed in air-saturated

121



solutions containing 1 mM NaNO; and in the presence of either the 10 mM NaHCO3 buffer or
the surface water sample. Results are summarized in Figure 5-6, Table 5-2, and Table S-5-1. The
results indicated that the electrochemical cells operated as approximately two first-order reactors

in series, where NO3™ conversion (R) followed equation (5-13):

R=1- <(%)1>n (5-13)

where (E—”) is the ratio of NO3™ permeate and feed concentrations in a single reactor and n is the
f7q

number of reactors in series. The measured NO3™ conversion in the 10 mM NaHCO3 buffer for
two Pd-Cu/REMs operated in series were 20% (17%), 29% (31%), 44% (49%), and 65% (69%)
at cathodic potentials of -0.2, -1.2, -1.9, and -2.5 V/SHE, respectively, where values in
parentheses were those predicted by equation (5-13). In the presence of the surface water sample,
the NOs3™ conversion for two reactors in series were 14% (7.5%), 23% (25%), 36% (43%), and
51% (54%) at cathodic potentials of -0.2, -1.2, -1.9, and -2.5 V/SHE, respectively, where values
in parentheses were those predicted by equation (5-13) (Figure 5-6¢ and Table S-5-1). These
results indicated that NO3" reduction could be approximated as a first order process. The lower
NO3z  conversion in the surface water sample again was most likely due to CaCOss and
Mg(OH)y scaling, as the alkalinity decreased from 124 mg L™ to 32 mg L™, Ca®* concentration
decreased from 0.88 mM to 0.49 mM, and the Mg?* concentration decreased from 0.26 mM to
0.11 mM at a cathodic potential of -2.5 V/SHE. The product selectivities were similar for the one
and two reactors in series operations.

5.4.4 Reactivity Characterization. Electrocatalytic and catalytic NO3™ reduction were both tested
in the Pd-Cu/REM flow-through system as a function of J (240 to 2160 LMH (6.7 x 10™ to 5.4 x

10 m s™)) and results are shown in Figure 5-8. The NO, concentrations were low for both
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catalytic NO3™ reduction (0.10 to 0.13 puM) and electrocatalytic NO3™ reduction (0.70 to 0.52
pMM), and the NH3 concentrations were always below the detection limit (< 10 uM) for both

electrocatalytic and catalytic NO3™ reduction at all fluxes at the different fluxes tested (Table S-5-
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Figure 5-8. Electrocatalytic and catalytic NOs™ reduction in the Pd-Cu/REM flow-through reactor.

a) kops values versus J, b) NOs™ concentration versus J. The solid lines are the model fits using

equations 5-16 and 5-17 and the dashed horizontal line represents the MCL for NO3™

123



Based on the analysis of the LSV data, it was determined that electrocatalytic NO3™ removal
was mass transport limited at potentials less than -2.0 V/SHE (Figure S-5-4). Therefore, at -2.5
V/SHE equation (5-14) was used to fit the electrocatlytic NO3™ reduction data in the Pd-Cu/REM

flow-through reactor.

(2) = exp (-2 (5-14)

In equation (5-14), ky, is the mass transport rate constant (m s™), a is the specific surface area (m”

1y, and | is the reactive length of the REM (m). Values for kn in packed bed electrochemical
reactors have been shown to follow equation (5-15).

k,, = b ]33 (5-15)
where b is a proportionality constant. Since the values for a and | were unknown but constant at a

given potential, equation (5-14) was rewritten as follows.

() - om(- 7))

where m is a proportionality constant that was determined to equal 0.0017 and yielded observed

rate constant (kqps) values between 7.0 x 10® and 1.5 x 10* m s™. The model fit of equation (5-
16) to experimental data is shown in Figure 5-8.

Since the conversion of NO3™ during catalytic experiments was small (< 10%), pseudo first-
order kinetics were assumed and equation (5-16) was also used to fit the catalytic NO3™ reduction
data. However, since catalytic NO3™ removal was much lower than the mass transport limit, Kops
was represented by a resistance in series model that accounts for the resistances from mass

transport and reaction kinetics (equation 5-17).

kobs = kr/ (1 + :_;) (5-17)
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In equation (5-17), k, is the heterogeneous pseudo first-order reaction rate constant (m s™).
Values determined for kg, from electrocatalytic experiments were used in equation (5-17) and a
best fit value of k, = 1.1 x 10° m s* was determined by fitting equation (5-17) to the
experimental data (Figure 5-8). These results indicated that the ko,s values for catalytic NO3’
reduction were approximately an order of magnitude less than those for electrocatalytic NO3
reduction, which indicated that electrocatalysis was the predominant mechanism for NOs
removal in all REM flow-through experiments, as the retention times (0.2 to 2.2 s) in the REM
were too short to allow for significant catalytic NO3™ reduction. Identical experiments were also
performed for NO;" reduction, and the extent of removal with respect to J were similar to those
for both electrocatalytic and catalytic NO3™ reduction (Figure S-5-7), which explains why only
trace NO,™ concentrations were detected in all experiments. These results indicated the extreme
promise of electrocatalyic reduction to achieve significant NO3™ removal without significant
NO; production under single pass operation.

5.4.5 Technological and Environmental Implications. Sustainable water treatment technologies
need to operate with minimal energy consumption. The energy requirements were calculated
according to equations 5-8 and 5-9 and are reported in Table 5-2 and Table S-5-4. The Ego and
EC values showed the following order for energy efficiency: REM < Pd-In/REM < Pd-Cu/REM
(Table 5-2 and Table S-5-4). The minimal EC and Ego values for Pd-Cu/REM (EC = 0.57 kWh
mol™; Ego = 1.1 kWh m®) and Pd-In/REM (EC = 0.89 kWh mol™; Ego = 1.7 kWh m™®) were
observed for the reduction of the Ar-saturated 1 mM NaNOj solutions with the anode-cathode
flow mode. These values approximately doubled for the reduction of the air-saturated surface
water solution with the Pd-Cu/REM (EC = 1.1 kWh mol™; Ego = 2.3 kWh m™®). The EC values

were also calculated for the reduction of NO3™ at concentrations of 1, 10 and 100 mM using the
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Pd-Cu/REM in anode-cathode flow mode. EC values decreased with increasing NOj3
concentrations, and were 0.62 + 0.02, 0.19 + 0.07, and 0.12 + 0.06 kWh mol™ at NOs
concentrations of 1, 10, and 100 mM, respectively. The calculated EC values for dilute solutions
are comparable to literature values for electrochemical reduction, electrodialysis, and biological
methods (0.4 to 1.2 kWh mol™) [83,400-402], and much lower than that for reverse osmosis (8.3
kWh mol®) [403]. Concentrated NOs™ solutions showed much more favorable EC values, due to
increased solution conductivity and a 2.3 times positive shift in the redox potential for every 10-
fold increase in NO3™ concentration, according to the Nernst equation. Therefore, coupling the
REM system to technologies that separate and concentrate NO3 should be explored. Further
improvements in electrode preparation and reactor design could lead to reduced energy
consumption and more efficient utilization of the catalytic metals. For example, narrowing the
inter-electrode gap will reduce solution resistance and thus lower overall cell potential, and more
efficient dispersion of the catalyst metals will allow for lower loadings of precious metals.
Current efficiencies were also calculated based on the observed product distributions (Table
S-5-1 and Table 5-2). The current efficiencies were calculated between 1.9 to 12% for the REM,
2.1 to 105% for the Pd-Cu/REM, and 2.3 to 71% for the Pd-In/REM. The maximum measured
current efficiency for Pd-Cu/REM (105 + 5.4%) was in the presence of air purging and 1 mM
NaNOs. The current efficiency was observed to decrease to between 51 and 52% in the presence
of the 10 mM NaHCOj; or surface water solutions (Table S-5-1 and Table 5-2). These results
were attributed to the higher ionic conductivity and proton donor ability of the HCO3 electrolyte
that gave rise to increased H, evolution. The range of current efficiencies observed in this study
were comparable to values reported in the literature (6.2 to 90%) for different electrocatalysts

[247,382,383,389,404].
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Results of this study indicated that significant electrochemical NO3™ reduction was achieved in
the Pd-M/REM system with minimal NO, and NHj production. However, the selectivity
towards N,O was significant for all the NOs reduction experiments with Pd-M/REMs. The
formation of N,O has environmental implications as it acts as a greenhouse gas that destroys
stratospheric ozone [405,406]. The reduction of N,O to N, has been shown to occur on Pd
electrocatalysts with 100% selectivity [381]. However, in our studies the residence time (< 2 s)
in the REM reactor was too short for significant conversion of N,O to N,. For the treatment of
dilute NO3™ solutions (mM levels) the total N,O flux is small compared to natural sources. The
N,O flux (CO, equivalent) was calculated as 9.6 x 10° kg yr'* assuming 100% reduction of 10° L
1 mM NOgs’ solution per day to N,O. This estimate was < 0.0003% of the N,O production rate
estimated by the U.S. EPA in 2015 from all U.S. sources (3.3 x 10* kg yr™) [407]. However,
more selective electrocatalysts or passing the permeate through an additional Pd catalyst bed at a
lower flow rate would eliminate N,O outgassing to the atmosphere. For the treatment of
concentrated NOj3™ solutions, the produced N,O could be recovered and used as an energy source,
which would improve the energy efficiency of the treatment process. Such a strategy has been
proposed for the biological treatment of nitrogen in wastewater [408,409].

5.5 Conclusions

In this study Pd-Cu/REM and Pd-In/REM were shown to be active for NOjz  reduction.
Electrocatalytic NO3™ reduction was investigated as a function of electrode placement, flow rate,
electrode potential, NO3™ concentration, reactor number, and under various solution conditions
indicative of natural waters. Optimal performance was achieved with a Pd-Cu/REM with an
upstream counter electrode. This setup was able to reduce NO3z” from a 1 mM feed concentration

to below the EPASs regulatory MCL in a single pass through the REM (residence time ~ 2 s). The
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concentrations of NO, were always below the EPA’s MCL and NHj3 concentrations were not
detected. Nitrate reduction was not affected by dissolved oxygen, carbonate species, or natural
organic matter, and NO3™ reduction only slightly decreased in a surface water sample due to Ca**
and Mg”* mineral scaling. The maximum current efficiency of 105 + 5.4% was achieved for the
Pd-Cu/REM with an upstream counter electrode and a 1mM NaNOj3 solution. The current
efficiency decreased to ~ 51% for a surface water sample, which was attributed to competition
from H, production. The energy consumption for the surface water sample was between 1.1 to
1.3 kWh mol™ at 1 mM NOs concentrations, and decreased with increasing NO3™ concentrations,
and was 0.19 and 0.12 kWh mol™ for 10 and 100 mM NOj3’ solutions, respectively.
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6. Electrochemical Oxidation of Organic Compounds using Bismuth-doped

Tin Oxide deposited Reactive Electrochemical Membranes

6.1 Abstract

In this research, bismuth-doped tin oxide (BDTO) catalyst loaded reactive electrochemical
membranes (REM) were synthesized, characterized and applied to determine the performance
towards organic compound oxidation in a water matrix. Porous Magnéli phase (Ti,O2n-1, N = 4
to 6) REMs were fabricated by sintering TiO, powder and modified with BDTO catalyst using
pulsed laser deposition (PLD) and pulsed electrodeposition followed by thermal oxidation
(EDT). The electrodes were characterized using scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), inductively coupled plasma optical emission spectroscopy (ICP-OES) and linear
scanning voltammetry (LSV). The SEM images showed that the average size of the deposited
BDTO particles using EDT method was around 2 pm. The XPS results showed the presence of a
mixture of SnO,, SnO, and Bi,O3; on BDTO modified REM using EDT method. Terephthalic
acid (TA) was used as hydroxyl radical probe, whereas atrazine (ATZ) and clothianidin (CDN)
were chosen as potential harmful herbicide and pesticide, respectively, which may be present in
surface and groundwater. DFT simulations coupled with Marcus theory provided potential
dependent activation energy profiles for ATZ and CDN, which were supported by the LSV data.
At all the applied potentials, BDTO deposited REM (REM/BDTO) showed higher oxidation
rates compared to REM, which was attributed to enhanced production of OH®. At the highest
applied potential (3.5 V/SHE), the concentrations of TA, ATZ, and CDN were all below the
detection limits for REM/BDTO. Chemical oxygen demand (COD) analysis of TA and total N

analysis of ATZ and CDN showed complete mineralization of the compounds at this applied
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potential. The energy consumption for REM/BDTO was determined to be 2.7-times lower than

that for REM for TA oxidation at 3.0 V/SHE.
6.2 Introduction

The electrochemical advanced oxidation process (EAOP) is an efficient and novel technique
for electrochemical water and wastewater treatment application due to its ability for destruction
and removal of recalcitrant organic compounds [52,53,111,159]. Reactive electrochemical
membrane (REM) has been considered one of the best EAOP electrodes and it combines EAOP
and physical separation technigue into a single setup [50,54,114,274,410,411]. REMs are
efficient and effective at oxidizing recalcitrant organic compounds via EAOP that involves the
production of OH® and direct electron transfer (DET) reactions [50,54,114,274,410,411]. The
formation of OH* is very effective for organic compound removal because it reacts unselectively
with several organic compounds at diffusion-limited rates without any oxidant residual [62].

Several porous and non-porous EAOP electrodes have been used for water and wastewater
treatment applications and the most promising materials include boron-doped diamond electrode
(BDD), substoichiometric TiO,, doped-TiO,, PbO,, and doped-SnO, [47-50,53,55—
57,62,114,124,275-279]. The slow leaching of Pb for PbO, electrode and high cost associated
with BDD fabrication limited their application for water treatment [280,281]. However doped-
TiO, and —SnO, does not suffer from severe problems such as toxic metal leaching and high
fabrication cost [280,281]. The doping of TiO, using a reductant (e.g. H,) has been widely used
to form highly conductive, porous and monolithic Magnéli phase (Ti,Oz.1, N = 4 to 10)
electrodes [64,219,227]. Among all the Magnéli phases Ti,O; has been found to be the most
conductive one with conductivity of 1000 S cm™ [219]. Due to high conductivity, porous

structure, corrosion resistance, mechanical strength, and ability to produce OH®, Ti,O2,.1 anodes
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have been used as REMs for the electrochemical oxidation of recalcitrant organic compounds in
water. Doped-SnO, has been used as another effective anode-coating material for
electrochemical oxidation of organic compounds due to high conductivity and stability
[47,57,278]. A very high oxygen evolution potential (OEP) of doped-SnO, has been reported as
1.7 V vs Ag/AgCl which, facilitated water oxidation for OH® production before O, evolution
[282,283]. Due to high OEP of doped-SnO,, it can be used as an anode to utilize EAOP for
electrochemical organic oxidation. Different dopants (e.g. Sb, Bi, P) have been used for SnO,
doping, where Sb was the most common dopant [282,284-286]. However, the application of Sb
doped SnO, for water treatment applications is undesirable, due to high toxicity of Sb (EPA
MCL = 6 ppb) [10]. Bi-doped SnO, (BDTO) coated carbon nanotubes with very high OEP (1.71
V vs Ag/AgCI) have been recently used for electrochemical oxidation of organic compounds
with improved reactivity, current efficiency, and energy consumption relative to bare carbon
nanotubes [282]. Therefore Bi-doped SnO, deposited REM can be used to oxidize recalcitrant
organic compounds in water matrix due to their combined attributes such as higher conductivity,
higher OH® production, improved reactivity, better current efficiency and high stability.

Porous, conductive and monolithic electrodes used in flow-through mode have been recently
used for improved electrochemical organic oxidation rates. In flow-through mode the flow was
convected perpendicular to the porous electrode, which increased the mass transfer rates
compared to the conventional parallel flow mode. A recent work by Guo and Chaplin showed
convection-enhanced rate constant with high membrane flux with plateauing observed rate
constant values (Kobs), which approached the kinetic limit [64]. REM in combination with BDTO
may be able to minimize the kinetic limitation due to the enhanced reactivity of BDTO towards

organic compounds oxidation.
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Atrazine (ATZ) (2-chloro-4-ethylamine-6-isopropylamino-s-triazine) is one of the highly
used triazine based herbicide to minimize annual broadleaf growth and emergence and grass
weeds in various food plants, vegetables as well as in non-agricultural areas [412-417]. ATZ is
one of the most common pollutants found in ground and surface waters worldwide, due to its
excessive application in agricultural areas [418-422]. ATZ is highly resistant to bacterial
degradation, hydrolysis, and moderately soluble in natural waters with a half-life (t;2) of >200
days, which makes ATZ a persistent water contaminant [423]. EPA has set a maximum
contaminant level (MCL) for ATZ at 3 ppb (14 nM) because it resulted in incomplete
ossification, neurological disorder, cancer, damage of heart, liver and kidney and adverse effect
on reproductive system and developing organisms [423-425]. Clothianidin (CDN) ((E)-1-(2-
chloro-1,3-thiazol-5-ylmethyl)-3-methyl-2-nitroguanidine) is a nitroguanidine subgroup of
nicotinoids that has been extensively used as an insecticide [426-431]. CDN is very stable under
hydrolysis and can remain stable in surface water, groundwater, and soil environments with half-
lives ranging from days to years (aerobic soil (ti2) = 148 — 1155 days, anaerobic aquatic (t1) =
27 days) [432,433]. CDN has shown toxic effects such as impaired learning and homing
behavior on non-target insects such as honey bees [428,429,434-437]. EPA has not set an MCL
for CDN as it has not shown severe effects (e.g. carcinogenicity, genotoxicity, and
developmental toxicity) on mammalian species, due to its low affinity to the nicotinic
acetylcholine receptor of mammals. However recent studies have shown that CDN can cause
several sub-lethal effects such as cytotoxicity, genotoxicity, and immunotoxicity [438,439]. Due
to its chronic toxicity EPA has put a time-limited tolerance of 280 nM on CDN [440]. Therefore
complete removal of ATZ and CDN from water matrices is highly necessary as they can pose

serious health hazards to humans.
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Several physical, biological, chemical, photochemical and electrochemical techniques have
been used as destructive treatment methods to remove ATZ from water matrices [441-478].
However, only a single study showed photocatalytic removal of CDN from water [479]. Physical
techniques mainly used different adsorbents for ATZ removal [472-477]. Physical techniques
only separate ATZ from the water matrices and do not eliminate it from the environment.
Biological treatment of ATZ used different types of bacteria and microorganism to degrade it
[441-443]. However, application of biological treatment suffered from bacterial contamination
and low removal efficiency. The photochemical techniques mainly used UV light in the presence
of different materials with activated chemicals to successfully degrade ATZ [452,453,458,463—
467,469-471,479]. The chemical treatment used fenton and ozonation process that required the
addition of Fe(ll), H,O,, and O; for the degradation of ATZ [444,446-451,454,457,472,474].
The chemical and photochemical techniques suffered from low ATZ removal rates, formation of
reaction byproducts, and high cost due to the addition of chemicals. However only few
electrochemical techniques have been used to oxidize ATZ in water [455,459-462,473]. All the
electrochemical techniques used for ATZ oxidation in the previous studies used batch system for
removal [455,459-462,473]. However the oxidation/mineralization of ATZ and CDN using
catalyst loaded REM with continuous flow-through mode has not been investigated.

Most of the previous studies showed partial oxidation and mineralization of ATZ to various
products [441-450,453-456,460,461,466-479]. However few studies showed complete
mineralization of ATZ [480—484].

In this study, BDTO catalysts are deposited on sub-stoichiometric TiO, REMs followed by
characterization and study for terephthalic acid (TA) oxidation with oxidation rate constant

evaluation in a flow-through setup. TA oxidation was performed with different potentials as well
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as with different flow rates and the rate constants were determined for both cases. A kinetic
model was used to evaluate the experimental data and calculate rate constants for TA oxidation.
Various catalyst deposition techniques were used to determine an optimal method. Chemical
oxygen demand (COD) was performed for TA oxidation to determine the extent of
mineralization in the permeate. ATZ and CDN oxidation were also tested on catalyst loaded
REM because of their potential toxicity in water matrix. Total N analysis was performed on the
feed and permeates to show the extent of oxidation/mineralization of ATZ and CDN at different
applied potentials.

6.3 Materials and Methods

6.3.1 Reagents. All chemicals were reagent grade and purchased from Sigma-Aldrich and Fisher
Scientific. All gases (purity = 99.999%) were obtained from Praxair. BDTO precursor target
(Sno.91Bi0 0902, 99.9%) for pulsed laser deposition (PLD) application was procured from Kurt J.
Lesker (Jefferson Hills, PA). Chemicals were received and used without further modification.
All experimental solutions were made using Type | water (> 18.2 MQ.cm at 25°C) from a
Barnstead NANOpure system (Thermo Scientific).

6.3.2 Catalyst Loaded REM Preparation. Magnéli phase REMs were prepared from Magnéli
phase powder (Ti,O.-1) (n = 4, 6). Initially, the Magnéli phase powder was synthesized from
TiO, powder by reducing at 1050 °C under H, gas flow in a tube furnace (OTF-1200X, MT]I) for
6 hours. After that, a certain amount of Magnéli phase powder was weighed and mixed with
paraffin oil as binder (8 drops per g of powder). Then, approximately 0.6 g of the binder mixed
powder was poured into a stainless steel (SS) die and pressed using a hydraulic press under a

uniaxial pressure of 20.7 bar that gave a 2.5 mm thick, 1.1 cm diameter REM pellet. Then the
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pellet was heated in the tube furnace at 1050 °C for 6 hours under H, flow to remove the binder
and sinter the particles. The as prepared pellet was designated as the “REM”.

Catalysts (BDTO) were deposited on the REMs using two different methods: pulsed laser
deposition (PLD) and pulsed electrodeposition followed by thermal oxidation (EDT). PLD
method used 20 laser pulses in the presence of BDTO precursor target to modify the REM with
BDTO and the modified electrode was designated as “REM/BDTO/PLD20”. Initially the PLD
chamber was pumped down to 5x10° - 9x10® Torr using a turbo-molecular pump (Pfeiffer
Vacuum, Germany) and the temperature in the chamber was maintained at 25 °C. The REM was
placed 5.0 cm away from the BDTO target (Sng.91Bio.0902) during the PLD process. PLD method
used a krypton fluoride excimer laser (COMPexPRO201, Coherent, CA, USA) at a wavelength
of 248 nm with laser frequency, number of pulses, pulse duration, energy density, and laser
energy of 10 Hz, 20, 25 ns, 3 mJ cm™ and 400 mJ, respectively.

BDTO modified REM using EDT method (REM/BDTO/EDT) used pulsed electrodeposition
in the presence of precursor solution followed by thermal oxidation in DI water. The precursor
solution (Sn:Bi = 10:1, mol/mol) was prepared by dissolving 2.25 g of SnCl,, 2H,0 and 0.48 g
of Bi(NOg3)3, 5H20 in 1000 mL 1 M HCI solution. Pulsed electrodeposition was used in the
presence of the precursor solution and it was pumped through the REM cathode followed by a
BDD anode. The parameters for pulsed electrodeposition are as follows: current density = -100
mA cm, pulse on (to,) = 10 ms, pulse off (tof) = 1000 ms, and number of pulses = 3564. After
electrodeposition, the metal deposited REM was heated in DI water at 80 °C for 1 hour to oxidize
the metals to metal oxides. After that, the REM/BDTO/EDT was dried in an oven at 50 °C for 3

hours.
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6.3.3 Batch Organics Oxidation Experiments. Batch oxidation experiments of ATZ and CDN
were performed in a two-compartment (H-cell) jacketed glass reactor using conventional three-
electrode rotating disk electrode (RDE) setup (Pine Instruments, PA) according to the previously
published studies [167,485]. Different temperatures (20, 30 and 40 °C) were maintained using a
water bath (Thermo Scientific Neslab RTE 7). To separate the anodic and cathodic reactions a
Nafion N115 membrane (lon Power, Inc., New Castle, DE) has been used. For ATZ oxidation,
1.5 and 1.8 V/SHE were applied at the three different temperatures whereas 1.14 and 1.5 V/SHE
were used for CDN oxidation. Normalized concentrations of ATZ and CDN were plotted versus
time to determine the reaction rate constants (k) at different temperatures and potentials (Figure
S-6-1). For example, at a constant anodic potential of 1.5 V/SHE ATZ was oxidized with time at
20, 30 and 40 °C and a first order concentration profile was fitted to determine the rate constants
at different temperatures. After that In(k) values were plotted against inverse of temperature (1/T)
according to the Arrhenius equation.

6.3.4 Flow-through Organics Oxidation Experiments. Electrochemical oxidation of organic
compounds (TA, ATZ and CDN) was performed with the REM, REM/BDTO/EDT, and
REM/BDTO/PLD20 in a flow-through reactor. The flow-through cell was made of polyether
ether ketone (PEEK) and contained the REM/BDTO as the working electrode, 316 SS as the
counter electrode, and a 1 mm diameter Ag/AgCI/KCI (1M) as reference electrode (Harvard
Apparatus, MA, USA). The reference electrode was placed at a distance of ~3.3 mm from the
working electrode. Potentials and currents for all electrochemical experiments were applied by a
Gamry Reference 600 potentiostat/galvanostat (Warminster, PA). All potentials were solution
potential drop corrected (iRs) and documented versus the standard hydrogen electrode (/SHE).

Only anode-cathode flow mode was used for organics oxidation experiments. The working
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electrode (REM) is placed upstream, and solution first flows through the REM anode followed
by the SS cathode in the anode-cathode flow mode (Figure S-6-2).

Oxidation experiments were performed using either TA (1 mM), ATZ (10 uM), or CDN (10
MM) in 100 mM KH,PO, as feed solution with anode-cathode flow mode. The oxidation
experiments were studied at the OCP as well as at different anodic potentials of 2.1, 2.6, 3.0 and
3.5 V/SHE while pumping the feed solution through the REM at 0.5 mL min™ to show the effect
of potential. At a constant anodic potential of 3.0 V/SHE, the feed solution was pumped through
the REM pellet at flow rates ranging from 0.2 to 1.0 mL min™, which gave surface area
normalized membrane fluxes (J) of 240 to 1200 L m? h™ (LMH) to show the effect of flow rates.
With the feed flow through the REM, the anodic potential was applied and permeate was
collected for anion, cation, and organic concentration analysis. As NHs3 is a possible reaction
product from ATZ and CDN oxidation, samples were collected and immediately acidified with
0.1 M HCI (pH 3.0) to convert NHs to NH,".

6.3.5 Membrane Characterization. The REM, REM/BDTO/EDT and REM/BDTO/PLD20
samples were characterized by X-ray diffraction (XRD, Siemens D-5000) with a Cu X-ray tube
(40 kV and 25 mA). Scans were monitored and analyzed using DataScan software (MDI, v.
4.3.355, 2005) at a step size and dwell time of 0.01° and 0.5 s, respectively. The electrodes were
also characterized using X-ray photoelectron spectroscopy (XPS) with a Kratos Axis-165 at the
Research Resource Center at the University of Illinois at Chicago. The XPS spectrum was
analyzed and deconvoluted using XPSPEAK 4.1 software. To investigate surface morphology
before and after catalyst deposition, scanning electron microscopy (SEM) was performed using a
variable pressure scanning electron microscope (VPSEM) (Hitachi S-3000N, Japan) at 3 to 4 kV

and from 3 to 4 k magnifications. To show the elemental distribution and concentration of the
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BDTO catalysts within the REMs, SEM coupled with energy dispersive X-ray spectroscopy
(EDS) was used on the surface as well as on the X-section of different REMs. An acid digestion
method using a mixture of 2 mL H,0; (30 %), 4 mL HF (10 %), 8 mL HNOg3 (70 %), and 10 mL
HCI (37 %) was performed to determine the metal loading of the REM/BDTO/EDT and
REM/BDTO/PLD20. The pellet (0.5 — 0.6 g) was crushed into powder and the powder with the
acid mixture was introduced into a 50 mL Teflon digestion tube that was heated at 200 °C for 1
hour. Elemental concentrations of Bi and Sn were measured in these acid extracts using a
Thermo iICAP 7600 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
(detection limit ~ 1 - 3 ppb).

Electrochemical impedance spectroscopy (EIS) was used to measure the through plane
electrical conductivity (o) for the REM, REM/BDTO/EDT and REM/BDTO/PLD20. The EIS
used an amplitude of 7 mV about the open circuit potential (OCP) and a frequency range of 0.5
to 100 kHz with a Gamry Reference 600 potentiostat/galvanostat. The electrical conductivities
were calculated according to the following equation:

X
o =—
AR

(6-1)
where, R is the measured resistance (ohm) of the different REMs, A is the pellet cross-sectional
area (1 cm?) and x is the pellet thickness (0.25 cm).

6.3.6 Electrochemical Characterization Methods. Linear sweep voltammetry (LSV) scans were
used with two different electrodes (BDD and REM/BDTO) with ATZ and CDN to show the
oxidation potential of the compounds. LSV experiments were performed in either 10 uM ATZ or

10 uM CDN in a 100 mM KH,PO, background electrolyte. The potential was swept from 0.2

V/SHE to 2.0 V/SHE at a scan rate of 100 mV s™. LSV scans were also performed at the scan
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rates of 10, 20, 40, 60, 80 and 100 mV sec™ in either 10 uM ATZ or 10 pM CDN in a 100 mM
KH,PO, background electrolyte to understand the rate controlling mechanism for oxidation.

6.3.7 Analytical Methods. Concentrations of NO3™ and NH," were determined using IC (Dionex
ICS-2100). Anions concentrations were measured using an anion exchange column (Dionex
lonPac AS18) and cations were determined using a cation exchange column (Dionex lonPac
CS16). Concentrations of TA, ATZ, and CDN were determined using a Shimadzu UFLC XR
HPLC with a Phenomenex Kinetex® 5 um C18 column and a photodiode array (PDA) detector
(Nexera X2, Shimadzu) (190 nm — 300 nm). HPLC with a fluorescent detector (RF-20A,
Shimadzu) was utilized to measure 2-hydroxyterephthalic acid (HTA) concentration (Aex = 315
nm and Aem = 435 nm). The mobile phase was a mixture of methanol and 0.1% formic acid in DI
water (60:40) at 1.0 mL min™ flow rate for TA and HTA quantification. A mobile phase
consisting of a mixture of methanol and DI water (55:45) was used at a flow rate of 1.0 mL/min
for ATZ and CDN concentration measurements,. Chemical oxygen demand (COD) for TA
oxidation was determined using Hach method 8000 (USEPA Reactor Digestion Method). Total
nitrogen (N) for ATZ and CDN oxidation was determined through oxidative digestion of all
dissolved nitrogen species present in the permeate, followed by IC detection of NO3 [370].

6.3.8 Quantum Mechanical Simulations. Density functional theory (DFT) simulations were done
using Gaussian 09 software [350]. Unrestricted spin, all-electron calculations were done using
the 6-31G+(d) and 6-311G+(3df, 2p) basis set for frequency optimization and energy
calculations, respectively. 0.9806 and 0.989 were used as scale factors to correct the systematic
errors involving frequency optimization and energy calculations, respectively [486]. The gradient
corrected Becke, three-parameter, Lee—Yang—Parr (B3LYP) functional was utilized for

exchange and correlation. SMD model was used for the simulation of implicit water solvation
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[353].

DFT simulation was performed to interpret the experimental data, determine standard
reduction potential for DET (E®) and total reorganization energy for the oxidation reaction (),
and determine the activation energy (E,) for both ATZ and CDN oxidation using E° and A

values. The E° values were calculated according to the following equation:

0
E, :—ArG —E?
nk

abs

(SHE) (6-2)

Where, A G° is free energy for reduction, F is the Faraday constant, n is the number of electrons
transferred, and EJ, (SHE) absolute standard reduction potential reference value of SHE

(ES (SHE) = 4.28 eV) [487,488].

Gibbs free energy of activation (E,) for DET reaction for ATZ and CDN oxidations were

determined using Marcus theory according to the following equation [340]:

£ _ ’1_[1_ M} (6-3)

°4 A
Where, E is the applied electrode potential and A, is the energy needed to alter the structure of

reactant to that of the product, which is calculated by subtracting the free energy of the reactant
from a compound with the same charge as the reactant and identical product geometry. The

effect of background electrolyte on A, was not considered as previous researches showed

negligible effects in polar solvents [340].
6.3.9 Current Efficiency and Energy Consumption Calculations. Current efficiency (CE) was
calculated using the following equation:

JFz(C, -C
Mxlo

CE(%) = 0 (6-4)
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where z is the moles of electrons transferred per moles of reactant, j is the current density (A cm’
%), F is the Faraday constant (96485 C mol™), and C; and C, are feed and permeate
concentrations (mol m®) of the organics, respectively. All flow-through experiments were
performed at room temperature (22 + 1 °C). Values for z were determined based on the extent of
mineralization, which was measured by COD and total N analyses.

The Ego metric is a measure of the electric energy (kWh m™®) needed to reduce the NO5
concentration by 1 order of magnitude per unit volume of solution [371,489], that is normalized
by contaminant concentration and is given by the following equation.

V

cell I

lo C
Q9C7p

where, Ve is the cell potential (V), I is the current (A), and Q is the volumetric flow rate of the

Ero =107 x (6-5)

permeate (m® h™).

6.4 Results and Discussion

6.4.1 Material Characterization. The pore radius of the REMs was determined by fitting the
Hagen-Poiseuille equation to flux versus trans-membrane pressure data (Appendix D, Figure S-
6-3). The pore radius of the REMs were determined as 0.41 + 0.03, 0.36 + 0.02, and 0.40 + 0.04
um for the REM, REM/BDTO/EDT, and REM/BDTO/PLD20, respectively. These results
confirmed that the pore size did not change significantly due to catalyst deposition (Appendix
D). ICP-OES was performed on acid digested samples to determine the bulk elemental
compositions of the REM, REM/BDTO/EDT, and REM/BDTO/PLD20 samples. The molar
ratios of Bi:Sn was determined as 6.9 + 0.02 for REM/BDTO/EDT, which was not in line to the
ratio (10:1) of Sn and Bi in the precursor solution. This may be due to the higher susceptibility of

deposition of Bi than Sn under reduction current which is due to the more positive reduction
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potential for Bi (0.317 V vs SHE) than that of Sn (-0.14 V vs SHE). The catalyst metals were not
detected on the REM and REM/BDTO/PLD20 sample. The amount of catalyst for
REM/BDTO/PLD20 was lower than the ICP-OES detection limit (1 - 3 ppb). The calculated
ratio for REM/BDTO/EDT was similar to that of the deposited ratio which confirmed successful
catalyst deposition on REMs using the pulsed electrodeposition (EDT) method.

The XRD was performed only on REM and REM/BDTO/EDT as the catalyst loading on the
REM/BDTO/PLD20 was below the detection limit. Figure 6-1 shows the XRD data for REM
and REM/BDTO/EDT along with the XRD characteristic peaks for Ti;O7, TisOg, TigO11, SNOy,
SnO, and Bi,03. The XRD data for the REM showed that the REM contained mainly TisO;
crystal faces without any other phases (e.g. TisOg and TigO11). However, peaks for TisOg ((11-4),
(022)) and TigO11 ((2210), (1-2-11), (2010)) appeared along with the TisO; peaks for
REM/BDTO/EDT. The formation of more oxidized phases (TisOg9 and TigO11) on the
REM/BDTO/EDT sample was attributed to the thermal oxidation step during synthesis. The
XRD data for REM/BDTO/EDT showed the presence of SnO,(110), SnO,(101), SnO,(200),
SnO(112), and Bi,03(440) for REM/BDTO/EDT. This result confirmed that Sn was present

mainly in the form of SnO, and SnO and Bi in the form of Bi,Os.
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Figure 6-1. XRD data for REM and REM/BDTO/EDT with TizO5, TisOg, TigO11, SN0,, SNO and Bi,03

characteristic peaks.

The through plane conductivity (o) of the REM, REM/BDTO/EDT, and REM/BDTO/PLD20
were measured as 882 + 32, 816 + 19 and 943 + 28 S m™, respectively. The slight decrease in
the conductivity value for REM/BDTO/EDT may be due to the formation of TisOg and TigO11
phases which are less conductive than Ti4O; phase [219]. However the slight increase in the
conductivity for REM/BDTO/PLD20 may be attributed to the deposition of highly conductive
BDTO using PLD method. The measured conductivity value for REM was similar to that for a
high purity Ti4O; REM previously reported in the literature [64,219].

SEM/EDS was performed only on REM and REM/BDTO/EDT for the determination of
particle size, morphology and elemental analysis of the catalysts deposited REMs. The
SEM/EDS was used on the top surface as well as the X-section of the REM/BDTO/EDT. The
SEM image of REM showed a highly porous structure of REM with the particle size of

approximately 1 - 2 um (Figure 6-2). The EDS results of REM showed the presence of only Ti
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(56.53 %) and O (43.47 %) as the major elements (Figure 6-2). The SEM image of
REM/BDTO/EDT also showed crystal-like structures of BDTO catalyst particles with the size
range of 1 — 2 um (Figure 6-2). The EDS of REM/BDTO/EDT showed that Sn (8.45 %) and Bi
(0.83 %) were present along with Ti (44.02 %) and O (46.7 %). This result showed the similarity
of determined molar ratio of Sn and Bi (Sn:Bi = 10.2:1) and the expected deposited ratio (Sn:Bi
= 10:1) confirming the successful deposition of catalysts using the pulsed laser deposition
method. The EDS was also performed on the vertical X-section of REM/BDTO/EDT to
determine the depth dependence of the catatlyst metals. The results showed that the catalysts
(atomic concentration Sn = 1.02 % and Bi = 0.09 %) present along the thickness were

homogeneous and less concentrated compared to the surface (Figure 6-2).
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Figure 6-2. SEM images of a) REM and b) REM/BDTO/EDT. EDS of c) REM surface, d)
REM/BDTO/EDT surface and e) REM/BDTO/EDT cross section.

XPS was also performed on REM, REM/BDTO/EDT, and REM/BDTO/PLD20 to determine

the oxidation states of the metal components (Figure 6-3 and Table 6-1).
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Table 6-1. Atomic Concentrations (atomic %) of Ti, O, Sn and Bi determined by XPS for REM,
REM/BDTO/EDT and REM/BDTO/PLD20.

Electrode Ti (%) O (%) Sn (%) Bi (%)
REM 27.70 72.30 - -
REM/BDTO/EDT 11.14 77.45 10.39 1.02
REM/BDTO/PLD20 27.03 71.80 1.06 0.11

XPS results showed the presence of Ti 2p and O 1s peak for REM, REM/BDTO/EDT and
REM/BDTO/PLD20 (Table 6-1). The XPS results showed that the Sn to Bi ratio for both
REM/BDTO/EDT (Sn:Bi = 10.2:1) and REM/BDTO/PLD20 (Sn:Bi = 9.6:1) was almost
identical to the precursor solution (Sn:Bi = 10:1) for EDT and the precursor material for PLD
(Sn:Bi in Sngg1Bip0902 = 10:1) (Table 6-1). The XPS results also supported the EDS data which
confirmed successful catalyst deposition onto REM using EDT and PLD methods. This result
also confirmed that the catalyst loading was much higher for REM/BDTO/EDT compared to
REM/BDTO/PLD20. The deconvoluted O 1s, Sn 3d and Bi 4f XPS spectra of REM/BDTO/EDT
and only Sn 3d XPS spectra of REM/BDTO/PLD20 is provided in Appendix D (Figure S-6-4).
The peak assignments for deconvoluted Sn 3d spectra of REM/BDTO/EDT was supported by the
literature, which showed the presence of only SnO; (Sn 3ds, = 494.4 eV and Sn 3ds;, = 486.0
eV) and SnO (Sn 3daz, = 493.7 eV and Sn 3ds;; = 485.3 eV) [490-492]. This result was also
supported by the XRD results that showed the presence of Sn in the form of SnO, and SnO. The
deconvoluted Bi 4f spectra showed the presence of only Bi,O3 (Bi 4fs, = 163.2 eV and Bi 4f;, =
157.9 eV) that was also supported by the XRD data (Figure S-6-4) [493]. The Sn 3d spectra of
REM/BDTO/PLD20 showed the presence of only SnO; (Sn 3ds, = 494.2 eV and Sn 3ds, =

486.2 eV) without any traces of SnO. However, Bi concentration was below the detection limit
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of XPS. All the results confirmed successful deposition of bismuth doped tin oxide using PLD

and EDT methods.
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Figure 6-3. XPS of REM, REM/BDTO/EDT and REM/BDTO/PLD20 at a) 0-1350 eV and b) 100-520

ev.
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6.4.2 Flow-Through REM Oxidation Experiments. To show the effect of catalyst deposition on
organic compound oxidation REM, REM/BDTO/EDT, and REM/BDTO/PLD20 electrodes were
tested for TA, ATZ, and CDN oxidation in flow-through mode under anodic polarizations.
Reactions were conducted in an upflow configuration, where the solution passed through the
anode followed by the cathode (Figure 6-4). This method of operation prevented the trapping of
bubbles on the anode surface that formed as a result of O, evolution . All the experiments were

performed under ambient conditions.

Permeate

REM/BDTO

Feed (Organics)

Figure 6-4. Schematic of reverse dead end flow mode.
6.4.2.1 TA Oxidation Experiments. To assess the formation of OH® on REM, REM/BDTO/EDT,
and REM/BDTO/PLD20, TA was used as hydroxyl radical probe. TA oxidation was performed

at the OCP, 2.1, 2.6, 3.0, and 3.5 V/SHE and the formation of HTA was used as a qualitative
measurement for OH® production. The steady state OH® concentration ([OH'L) on the

electrode surface was calculated using the following equation:

k
OH"] =™ (6-6)
I: :|S kTA,OH'
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Where k_, .. has a value of 4x10° m* mol™ s™ [494] and k;, is the rate constant values for TA

oxidation. The [OH 'lwas determined in the range of 2.7x10” — 1.1x10, 3.75x10®° — 1.5x10™

and 7.35x10° — 1.5x10* mol m? for REM, REM/BDTO/PLD20 and REM/BDTO/EDT,
respectively at all the applied potentials. The concentration profile for both TA and HTA were
shown in Figure 6-5. Discernible TA oxidation was not found at OCP for all the electrodes used.
The TA conversion increased with increase in the anodic potential irrespective of the electrode
(Table 6-2). At all the applied potentials REM/BDTO/EDT and REM/BDTO/PLD20 showed
higher TA oxidation rate compared to that of REM. For example, at 3.0 V/SHE REM,
REM/BDTO/EDT, and REM/BDTO/PLD20 showed TA conversions of 66.6 + 0.17, 93.3
0.87, and 95.0 + 0.32 %, respectively (Figure 6-5 and Table 6-2). This result confirmed that
BDTO catalyst showed higher activity and facilitated TA oxidation due to higher conductivity
and OH® production. At the highest applied potential of 3.5 V/SHE both REM/BDTO/EDT and

REM/BDTO/PLD20 showed complete oxidation of TA (< 10 nM).
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Figure 6-5. a) TA, b) HTA, c) ATZ and d) CDN concentration profiles for REM, REM/BDTO/EDT

and REM/BDTO/PLD20 at different potentials in the cathode-anode flow mode.
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Table 6-2. Summary of experimental data for all flow-through organics oxidation experiments.

Electrode Voltage  TA Conversion Shra (%) COoD Effluent pH
(V/SHE) (%) (mg L™
REM OCP 0 0 22.7+0.42 46+0.3
2.1 18.7+0.91 13.3+1.02 20.1+0.63 46+0.1
2.6 34.3+1.43 11.4+1.21 17.6 +£0.28 45+0.3
3.0 66.6 £ 0.17 5.63+0.91 10.2+£0.34 45+0.2
3.5 72.4+£0.23 3.28+0.74 7.89+0.13 44+0.2
REM/BDTO/EDT OCP 0 0 22.6+0.31 47+0.1
2.1 48.9+0.26 0.63+0.21 18.5+£0.43 45+0.3
2.6 59.4 £0.19 0.40+0.34 8.46 £ 0.51 46+0.1
3.0 93.3+0.87 <0.01 3.07+£0.28 45+03
3.5 >99.99 <0.01 <0.7 43+0.2
REM/BDTO/PLD20 OCP 0 0 22.7+0.28 46+0.1
2.1 24.7+1.03 0.15+0.08 19.9+£0.52 47+0.2
2.6 40.4+£1.85 512+ 1.42 145+1.01 45+0.2
3.0 95.0+£0.32 0.72+0.17 3.13+0.71 45+0.1
3.5 >99.99 <0.01 <0.7 45+0.3
Electrode Voltage ATZ NO; Concentration (UM) Effluent pH
(V/SHE) Conversion (%)
REM OCP 0 0 46+0.3
2.1 6.30 £1.48 2.34£0.43 45+0.3
2.6 10.1+1.21 4.12+0.22 46+0.1
3.0 25.6 £0.59 9.21+1.60 45+0.1
3.5 37.4+0.32 15.1+1.27 45+0.3
REM/BDTO/EDT OCP 0 0 47+0.1
2.1 18.3+1.19 9.20+0.21 45+0.2
2.6 73.8+1.01 33.2+1.70 45+0.1
3.0 >09.99 46.3 +2.22 44+03
3.5 >99.99 47.6 +1.83 45%0.1
REM/BDTO/PLD20 OCP 0 0 46+0.2
2.1 10.1+£1.52 412+0.12 45+0.3
2.6 475+ 1.26 21.4+1.13 46+0.1
3.0 88.8 £ 0.87 40.0+1.61 45+0.1
3.5 >99.99 456 +2.18 44+0.2
Electrode Voltage CDN NO; Concentration (LUM) Effluent pH
(V/SHE) Conversion (%)
REM OCP 0 0 46+0.2
2.1 14.2 £ 0.65 6.85+0.91 46+0.1
2.6 18.9+1.03 8.13+1.01 46+0.3
3.0 50.1+1.37 20.4+1.32 45+0.2
3.5 62.2 +£0.29 25.6+2.78 44+0.1
REM/BDTO/EDT OCP 0 0 45+0.3
2.1 27.4£0.88 11.2+0.84 46+0.3
2.6 85.6+0.84 405+ 1.41 46+0.2
3.0 98.3+0.36 46.3 +2.07 45+0.1
3.5 >09.99 47.1+1.66 45+0.2
REM/BDTO/PLD20 OCP 0 0 47+0.1
2.1 18.9+1.52 8.23+0.23 46+0.2
2.6 84.3+1.26 39.1+0.94 46+0.2
3.0 96.8 £ 0.87 45.0+1.76 46+0.3
3.5 >99.99 482+ 1.14 45+0.1
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The HTA formation at different applied potentials with REM, REM/BDTO/EDT, and
REM/BDTO/PLD20 was shown in Figure 6-5. For all electrodes the HTA concentration first
increased and then decreased with increase in anodic potential (Figure 6-5). For example, for
REM/BDTO/PLD20 the HTA concentration first increased from 42 nM at 2.1 V/SHE to 2.1 yM
at 2.6 V/SHE followed by a decrease to 69 nM at 3.0 V/SHE. This result indicated that the HTA
formation rate initially increased with increase in the anodic potential due to an increase in OH®
production, and then at higher anodic potentials the HTA oxidation rate became higher than the
HTA formation rate. The selectivity of HTA (Suta) formation result showed higher Syra for
REM compared to catalyst deposited REMs. This result indicated a higher oxidation rate of both
HTA and TA for REM/BDTO/EDT and REM/BDTO/PLD20 compared to REM. At the highest
applied potential (3.5 V/SHE) HTA was below the detection limit (< 10 nM) for both
REM/BDTO/EDT and REM/BDTO/PLD20 electrodes. The above results indicated that OH®
formation was enhanced by the deposition of BDTO to the REMs.

To obtain a better measure of the improvement of oxidation capacity of the organic
compounds using BDTO catalyst deposited REMs, the permeate solutions were analyzed for
COD to assess the extent of mineralization of TA (Table 6-2). The COD values showed a
decrease in permeate COD concentrations with increase in potential for all three electrodes
confirming higher mineralization of TA at higher potentials. At all applied potentials the
REM/BDTO/EDT and REM/BDTO/PLD20 showed lower permeate COD values compared to
the REM, which confirmed higher oxidation and removal rate of TA using the BDTO catalyst
deposited REMs. For example the COD values decreased from 22.7 mg L™ in feed to 10.2 +
0.34,3.07 £0.28, and 3.13 £ 0.71 mg L™ for REM, REM/BDTO/EDT and REM/BDTO/PLD20

in the permeate at 3.0 V/SHE. At 35 V/SHE for both REM/BDTO/EDT and
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REM/BDTO/PLD20 electrodes the COD values were below the detection limit (< 0.7 mg L™),
which confirmed near complete mineralization of TA with BDTO for catalyst deposited REMs.
6.4.2.2 Organics Oxidation Experiments. After successful removal of TA using BDTO catalyst
deposited REMs, ATZ and CDN were treated by electrochemical oxidation using the three
different electrode materails. ATZ and CDN oxidation were performed with reverse dead end
flow mode at the potential of OCP, 2.1, 2.6, 3.0, and 3.5 V/SHE. The ATZ and CDN oxidation
results are summarized in Figure 6-5 and Table 6-2.

Similar to the TA oxidation, all the electrodes showed increase in the ATZ and CDN
conversion with increase in the anodic potential. ATZ conversion increased by 2.9, 7.3, >3.9, and
>2.7-fold for REM/BDTO/EDT and 1.6, 4.7, 3.5, and >2.7-fold for REM/BDTO/PLD20
compared to REM at 2.1, 2.6, 3.0, and 3.5 V/SHE, respectively. Both catalyst deposited REMs
showed similar activity towards ATZ oxidation at the higher potentials (3.0 and 3.5 V/SHE).
However at lower potentials REM/BDTO/EDT showed higher ATZ removal rate than
REM/BDTO/PLD20. Concentration profile for CDN also showed similar behavior as ATZ
oxidation (Figure 6-5). CDN oxidation rate also increased by 1.93, 4.53, 1.96 and >1.60-fold for
REM/BDTO/EDT and 1.33, 4.46, 1.93 and >1.60-fold for REM/BDTO/PLD20 compared to
REM at 2.1, 2.6, 3.0, and 3.5 V/SHE, respectively (Figure 6-5). This result again confirmed the
higher activity of BDTO catalyst towards organic compound oxidation, due to higher
conductivity and OH® production rate. ATZ concentration was not detected (< 10 nM) at 3.0 and
3.5 V/SHE for REM/BDTO/EDT and at 3.5 V/SHE for REM/BDTO/PLD20, which was lower
than the EPA MCL of 14 nM. For CDN oxidation, the permeate CDN concentrations were below
the detection limit (< 10 nM) at 3.0 and 3.5 V/SHE for REM/BDTO/EDT and at 3.5 V/SHE for

REM/BDTO/PLD20. The permeate CDN concentrations at 3.0 and 3.5 V/SHE for
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REM/BDTO/EDT and at 3.5 V/SHE for REM/BDTO/PLD20 was lower than the EPA time-
limited tolerance of 280 nM.

Analysis of the oxidation products of ATZ and CDN showed that NO3™ was a major product,
as indicated by the following mineralization reactions:

ATZ: C,H,,CIN, +190, +6e~ —8CO, +Cl~ +5NO; +7H,0 (6-7)

CDN: C4H,CIN;SO, +160, + 2H" +8e~ — 6CO, +Cl~ +5NO; + SO, +5H,0 (6-8)

To show the extent of mineralization, IC was performed to detect NO3 concentration in
permeates of ATZ and CDN oxidation at each potential. Theoretically complete mineralization
of 10 uM of ATZ and CDN would yield 50 uM of NO3. The NO3  concentration data are
summarized in Table 6-2. The results showed an increase in NO3™ concentration with increase in
anodic potential irrespective of the electrodes. The results also showed partial removal of
organics followed by partial mineralization at lower potentials. However, at the highest applied
anodic potential of 3.5 V/SHE, both REM/BDTO/EDT and REM/BDTO/PLD20 showed NOj3
concentration in the range of 45.6 + 2.18 to 48.2 + 1.14 uM (Table 6-2). The determined NO3’
concentration was similar to that after total N analysis of feed and permeates which gave the
NOj3" concentration in the range of 48.0 £ 0.8 to 49.0 + 1.61 puM. These results confirmed complete
mineralization of ATZ and CDN for REM/BDTO/EDT and REM/BDTO/PLD20 at 3.5 V/SHE. The
NOs" concentration (45.6 + 2.18 - 48.2 + 1.14 uM) via organics oxidation was lower than the EPA
MCL of 0.7 mM. These results showed extreme promise of using BDTO catalyst deposited
REMs towards organics removal from different water matrices. If NO3™ concentration is higher
than the EPA MCL then it can be reduced using bimetallic catalyst deposited REMs which has

been discussed in the previous chapter.
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6.4.3 Voltammetric Results. In order to determine the oxidation potential of ATZ and CDN, LSV
experiments were performed with 10 uM of the compounds in 100 mM KH,PO, background
electrolyte on BDD and REM electrodes. LSV scans were performed on BDD to clearly identify
the peaks, as the REM has a very high charging current that makes the oxidation peaks difficult
to detect. The LSV scans of ATZ and CDN using the BDD electrode showed an increase in
current compared to the background electrolyte at around 1.3 and 1.0 V/SHE, respectively
(Figure S-6-5). The LSV scans of ATZ and CDN with the REM electrode in flow-through mode
exhibited higher current compared to the background electrolyte, which confirmed the direct
oxidation of ATZ and CDN (Figure S-6-5). For both BDD and REM, the current due to CDN
oxidation was higher than that for ATZ oxidation, which indicated that CDN was more
electroactive than ATZ.

LSV scans were also performed on ATZ and CDN with the REM electrode at different scan
rates (10, 20, 40, 60, 80 and 100 mV sec™) to find the rate-controlling mechanism for oxidation.
The peak currents (l,) were plotted versus scan rate (v) as well as with square root of scan rates

(Figure S-6-6). The I, variation with v and \v followed the following equations:

lp.atz (MA) = 0.055v + 0.9128 (R? = 0.9686) (6-9)
lp.con (MA) = 0.059v + 0.8926 (R® = 0.9684) (6-10)
lp.atz (MA) = 0.74+v — 1.26 (R? = 0.9983) (6-11)
lp.con (MA) = 0.81\v — 1.47 (R? = 0.9985) (6-12)

The results showed that the peak currents (I,) for both ATZ and CDN oxidation varied more
linearly with v (higher R?) than that with v (lower R?). This result indicated that both ATZ and

CDN oxidation processes were diffusion controlled [340].
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6.4.4 DFT Simulation. Batch oxidation experiments were performed at 1.5 and 1.8 V/SHE for
ATZ and at 1.14 and 1.5 VV/SHE for CDN at temperatures of 20, 30, and 40 °C to determine the
activation energy (E,) at specific anodic potentials. The slope from this plot yielded an E, value
of 68.9 kJ mol™ for ATZ at 1.5 V/SHE. Similarly, Ea values were obtained as 27.9, 68.03 and
29.16 kJ mol™ for ATZ at 1.8 VV/SHE, CDN at 1.14 V/SHE and CDN at 1.5 V/SHE, respectively
(Figure S-6-1). DFT simulation showed the E, profiles as a function of electrode potential for
both ATZ and CDN oxidation (Figure 6-6). The results predicted the oxidation potential for ATZ
and CDN at 1.32 and 0.96 V/SHE, respectively. The results were consistent with the LSV results
which showed the ATZ and CDN oxidation potential at 1.28 and 1.0 VV/SHE, respectively. The
activation energy profile with electrode potential (DFT) showed the E; values of 69.9 and 26.5 kJ
mol™ for ATZ at 1.5 and 1.8 V/SHE, respectively, and 70.6 and 26.1 kJ mol™ for CDN at 1.14
and 1.5 V/SHE, respectively (Figure 6-6). These values supported the experimental results which
showed E, values of 68.9 and 27.9 kJ mol™ for ATZ at 1.5 and 1.8 VV/SHE, respectively, and 68.3
and 29.2 kJ mol™ for CDN at 1.14 and 1.5 V/SHE, respectively. The similar results between the
experimental and theoretical methods indicated that the assumptions of Marcus theory were
appropriate for these two compounds. That is, their rate limiting mechanism for oxidation at the
investigated potentials was attributed to an outer sphere electron transfer and that the reactants

did not interact significantly will the electrode surface.
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Figure 6-6. DFT determined E, with electrode potential for ATZ and CDN.
6.4.5 Technical and Environmental Significance. Minimal energy consumption and high current
efficiency are necessary for successful application of water treatment technologies. Current
efficiencies were calculated using equation 6-4 depending on the number of electron transferred
for complete mineralization according to equations 6-7 and 6-8. For electrochemical oxidation of
all the organic compounds, the current efficiency was in the following order: REM <
REM/BDTO/PLD < REM/BDTO/EDT (Table 6-3). The BDTO catalyst deposited REM showed
higher current efficiency compared to REM due to improved catalytic activity towards organic
oxidation via OH® production. For example current efficiency for TA oxidation at 3.0 V/SHE
was determined as 1.43 + 0.12, 2.67 + 0.33 and 2.06 + 0.08 % for REM, REM/BDTO/EDT and
REM/BDTO/PLD, respectively.

The energy requirements were calculated using equation 6-5 (Table 6-3). Ego (kWh m™) data
showed higher energy consumption for REM compared to REM/BDTO/EDT and

REM/BDTO/PLD. The Ego values also showed that the energy consumption for REM was 7.21
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and 4.63-fold higher than REM/BDTO/EDT and REM/BDTO/PLD for CDN oxidation at 3.0
V/SHE (Table 6-3).

This study showed partial oxidation and subsequent mineralization of the organic compounds
using anodic potentials with REM, REM/BDTO/EDT, and REM/BDTO/PLD. The results also
showed complete mineralization of TA, ATZ, and CDN at the highest applied potentials of 3.5
VISHE, which was confirmed by COD and total N analysis. The complete ATZ and CDN
mineralization also showed no organic compound residual by producing CO,, nitrate (50 uM),
chloride, and water as major products among which nitrate has potential health risks. The
produced nitrate concentration was much lower than the EPA MCL of 0.7 mM. These results
confirmed extreme promise of BDTO catalyst deposited REMs for organic compound oxidation
and subsequent removal from water matrices.

6.5 Acknowledgements
Funding for this work was provided by a National Science Foundation CAREER award to Brian

P. Chaplin (CBET-1453081).

158



Table 6-3. Energy Requirement (Ego, kWh m™) and Current Efficiency (CE, %) for TA, ATZ and
CDN oxidation with REM, REM/BDTO/EDT and REM/BDTO/PLD20 electrodes.

Electrode Voltage (V/SHE) CE (%) Eco (KWh m™)
TA
REM OCP - -
2.1 1.69+0.16 3.36 +0.32
2.6 1.32+0.08 3.79£0.08
3.0 143+0.12 3.01+£0.15
3.5 0.97+0.11 437+0.21
REM/BDTO/EDT OCP - -
2.1 6.70 £0.13 0.91 £0.08
2.6 3.21+0.24 1.52+0.14
3.0 2.67 +0.33 1.11+£0.29
3.5 1.60+0.18 -
REM/BDTO/PLD20 OCP - -
2.1 2.17+0.32 2.27+0.23
2.6 1.61+0.19 2.95+0.05
3.0 2.06 £ 0.08 1.10+£0.18
35 1.32+0.11 -
ATZ
REM OCP - -
2.1 0.09+0.04 135+£1.02
2.6 0.08 +0.04 18.6 £0.94
3.0 0.13+0.10 12.9+0.57
3.5 0.13+0.09 14.2+0.14
REM/BDTO/EDT OCP - -
2.1 0.37+0.12 3.18+0.41
2.6 0.76 £ 0.07 1.16 £0.19
3.0 0.65+0.04 -
35 0.39+0.10 -
REM/BDTO/PLD20 OCP - -
2.1 0.15x0.06 8.26 £0.21
2.6 0.37x0.11 3.20+0.13
3.0 0.42 +0.03 1.82+0.11
35 0.33+0.09 -
CDN
REM OCP - -
2.1 0.30+0.10 5.39+0.35
2.6 0.20 +0.09 10.0+0.91
3.0 0.31+0.11 5.97 £ 0.06
35 0.27 £ 0.09 7.37+0.17
REM/BDTO/EDT OCP - -
2.1 0.71x£0.21 2.12 £0.09
2.6 1.15+£0.17 0.83+0.03
3.0 0.78+0.16 0.83+0.11
35 0.50+0.22 -
REM/BDTO/PLD20 OCP - -
2.1 0.38+0.18 4.04 £0.35
2.6 0.87+0.11 1.18 £0.27
3.0 0.58 £ 0.20 1.29+£0.22
3.5 0.42 £0.05 -
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7. Conclusion

This dissertation presented the fabrication of electrochemical sensor for trace contaminant i.e.
antibiotics detection with high selectivity and sensitivity, minimization of carcinogenic
perchlorate formation, and fabrication of catalyst deposited porous conductive membranes for
organic contaminant oxidation and nitrate reduction from water matrices. Chapter 3 presented
fabrication of porous-Nafion-MWCNT/BDD sensor via a drop cast method and the application
of the sensor for CFX detection using DPV method. Porous Nafion film and MWCNT increased
CFX detection with a detection limit of 5 nM, due to the different properties such as —-COOH
adsorption sites, high surface area, H-bonding, adsorption ability, CAHB, porosity, and
conductivity associated with MWCNT and porous nafion of the film to CFX. The sensors were
able to detect CFX using differential pulse voltammetry (DPV) in the presence of other
antibiotics (i.e., amoxicillin), other non-target water components and several commonly present
organic compounds. The sensor was also capable of CFX detection in the presence of WWE
matrix with excellent sensitivity and selectivity. High concentration of different organic
compounds can foul the sensor but the fouling was easily removed using short cathodic current
confirming its effectiveness for contaminant detection in diverse water matrices.

Chapter 4 presented minimization of perchlorate formation during anodic oxidation using
BDD electrode with significant organic compound oxidation. To minimize perchlorate
formation, fluorination of the BDD surface was performed by using RF plasma (H, and CFy),
electrochemical oxidation of PFOA, and aliphatic and aromatic silanization. XPS and CV
characterization showed successful fluorination of BDD electrodes using the above mentioned
methods. BDDF-PFOA and BDDF-aliphatic electrodes inhibited the electron transfer via DET

due to the blocking layer, steric and hydrophobic effects. For the BDDF-aliphatic electrode
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completely inhibited the ClIO, formation via 10 mM NaCl and 1 mM NaClOj3 oxidation. Phenol
and TA oxidation rates were not significantly decreased for aliphatic silanized and PFOA
modified BDD electrodes. The aliphatic silanized BDD electrode was highly stable under
oxidation environment up to 10 cycles which showed no perchlorate formation. After 10" cycle
of chlorate oxidation experiments low concentration of perchlorate was observed. Chapter 4
concluded that BDDF-aliphatic electrodes were effective for perchlorate formation inhibition
without affecting organics oxidation significantly.

Chapter 5 presented NOgs ™ reduction using bimetallic catalyst such as Pd-Cu and Pd-In
deposited REM. Electrocatalytic NO3™ reduction showed optimal performance with a Pd-
Cu/REM with an upstream counter electrode. The Pd-Cu/REM was able to reduce 1 mM NO3’
feed concentration to below the EPAs regulatory MCL in a single pass through the REM. The
concentrations of NO, were always below the EPA’s MCL and NHj3 concentrations were not
detected. Nitrate reduction was not affected by dissolved oxygen, carbonate species, or natural
organic matter, and NO3™ reduction only slightly decreased in a surface water sample due to Ca**
and Mg®" mineral scaling. High current efficiency and low energy consumption were achieved
for the Pd-Cu/REM with an upstream counter electrode which made Pd-Cu/REM highly
promising for nitrate reduction in water matrices.

Chapter 6 developed bismuth-doped tin oxide (BDTO) catalyst loaded reactive
electrochemical membranes (REM) for organic compounds oxidation in water matrix. Porous
Magnéli phase membrane pellets (REM) were fabricated by sintering TiO, powder and modified
with a BDTO catalyst using PLD and EDT methods. The XPS results showed the presence of a
mixture of SnO,, SnO, and Bi,O3 on the BDTO modified REM using the EDT method. DFT

simulations provided oxidation potentials for ATZ (1.32 V/SHE) and CDN (0.96 V/SHE) and
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potential dependent activation energies, which were supported by the LSV data and
experimentally calculated activation energies. TA, ATZ, and CDN oxidation rates showed an
increasing behavior with increase in the oxidation potential. At all the applied potentials, BDTO
deposited REM (REM/BDTO) showed higher oxidation rate compared to REM confirming
higher catalytic activity, conductivity and OH® production rate of BDTO catalyst towards
organic compound oxidation. At the highest applied potential, no TA, ATZ and CDN
concentration were found for REM/BDTO. Chemical oxygen demand (COD) analysis of TA and
total N analysis of ATZ and CDN showed complete mineralization of the compounds at the
highest applied potential with low energy consumption. The results suggested that the BDTO
catalyst loaded REMs were very effective in oxidizing organic compounds with low energy

consumption.

The conclusions from this work opened up several future research opportunities. Chapter 3
showed that acid treatment was used on MWCNT to increase the —-COOH content as the acid
functional groups were responsible for charge assisted hydrogen bond formation. However, the
increase in the -COOH content did not increase the sensitivity due to the defect formation on the
side walls of MWCNT due to the acid treatment which made some of the sites of the MWCNTS
non-conductive [329]. Therefore, future research can be performed on creating a sensor using
vertically aligned multiwalled carbon nanotubes (VAMWCNTS) in a porous Nafion film. The
VAMWCNT will be created on BDD using thermal CVD method and the sensor will be
fabricated by depositing porous Nafion solution on to VAMWCNT/BDD. Oxidation and
incorporation of -COOH groups on VAMWCNT and removal of top layer of nafion will be
achieved by using oxygen plasma. The oxygen plasma will remove the top Nafion layer, expose

the MWCNTSs for sensor application, functionalize and incorporate -COOH groups on the edge
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of the MWCNTSs without creating defects to the side walls of MWCNTSs. The sensor using defect
free VAMWCNT with porous Nafion film may achieve excellent sensitivity and selectivity for
trace contaminant detection in water matrices.

Chapter 4 showed perchlorate formation inhibition while maintaining significant organic
compound oxidation using an aliphatic silanized and PFOA modified BDD. However recent
research has shown cytotoxicity and genotoxicity of fluorocarbons which may limit the
application of fluorinated electrode modification necessary for minimization of perchlorate
formation [495-497]. Therefore inorganic oxide materials (i.e. Al,O3, TiO,, ZrO;), which are
environmentally benign may be used to modify electrodes for minimization of perchlorate
formation. The desired/optimum thickness of the inorganic materials will be achieved using
atomic layer deposition (ALD) or PLD and the blocking layer of inorganic materials may inhibit
the perchlorate formation without significantly affect organic oxidation.

Chapter 5 and 6 showed nitrate reduction and organic compound oxidation using bimetallic
and metallic oxide catalysts deposited REMS, respectively. The results showed higher
concentration of nitrate can be reduced with lower energy consumption and with high efficiency.
Therefore nitrate brine solution from reverse osmosis systems can be treated using bimetallic
catalyst deposited REMs. Water matrix containing inorganics and organic contaminants can be
also treated simultaneously by using bimetallic catalyst deposited REM as cathode and metal
oxide catalyst deposited REM as anode. The usage of two different catalyst deposited REMs as
cathode and anode will be very effective towards successful water and wastewater treatment

applications.
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APPENDICES

Appendix A

C5= -COOH (3.36%) _—a

296 294 292 290 288 286 284 282 280
Binding Energy (eV)

C5=-COOH (6.46%) -

295 290 285 280
Binding energy (eV)

Figure S-3-1. XPS of (a) MWCNT and (b) MWCNT-O (oxidized sample).

Legend: C1: C=C; C2: C-C; C3: -C-OH; C4: -C=0; C5: -COOH; C6: -CO3; C7: m-1t*
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Figure S-3-2. (a) Calibration graphs at different concentration of CFX with (slope= 0.69+0.034)
and without (slope= 2.08+0.085) 1mM Ca®' in 0.1M KH,PO, (LOD= 0.005uM, linear ranges
(uM)= 0.05-1, 1-15), (b) Calibration graphs at different concentration of CFX without (y
=1.6768+0.11 x + 7.0689+0.911, R? = 0.9831), with (y = 0.1543+0.03 x + 0.3286+0.341, R? =
0.9119), pH (4.5) adjusted (y = 0.3158+0.007 x + 1.7424+0.059, R? = 0.998 and both pH (4.5) and
conductivity (0.1 M electrolyte) adjusted (y = 1.0492+0.07 x + 3.5865+0.636, R* = 0.9868 )
wastewater effluent matrix.
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Figure S-3-3. DPV curves of porous-Nafion-MWCNT/BDD at different concentrations of CFX with
WWE (pH= 7.80).
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Figure S-3-4. DPV curves of porous-Nafion-MWCNT/BDD at different concentrations of CFX with
WWE (pH= 4.50).
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Figure S-3-5. DPV curves of porous-Nafion-MWCNT/BDD at different concentrations of CFX with
WWE (pH =4.50 & 0.1 M KH,PO,).
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Figure S-3-6. DPV curves of porous-Nafion-MWCNT/BDD at different concentrations of CFX in
0.1 M KH,PO,4 without organics.
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Figure S-3-7. DPV curves of porous-Nafion-MWCNT/BDD at different concentrations of CFX in
0.1 M KH,PO4 with 1:1 HBA.
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Figure S-3-8. DPV curves of porous-Nafion-MWCNT/BDD at different concentrations of CFX in
0.1 M KH,PO,4 with 1:1 ABA.
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Figure S-3-9. DPV curves of porous-Nafion-MWCNT/BDD at different concentrations of CFX in
0.1 M KH,PO,4 with 1:1 SA.
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Figure S-3-10. Calibration graphs of CFX at different concentration without organics (blank/CFX
only) (y = 0.920+0.03 x + 8.38+0.249, R? = 0.996), with equimolar ABA (y = 0.854+0.012 x +

7.328+0.105, R? = 0.99), equimolar HBA (y = 0.72+0.052 x + 6.144+0.112, R? = 0.999) and
equimolar SA (y = 0.782+0.005 x + 6.723+0.046, R? = 0.998).
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Figure S-3-11. Adsorption isotherms of ciprofloxacin on MWCNT and MWCNT-O at 20° C fitted
with two models (Freundlich and Langmuir model).
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Figure S-3-12. Calibration graphs of CFX with porous-Nafion-MWCNT/BDD (y = 1.9379+0.049x +
5.995+0.300, R?= 0.9981, and porous-Nafion-MWCNT-O/BDD (y=1.8036+0.13 x+5.341+0.784,
R2=0.9852).
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Table S-3-1 - Determination of CFX in the presence of different interferences (LDRs including LODs). Errors on estimates represent the standard

errors.

Interferences LOD Linear range Sensitivity
2
(uM) (uM) (Slope(pA pM™), R, Intercept)
No interference 0.005 0.005 - 0.05 Slope =41 £5.196, R2=0.98
Intercept= 2.055 + 0.153
Ca®" 0.005 0.005-1 Slope = 4.15 £ 0.849, R2=0.89
Intercept= 1.9 + 0.425
Chloride (1mM) 0.005 0.005 - 0.05 Slope = 33.84 + 8.78, R2=0.94
Intercept= 2.633 + 0.259
SDBS (1ImM) 0.005 0.005 —0.05 Slope = 23.25 + 7.83, R2 =0.907
Intercept= 0.565 *+ 0.232
Humic acid(11mg L™) 0.005 0.005 —0.05 Slope = 29.63 + 13.38, R2=0.84
Intercept= 1.06 + 0.393
Amoxicillin (ImM) 0.005 0.005 - 0.05 Slope =24.92 + 13.83, R2=0.83
Intercept=1.29 + 0.407
Without WWE 0.005 0.005 - 0.05 Slope = 38.61 + 10.53, R2=0.93
Intercept=2.19+0.311
WWE 5 0.005 0.005 - 0.05 Slope = 11.09 + 4.98, R2=0.84
' Intercept= 0.459+0.147
WWE | uscoa 0.005 0.005 —0.05 Slope = 13.42 + 4.74, R2 =0.901
’ Intercept= 0.442+0.14
WWE 5 5-15 Slope = 0.15 £ 0.03, R2=0.912
Intercept= 0.328+0.341
Without organics 0.005 0.005 - 0.05 Slope = 36.98 + 16.61, R2=0.83
Intercept= 2.198+0.491
1:1 CFX:HBA 0.005 0.005 - 0.05 Slope = 36.43 + 14.73, R2=0.85
Intercept= 1.198+0.482
1:10 CFX:HBA 1 1-15 Slope = 0.65 £ 0.012, R2=0.99
Intercept= 1.329+0.103
1:1 CFX:ABA 0.005 0.005 —0.05 Slope = 34.24+ 12.34, R2 = 0.87
Intercept= 5.198+0.861
1:10 CFX:ABA 0.05 0.05-1 Slope = 2.10 £ 0.064, R2 =0.999

Intercept= 3.832+0.845
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Appendix B
S-4-1. Mass Transfer Coefficient.
The Levich equation (S-4-1) was used to calculate the mass transfer coefficient for the i species
(km,:) [340] and was used to calculate the mass transfer rate (r;) (equation (S-4-2)).
ki = 0.62 D73 @1/2y=1/6 (S-4-1)
1, = kG (S-4-2)
where D; is the diffusion coefficient for the i compound, e is the rotation speed per sec., v is the
kinematic viscosity of water (1.0 x 10° m? s™), and C; is the initial bulk concentration of the i"
species. Diffusion coefficients for phenol and terephthalic acid (TA) were 9 x 10 m? s* and 4
x 10™° m? s, respectively [498,499]. The electrode rotation rate was 523.6 s* (5000 rpm). The
mass transfer rates of phenol (ImM) and TA (0.1mM) were calculated as 7.99 mmole m min™

and 0.463 mmole m™? min™, respectively.
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S-4-2. XPS Characterization.
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Figure S-4-1. Deconvoluted results of C 1s XPS spectra of a) BDD-O, b) BDDF-plasma, c) BDDF-
PFOA, d) BDDF-aliphatic, e) BDDF-aromatic, f) BDDF-PFOA-aged and g) BDDF-aliphatic-aged.

Legend: C1: =C=C=; C2: =C-C=; C3: =C-OH; C4: =C=0; C5: =C-F; C6: -COOH; C7: =CF,; C8: -CF3
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Table S-4-1. Comparison of Atomic Ratios (F:Si, F:C and Si:CF,:CF3) of an Aliphatic Silane

molecule with BDDF-aliphatic (from XPS) and BDDF-aliphatic-aged (from XPS) and Si:CF of an

Aromatic Silane molecule with BDDF-aromatic (from XPS).

Atomic Ratio > F:Si F.C Si:CF,.CF; Si:CF
Aliphatic Molecule 17 1.7 1:.7:1 -
BDDF-aliphatic 15.6 1.88 0.51:8.3:1 -
BDDF-aliphatic-aged 14.7 1.78 0.54:8.63:1 -
Aromatic Molecule - - - 15
BDDF-aromatic - - - 1:4.8
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S-4-3. Electrochemical Characterization.
The electrochemical response changed after plasma treatment of the BDD electrode. The CV

scans (scan rate = 100 mV s%) in the presence of Fe(CN)g>"*

showed a decrease in peak currents
for 0X|dat|0n (Ipeak’anodm’BDD.O: 593 U.A tO IpeakyanodiC’BDDF.p|asma: 255 p,A) (Table 8'4'2) The
plasma treatment also increased the anodic to cathodic peak separation (AE;) from AEgpp.o = 212

mV for the BDD-O electrode to AEgppr-plasma = 1032 mV for the BDDF-plasma electrode (Figure

S-4-2a). CV scans in the presence of Fe?"*

showed an increase in current response
(Ipeak anodic,80p-0 = 350 HA and lpeak anodic,8DDF-plasma= 390 HA) and a decrease in peak separation
(AEgpp-0 = 357 mV and AEgppr-plasma= 182 mV) for BDDF-plasma compared to BDD-O (Table
S-4-2 and Figure S-4-2b).

The PFOA modified electrodes and aliphatic silanized BDD electrodes were characterized
using the same redox couples. The CV scans (scan rate = 100 mV s?) in the presence of
Fe(CN)63"4' showed a decrease in peak current (lpeak anodic,8op-0= 521 A and lpeak anodic, BDDE-PFOA=
328 YA) and an increased peak separation after fluorination (AEgpp-o = 309 mV and AEgppr-proa
= 941 mV) (Table S-4-2 and Figure S-4-2c). CV scans in the presence of Fe?”** showed a
decrease in peak current (lpeakanodic,eop-0= 507 HA and lpeak anodic,opr-Proa= 290 HA) and an
increase in peak separation (AEgpp-o= 225 mV and AEgppr-proa= 1110 mV) after fluorination, as
shown in Table S-4-2 and Figure S-4-2d.

The CV scans on the BDDF-aromatic electrode with the redox couples (Fe(CN)s>"* and
Fe***) showed a similar behavior to the BDDF-PFOA electrode (Figure S-4-2e,f and Table S-4-
2). The CV scans in the presence of Fe(CN)63"4' showed a decrease in peak current (Ipeak anodic,80D-

o= 517 PA and lpeak anodic,8DDF-aromatic= 299 HA) and an increase in peak separation ((AEgpp-o=

217 mV and (AEgppr-aromatic= 971 mV) after fluorination, as shown in Table S-4-2 and Figure S-
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4-2e. CV scans in the presence of Fe®*3*

showed a decrease in the peak current (lpea anodic,80D-0=
510 PA and lpeak anodic,8DDF-aromatic= 324 HA) and an increase in peak separation (AEgpp-o= 213
mV and AEgppr-aromatic= 997 mV) after fluorination, as shown in Table S-4-2 and Figure S-4-2f.
The CV scans were also performed on the BDDF-aliphatic electrode to show the effect of
silanization on the electron transfer rates. The CV scans (scan rate = 100mV s™) in the presence

of Fe(CN)g>™ did not show any peaks associated with redox reactions (Table S-4-2 and Figure

4-2a). However, after ageing small peaks were observed (Figure S-4-2g,h)
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Figure S-4-2 CV scans of: a) BDD-O and BDDF-plasma: 5 mM Fe(CN)s>’*; b) BDD-O and BDDF-
plasma: 5 mM Fe*"?*; c) BDDF-PFOA and BDDF-PFOA-aged: 5mM Fe(CN)s>’*; d) BDDF-PFOA
and BDDF-PFOA-aged: 5mM Fe*"**; e) BDD-O and BDDF-aromatic: 5mM Fe(CN)¢>’*; f) BDD-O

and BDDF-aromatic: 5mM Fe®*/?*;
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Table S-4-2. CV data of BDD-O, BDDF-plasma, BDDF-PFOA, BDDF-aliphatic, BDDF-aromatic,

BDDF-aliphatic-aged and BDDF-PFOA-aged with Fe(CN)63'/4' and Fe*"** redox couple.

Electrode Ipeak,anodic (MA)  Ipeak anodic (MA) AE (mV) AE (mV)
(Fe(CN)G3-/4-) (FeZ+/3+) (Fe(CN)63—/4—) (Fez+/3+)
BDD-O1* 593 350 212 357
BDDF-plasma 255 390 1032 182
BDD-0O2* 521 507 309 225
BDDF-PFOA 328 290 941 1110
BDDF-PFOA-aged 291 202 1041 1052
BDD-O3* 533 316 195 223
BDDF-aliphatic 00 00 - -
BDDF-aliphatic-aged 58 30 951 1060
BDD-0O4* 517 510 217 213
BDDF-aromatic 299 324 971 997

*BDD-01 = BDD-O before plasma, BDD-02 = BDD-O before PFOA treatment, BDD-O3 = BDD-O before
aliphatic silane treatment and BDD-04 = BDD-O before aromatic silane treatment
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S-4-4. Density Functional Theory Optimized Structures

a)BDDF-aliphatic b)BDDF-PFOARI c)BBDDF-aromaticC

1.5 mE- 0.62BhmE-

f J 0.61mmiL
J

J
- i
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Figure S-4-3. DFT optimized structures of different fluorinated groups on a 10 carbon atom

B &
N
-
)8°
-
>-@’
:}J
& o
P9
cluster that represents the BDD surface. Atom key: C (grey); F (teal); O (red); H (white); Si (blue-

grey)
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Figure S-4-4. Duplicate experiment to that shown in the main manuscript. Total, free chlorine,

chlorate, perchlorate, and chlorine mole balance for a) BDD-O without phenol; b) BDDF-

aliphatic without phenol; c) BDD-O with phenol; and d) BDDF-aliphatic with phenol.
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Figure S-4-5. Bulk oxidation of a) 1mM phenol and b) 0.1mM TA for BDD-O, BDDF-PFOA and

BDDF-aliphatic at 22°C.
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Appendix C
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Figure S-5-1. Schematic of the experimental flow-through reactor setup: a) anode-cathode and
b) cathode-anode flow mode.
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Pore Size Determination
To determine the average pore size of the REM before and after catalyst deposition the flux was
measured upon an increase in trans-membrane pressure (AP) (Figure S-5-8). The Hagen-

Poiseuille equation (S-5-1) was used to determine the pore radius (rp).

rpzAPg
U=
8nAx

(S-5-1)

In equation S-5-1, u is the velocity; ¢ is the porosity (0.3); # is the fluid viscosity (9.78 x 10™ Pa
s (21 °C)); and 4x is the membrane thickness (2.5 mm). The pore radius was determined from
equation S-1 as 0.46 = 0.04, 0.40 + 0.02, and 0.44 + 0.03 um for catalyst-free REM, Pd-
Cu/REM, and Pd-In/REM, respectively. These results indicated that the pore size did not change

significantly as a result of catalyst deposition.

0.0004 y = 4.00E-09x - 2.07E-05
0.00035 - R? = 9.93€-01
y = 4.36E-09x - 4.37E-06 A

“» 0.0003 R? = 9.92E-01 /
~
£ 0.00025
S, y = 3.53E-09x - 1.89E-05
= 0.0002 R? = 9.85E-01
£ 0.00015 -
-8 0.0001 ¢ Catalyst-free REM
> 0.00005 ® Pd-In/REM

' . A Pd-Cu/REM

0 50000 100000 150000
AP (Pa)

Figure S-5-2. Experimental measurements of flow velocity (u) with pressure drop (AP) for REM

and Pd-M/REMs.
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Figure S-5-3. a) Nitrate, b) nitrite, and c) ammonium concentration profiles, and d) first-order fit
for initial (50%) nitrate reduction for Pd-Cu/TiO,, Pd-Cu/Ti,,Ozn.1, and Pd-In/ Ti,O,n.1 in batch

mode.
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Figure S-5-4. Anode-cathode flow mode. a) LSV scans of solutions with 5 mM NaNO3 in 100 mM

NaHCO; for REM, Pd-Cu/REM, and Pd-In/REM. b) Background subtracted LSV scans for Pd-
Cu/REM and Pd-In/REM.
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Figure S-5-5. a) Nitrate and b) nitrite concentration profiles for REM and Pd-In/REM at different
applied potential in the anode-cathode mode and under different solution conditions.
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Figure S-5-6. LSV scans of 5 mM NaNOs in a 100 NaHCOjs electrolyte for Pd-Cu/REM under air
and argon purging.
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Figure S-5-7. Nitrate and nitrite concentration (C/Co) profile with flux for chemical and
electrochemical reaction methods.
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Table S-5-1. Summary of experiment data for all flow-through experiments.

Electrode Voltage NO3 S(NOy) S(NH,) S(N0) S(Ny) Effluent Rate Constant
(V/ISHE)  Conversion (%) (%) (%) (%) pH (L Gmetar - Min™)
(%)
Cathode-Anode/Ar Purging

REM -0.01 0 0 0 0 0 6.3+0.1 -
-0.2 0 0 0 0 0 6.5+0.2 -
-1.2 0.48 £0.09 95+1.2 <100 0 89 +1.09 7.0+£0.2 -
-2.5 1.0+ 0.08 14+17 <100+ 7.4 0 84 +0.81 79+0.3 -
-3.6 2.5+0.61 16+1.4 <40+ 1.04 0 82+1.10 8.4+0.2 -
Pd-Cu/REM -0.01 0 0 0 0 0 6.7+0.2 0
-0.2 0 0 0 0 0 73x0.1 0

-1.2 2.0+0.41 21+£2.02 <50.0+8.5 7.1+0.38 69+ 1.1 89+0.3 (7.7+1.1) x 10*

-2.5 20£1.02 35+24 31+23 12 +0.09 23+091 9.8+0.2 (7.7+0.32) x 107

-3.6 42+13 30+23 26+23 19+ 0.16 23+13 10+0.1 (1.6 £0.09) x 10”
Pd-In/REM -0.01 0 0 0 0 0 6.6+0.3 0
-0.2 0 0 0 0 0 7.1+£0.2 0

-1.2 20+£041 22+13 <50.0+8.5 6.4+ 0.08 70+ 0.19 82+0.1 (6.7+1.1)x 10™

-2.5 19+1.1 73+5.7 36+5.9 0.55+0.23 0.50+0.03 9.1+0.3 (6.3+0.27)x 107

-3.6 39+1.2 73+79 38+6.04 1.3+ 0.09 0.56 +0.21 9.9+0.2 (1.3+0.11) x 10

Anode-Cathode/Ar Purging

REM -0.01 0 0 0 0 0 6.2+0.2 -
-0.2 0 0 0 0 0 6.7+0.3 -
-1.2 0.37£0.05 9.1+£0.73 <100 0 88+1.6 75+0.2 -
-1.9 1.5+0.08 14+1.1 <66 £ 0.55 0 85+ 0.95 8.1+0.1 -
-2.5 3.2+0.19 16+2.3 <31+19 0 82+1.1 8.6+0.2 -
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Table S-5-1  (cont.)
Electrode Voltage NO3 S(NOy) S(NH,) S(N0) S(Ny) Effluent Rate Constant
(V/ISHE)  Conversion (%) (%) (%) (%) pH (L Gmetar - Min™)
(%)
Anode-Cathode/Ar Purging

Pd-Cu/REM -0.01 0.38 £ 0.09 45.2 <100 37.5+0.07 12.5+0.04 6.310.2 (1.5+0.48) x 10
-0.2 5.0+0.62 1.8+0.31 <20+2.1 27+0.17 69+0.19 6.5+0.1 (1.9+0.23)x10°
-1.2 19+£15 0.47 £0.18 <5.3+£041 53+1.01 46 =+ 0.09 7.2+£0.1 (7.3+£0.16) x 103
-1.9 32+x14 0.19 £0.08 <3.1+0.10 65+ 0.91 33+£1.04 8.6+£0.3 (1.2+£0.11) x 102
-2.5 43+2.2 0.07 £0.02 <23%+0.11 70+ 0.38 29+0.72 9.2+0.1 (1.6 £0.07) x 102

Pd-In/REM -0.01 0.51+£0.08 0 <100 27+0.31 9.1+£0.27 6.2+£0.2 (1.7 £0.38) x 10™
-0.2 40034 25+042 <25+2.04 35+0.09 67+ 1.3 6.6+£0.1 (1.3+£0.14) x 102
-1.2 9.0+1.08 2.2+0.24 <l11+1.1 73+£0.19 24 +£0.73 73+£0.1 (3.0+£0.11) x 102
-1.9 24 +2.04 4.0£0.89 <4.2+0.23 61041 34+0.94 8.3+£0.2 (8.0+£0.04) x 102
-2.5 33+23 3.6+0.28 <3.0+0.15 68 +0.32 28+0.13 9.3+0.2 (1.1 +0.03) x 107

Anode-Cathode/Air Purging

Pd-Cu/REM -0.01 2.6 £0.48 1.9+£0.27 <38+5.2 50x14 92+0.83 6.1+0.3 (1.0+£0.18) x 10*
-0.2 7.0£0.91 1.0+£0.08 <14+1.8 20+0.89 78 £0.17 6.6+0.2 (2.7+£0.11) x 10°
-1.2 13+1.2 22+013  <7.1+047 21+0.08 76+ 1.4 7.0+0.2 (5.3+0.09) x 10°
-1.9 25+ 1.03 1.3+£0.28 <3.9x+0.15 46 + 0.53 52+0.93 8.7+0.1 (9.9+£0.12) x 10°
2.5 42+18 0.78+0.04 <2.4+0.10 55+ 0.29 43+1.01 9.4+0.2 (1.6 £ 0.06) x 107

Pd-INREM 0,01 08+009 50029 <100 37+004  91+201  62%01  (26+032)x10*
-0.2 5.2+0.27 1.5+0.09 <19+1.01 17 £ 0.68 81+0.39 6.4+£0.2 (1.7 +£0.17) x 107
-1.2 9.2+0.18 2.6 +0.33 <11+0.57 58+ 1.2 39+ 0.08 7.6+0.3 (3.1+0.10) x 10°
-1.9 17+£1.09 2.9+£0.27 <56.5+£0.29 64 +0.29 32+0.17 8.6+£0.2 (5.9 +0.08) x 107
-2.5 28+1.2 3.1+0.82 <3.5%+0.15 7211 24 £0.13 9.6+£0.1 (9.3+£0.09) x 10°
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Table S-5-1  (cont.)
Electrode Voltage NO3 S(NOy) S(NH,) S(N0) S(Ny) Effluent Rate Constant
(V/ISHE)  Conversion (%) (%) (%) (%) pH (L Gmetar - Min™)
(%)
Anode-Cathode/Air Purging/Bicarbonate Buffer

Pd-Cu/REM -0.01 2.4 +£0.15 1.5+0.08 <41+25 1.5+0.95 96 +£0.17 7.8+04 (9.2+0.28) x 10™
0.2 9.4+037 0.59 + 0.02 <10+ 0.47 10+0.18 89+15 7.8+04 (3.6+0.13) x 10°
-1.2 17+1.04 1.1+0.17 <5.9+0.33 47 +0.51 51+0.81 7.8+04 (6.5+0.05) x 107
-1.9 28+0.98 1.2+0.13 <3.4+0.11 34 +1.07 64+1.2 7.8+04 (1.1+0.17) x 107
-2.5 44+ 1.4 0.56 +0.02 <2.2+0.07 42 +0.36 57 £0.03 78104 (1.7 £0.15) x 10*

Anode-Cathode/Air Purging/Surface Water

Pd-Cu/REM -0.01 0.5+ 0.06 2.0+0.03 <100 3.7+0.15 95+ 201 7.0+0.3 (1.9+0.31)x 10™
-0.2 3.8+0.26 1.05+£0.12 <26+1.3 26 £ 0.08 72 +0.63 79+0.2 (1.4 +0.16) x 10°
-1.2 13+0.89 0.49 £0.02 <7.6+0.43 44 +0.63 55+ 0.05 8.4+0.1 (5.1+0.09) x 10°
-1.9 24+1.3 0.16 £0.03 <4.1+0.19 46 +1.02 53+0.21 8.6+0.3 (9.4 +£0.09) x 10°
-2.5 32+1.1 0.07£0.01 <3.1+0.11 43 +0.32 56 +0.49 8.8+0.2 (1.2+0.11) x 10”

Anode-Cathode/Air Purging/Bicarbonate Buffer/Series

Pd-Cu/REM -0.01 22+0.14 1.8+0.11 <45+2.38 2.0+0.04 96 +£0.78 79+0.2 (8.5+0.18) x 10
-0.2 19+0.88 0.4 £0.03 <5.1+0.24 47 +0.37 51+0.19 79+0.2 (7.6 +0.23) x 107
-1.2 29+12 0.93+0.10 <3.4+0.25 41+18 57+0.27 8.0+£0.1 (1.1+0.11) x 107
-1.9 44 +1.8 0.65+0.05 <2.3+£0.09 52+0.94 47 +0.59 8.0+£0.1 (1.7 £ 0.07) x 107
-2.5 65+ 1.3 0.40 £ 0.06 <1.5+0.04 43 £ 0.36 56 £ 0.94 8.0+£0.2 (2.5+0.06) x 107

Anode-Cathode/Air Purging/Surface Water/Series

Pd-Cu/REM -0.01 1.2+0.03 5.0+0.23 <83+ 3.06 1.2 +0.07 96 +£0.03 7.2+0.2 (4.6+0.41)x10™
-0.2 14 £0.21 0.33+0.11 <7.1+0.11 42 +0.69 56 £ 0.29 8.0+0.3 (5.4+0.27)x 107
-1.2 23+1.1 0.47 £0.09 <4.3+0.20 43 £ 0.08 55+ 0.74 85+0.2 (8.9+0.13) x 107
-1.9 35+2.3 0.18 £ 0.06 <2.8+0.17 58+1.1 41+1.7 8.8+0.1 (1.3+0.08) x 107
-2.5 51 +2.07 0.07 £0.08 <1.9+0.08 53+0.84 47 £0.93 89+0.3 (1.9+0.12) x 10
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Table S-5-2. Total N Data for REM, Pd-In/REM, and Pd-Cu/REM under different solution
conditions.
Electrode Voltage (V/SHE) Total N (mM) Total N (mM)
(Before oxidative (After oxidative
digestion) digestion)
Cathode-Anode/Ar Purging
REM -0.01 0.99 +0.001 0.99 £ 0.002
-0.2 0.99 +0.001 0.99 £ 0.002
-1.2 0.99 £ 0.006 0.99 + 0.006
-25 0.98 £ 0.003 0.98 = 0.002
-3.6 0.97 £ 0.004 0.97 £0.001
Pd-In/REM -0.01 0.99 £ 0.001 0.99 £ 0.001
-0.2 0.99 £ 0.003 0.99 + 0.005
-1.2 0.98 £ 0.009 0.99 + 0.006
-2.5 0.82 +0.011 0.99 £ 0.009
-3.6 0.61 +0.008 0.99+0.01
Pd-Cu/REM -0.01 0.99 +0.002 0.99 £ 0.001
-0.2 0.99 + 0.004 0.99 £ 0.002
-1.2 0.98 +0.001 0.99 £ 0.002
-2.5 0.80 £0.01 0.95+0.011
-3.6 0.58 + 0.009 0.90 £ 0.010
Anode-Cathode/Ar Purging
REM -0.01 0.99 +0.002 0.99 £ 0.001
-0.2 0.99 £ 0.002 0.99 £ 0.002
-1.2 0.99 £ 0.004 0.99 +0.003
-1.9 0.98 £ 0.003 0.98 £ 0.002
-2.5 0.97 £ 0.004 0.97 £ 0.003
Pd-In/REM -0.01 0.99 +0.002 0.99 £ 0.001
-0.2 0.96 £ 0.008 0.97 +£0.007
-1.2 0.905 +0.01 0.97 £ 0.009
-1.9 0.77 £0.02 0.91+0.01
-2.5 0.67 £0.03 0.89 +0.02
Pd-Cu/REM -0.01 0.99 £ 0.001 0.99 +£0.001
-0.2 0.95+0.01 0.97+£0.01
-1.2 0.81+£0.01 0.92 £0.02
-1.9 0.68 £0.01 0.88£0.03
-2.5 0.57 £0.02 0.87 £0.03
Anode-Cathode/Air Purging
Pd-In/REM -0.01 0.99 +0.002 0.99 £ 0.001
-0.2 0.94 +0.007 0.95+0.009
-1.2 0.91+0.01 0.96 £0.01
-1.9 0.83£0.02 0.94 £0.03
-2.5 0.72+£0.01 0.92 +0.02
Pd-Cu/REM -0.01 0.99 £ 0.001 0.99 +£0.001
-0.2 0.95 £ 0.006 0.96 +0.003
-1.2 0.86 £0.01 0.89 £ 0.009
-1.9 0.74 £0.02 0.86 +0.01
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-2.5 0.58 £ 0.03 0.81+0.01

Table S-5-2 (cont.)

Electrode Voltage (V/SHE) Total N (mM) Total N (mM)

(Before oxidative (After oxidative
digestion) digestion)
Anode-Cathode/Air Purging/Buffer

Pd-Cu/REM -0.01 0.98 + 0.004 0.98 £ 0.002
-0.2 0.91 +0.008 0.92 £ 0.007
-1.2 0.83+£0.009 0.91+0.01
-1.9 0.71+£0.01 0.81+£0.03
-2.5 0.55+0.02 0.74+0.01

Anode-Cathode/Air Purging/Surface Water

Pd-Cu/REM -0.01 0.99 +0.001 0.99 +£0.001
-0.2 0.96 £ 0.003 0.97 £ 0.002
-1.2 0.86 £0.01 0.92 £0.011
-1.9 0.75£0.02 0.86 £0.01
-2.5 0.68 £0.01 0.82 £0.03

Anode-Cathode/Air Purging/Bicarbonate Buffer/Series

Pd-Cu/REM -0.01 0.97 £ 0.004 0.97 £0.003
-0.2 0.82+0.01 0.91 +£0.02
-1.2 0.71+£0.03 0.83£0.021
-1.9 0.56 £0.03 0.79+£0.01
-2.5 0.36 £ 0.02 0.64 +0.04

Anode-Cathode/Air Purging/Surface Water/Series

Pd-Cu/REM -0.01 0.97 £ 0.002 0.97 £ 0.003
-0.2 0.86 £ 0.009 0.92 £0.011
-1.2 0.77 £0.02 0.87 £0.014
-1.9 0.64 £0.01 0.85+0.03
-2.5 0.49 £ 0.03 0.76 £ 0.02




Table S-5-3. Nitrite Concentration and Selectivity for Both Electrocatalytic (-2.5 V/SHE) and
Catalytic NOs” Reduction at Different Fluxes.

Electrode Flux (LMH) Electrocatalytic Catalytic
Cho2z (UM) Snoz (%) Choz (UM) Snoz (%)
Pd-Cu/REM 240 0.7 £0.04 0.10+0.01 0.1+£0.02 0.11+0.04
480 1.0+ 0.09 0.20+0.01 0.7 £0.04 1.0+0.01
720 40+0.12 1.0+0.03 0.9+0.01 1.8 £0.09
960 9.0+0.27 2.7+0.10 1.1+0.09 2.7+0.11
1200 11+£0.52 3.7+£0.08 1.6+0.11 4.8+0.08
1440 10+0.21 3.7+0.11 0.9+0.08 3.2+0.12
1800 6.0+0.11 2.5+0.09 0.7+0.04 3.1+0.09
2160 4.0 £ 0.08 1.9+ 0.06 0.3+0.02 1.6 +0.10
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Table S-5-4. Energy Requirements (kWh mol™), Eco (kWh m™), Current Efficiency (CE, %) for
REM, Pd-Cu/REM and Pd-In/REM in All Solution Conditions and for Pd-Cu/REM with 10 and 100
mM NO3” Under Air Purging with Anode-Cathode Flow Mode.

Electrode Cathode Voltage EC (kWh mol™) CE (%) Eeo (KWh m?)
(VISHE)
Cathode-Anode/Ar Purging

REM -0.01 2.8+0.11 9.6 £0.87 6.4+0.34
-0.2 15+ 0.09 25+0.28 36 £ 0.26
-1.2 29 +0.83 1.8+0.37 67+1.9
-2.5 6.6 +0.05 10+£1.3 15+0.13
-3.6 7.8+0.10 9.3+1.05 18 + 0.19

Pd-Cu/REM -0.01 2.01+£0.04 15+1.2 46+0.12
-0.2 48+0.11 8.6 £0.74 11+0.16
-1.2 9.2 £0.06 5.7+£0.84 21 £0.09
-2.5 1.2+0.01 6025 2.6 +0.06
-3.6 1.2 +0.05 72+2.2 2.2+0.08

Pd-In/REM -0.01 10+0.14 2.8+0.26 24+0.31
-0.2 4.8 £0.05 8.2+0.39 11+0.19
-1.2 9.4+0.08 5.6 £0.47 22+0.23
-2.5 1.9+0.02 34+1.7 41+0.14
-3.6 1.7+0.03 50+ 2.06 3.0+0.17
Anode-Cathode/Ar Purging

REM -0.01 1.2+0.02 9.4+0.69 2.9+0.09
-0.2 4.5 +0.07 2.6 £0.39 10+ 0.29
-1.2 13+0.09 2.5+0.27 31+0.34
-1.9 59+0.14 10+ 0.92 14 + 0.47
-2.5 6.0+0.11 12+1.3 14 + 0.39

Pd-Cu/REM -0.01 1.6 +0.08 2.07+£0.12 3.9+0.18
-0.2 0.69 +£0.02 50+3.8 1.6 £0.06
-1.2 0.66 £ 0.09 79+34 1.4+0.27
-1.9 0.57+£0.10 103+£5.9 1.1+£031
-2.5 0.64 £ 0.08 102 +5.7 1.1+0.23

Pd-In/REM -0.01 1.9+0.04 2.3+£0.25 44 +0.12
-0.2 1.0+0.01 40+ 3.8 2.3+0.04
-1.2 1.5+0.10 33+3.2 3.3£0.39
-1.9 0.89 +0.09 62+4.8 1.8+0.35
-2.5 0.90 +0.07 70+49 1.7+£0.31
Anode-Cathode/Air Purging

Pd-Cu/REM -0.01 0.70 £ 0.02 32+26 1.6 £0.09
-0.2 0.50 £0.08 83+4.2 1.1+0.37
-1.2 0.90+0.10 64+3.4 19+043
-1.9 0.75 +£0.06 83+3.9 1.5+0.34
-2.5 0.62 £0.02 106 £5.4 1.1+0.12
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Table S-5-4 (cont.)

Electrode Cathode Voltage EC (kWh mol™) CE (%) Eco (KWh m?®)
(VISHE)
Pd-In/REM -0.01 1.3+0.12 24+£1.6 29047
-0.2 0.65+£0.07 64+ 3.6 1.5+0.38
-1.2 1.6+0.10 31+£1.8 36041
-1.9 1.1+0.06 47+29 24+0.33
-2.5 1.06 £ 0.03 58 £3.9 2.1+0.15
Pd-Cu/REM (10 mM) -0.21 13+0.18 - 318+28
-0.7 0.06 +0.01 - 1.4+0.16
-1.2 0.14 £0.09 - 29+11
-15 0.17+£0.04 - 3.5+£0.52
-2.1 0.19 £0.07 - 3.5+0.73
Pd-Cu/REM (100 mM) -0.25 48 £0.24 - 11135 + 978
-0.71 0.03+0.01 - 8.3+0.17
-1.15 0.07 £0.02 - 15+0.36
-1.53 0.12 +£0.06 - 26 +0.94
Anode-Cathode/Air Purging/Buffer
Pd-Cu/REM -0.01 0.99+0.12 2714 2.3+0.59
-0.2 0.97 £0.09 44 + 3.6 2.1+044
-1.2 1.3+0.11 40+ 25 2.8+0.48
-1.9 14+0.13 44+ 4.3 2.7+051
-2.5 1.3+0.08 51+24 2.3+0.34
Anode-Cathode/Air Purging/Surface Water
Pd-Cu/REM -0.01 2.6+0.21 11+£27 6.0 £0.89
-0.2 2.07+£0.13 19+£3.9 4.7+0.61
-1.2 1.5+0.08 36+4.0 3.3+£042
-1.9 1.1+0.10 53+3.9 2.3+£0.49
-2.5 1.3+0.03 51+43 2.7+0.17
Anode-Cathode/Air Purging/Bicarbonate Buffer/Series
Pd-Cu/REM -0.01 2.8+0.16 22+25 6.3 £0.69
-0.2 1.2+0.19 64 + 3.7 2.6+0.75
-1.2 2.3+0.08 51+3.2 4.6x0.32
-1.9 2.5+£0.09 50+ 3.8 4.4+0.39
-2.5 2.4 +0.06 60+4.2 3.5+0.27
Anode-Cathode/Air Purging/Surface Water/Series
Pd-Cu/REM -0.01 4.2+0.22 6034 35+£1.01
-0.2 2.2+0.08 15+£23 9.6 £0.36
-1.2 4.2+0.18 36+3.1 46x0.73
-1.9 3.6+0.12 29+26 8.6 £ 0.47
-2.5 3.6+0.04 35+5.0 6.9+0.13
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Figure S-6-1. Concentration profiles for oxidation of a) ATZ at 1.5 V/SHE, c) ATZ at 1.8 V/SHE, e)
CDN at 1.14 V/SHE and g) CDN at 1.5 V/SHE at 20, 30 and 40 °C. Arrhenius plot for oxidation of
b) ATZ at 1.5 V/SHE, d) ATZ at 1.8 V/SHE, f) CDN at 1.14 V/SHE and h) CDN at 1.5 V/SHE.
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Figure S-6-2. Schematic of the flow-through reactor setup: anode-cathode flow mode.

Pore Size Determination
Average pore size/pore radius (rp) using the Hagen-Poiseuille equation (S-6-1) by varying flow
rate and trans-membrane pressure (AP) (Figure S-6-2).

rpZAPg
u=
8nAx

(S-6-1)

In equation S-1, u is the linear velocity; ¢ is the porosity (0.3); # is the fluid viscosity (9.78 x 10°
*Pa s (21 °C)); and 4x is the membrane thickness (2.5 mm). The pore radius was determined as
041 + 0.03, 0.36 + 0.02, and 0.40 + 0.04 um for REM, REM/BDTO/EDT, and

REM/BDTO/PLD20, respectively.
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Figure S-6-3. Flow velocity (u) with pressure drop (AP) for REM, REM/BDTO/EDT and

REM/BDTO/PLD20.
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