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Electrochemical oxidation of fresh human urine is a promising method to prevent
pharmaceuticals from being discharged into the environment. Urine comprises only a small
(~1%) volumetric fraction of municipal wastewater, but represents a dominant source of
pharmaceuticals, many of which may pass through conventional wastewater treatment and pose
risks to aquatic ecosystems. Point-source treatment of source-separated urine presents a unique
opportunity to degrade pharmaceuticals before dilution with wastewater, and electrochemical
advanced oxidation processes are one increasingly investigated option. However, they often lead
to the formation of oxidation byproducts including chlorate, perchlorate, haloacetic acids,

trihalomethane, etc. The work presented in this dissertation is broadly focused on developing



safe and effective electrochemical methods for the treatment in fresh human urine to mitigate the
pharmaceutical contamination in the environment.

First, | demonstrate that the electrogenerated hydroxyl radicals ("fOH) enables the selective
oxidation of pharmaceutical during the electrolysis of fresh human urine, while *OH is quenched
by HCOs™ in hydrolyzed urine leading to a slower pharmaceutical degradation rate during the
electrolysis of hydrolyzed urine. Additionally, I show that urea at the concentration present in
fresh urine suppresses the oxidation pathways of CI™ to ClIOs™ and ClO4 ™. Taken all together, it is
advantageous to employ the electrochemical advanced oxidation processes in fresh human urine
rather than the hydrolyzed urine.

Next, | focus on understanding the underlying chemistry and fundamental kinetics of
pharmaceutical oxidation during electrolysis of fresh human urine. | use the selective radical
quenchers to study the significance of individual oxidants for the oxidation of pharmaceutical in
electrolyte only containing chloride ions. | show that electro-generated dissolved Cl, adjacent to
the anode surface could contribute the pharmaceutical degradation which has been overlooked by
the scientific community. Furthermore, | demonstrate that organic urine constituents (urea,
creatinine, and uric acid) quench the dissolved oxidants leading to a mass-transfer limited
reaction, while the inorganic urine constituents could quench chemisorbed oxidants resulting in a
mixed Kinetically and mass-transfer controlled reaction. Moreover, increasing the mass transfer
rates and anode potential is essential for achieving faster pharmaceutical oxidation.

Finally, 1 design and develop an alternating scheme of oxidation and reduction using
interdigitated working electrodes (IWEs) for the oxidation of pharmaceuticals while minimizing
the formation of chlorinated byproducts. The alternating scheme is achieved by using (1) a
convention method where a bipotentiostat applies a constant anodic potential to one side of the

iv



IWE and a cathodic potential to the other side of the IWE while a stir bar directly on top of the
planar IWEs moves fluid across the IWE (with separate counter and reference electrodes in the
cell) and (2) an alternating current method where at any given time one side of the IWE is the
working electrode and the other side is the counter electrode but over time the WE and CE are
alternated by the potentiostat at a rate of up to 100 Hz. | demonstrate that the generation of
chlorate, chloroacetic acids and chloroform is significantly suppressed for both methods above.
However, the rates of pharmaceutical degradation are substantially enhanced for the alternating
scheme achieved by convection method, while their rates decrease largely using alternating
current method.

Collectively, the work included in this dissertation demonstrates considerable progress
toward understanding the kinetics of electrochemical oxidation of pharmaceuticals in human
urine and developing the safe and effective processes that could be implemented at the source of
generation, with focus on the rapid pharmaceutical degradation and minimum generation of toxic

byproducts.
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Chapter 1. INTRODUCTION

1.1 EMERGING CONCERN OF PHARMACEUTICAL POLLUTANTS

Yearly pharmaceutical spending in the United States is $1,376 per capita in 2019, and 45.7%
of Americans take at least one prescription drug per month.! A large portion of these drugs are
excreted unchanged or as active metabolites via human urine and feces and join municipal
wastewater streams.?* Most of these compounds are not removed or sufficiently deactivated in
wastewater treatment facilities (WWTFs). These pharmaceuticals eventually end up being
discharged into the environment, threatening aquatic ecosystems,® and returning to human
drinking water supplies.® Numerous studies have reported the detection of pharmaceuticals in

6 groundwater’, surface water® and wastewater ° from ng/L to pg/L

drinking water
concentrations.

In one recent study, Meador et al.” has quantified 150 compounds of emerging concern in
estuaries fed by rivers with waste water treatment plants in Washington State’s Puget Sound.
They found 81 of these 150 compounds in the WWTP effluent, 25 in the estuary water, and 42 in
the tissue of whole-body juvenile Chinook salmon and Pacific staghorn sculpin in the estuary.
The higher number of compounds found in the fish tissue than in the estuary water highlights the
effect of bioaccumulation. A couple of the pharmaceuticals detected in fish tissue at high
concentration were fluoxetine (antidepressant sold as Prozac found at 5 ng/g of salmon) and
metformin (metabolic regulator for type-2 diabetes found at 28 ng/g of sculpin). Like many

pharmaceuticals, fluoxetine is not completely metabolized in the body, and 11% is excreted

unchanged as fluoxetine, while 7% is excreted as a biologically active metabolite
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norfluoxetine.X® In contrast, metformin is excreted 100% unchanged. Both compounds are
excreted in humans primarily via urine, 80% and 90%, respectively.

The environmental problem is big and growing due to the proliferation of new
pharmaceuticals, and it is both scientifically and economically challenging to treat large volumes
of WWTP effluent polluted with dilute concentrations of 1000+ different chemical compounds.
Currently, there is a dangerous absence of legislative or regulatory statues that could help
address the problem. While the U.S. FDA does require an environmental assessment for new
pharmaceutical approval, it is only required if the estimated environmental concentration of the
drug is above 1 pug/L at the point of entry.!! Despite that the vast majority of drugs do not exceed
this, they have serious impact on fish and ecosystems at concentrations a thousand times less.
This is a serious enough problem today, but there are dozens of new unique pharmaceutical
compounds approved by the FDA each year, with 48 “new molecular entities” approved in total
in 2019.1%2 Furthermore, the COVID-19 pandemic significantly increases the consumption of
non-steroidal anti-inflammatory drugs (specially ibuprofen) and is predicted to last for several
years.’> Consequently, this is a growing environmental problem with long term impact on
aquatic ecosystems, species biodiversity, and human health. Therefore, the extensive occurrence
of pharmaceuticals in aquatic environments and potable water demands efficient treatment of
these micro-pollutants at the source.**

The removal of pharmaceuticals can be achieved by implementing physical or chemical
treatment technologies such as advanced oxidation, filtration coupled with reverse osmosis,*®
sorption on activated carbons, etc.® However, without stricter regulation from government
agencies (e.g., the Environmental Protection Agency in the U.S), WWTFs rarely install these

advanced treatments. Therefore, treatment of pharmaceuticals at the source is particularly
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important to reduce pharmaceutical discharge into aquatic environments and from entering the
potable water supply.'*

One of the dominant routes for human elimination of pharmaceuticals is via urine,!” and
most excreted compounds retain key pharmacological properties of their parent compounds.'®
Urine comprises only ~1% by volume of a typical municipal wastewater, yet represents a
dominant source of pharmaceutical loading to wastewater treatment facilities, where ~75% by
mass of ingested pharmaceuticals are typically excreted in urine as parent compounds and/or
active metabolites.*'° Such compounds are often incompletely removed during typical municipal
wastewater treatment and have potential negative impacts such as threats to wildlife,?°
contribution to the development of antibiotic-resistant bacteria,?* and returning to drinking water
supplies.?? As a result, urine diversion (the collection and treatment of urine prior to or in lieu of
discharge into mixed waste streams) has been proposed as an alternative approach to mitigate
their discharge to the environment.?® As urine is also a dominant source of the nutrients in typical
municipal wastewaters (~80% of nitrogen and ~55% phosphorus by mass?4), urine diversion has
been widely investigated as a potential means of removing and recovering nutrients from waste
streams for use in the production of liquid or dry fertilizer products.?>?® In such cases, pre- or
post-treatment to eliminate or separate pharmaceuticals from the product streams are likely to be

necessary to ensure protection of human and ecosystem health, as well as to improve end-user

acceptance and adoption.

1.2 ELECTROCHEMICAL ADVANCED OXIDATION PROCESSES (EAOPS)

Various advanced oxidation processes (AOPs) for wastewater treatment have been widely
developed in the degradation of organic micropollutants in wastewater stream including Fenton

process,?’ photocatalysis,?® UV/H20..2° However, research regarding the pharmaceutical
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degradation in fresh human urine is quite limited. Few studies focus on the impacts of the unique
urine matrix on AOPs for the destruction of pharmaceuticals in human urine. A range of
physiochemical and biological treatment strategies have been explored to achieve the aim of
pharmaceutical elimination or separation from urine,3-*? including a variety of conventional and
advanced oxidation processes. These processes can degrade organic contaminants via oxidizing
species (‘OH, Os, HOCI, CI, Cl;™ and etc.) through chemical, photochemical, or
electrochemical means.?® Strategies that employ the use of chemical reagents (e.g., ozone,
Fenton’s reagent, peroxides, persulfate, or other oxidants or catalysts)®%333* are often unsuitable
for distributed or in-home use due to safety concerns regarding the handling of oxidants, removal
or disposal of wastes from the process, and high-cost.

In comparison, electrochemical treatments — including electrochemical advanced oxidation
processes (EAOPs) — have the potential to enable point-source treatment of urine that is safe and
easy to operate since they do not require the addition of oxidants or generate new waste streams,
and have received increasing attention as preferred options for source-separated urine
treatment.®>3® Furthermore, the scalability of EAOPs devices may enable treatment directly at
the point of urine generation (e.g., a small in-line device connected to a conventional urinal or in
the liquid waste stream of a urine-diverting toilet) as shown below, rather than after collection
and storage of urine, as has typically been investigated for oxidative treatment.®® This could in
turn present opportunities for exploiting differences in the chemistry of fresh versus stored,
hydrolyzed urine.

Furthermore, EAOPs are non-selective and can oxidize most organic compounds in
general.*® The efficacy of electrochemical treatment is determined by electrode materials,

electrolyte compositions, mass transport conditions, geometry of electrolytic cell and applied
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current densities (or potential) due to the kinds and yields of oxidants during electrolysis. The
hydroxyl radical ("OH) is one of the strongest electrochemically generated oxidants with a
standard potential of 2.86 V (vs. SHE), but to use its oxidative power effectively, it needs to be
weakly bound to the anode surface. Typically, electrodes with high over-potential required for
the evolution of oxygen gas, known as “inactive” electrodes, tend to have weak-interaction with
"OH.*42 Boron-doped diamond (BDD) is an example of this class of anodes and has very strong

oxidizing power due to the formation of weak surface-bound hydroxyl radicals (Equation 1.1).%3

Equation 1.1:
BDD + H20 — BDD("OH)ags + H + €~

In contrast, electrodes with low over-potential for O2(g) evolution, known as “active” electrodes,

have strong interactions with *“OH (forming a higher oxide on the surface; Equation 1.2).

Equation 1.2:
IrO2 + H:O — IrO241 + 2 H  + 2 &

In electrolyte only containing CI-, IrO+1 oxidizes CI~ to form chemisorbed chlorine (IrOs-Cl)
via direct electron transfer (Volmer-step),** and then undergoes Herovsky (Table 1.1, eq. 1)
and/or Tafel steps (Table 1.1, eq. 2) to generate Cl> followed by a fast hydrolysis to form HOCI
in solution. IrO is often referred to as an “active” electrode while BDD is referred to as an
“inactive” electrode. This jargon survives from research aimed at increasing the rate of chlorine
gas evolution for industrial chlorine production.

Table 1.1 Reaction Equations

Equation . Rate
Number Reactions Constar-lts/Standa'rd Reference
Reduction Potential
1 IrO3-C1+CI" - Cl, + e~ Rapid 4
2 2 Ir03-Cl — Ch Rapid 46
3 Cl, + CBZ — products k=6.7 x10* M5! 47
4 C1,O + CBZ — products k=2.7x10*M'ls! 47
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5 SO — S04+ ¢ E'=243V 48

6 HSO4 + "OH — S04 + H,0 k=4.7x10°M's’! 49

7 H>SO4 + "OH — SO4 + H30" k=1.4x10"M's! 49

8 S04~ + S04~ — S,08> k=1.6x10*M's! >0

9 Cl'+ S04 — CI” + S04~ k=2.5x10*M's! >

10 Cl"+ S04~ — CI' + SO4* k=2.6 x 10 M's’! 32

11 "OH + H,POs~ — HoPO4” + OH- k=2.0x10*M's’! 53,54
12 H>PO4" + CI" — CI' + HoPO4™ k=2.2x10M's"! 33,54
13 "OH + citrate ion — citrate radical + OH | k=2.4 x 108 Mls’! 33

14 Cly™ + citrate ion — citrate Radical +2 Cl~ k=10"M's! Assumed
15 HOCI + citrate — chloroform k=55x10°M's"! 36

16 Cl, + citrate — chloroform Fast Assumed

Many materials have been studied as effective electrodes for EAOPs, including BDD, DSA®,
PbO,, doped SnO,. Of the electrodes that exhibit weakly bound hydroxyls, PbO2 has not been
widely considered for wastewater treatment due to concerns of corrosion and contamination of
the wastewater with lead. Doped SnO; received a lot of attention due to its potential for low cost
and environmental friendliness. While the predominantly SnO- surface yields weakly bound *OH
surface species and strong oxidizing power, doped SnO> anodes have been repeatedly shown to
be not stable enough for extended usage, unless coated with an interlayer of 1rO2.5"% This led to
a large number of research groups shifting their focus towards BDD electrodes over the last
decade. However, the Achilles heel of BDD is prohibitively high cost preventing it being used in

real application.

1.3 THE COMPLEXITY OF HUMAN URINE MATRIXES

Human urine is a complex matrix that is very different from wastewater (post-secondary
treatment) and drinking water where EAOPs have been successfully applied.”® Fresh urine
(authentic and synthetic) has a high concentration of urea ~250 mM (pH 6).%° By contrast, stored

hydrolyzed authentic urine has a urea concentration of ~0 mM, ammonium concentration of 30-
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120 mM, bicarbonate/carbonate concentration of 25-30 mM (pH 9).%° This is due to the urease-
driven hydrolysis of urea to form ammonium, bicarbonate, and hydroxide (Equation 1.3).

Equation 1.3:

(NH,),CO + 3H,0 ——3 2NH} + HCO; + OH"

This reaction happens rapidly, so that urea is nearly completely hydrolyzed within 5 hours of
storage in a pipe.%! The concentration of ammonium decreases over time with elevation of pH
and volatilization of ammonia. The concentrations of carbonate species decrease due to
precipitation as CaCOj3 .

A number of studies have examined electrochemical treatment of synthetic and human-
generated urine for various purposes.36-3863-66 Most studies of EAOPs for urine treatment have
focused on their application to stored hydrolyzed urine. In contrast, this study focuses on the
underlying chemistry relevant to the application of EAOPs for treatment of fresh urine. Two
significant challenges facing this approach are (1) the relatively low concentrations of
pharmaceuticals in comparison to urea (and other oxidant scavenging constituents of the urine
matrix) and (2) the potential formation of oxidation byproducts (OBPs) that results from
oxidation of halides.

While the high electrical conductivity of fresh urine (due primarily to chloride salts) is an
advantage for EAOPs, the presence of high concentrations of urea (over two orders-of-
magnitude greater than pharmaceutical concentrations) could be anticipated as a major hurdle to
pharmaceutical oxidation; potentially forcing one to oxidize urea before achieving significant
oxidation of the pharmaceuticals. Organic compounds (e.g., urea, creatinine, and uric acid) in
fresh urine compete with pharmaceuticals for the electro-generated oxidants during electrolysis.
This has some benefits for the electrolysis of fresh urine where urea scavenges the reactive

chlorine species (but not "OH) and decreases the formation of chlorate and perchlorate.®’
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Additionally, SO4*, H,PO4~ and citrate ions have the potential to scavenge "OH and/or CI" and
generate new oxidants such as SO4™~, HoPO4" and citrate radicals. Despite some research focusing
on the applicability of EAOPs for pharmaceutical destruction in full synthetic fresh urine
matrixes (FUM),%>%" few studies have been conducted to understand the effect of electrode
materials and individual urine components on the kinetics and pathways of pharmaceutical

degradation.

1.4 ADVANTAGES OF DECENTRALIZED TREATMENT OF URINE

Point-source electrolysis of pharmaceuticals in source-separated urine has multiple
advantages compared with centralized treatment at a WWTF mixing with other wastewater
streams (Table 1.2). These advantages are: (1) small treatment volumes, (2) high pharmaceutical
concentration, (3) absence of non-urine derived background organics or other interfering
compositions, and (4) high electrical conductivity. Average human urine production is
approximately 1.3 L/(person-day), while average domestic wastewater discharge is two orders of
magnitude higher at 148 L/(person-day).%®® The dilution of urine with other waste streams not
only decreases the absolute concentration of pharmaceuticals, but also decreases their relative
concentration compared to the total concentration of organics in the solution (due to mixing with
feces, cooking oils, detergents, etc.). This domestic wastewater may be further diluted by other
waste streams containing other organics (such as industrial wastewater, urban runoff, etc.) before
reaching a WWTF. The daily per capita load of chemical oxygen demand (COD) to domestic
wastewater from all sources (e.g., including feces, urine, greywater, etc.) is more than 6x higher
than from urine alone. The ratio of the chemical oxygen demand of pharmaceuticals to the
chemical oxygen demand of total matrixes (CODpharm/CODuotal) is correspondingly 3.8% for

domestic wastewater compared to 24.2% for urine (Table 1.2). Furthermore, the typical
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conductivity of fresh urine is two orders-of-magnitude higher than domestic wastewater. The
combination of large treatment volumes and low conductivity for domestic wastewater streams
would correspond to massive ohmic losses in the solution, making EAOPs as a “polishing” or
tertiary wastewater treatment step more costly. By contrast, the estimated electricity cost is more
reasonable, and supposed to be much less than $57.60 per person per year (Table 1.2) due to the
selective oxidation of pharmaceuticals before significant oxidation of organic constituents of
urine. Nevertheless, the cost of electrochemical devices should be minimized by the development
of reactors and inexpensive anodes where our follow-up work will be focusing on.

Table 1.2 Comparison of relative advantages of degrading pharmaceuticals in urine before
dilution with other domestic wastewater.%*%

Daily Per

Capita Pharm
Wastewater  Conductivity COD  Matrix Pharm COD/ Required Electricity Electricity
oo (Pharm = Charge Cost Cost
Matrix [.Sogﬁg'omgn]a [mS/em]e [ll;]oag / [nCwO/E] [anO/E] COD Passed  [$/person/ [$/person/
P y g > Img 95 tMmatrix  [A-hrlP T day]? year]®
person/
COD)
day]

Pharmaceuticals - - 2080 - - - 200  $0.022  $7.95
Only ' ' '
Urine (including 13 160 15080 10000 1600 13.8% = 210 $0.16 $57.60

pharmaceuticals)
Domestic 148 18 106080 7027 1405 2.0% 1480 $1.11 $405
Wastewater

2 Dilution with other wastewater increases the treatment volume and reduces the matrix conductivity by
two orders of magnitude. Pharmaceuticals are at their highest absolute and relative concentration when
they are in urine, before they are diluted by other domestic wastewater sources. ® To estimate the
electricity cost of electrochemically oxidizing all organics in the matrix, chemical oxygen demand (COD)
was used. The assumptions for these calculations are an electricity cost of 0.15 $/kWhr, a pharmaceutical
concentration of 10 mM, a COD of 5 mols Oz/mol pharmaceutical, a total applied voltage of 5 V, a
Faradaic efficiency toward oxidant reaction with organics of 30%, and full mineralization of
pharmaceuticals to CO», H-0O, etc.

1.5 Toxic BYPRODUCTS FORMATION

The high CI” content of urine creates opportunity for electrogenerated reactive chlorine
species, but it also creates the possibility of forming organic and inorganic chlorinated oxidation

byproducts (OBPs) at the anode.”” The OBPs formed during EAOPs, including chlorate,
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perchlorate, haloacetic acids, etc. may themselves pose risks for human health and the
environment.*®® Thus, it is important to develop novel EAOPs or improved approaches to existing
EAOPs that enable high efficiency of pharmaceutical degradation while minimizing OBPs
formation.

Many reports highlight large amounts of OBPs generated from EAOPs of urine. The
halogenated OBPs are mostly chlorinated species; however, brominated and iodinated species
may be present at much lower concentrations but with higher toxicity.”® CIO4~ is the most
challenging to remediate due to its high stability. ClIOs  has a large activation barrier for
reduction to ClO3™ of 120 kJ/mole,”™ which makes its reduction very sluggish. The slow kinetics
of CIO4 reduction accentuate the need that EAOPs do not generate significant quantities of
ClO47, even if an OBP remediation step is applied after oxidation. Interestingly, the
concentrations of OBPs reported in different studies for roughly equivalent oxidation treatments
are vastly different. For example, some studies report large amounts (>10 mM) of ClO4 after 30
A-hr/L of treatment using a boron-doped diamond (BDD) electrode,®7%72 while a similar report
measured ClO4~ below the detection limit for the same normalized charge passed.*® One critical
aspect of these studies that may explain the inconsistencies is variation in the compositions of the
urine matrixes, in particular with respect to variations in concentrations of urea versus NH4*/NHs
and carbonate species in fresh versus hydrolyzed urine.

Although ClO4 is the most challenging to remediate among all OBPs due to its large
activation barrier of reduction to CIOs","* the generation of organic chlorinated by-products
(CBPs) is strictly regulated by US EPA and have been measured during treatment of domestic
wastewater,”>"# latrine wastewater,”®"® urine,®® and surface water.”® Jasper, et al. has reported the

generation of 25 mM CIO3~, 60uM dichloroacetic acids (DCAA), 30 uM chloroform (CHCls3)
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and monochloroacetic acids (MCAA), and 20 uM trichloroacetic acid (TCAA) after 30 Ah/L
charge passed in the authentic stored latrine wastewater using 1rO2 electrode.”® Additionally,
Wang and his coworkers have studied the formation and transformation of organic and inorganic
CBPs during electrolysis of synthetic fresh urine using Ru-IrO2 and BDD electrodes.’” Thus, it is
important to develop novel EAOPs or improved approaches to existing EAOPs that enable high
efficiency of pharmaceutical degradation while minimizing the formation of organic and

inorganic CBPs.

1.6 OUTLINES

This dissertation contributes to development of electrochemical advanced oxidation
processes for the pharmaceutical degradation in human urine through three different
thrusts: (1) thorough investigation of the advantages and disadvantages of employing
electrolysis in fresh urine as compared to that in hydrolyzed urine, (2) fundamental study
of the significance of individual oxidants for the oxidation of pharmaceuticals as well as the
scavenging effect of urine constituents during electrolysis in fresh human urine, and (3)
development of an alternating scheme of oxidation and reduction for selective oxidation of
pharmaceuticals and minimum generation of chlorinated byproducts. The chapters of this
dissertation are organized as follows:

Chapter 2 summarizes the materials and solutions in this dissertation as well as the
electrochemistry methods, analytical techniques and fundamental simulation based on theoretical
calculations. This chapter can be read as a reference for experimental details and supplementary
information for the discussion of experimental results, including the theory and modeling of
mass transfer conditions, and determination of the stagnant layer thickness and local pH at anode

or cathode.
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Chapter 3 presents work examining the pseudo-first order rates constants of pharmaceutical
oxidation and the generation of oxychlorides in various synthetic fresh urine matrixes and
synthetic hydrolyzed urine matrixes. This work was published in Water Research.®’ In this work,
we show that the unusually slow rates of *OH with urea provides a selectivity of *OH towards
pharmaceutical degradation. Additionally, we demonstrate that urea (or NHs"/NH3 from
hydrolyzed urea) at the concentrations present in fresh human urine can suppress the pathways of
CI~ oxidation to ClOz™ and CIO4 during EAOPs. This work provides an important contribution to
the scientific community focusing on the electrolysis of fresh urine to mitigate the release of
pharmaceuticals and other contaminants into the environment.

Chapter 4 studies the dominant degradation pathways and the scavenging effects of
individual urine constituents during the electrochemical oxidation of pharmaceuticals in
synthetic fresh human urine. This work was also published in Water Research.’”® This work
progresses the understanding of the underlying chemistry and Kinetics of the pharmaceutical
oxidation via various electro-generated oxidants during electrolysis in synthetic fresh urine
matrixes. In addition, we investigate various methods to accelerate the oxidation of
pharmaceuticals in synthetic fresh human urine matrixes. We show that increasing the mass
transfer rates or increasing the applied potential could enhance the oxidation rates of
pharmaceuticals in synthetic fresh human urine matrixes.

Chapter 5 develops an alternating scheme of oxidation and reduction using interdigitated
working electrodes (IWEs) for the selective oxidation of pharmaceutical and minimum
generation of chlorinated byproducts during the electrolysis of various urine matrixes. In this
work, we demonstrate that the oxidation rates of pharmaceuticals are enhanced but the

generation of chlorinated byproducts is suppressed when the alternating scheme of oxidation and



35
reduction is employed. This work provides proof of principle for the future work aimed at
engineering a flow cell using interdigitated electrodes as working electrodes at high mass

transfer rates for rapid pharmaceutical remediation in human urine at the source of generation.

Chapter 2. MATERIALS AND METHODS

2.1 CHEMICALS AND SOLUTIONS

Ultrapure water (>18.2 MQ/cm resistance) was used for preparation of all standards and test
solutions. Reagent grade (99% purity or higher) (NH2).CO, NaCl, NaHCO3, NH4OH, NH4CI,
HCI, NaClOs, NaClO4, HgCl2, Na2S203, Na.SO4, NaNOs, NaNOz, glycine, creatinine, uric acid,
and urea obtained from Sigma-Aldrich were used for all standards and test solutions.

DPD free and total chlorine test kits were obtained from Sigma-Aldrich. NaOCI (Sigma-
Aldrich; 13.5% available chlorine) stock solution was calibrated every month by iodometry.
Catalase (Sigma-Aldrich) was vortexed and centrifuged to remove the supernatant, then
reconstituted in phosphate buffer and centrifuged again, with the process repeated 5 times to
remove thymol. Analytical reference standards of cyclophosphamide (CP), sulfamethoxazole
(SMX), carbamazepine (CBZ) and ibuprofen (IBP) from Sigma-Aldrich were used. Simplified
synthetic fresh urine matrixes consisted of an aqueous solution of 250 mM urea, 100 mM NaCl.
Synthetic full fresh urine matrix solutions consisted of 250 mM urea, 100 mM NaCl, 16 mM
Na2SO4, 24 mM NaH2POs, 13 mM creatinine, 3 mM uric acid (Table 2.1). All prepared synthetic
fresh urine matrixes were at pH 6. Synthetic hydrolyzed urine matrixes consisted of an aqueous
solution of 250 mM NaHCOs3, 100 mM NH4ClI, and 400 mM NH4OH (i.e., [NH4 Jtota = 500 mM)
at pH 9.35. Synthetic hydrolyzed aged urine matrixes were adapted from Udert et al.% and

Hoffmann et al.,’® and consisted of 250 mM NaHCO3, 100 mM NaCl, and either 140 mM or 33
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mM NH4OH at pH 9.02 and 8.88, respectively. Authentic fresh urine was collected at 10 A.M.
and blended from 6 people, 3 males and 3 females, with different ethnic backgrounds and diets.
The blended urine was pH 6.3. Electrolysis of authentic fresh urine was started immediately after
the addition of 0.39 mM SMX to 40 mL of the blended urine.

Table 2.1 Proposed Composition of Full Synthetic Urine Matrixes

Molecular weight Concentration

Components (g/mol) (MM)
Urea 60.06 250
NaCl 58.44 100

Na2SO4 142.04 15
NaH2PO4 119.98 20
NasCitrate 258.06 3
Creatinine 131.13 13
Uric Acid 168.11 3
pH 6

2.2 ELECTROCHEMICAL CELL AND ELECTRODES

As shown in Figure 2.1 and Figure 2.2, the cell was designed to accommodate a large planar
working electrode with dimensions 40 mm x 80 mm, which is held in place between the bottom
of the cell and a base plate. A seal is formed with a Kalrez gasket exposing a planar surface area
of the working electrode of 8.56 cm?. Planar anodes (BDD or IrO;) were used for oxidation
experiments. SAE 304 stainless steel tubes were used as the counter electrodes in all oxidation
experiments. An Ag/AgCl (3 M NacCl) reference electrode (BASi, West Lafayette, IN, USA) was
used in all experiments. In the “undivided cell” setup, the counter electrode was immersed in the
same solution as the working electrode. In the “divided cell” setup, the counter electrode was
placed inside a glass tube with a 12 mm O.D. porous frit at the bottom (4-8 um pores, ACE

Glass #7209 porosity E). For oxidation experiments, three counter electrodes in fritted glass
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tubes were used in parallel to minimize resistance and potential drop due to ionic transport

through the frits.

Sample
/ Port

Sample
/ Port

Vapor Space:
Air enriched in
O

Vapor Space:
Air enriched in
0; and H,

Cathode

Cathode

Base Plate Base Plate

Stir Plate
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Figure 2.1 Schematic overviews of electrochemical cell configurations used in this work. (a)

The undivided setup for oxidation experiments. (b) The divided cell setup for oxidation

experiments.
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Figure 2.2 (a) Photograph of the electrochemical cell depicted in Figure 2.1 (b,c,d)

Schematics for the dimensions of the electrochemical cell

Planar boron-doped diamond (BDD) electrodes were purchased from Condias GmbH. Planar
Ti/lrO, electrodes were prepared by thermal decomposition of a 250 mM H2lIrCls precursor
solution similar to a method described previously.®® Ti sheet metal was first sandblasted and
cleaned with 1 M oxalic acid for 1 hour at 95 °C. The precursor solution was spray-coated onto
the Ti substrates on a hotplate held at 500 °C, and then the substrates were annealed at 500 °C

for 1 hr after precursor deposition.
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Ti/IrO> interdigitated working electrodes (IWEs) were designed and used as the working
electrodes (see schematic drawing and pictures in Chapter 5). Planar Ti/IrO> IWEs were prepared
by thermal decomposition of a 250 mM H»IrCle precursor solution similar to a method described
above. Ti shim (0.127 mm thick) metal was first cut into the shape of the strips of IWEs, and
then was sandblasted and cleaned with 1 M oxalic acid for 1 hour at 95 °C. The precursor
solution was spray-coated onto the Ti substrates on a hotplate held at 500 °C, and then the
substrates were annealed at 500 °C for 1 hr after precursor deposition. After cooling down the

room temperature, the Ti/IrO2 IWEs were epoxy-glued on a clean soda-lime glass substrate.

2.3 EXPERIMENTAL METHODS

2.3.1  Cyclic Voltammetry of Anode Reactions

Each electrode (BDD and IrO2) was sonicated in deionized water then pretreated in 40 mL
100 mM NazSO4 for 5 minutes at 3.5 V or 2 V respectively. The electrochemical cell was then
thoroughly rinsed with deionized water. The matrix of interest was then added to the cell and a
single scan was initiated from 0 V to 3.5 V or 2.5 V respectively, and back to 0 V at a scan rate
of 50 mV/s in the undivided cell setup. Nitrogen gas bubbled through the solution for two
minutes prior to and blanketed during the cyclic voltammetry.

For the limiting current measurement in Chapter 2.3.5, the solution properties, D of
[Fe(CN)s]*, and v of electrolyte, were assumed from literature values (D = 0.76 x 10° m?/s and v
= 0.88 x 10°° m?/s) resulting in Sc ~ 1200.7° The effective area of the working electrode was 8.56
cm? and the electrolyte volume was 40 mL for all experiments. K.COs was used as supporting
electrolyte due to its long term stability during limiting current measurements,®° large inert

potential window,® and basicity for stabilizing solutions containing [Fe(CN)s]*~.82 K,CO3 was
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used at 100x the concentration of K3[Fe(CN)s] and Ka[Fe(CN)e] to eliminate the effect of ionic
migration in mass transfer of [Fe(CN)s]*>~ and [Fe(CN)s]*. The reduction of [Fe(CN)e]*>~ was
studied for the limiting current because the [Fe(CN)s]*/[Fe(CN)s]* has well-known, facile,
electrochemically reversible behavior.”*® An equimolar concentration of [Fe(CN)s]*>~ and
[Fe(CN)s]* was used to ensure the bulk concentration of [Fe(CN)s]*~ did not change appreciably
during a limiting current measurement. A UV-Vis spectrometer (PerkinElmer LAMBDA 1050)
was used to determine the exact bulk concentration of [Fe(CN)s]*~ from its characteristic
absorbance at 420 nm. The other electrolyte components (K*, COs%, [Fe(CN)e]*) did not
interfere with this absorbance measurement.

Prior to each set of experiments, the electrodes and electrochemical cell were sonicated in DI
water for 10 min. All electrolytes were held at 20 °C (near ambient lab temperature) and purged
with nitrogen gas to remove dissolved oxygen that may interfere with electrochemical
measurements. Cyclic voltammetry (CV) was used to pretreat the working electrode (between
1.1 and -1.4 V vs. Ag/AgCl) in background electrolyte (500 mM K>COs) at 100 mV/s. The
electrochemical system (500 mM K>COs, 5 mM Ks[Fe(CN)s], 5 mM Ka[Fe(CN)s]) was
characterized with CV (between -0.75 and 0.75 V vs. Ag/AgCl) at a scan rate of 100 mV/s.

Steady state linear sweep voltammetry (LSV) was used to obtain the limiting current given a
stir rate and stir bar.8* All LSVs were conducted in 500 mM K,COs, 5 mM Ks[Fe(CN)s], 5 mM
Kas[Fe(CN)s]. After a steady flow pattern was attained at a given stir rate, an LSV was swept
from open-circuit potential (~ 0.24 V vs. Ag/AgCI) to -0.5 V vs. Ag/AgCI at a scan rate of 5
mV/s. The plateau in current with increasing overpotential represents the mass-transfer limited
reduction of [Fe(CN)s]*" at the working electrode surface. All limiting current experiments were

repeated to test for reproducibility.
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23.2 Galvanostatic Oxidation of Pharmaceuticals in Urine

Electrochemical oxidations of pharmaceutical compounds were performed galvanostatically
at a current density of 10 mA/cm? for 90 or120 min (reaching 4.2 A-h/L) while the solution was
stirred at 600 rpm (Re = 2977) or 1000 rpm (Re = 11050) for experiments in Chapter 3 and
Chapter 4.

In Chapter 3, the experiments were conducted in a supporting electrolyte with the major
constituents of simplified synthetic fresh urine (— 100 mM NaCl and 250 mM urea, pH 6.15) or
full synthetic fresh urine matrixes (Table 2.1) or synthetic hydrolyzed, aged urine matrixes (i.e.,
[NH4*/NH3] = 33 or 140 or 500 mM, [HCO3/CO3*] = 250 mM and pH 9) and SMX or CP at a
concentration of 0.39 mM or 1.92 mM, respectively. Based upon the suggested dosage from U.S.
FDA 88 and percentage of excretion via urine,®”# SMX and CP will theoretically remain in
human urine at concentrations of 0.975 mM and 1.92 mM, respectively. While the solubility of
SMX is 610 mg/L (2.41 mM) at 37 °C,% dissolving this concentration of SMX at room
temperature was difficult. Therefore, 100 mg/L SMX (0.39 mM) was used for electrolysis at
room temperature.

In Chapter 4, electrolysis experiments were conducted in electrolyte containing a mixture of
20 mg/L each of CP (0.076 mM), CBZ (0.085 mM), SMX (0.079 mM), and IBP (0.097 mM) and
100 mM NaCl/NaClOs or the constituents of synthetic fresh urine at desired
concentrations.’*®*? Based upon the suggested dosage from U.S. FDA and percentage of
excretion via urine,}’#°192 CBZ and IBP will theoretically remain in human urine at
concentrations of 1.92 mM, 1.22 mM, 0.975 mM, and 3.95 mM, respectively. Since the
solubility of IBP in water at 20 °C is 21 mg/L,” 20 mg/L of each pharmaceutical was selected to

avoid the competition from the differences in pharmaceutical concentrations. 100 mM NaClO4
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was used as the supporting electrolyte to evaluate the importance of adsorbed and dissolved "OH.
Allyl alcohol (AA; 500mM), or tert-butanol (t-BuOH; 500 mM) were used as selective
quenchers to differentiate the importance of adsorbed radicals (Cl'ags and *OHags) and dissolved
radicals (CI', Cly" and "OH) for pharmaceutical degradation, respectively.’*

For all experiments above, aliquots were periodically collected, quenched with excess
thiosulfate, and analyzed for target compounds and oxidation byproducts. The pseudo-first-order
rate constants of pharmaceutical degradation were determined by fitting the pseudo-first-order

kinetic models to the measured pharmaceutical concentrations during electrolysis.

2.3.3 Galvanostatic Oxidation of Urine without Pharmaceuticals

In Chapter 3, electrochemical oxidations were performed galvanostatically for the
investigation of oxychloride generation during electrolysis of various urine matrixes. The
electrolysis was conducted at a current density of 93 mA/cm? on BDD electrode for 90 min
(reaching 30 Ah/L), stirred at 600 rpm. These experiments were conducted in the supporting
electrolytes that simulated different urine matrixes (simplified vs full urine matrixes, fresh vs.
hydrolyzed, ammonia loss vs. no ammonia loss). A control experiment was conducted in NaCl

solution to yield maximal oxychloride generation as a reference.

2.3.4  Potentiostatic Oxidation of Urine by Alternating Scheme of Oxidation and Reduction

In Chapter 5, Electrolysis experiments were conducted in electrolyte similar to Chapter 3 and
Chapter 4. Electrolytes (40 mL) were magnetically stirred at a rate of 600 rpm (Re = 2977) or
1000 rpm (Re = 11050) for all experiments. Ti/lIrO; tubes were sued as the counter electrodes in
all electrolysis experiments if not specified. All electrolysis experiments were conducted

potentiostatically at 2.5 V (vs. Ag/AgCI) on one of the strips of the IrO, IWESs, and open circuit,
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0, -1, -2, -3 V (vs. Ag/AgCl) on another strip of the IDEs for 120 min. The bi-potentiostatic
experiments were performed with a Pine Instrument Company Model AFRDES5 Bi-Potentiostat.
The currents were read and recorded by a NI myRIO-1900 analog-to-digital converter and a
LabView program for all experiments. For the AC electrolysis, the potential was only applied to
one specific strip of the IrO2 IWEs. The AC electrolysis was achieved by employing a potential
square-wave of 2.5 V and -2 V with an alternating frequency of 1 Hz or 100 Hz using Princeton

Applied Research Potentiostat/Galvanostat Model 263A.

2.3.5  Mass-transfer Limiting Pseudo-first-order Rate Constants

The mass-transfer limiting pseudo-first-order rate constants (km) were calculated using the
limiting current approach.®® Linear sweep voltammetry (LSV) in magnetic stirring mode was
performed in a 500 mM K>COs background electrolyte with concentrations of 5 mM
Ks[Fe(CN)s] and 5 mM Ka[Fe(CN)s]. The LSV scans swept from 0.4 V to -0.5 V (vs. Ag/AgCl)
at 10 mV/s and the limiting current for the reduction of [Fe(CN)s]*~ was measured. Therefore, the
mass transfer coefficient of species [Fe(CN)s]*~ (Kc ferrocyanice) Were determined by the equation
Kc ferrocyanide = lim/(NFACy), where n is the number of electrons transferred, F is Faraday’s
constant, and Cy is the bulk concentration of the [Fe(CN)s]*. [Fe(CN)e]*/[Fe(CN)s]*~ was
chosen due to its facile one electron transfer reaction at the electrode surface.

The limiting currents at a stir rate of 600 rpm (Re = 2977) and at a stir rate of 12000 rpm (Re =
11050) are -1.12 mA/cm? and -3.08 mA/cm? for a bulk concentration of ~5.8 mM [Fe(CN)s]*
(Figure 2.3). Therefore, the Kc ferrocyanide Were determined to be 0.117 cm/min £ 2.14% and 0.300
cm/min = 5.90% at stir rates of 600 rpm and 1000 rpm, respectively. However, the k¢ should be
corrected for different solution viscosity (v), and diffusion coefficients of species (D).

Additionally, the kc can be predicted from Sherwood number (Sh = k¢ L/D) which is expressed as
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a function of Reynolds number (Re) and Schmidt number (Sc). The Levich equation for a
rotating disk electrode (RDE) predicts Sh to be proportional to the product ReY?Sc'® with a
proportionality constant.”® The rotational system in this magnetically stirred geometry is similar
to RDE. Therefore, we can derive the Ke, pharmaceutical from Ke, ferrocyanice DY the same Sh due to the
identical convective conditions (i.e., stir rate) and cell geometry (i.e., characteristic length and

proportionality constant):

Equation 2.1:
1/6 1/6
kc,pharmaceuticalvwater _ kc,ferrocyanidevwater
2/3 - 2/3
pharmaceutical ferrocyanide

The Drerrocyanice is determined to be 5.6 x 10® cm?/s from the Randles-Sevcik equation.”
Therefore, the K pharmaceutical are 0.130 cm/min and 0.335 cm/min at stir rates of 600 rpm and 1000
rpm, respectively (assuming Dpharmaceutical = 6.6 X 10 cm?/s). These rates were converted to the
pseudo-first-order pharmaceutical degradation rates by km = K, pharmaceuticaix(S.A.)/V, where S.A.
is the surface area of electrode, V is the volume of electrolyte, and S.A./V = 0.214 in this work.
Therefore, the km are 0.028 min + 2.14% and 0.072 min™ + 5.90% for stir rates of 600 rpm and
1000 rpm, respectively.
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Figure 2.3 Linear sweep voltammetry (LSV) of equimolar [Fe(CN)e]>/ [Fe(CN)s]* in
K2COs supporting electrolyte on boron-doped diamond (BDD) electrode at a stir rate of 600
rpm (Re = 2977) and a stir rate of 1000 rpm (Re = 11050). The grouped lines represent the

triplicate experiments to determine the uncertainty of measurements.
2.4  ANALYTICAL METHODS

2.4.1  lon Chromatography

Inorganic ions were measured by ion chromatography (IC), where 0.2 mL sample aliquots
were mixed with 0.2 mL of 20 mM NaxS,03 (to quench oxidants and prevent column damage)
and 0.6 mL of ultrapure water (HPLC grade) prior to analyses. In Chapter 3 and Chapter 4, IC
chromatograms were obtained using a Dionex ICS-3000 with an AS19 column and a
conductivity detector. The mobile phase consisted of 10 mM KOH ramped up to 58 mM KOH
over 30 min, then held constant for 10 min, and returned over 0.5 min to initial conditions to
establish separation between anions (CI-, NO2~, CIO3~, NOs~, SO4?", S,03%, and ClOy").

For the experiments in Chapter 5, IC chromatograms of Cl1O3™ were obtained using a Dionex
ICS-1000 with an AS9 column (I.D. 4 mm), a suppressor, and a conductivity detector. The
mobile phase consisted of 9 mM Na,COs (isocratic elution) and held constant at a flow rate of 1
mL/min for 17.5 min. The ClO4 was measured using an AS16 column with 50 mM KOH
isocratic elution at a flow rate of 1 mL/min for 20 min. ClO4~ was not measured in any

experimental setup in Chapter 5.

2.4.2  High Performance Liquid Chromatography

For HPLC-UV-MS analyses of organic analytes, 0.02 mL and 0.2 mL aliquots were taken for
CP and SMX oxidation experiments, respectively. These aliquots were mixed with 0.2 mL of 20

mM NaxS;03 and diluted with ultrapure water (HPLC grade) to a final volume of 1 mL. The
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concentrations of target compounds were quantified by an HP Agilent 1100 high-performance
liquid chromatography system coupled with a DAD UV detector and Bruker Esquire LC ion trap
mass spectrometer. Test compounds were separated by an Agilent Zorbax SB-C18 column (2.1
x 100 mm; 3.5 um), with elution at 0.2 mL min™ using acetonitrile with 1% acetic acid (Eluent
A) and water with 1% acetic acid and 5% acetonitrile (Eluent B). The following gradient was
used: 0 min, 10% Eluent A; 9 min, 100% Eluent A; 14 min, 100% Eluent A; 16 min, 10% Eluent
A. Column temperature was held at 30 °C. SMX was detected by UV absorbance (280 nm) and
CP was detected by positive electrospray ionization (ESI+) mass spectrometry in standard
resolution mode with a capillary voltage of 3.5 kV and a source offset of -500 V. Desolvation

temperature was 350 °C. Desolvation gas was 600 L/h. Scan time was 0.2 s in continuum mode.

2.4.3  Gas Chromatography (GC)

The concentration of monochloroacetic acid (MCAA), dichloroacetic acid (DCAA),
trichloroacetic acid (TCAA) and chloroform (CHCl3z; TCM) were measured by an Agilent 5973
GC-MS using a HP-5ms column, and the sample preparation and GC methods were adapted
from literature.”®%°" For HAAs (i.e., MCAA, DCAA and TCAA) analysis, samples (1 mL) were
amended with 0.5 g Na>.SO4 and extracted 0.5 mL supernatant using methyl tert-butyl ether
(MTBE; 1 mL). HAAs were converted to their corresponding methyl esters by addition of 10%
(v/v) H2SOy4 in methanol (0.5 mL) at 50 °C for 2 hr. After conversion, samples were cleaned with
10% (w/w) Na>SOg4 in water (3 mL), and the organic phase was collected for GC-MS analysis.
The method of GC-MS was followed exactly the same as Xie’s technical note.®® For TCM
analysis, 1 mL sample aliquots were collected periodically and TCM was extracted using 0.25
mL pentane. The organic phase was collected using a glass transfer pipet for GC analysis. All

GC samples were stored in a freezer (-10 °C) until the chromatographic analysis. The GC method
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for TCM analysis was adapted from Hoffmann et. al.”” with small modifications: the oven was
set at 30 °C and held for 2 min, then ramped to 50 °C for 2 min at a rate of 5 °C/min, and then

ramped to 185 °C for 5 min at a rate of 25 °C/min.

2.4.4  Determination of free chlorine (FC — primarily the sum of HOCI + OCI-, and to a
lesser extent Cl> and/or Cl,0), total chlorine (TC — the sum of FC + inorganic and

organic chloramines), and ClO2 during electrolysis

For all chlorine species measurements, triplicate samples were periodically collected when
electrolysis was employed in the undivided cell configuration on the BDD anode with 100
mA/cm? energy input under a stir rate of 500 rpm. FC, TC, and CIO. concentrations were
determined via UV/Visible spectrophotometer based on absorbances at 535 nm (DPD method) or
410 nm (ABTS method), as described below.

FC was measured colorimetrically using N,N-diethyl-p-phenylenediamine (DPD) free
chlorine test kits (Sigma-Aldrich) in accord with standard methods,®® or (2,2-azino-bis(3-
ethylbenzothiazoline)-6-sulfonic  acid-diammonium salt (ABTS) (Sigma-Aldrich) as an
alternative method for verification.®®

For the DPD method, sample aliquots (0.2 mL) were amended with 0.1 mL HgCl> (11 mM;
to sequester trace iodide), diluted in phosphate buffer (100 mM; pH 6) to a total volume of 10
mL, dosed with 1 spoon of Cl>-1 powder (DPD method), vigorously shaken, and their UV-Vis
absorbances then determined, in order to enable direct measurements of FC.

For the ABTS method, sample aliquots (0.1 mL) were first added to 1 mL phosphate buffer
(100 mM; pH 8) to raise pH, and then pretreated with 0.05 mL NaNO (0.1 M) for 5 min to
quench HOCI and ClO.. Then 1 mL ABTS (19 mM), 4 drops of Cl>-2 reagent (KI), and

phosphate buffer (100 mM; pH 6) were added to a total volume of 10 mL, samples were
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vigorously shaken, and their UV-Vis absorbances were determined, yielding measurements of
chloramine concentrations. FC concentrations were determined by subtracting the measured
chloramine concentrations from measured TC concentrations for the same samples (see below).

TC was measured colorimetrically using DPD/KI reagent kits (Sigma-Aldrich) in accord
with standard methods,'® or ABTS as an alternative method for verification.®® Sample aliquots
(0.1 mL) were dosed with 4 drops of Cl>-2 reagent (K1), diluted in phosphate buffer (100 mM;
pH 6) to a total volume of 10 mL, then dosed with 1 spoon of Cl>-1 powder or 1 mL ABTS (19
mM), and vigorously shaken prior to determination of their UV-Vis absorbance, in order to
enable direct measurements of TC.

Additional measurements were undertaken to confirm the absence of H202, and in turn
exclude the possibility of false-positive responses in TC measurements due to the presence of
H20,. Samples were collected and diluted with phosphate buffer (100 mM; pH 6) to a total
volume of 10 mL, treated with 10 pL catalase (Sigma-Aldrich; thymol-free; > 20 mg/mL) for 15
min to completely decompose H2O>, and then prepared for subsequent TC measurements by the
DPD method (see above).

ClO, was measured colorimetrically using ABTS.% Sample aliquots (1 mL) were amended
with 0.1 mL HgCl, (11 mM), diluted in phosphate buffer (100 mM; pH 6) to a total volume of 10
mL, then dosed with 0.4 mL ABTS (19 mM) and vigorously shaken prior to determination of

their UV-Vis absorbances, in order to enable direct measurements of ClO..
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2.5 THEORETICAL SIMULATION AND CALCULATION

25.1  Mass-transfer rates and kinetic rates under steady state assumption

Assume the oxidation of pharmaceutical occurs at the anode surface and the heat of reaction
is negligible, then we have an essentially isothermal situation. The reaction is a first order
irreversible reaction. The rate of reaction is given by:

Rpharm. = _k,Cpharm.
where Rpnharm. is the rate of pharmaceutical degradation on the anode surface, k’ is the first order
kinetic rate constant, Cpnarm. is the concentration of pharmaceutical.

As shown in Figure 2.4 (Gradient A & B), since the diffusion takes place in the stagnant

layer, the steady stat diffusion equation reduces to

dz Cpharm. _
dx?

with boundary conditions: (1) X = 0, Cpharm = Cs; (2) x = 3, Cpham = Cb, Where Cs is the
concentration of pharmaceutical at anode surface, Cy is the bulk concentration of pharmaceutical,
and ¢ is the thickness of the stagnant layer. Therefore, by substitute the boundary conditions to
the second differential equation:

Cb - Cs
Cpharm. = 5 x + C

Therefore, the flux of pharmaceutical arriving to the surface at x = 0, -Jpharm.Jx=0 (Mol/m?s) is

dCpnarm. D
_]pharm.|x=0 = - (_D %) = g (Cp — Cs)

where D is the diffusivity of pharmaceutical. The mass-transfer limiting rates is

D
km,lim = E

and substitute the km in the flux:
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_]pharm.|x=0 = km(Cb - Cs)
At steady state the flux of pharmaceutical to the anode surface must equal the reaction rate of
pharmaceutical at the surface. Therefore,
_Rpharm. = _]pharm.|x=0
k,(Cp, — C) == k'C,
Cp

kl
fem

Cs =

1+

These equations yield the actual rate of reaction:

, Cp
_Rpharm. =k'Cs 1

lim

1
TR
When the reaction is purely mass transfer limiting, k> >> km, the mass-transfer limiting rate is

given by —Rpharm. = Km Cp. When the reaction is purely kinetically limited, k’ << km, the

kinetically limited reaction rate is given by —Rpharm. = k’Ch.
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Figure 2.4 Possible concentration gradients of pharmaceuticals in the stagnant layer
(assuming constant bulk concentration). Gradient A: oxidation that is kinetically limited by the
heterogeneous reactions at the anode surface (i.e., via direct anodic oxidation and surface bound

oxidants). Gradient B: the oxidation is mass-transfer-limited and the concentration is zero at the
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anode surface but increases in solution. Gradient C: the oxidation is mass-transfer-limited, but in
addition to heterogeneous reactions, oxidants generated at the anode desorb, diffuse outward, and
react homogeneously with the pharmaceutical to drive the concentration to zero some distance
away from the surface. Gradient D: the oxidation is mass-transfer-limited with a larger

homogeneous reaction enhancement than gradient C.

Since the quantification of pharmaceuticals is the concentration of bulk solution, the
observed pseudo first order rate constant without any homogeneous reaction enhancement

(Figure 2.4, gradient A & B) can be rewritten to

Furthermore, the kinetic rate constants can be determined for all pharmaceutical degradation
rates below the mass-transfer limiting rates under our experimental condition. Thus, the limiting

reaction mechanisms can be appropriately discussed based on the magnitude of k’ and k.

2.5.2  The Stagnant Layer Thickness and Local pH at Electrode Surface

In the steady-state diffusion layer model, the thickness of the stagnant layer during
electrolysis can be calculated by ke = D/3, where k¢ is the mass transfer coefficient, D is the
diffusion coefficient, and & is the thickness of the stagnant boundary layer. As noted above, the
diffusion coefficient of [Fe(CN)s]*~ is 5.6 x 10 cm?/s. Therefore, the thickness of stagnant layer
thickness is 28.7 um and 11.2 um at stir rates of 600 rpm and 1000 rpm, respectively.

Furthermore, the local pH at the anode surface is determined. The oxidation of water at the
anode results in the formation of H" due to the formation of "OH and O,. Assuming 100%
Faradaic efficiency and under a current density of 10 mA/cm?, the flus of H* is 1.06 x 107

mol/(cm?s). Therefore, the concertation of H* at the electrode surface (Csn+) was calculated by
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Fick’s first law: Ju+ = K+ (Con+ - Cs+), Where Jus is the flux of H*, and kcn+ is the mass
transfer coefficient of H*. The k¢ n+ was derived from Ke ferrocyanide USing equation 1. Therefore, the
Ken+ are 0.0353 cm/min and 0.0906 cm/min for stir rates of 600 rpm and 1000 rpm, respectively.
Furthermore, the diffusion coefficient of H* in water is 9.311 x 10° cm?/s,* and the pH of the
bulk solution is 6 ([H] = 1 x 10 M). Thus, the pH at the anode surface are 0.74 and 1.15 for stir
rates of 600 rpm and 1000 rpm, respectively. The pH gradient with respect to the distance from
anode surface is shown in Figure 2.5.

Additionally, the local pH at the cathode surface is determined for Chapter 5. The oxidation
of water at the cathode results in the formation of OH™ due to the formation of H,. Assuming
100% Faradaic efficiency and under a current density of 10 mA/cm?, the flus of OH ™ is 1.06 x
107 mol/(cm?s). Therefore, the concertation of OH™ at the electrode surface (Cson-) was
calculated by Fick’s first law: Jou- = K¢, on- (Cs, on- - Cb, on-), Where Jou- is the flux of OH™, and
Ke, on- 1S the mass transfer coefficient of OH™. Therefore, the k¢, on- are 0.0353 cm/min and
0.0906 cm/min for stir rates of 600 rpm and 1000 rpm, respectively. Furthermore, the diffusion
coefficient of OH™ in water is 5.27 x 10° cm?/s,'% and the pH of the bulk solution is 6 (i.e.,
[OH] =1 x 10® M). Thus, the pH at the anode surface is 13.25 and 12.85 for stir rates of 600

rpm and 1000 rpm, respectively.
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Figure 2.5 (a) pH gradient as a function of the distance from anode surface by Fick’s first
law. (b) FC speciation at various pH. The simulated speciation was calculated based on acid
dissociation constant of HOCI (Ka, Hoct = 107° mol/L), equilibrium constants of Cl, and Cl,O
with HOCI (K, ciz = 4.35 x 10 (mol/L)?; K, cizo = 8.74 x 107 (mol/L)™), concentration of CI-
([CI7] = 100 mM), and pH.

Chapter 3. SELECTIVE OXIDATION OF PHARMACEUTICALS
AND SUPPRESSIONS OF PERCHLORATE FORMATION
DURING ELECTORLYSIS OF FRESH HUMAN URINE

In this chapter, we show that the unusually low second-order rate constant of urea oxidation
by the hydroxyl radical ("OH) (k = 7.9x10° M1s)1% versus its extremely high rate constants for
typical organic contaminants (e.g., k = 2x10° Ms for cyclophosphamide (CP)*% and 6.2x10°
Mst for sulfamethoxazole (SMX)*) actually provides a significant selectivity advantage for
‘OH attack on pharmaceuticals in comparison to the case in stored hydrolyzed urine.
Furthermore, we show the advantages of conducting electrolysis of pharmaceuticals in fresh
urine (at point of generation) as opposed to hydrolyzed (without loss of NH3) or hydrolyzed aged
urine (with loss of NH3). We demonstrate that urea (and/or a high NH4*/NHs concentration)

effectively inhibits the oxidation pathway toward CIOs™ and ClO47, likely due to scavenging of
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CI" and/or Cl2>™ or rapid sequestration of HOCI. Meanwhile, the urea in fresh urine inhibits the
oxidation of pharmaceuticals significantly less than the NHs"/NHs; and HCO3;/COs3* in
hydrolyzed urine due to urea’s lower reactivity toward "‘OH, which we demonstrate using the
model pharmaceutical compounds CP and SMX (a common antineoplastic agent and an

antibacterial compound, respectively%

— selected on the basis of their very different reactivities
with respect to HOCI/OCI™ (vide infra). Thus, this work provides a proof-of-concept for simple

and safe point-source oxidation of pharmaceuticals in fresh human urine.

3.1 ABSTRACT

Here, we show that the high urea content of fresh human urine suppresses the formation of
oxychlorides by inhibiting formation of HOCI/OCI~ during electrolysis, while still enabling
pharmaceutical degradation due to the slow rate of urea oxidation by "OH. This results in
improved performance compared to equivalent treatment of hydrolyzed aged urine. This
electrochemical oxidation scheme is shown to degrade the model contaminants
cyclophosphamide and sulfamethoxazole with surface-area-to-volume-normalized pseudo-first-
order rate constants greater than 0.08 cm/min in authentic fresh human urine. It results in ~100x
decrease in pharmaceutical concentrations in 2 hours while generating ~1000x lower oxychloride
byproduct concentrations in synthetic fresh urine than synthetic hydrolyzed aged urine matrixes.
Importantly, this proof-of-principle shows that simple and safe electrochemical methods can be
used for point-source-remediation of pharmaceuticals in fresh human urine (before storage and

hydrolysis), without formation of significant oxychloride byproducts.
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Figure 3.1 Schematic illustration of reaction network during the electrolysis of human urine

3.2 UNDERSTANDING THE REACTION NETWORK DURING ELECTROLYSIS OF

FRESH OR HYDROLYZED URINE

One of the strongest oxidant produced in EAOPs is "OH (E® ("OH, H*/H,0) =2.32 V at pH

7),'% which reacts rapidly with most organic molecules by either addition or hydrogen
abstraction (Figure 3.2, r3), with second-order rate constants typically in the range of 10° ~ 10%°
M-1s1.292 The reactions of urea, NHs, and carbonate species with *OH, in addition to associated
reported second-order rate constants, are provided in Equation 3.1, Equation 3.2, Equation 3.3,

and Equation 3.4.102

Equation 3.1

urea + "OH — products ki=7.9x10°Mis?
Equation 3.2

NH3z + ‘OH — ‘NH2 + H20 ko = 9.0x10" M1s?t
Equation 3.3

HCOs; + 'OH — COs™ + H20 ks = 8.5x10% M1s?t
Equation 3.4

CO3% +°'OH — CO3~ + OH ks = 3.9x108 M1s?
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For synthetic fresh urine (pH 6), [urea] = 0.25 M. For synthetic hydrolyzed urine (pH 9),
the concentration of total ammonium nitrogen ([NH4*]1) is 0.5 M (72% NH4", 28% NHs, for p°Ka
=9.25 at 25 °C, and | = 0.45 M, as calculated below), and the concentration of total inorganic
carbon ([COs%]r) is 0.25 M (88% HCO3", 12% COs%, for p®Kancos- = 9.71 at 25 °C, and | =
0.45 M, as calculated below).

In synthetic fresh urine, the reaction rate of urea and "OH is r = ki[urea]['OH]. Therefore, the
pseudo-first order ‘OH-scavenging rate constant is k' = ki[urea] = 2.0 x 10° s. In synthetic
hydrolyzed urine, since ammonium ions do not react with "*OH,* the overall *OH-scavenging
reaction rate is calculated as follows:

I = ko[NH3][ "OH] + ks[HCOs ][OH] + ka[COs* ]['OH]

so that the pseudo-first order *OH-scavenging rate constant is:

kK" = koonna[NH4"]1 + Ksotrcos [CO3? 1 + Kaaicozz [COz% 1t

or

K = ko(Kanna+ /([H]+Kannae))[NHa T + ks([HJ/([H]+Ka, Hcos))[COs%]r + ka(Kamcos-
I([H"]+Ka, Heos))[COs* Tr

At the high ionic strength of the hydrolyzed urine matrix, corrections of [H*], Kanka+, and
Kanns+ for ionic strength can be undertaken using the Davies equation, with:

[H] = [H /yh+

and the concentration-based equilibrium constants for NH4* and HCOs™ dissociation:

*KanHa+ = [HT][NH3)/[NH4s™] = KanHa+(yNHa+lyHe) = Kanna+ (With ynpa+s = v+ for monovalent
ions, where the thermodynamic pKanna+ = 9.25 at 25 °C)?

®Karcoz- = [H*][COs*]/[HCOs] = Kancos-(yHcos-/(yH+ ycosz-)) (where the thermodynamic

pKa Hcos- = 10.33 at 25 °C)™*
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and the Davies equation for each charged species, i (with A = 0.5 for water at 25 °C):%
logyi = -Azi2((1)°>%/(1 + (1)°®) — 0.21)
and the ionic strength:
| = 0.5X(Cizi®) = 0.5([Na*](+1)? + [CI"](-1)? + [NH4*](+1)? + [HCO37](-1)? + [CO3%](-2)?)
where
1= 0.5([Na"](+1)? + [CI](-1)? + (Kanrar [([H'Y yre)+Kanmar)) [NHa Tr(+1)% + ([HTV([H]+°Ks,
Hos-))(-1)? + *Karcos/([H]+Ka, Heos))(-2)?)
Noting the dependence of | on y;, and the co-dependence of y; on I, this system of equations can
be solved iteratively to yield:
| = 0.45 M, yu+ = 0.70, yrcos- = 0.70, ycozs- = 0.24, [H*] = 1088 M, *Kanpar = 1092, and
®KaHcos- = 1097
which can in turn be used to calculate:
k (at T =25 °C, | = 0.45 M) = ka(*Kanna+ /([H]+Kanna+))[NHa Tt + ka([H/([H*]+°Ka, Heos-

NICOs* Tt + Ka(*Kancos/([H]+Ka, ooz ))[COs? Jr = (1.3 x 107 + 1.9 x 10° + 1.2 x 107) s1 = 2.6

x 107 st
Table 3.1 Reactions in Scheme 1
Eiarﬁgg? Reactions Rate Constants Reference
1 Urea + 'OH — products 7.9 x10°M st 102
2 NHs + *OH — products 9.0x10" M1s? 102
3 CP + "OH — products 2.0 x10° M1s? 108
4 CP + CI'/Cl;~ — products 107 - 10° M%s? Assumed from 48:102.106
5 ClF—>Cl'+e Rapid Assumed
6 Cl+'OH—- CI' + OH" 3.0x10° M1s?! 107
7 Cl+CI'— Cly~ 8.0x10° M1s?! 108
8 CIZ._ + CIZ._—> C12 + 2CI_ 90)(109 M'lS'l 109
Cl +CI'—> Cl, + CI- 2.1x10® M1st
9 Cl; + H,O — HOCI + CI- + H* 28.6s* 110
10 Cl;"+ "*OH — HOCI + CI 1.0 x 10° M1s? 11
11 Urea or NH, /N“3H+,C|2 “—-NHor 10" Mist Assumed from 38112115
2




58

Urea or NHs*/NHz+ CI' — -NH" or

12 NHy" 10° Mt Assumed from 38112-115
13 HOCI + NH3 — NHCI + H;0 3.07 x 10° Ms™ e
OCI~ + NH4* — NH.CI + H,O 5.93 x 10* M1s1
14 Urea + HOCI — N-chlorinated urea 0.63 M5t 1
15 CP + HOCI — products Sluggish Measured in this work
16 OCI~+ 2°0OH — CIO; + H,0 8.8 x 10° M1t 118
17 ClO; + 2°0OH — ClOs + H,0 7.0 x 10° M1t 119
18 ClOs + 2°OH — ClO4 + H,O <1x108M1st 118
19 02 + ‘NH2 — NH,0; 1.2 x 108 M1st 120
HCO3;/C0Os% + *OH — HCO3'/CO5 +

OH" 7 _ 108 M-Lo-L 121
20 | HCOs/COR + CI — HCOs/COy + | 107-10°M7s

Cl-
21 2H" + CIOs + e — ClO3 + H,0 Very sluggish Assumed

The unusually slow rate of urea oxidation by "OH (k = 7.9x10° Ms?; Figure 3.2, r1)!%2
provides improved selectivity for *OH attacking pharmaceuticals (k = 10° ~ 10*° Ms; Figure
3.2, r3) 319 in fresh urine, compared to stored hydrolyzed urine. This fact has not been discussed
before despite availability of the related kinetic data. In hydrolyzed urine, the hydrolysis of urea
to NH4* and HCO3~, along with the volatilization of NHz and precipitation of CO3%", can have
major impacts on the oxidation pathways during electrolysis. The ‘OH is scavenged by NHz and
HCO3/COs* in hydrolyzed urine much faster than by the urea in fresh urine (Figure 3.2, r, and

r20;).1%2122 While the amino radical (E° (‘(NH2/NH3) = 0.6 V)* and carbonate radical (E° (COs™/

CO3%) = 1.57 V) resulting from reactions of "OH with NH3; and HCO3/COs*" provide
oxidizing power, their second-order rate constants with most organics are more than 3 orders-of-
magnitude smaller than for ‘OH,*123-125 35 reflected in our experimental data (see Chapter 3.5
for detailed discussion). Further, ‘"NH. will be rapidly scavenged by dissolved O» (Figure 3.2,

r-19)_122


http://webbook.nist.gov/cgi/cbook.cgi?ID=7782447&Units=SI
http://webbook.nist.gov/cgi/cbook.cgi?ID=13770406&Units=SI
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Figure 3.2 Relative rate constants for important reactions during the electrolysis of

pharmaceuticals in urine matrixes (with CP as an example pharmaceutical in an undivided
cell setup). Divided cell architectures will block r21 and subsequent reactions. The color coding
indicates the relative range of large to small rate constants. The black arrows represent the
transport of species. Furthermore, *OH, CI* and Cl.*~ depicted at the anode surface may also
desorb and diffuse outward through a relatively stagnant near-anode region. Likewise, CI-, urea,
and the pharmaceuticals diffuse from bulk solution toward the anode as they are consumed at the
anode or in the near-anode stagnant region. See chapter 3.5 for discussion of the importance of
mass transport in galvanostatic experiments. Reactions, their rate constants and their origins are
included in Table 3.1.
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In urine matrixes with high chloride concentrations (100 mM), reaction of *OH with CI
(Figure 3.2, re) and direct anodic oxidation of CI~ (Figure 3.2, rs) leads to formation of chlorine
radical, CI' (E° (CI'/CI") = 2.43 V),1% and dichloride radical, Cl,"~ (E° (Cly/CI") = 2.13 V).10®
They can also contribute to degradation of organics (Figure 3.2, rs), with rate constants for CI’
spanning a similar range as for "OH, and for Cl"~ 1-2 orders-of-magnitude lower than for
"OH.48102106 The rate constants have not been reported for reactions of CI* or Cly*~ with urea or
NH4*/NHs. However, observations from previous work suggest that these radicals likely react
rapidly with both nitrogen species.®2-115 Therefore, both urea and NH4*/NHs likely serve as
scavengers of CI" and/or Cl>"~ (Figure 3.2, ri1 and ri2). Our own observations are also consistent
with these expectations (see Chapter 3.6 for detailed discussion).

In addition to their effects on pharmaceutical degradation, the concentrations of urea or
NH4"/NH3 may affect the sequence of chloride oxidation to FC and then to CIO2", ClOs, and
ClOg4". In fresh and hydrolyzed urine, FC is formed via radical-driven or direct anodic oxidation
of CI~ (Figure 3.2, rs.10).1% As noted above, urea or NH4*/NHjs likely effectively scavenges CI°
and/or Cl2™ in either fresh or hydrolyzed urine. This could contribute to suppression of FC
formation by hindering recombination and/or disproportionation reactions involving CI* and Cly™
(several of which lead to direct formation of Cl).*?" In hydrolyzed urine (pH 9), NH4"/NH;
(knocinns = 3.1 x 108 Mst M1s)16 should react with FC with an apparent second-order rate
constant of ~3 x 10* M1s (not corrected for ionic strength) (Figure 3.2, r13). This results in an
anticipated maximal pseudo-first-order FC scavenging rate constant of ~2 x 10% s (ty2 ~ 4 x 10
s) for 500 mM NH4*/NHs in freshly hydrolyzed urine (with diminishing rate constant values as
NHs volatilizes from the urine during storage). In fresh urine (pH 6), urea (Knoci,urea = 0.63 M1s”

H17 should react with FC with an apparent second-order rate constant of ~0.6 M-1s* (Figure 3.2,
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ri4). This leads to a lower, but still high pseudo-first-order FC scavenging rate constant of ~0.2 s~
! (tuz ~ 4 s). In either case, the presence of high levels of NH4*/NHs or urea should contribute to
suppression of the further oxidation of HOCI/OCI™ into CIO2", ClOs7, and ClIO4 (Figure 3.2, rie-

18).

3.3 REACTIVE CHLORINE SPECIES SCAVENGING BY UREA

Cyclic voltammetry was performed in three different solutions to reveal the effects of urea on
the electrocatalytic oxidation of water (primarily to O2(g) and *OH) and chloride (primarily to
Clx(g), HOCI, CI°, and Cl>") by BDD and iridium oxide (IrO2) anodes. BDD was used as a
model “non-active” electrode that physisorbs ‘OH, whereas IrO2 was used as an “active”
electrode that chemisorbs "OH, effectively forming surface hydroxyl groups. The three solutions
chosen comprised: (1) 100 mM NaClO4 to characterize the water oxidation without chloride
oxidation; (2) 100 mM NacCl to observe the additional current from chloride oxidation; and (3)
100 mM NaCl plus 250 mM urea to observe any differences in chloride oxidation that occur with
urea present. Figure 3.3a, b shows cyclic voltammograms (CV) of oxidative sweeps of these
three solutions on BDD and IrO.. The CV of BDD with NaClO4 shows the expected large onset
potential for O2(g) evolution of 2.4 V vs SHE.'?® With CI~ present, the current onset potential
shifts down to 2.1 V vs SHE due to the lower overpotential for Cl2(g) evolution (Table 3.2). In
contrast to BDD, the CV of IrO- in Figure 3.3b shows a difference in the onset potential and the
magnitude of current when CI is present. The IrO> surface oxidizes according to IrO2 + H20 =
IrOs+ 2H" + 2¢7.22° In the CI~ only solution on IrO2, the peak seen in the cathodic sweep from 1.2

V to 0 V likely corresponds to the reduction of reactive chlorine species (RCS — a collective sum
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of FC, chlorine radicals and Ir-O-Cl surface groups). Importantly, the absence of this peak when

urea is present in the matrix shows that urea scavenges one or more RCS.
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Figure 3.3 CVs in 100 mM NaClOas, 100 mM NaCl, and 100 mM NaCl + 250 mM urea on
(a) BDD and (b) IrO2 anodes. (c) Concentration of cyclophosphamide (CP) during the

electrolysis in simplified synthetic fresh urine matrixes with a starting CP concentration of 1.9

mM. Inset: The chemical structure of CP. (d) Concentration of sulfamethoxazole (SMX)

during oxidation in simplified synthetic fresh urine matrixes with a starting SMX

concentration of 0.39 mM. Inset: The chemical structure of SMX. (e) Observed pseudo-first-

order rate constants for pharmaceutical degradation. (f) Observed pseudo-first-order rate

constants for SMX degradation in simplified synthetic fresh urine, full synthetic fresh

urine, and authentic fresh human urine with undivided electrochemical cell setup. The error

bars represent standard deviations about the means from triplicate experiments.

Table 3.2 Significant Electrochemical Reactions during Oxidation

Standard Formal Potential | Formal Potential
- Reduction pH7,[CI"]=01 | pH2,[CI]=0.1
Oxidized Reduced Potential M M Ref.
[V vs SHE] [V vs. SHE] [V vs. SHE]
Oxg)+4H +4e 2 H,0 1.23 0.81 1.11 n
‘OH+e +H* H.O 2.73 2.32 2.61 n
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Cl'+e cl- 2.43 2.49 2.49 105

Cly +e 2CI 2.13 2.25 2.25 105

ClO" + ¢ ocl- 1.39 1.39 1.39 105
Cly(g) + 2 & 2Cl 1.36 1.42 1.42 L
Clo, +2H +2e | ClO, +H,0 1.19 0.77 1.07 n
Clo, +2H +e | ClO,g)+H,0 1.15 0.32 0.92 E
CIO,(g) +H +e HCIO, 1.28 0.86 1.16 L
HClO,+2H +2¢ | HOCI+H,0 1.65 1.23 1.53 L
HOCI+H +2e Cl +H,0 1.48 1.30 1.45 e

3.4 PSeUDO-FIRST-ORDER KINETICS AND MASS TRANSFER

Most research examining electrolysis of pharmaceuticals has reported rates of pharmaceutical
degradation in terms of observed pseudo-first-order rate constants.3®63130.131 As highlighted by
Zollig et al., these first-order kinetics should only be expected in galvanostatic electrolysis for
mass-transfer-limited reactions (assuming only heterogeneous reactions).®® Therefore, the
pseudo-first-order rate constants for pharmaceutical degradation are highly dependent on the
geometry and the mass transport in the electrochemical setup. A mass-transfer limited pseudo-
first-order rate constant is directly proportional to the planar surface-area of the anode and
inversely proportional to the volume of the solution. In this work, an effort was made to choose
reasonable values for the ratio of the electrode surface area to electrolyte volume (A/V) based on
scale-up to a practical device. The electrochemical setup used in this work (Figure 2.1) has an
A/V of 0.21 cm™ and is magnetically stirred. The hydrodynamic flow pattern in the magnetically
stirred reactor is similar to that in a rotating disk electrode,*3?33 where the mass-transfer limited
reaction rate is proportional to Re'? (Reynolds number, Re = @ 7°/v). To assess if the electrolysis

of pharmaceuticals is mass-transfer limited in our stirred electrochemical setup, we conducted
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galvanostatic oxidation experiments over a wide range of Re (150 < Re < 10,000). The observed
pseudo-first-order rate constant for CP degradation varied linearly with Re'? (Figure 3.4). This
confirms that the experiments are mass-transfer limited for CP. All experiments were performed
with stir-bar radius (r) and rotation rates () corresponding to Re = 1,600. This yields a mass-

transfer limited electrolysis rate of 0.022 min (i.e., 0.102 cm/min) for CP.
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Figure 3.4 (a) Extracted pseudo-first-order rate constants for the galvanostatic (10 mA/cm?)
degradation of cyclophosphamide as a function of different stirring conditions using a BDD
electrode in an undivided cell. (inset) Reynolds number was calculated using the linear velocity
of the tip of the stir bar (u), the length of the stir bar (L), and the kinematic viscosity of water (v).
(b) A plot of the extracted pseudo-first-order rate constant vs. Re'? is roughly linear, which
is commensurate with the mass transfer correlation for a rotating disk electrode.'3

To determine what pseudo-first-order rate constants are practical for a real device, we
modeled expected degradation rates for various rate constants as shown in Figure 3.5. A pseudo-
first-order rate constant of 0.01 min® or greater is required to lower pharmaceutical
concentrations by at least three orders-of-magnitude in a 12-hour period, which is a reasonable
residence time for a practical at-home situation. This corresponds to a geometry-normalized

pseudo-first-order rate constant (based on A/V) of at least 0.05 cm/min to degrade

pharmaceuticals at a rate reasonable for a scaled-up device.
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Figure 3.5 The pseudo-first-order pharmaceutical degradation rate constant is a critical
factor in the design of electrochemical devices. Modeled degradation profiles for various
pseudo-first-order rate constants suggest that a rate constant of >0.01 min™ is required in a

practical device. This would correspond to a decrease in pharmaceutical concentration by 3
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orders of magnitude in a 12-hour period, which is a reasonable residence time for a practical at-
home situation. Normalized rate constants take into account the current density, surface area,
and solution volume. In this model, current density, surface area, and solution volume were
respectively set as 10 mA/cm?, 8.56 cm?, and 40 mL to match the experimental parameters of

this study.

3.5 ELECTROLYSIS OF MoDEL PHARMACEUTICAL COMPOUNDS IN VARIOUS

URINE MATRIXES

3.5.1 Galvanostatic oxidation in fresh-urine matrixes

A series of galvanostatic oxidations of SMX and CP (see chemical structures in Figure 3.3c,
d insets) were performed with BDD and IrO, anodes. SMX and CP were chosen as model
compounds because of their large differences in reactivity toward FC. SMX has a relatively high
bimolecular rate constant with FC of ~10° Ms™ (t1» ~ 6.9 s when reacting with 0.1 mM FC) at
circumneutral pH,*3* while we measured CP to be essentially non-reactive with FC ( ti2 ~ 4600
hr when reacting with 0.1 mM FC) (Figure 3.2, r15). Cyclophosphamide (CP) reaction rates in the
presence of excess FC were measured at pH values similar to full synthetic fresh urine matrixes
(i.e., pH 6) with addition of 0.1 M phosphate buffer. Solutions containing 0.2 mM of
cyclophosphamide were amended with 200, 400, or 600 mM FC to initiate experiments. Under
these conditions, various chlorine species, including HOCI/OCI~, Cl,, and Cl.O may contribute
to observed reactions with organic compounds.’*>'* Samples were periodically collected,
quenched with excess thiosulfate (4:1 thiosulfate-to-chlorine molar ratio), and analyzed for
cyclophosphamide by HPLC-MS. The CP concentrations measured over the course of the
experimental reaction time were used to evaluate the kinetics of CP reaction with FC species.
Negligible losses of CP were observed over the course of the experiments, indicating that CP is

essentially non-reactive toward FC species under the conditions evaluated.
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Galvanostatic oxidations were performed in both undivided cell (working electrode (WE)
and counter electrode (CE) in same compartment) and divided cell (WE and CE separated by a
frit) configurations to test if cathodic reactions had any influence on SMX or CP degradation
(Figure 2.1). The concentrations of SMX and CP were lowered by two orders-of-magnitude after
two hours of electrolysis at 10 mA/cm? for all conditions in simplified synthetic fresh urine
(Figure 3.3c & d). This corresponds to geometry normalized pseudo-first-order rate constants
greater than 0.1 cm/min as shown in Figure 3.3e. The observed pseudo-first-order rate constants
of SMX degradation were lower for full synthetic fresh urine matrixes and authentic fresh urine
(Figure 3.3f). However, the reactions remained sufficiently fast to degrade SMX by four orders-
of-magnitude in ~8 hours (Figure 3.5).

The rate constants for oxidation of both pharmaceuticals by both electrodes are similar in
simplified synthetic fresh urine matrixes (i.e., urea + CI"). This suggests that mass transfer to the
electrode surface is the dominant factor limiting the degradation rates (see above). For Re =
10,000, pseudo-first-order degradation rate constants up to 0.25 cm/min were achieved.
However, stir speeds corresponding to Re = 1,600 were used for the experimental data shown in
Figure 3.3, since they are easier to achieve in electrochemical devices.*’

For the divided cell architecture, a pH gradient is established because the oxygen evolution
reaction at the anode generates H* while the hydrogen evolution reaction at the cathode generates
OH". On average, the pH was stabilized to 1.8 for IrO2 and 2.3 for BDD in the anode chamber
and 12.5 in the cathode chamber for both electrodes. Furthermore, this gradient is quickly
established by passing 10 mA/cm? for 5 mins (~0.2 A-hr/L). Moreover, the electrolysis rates of
CP and SMX did not show significant differences in divided and undivided cells. This suggests

little to no effect of cathodic reactions (possibly leading to reduction of homogeneous oxidants)
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on CP or SMX degradation, consistent with the above finding of mass-transfer limited
degradation kinetics at the anode. Additionally, the effect of the bulk solution pH (a drop from 6
in the undivided cell to 2 in the divided cell) had no appreciable impact on degradation rates.
This is likely because the local pH at the anode surface in the undivided cell is much lower than
the bulk due to H* generation at the anode. Moreover, the electrolysis rates of CP and SMX were
similar in the divided cell setup for both anodes under the acidic pH condition established by
oxygen evolution (vide supra). This suggests that the contribution of FC to each
pharmaceutical’s degradation is negligible. This is also consistent with the Cl. quenching effect
of urea (Kurea, ci2 = 2.35 x 10* M1s1),117 since the predominant species of FC is dissolved Cl2

under acidic pH.

3.5.2 Differences between Synthetic Fresh, Hydrolyzed, and Hydrolyzed-Aged Urine Matrixes

The electrolysis rates of CP and SMX were investigated in synthetic hydrolyzed and
synthetic hydrolyzed aged urine matrixes and compared to a reference mass-transfer limited rate
(Figure 3.6a). Sketches of concentration profiles adjacent to the anode surface are shown in
Figure 3.6b to illustrate the differences between kinetic limitation (gradient A), mass-transport
limitation due to heterogenous reactions (direct electron transfer and reactions with adsorbed
oxidants) (gradient B), and mass-transport limitation due to the combination of heterogeneous
reactions and near-anode-surface homogeneous reactions with desorbed ‘OH, RCS, or other
homogeneous oxidants (gradients C and D). As noted above, the mass-transfer limited
electrolysis rate for CP was determined to be 0.022 min™. Given CP’s slow reaction with FC and
the short lifetime of *OH, 0.022 min™ likely corresponds to the mass-transport limited rate with
primarily heterogeneous reactions. Desorbed "OH may exist in solution, but the homogeneous

reaction zone where it may react with CP is likely less than 1 pm in thickness,*3 which is small
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compared to the stagnant layer thickness of >20 um. Additionally, the linear relationship

between kobs and Re!? suggests the obtained mass-transfer limiting rate corresponds to gradient
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Figure 3.6 (a) Observed and geometry-normalized pseudo-first-order rate constants for
pharmaceutical degradation on BDD with undivided cell setup in: (1) simplified urine
matrixes (250 mM urea and 100 mM CI-, pH 6.15); (2) synthetic full fresh urine matrixes (250
mM urea, 100 mM NaCl, 16 mM Na>SOs, 24 mM NaH2POs, 13 mM creatinine, 3 mM uric acid,,
pH 5.87); (3) hydrolyzed, un-aged urine matrixes (100 mM CI-, 500 mM NH4* and 250 mM
HCOs-, pH 9.35); (4) hydrolyzed, aged urine matrixes adapted from Udert et al. 6 (100 mM CI-,
140 mM NHs" and 250 mM HCOs", pH 9.02); and (5) hydrolyzed, aged urine matrixes adapted
from Hoffmann et al. (100 mM CI-, 33 mM NH4* and 250 mM HCOs", pH 8.88). The dotted line
represents the mass-transfer limiting rate of pharmaceutical degradation obtained from Figure
3.4. The electrolytes (40 mL) were stirred at 500 rpm. The applied current density was 10
mA/cm?. The error bars represent standard deviations about the means from triplicate
experiments. (b) Possible concentration gradients of pharmaceuticals in the stagnant layer

(assuming constant bulk concentration).
As shown in Figure 3.6a, the degradation rates of CP were mass-transfer limited in simplified
and full synthetic fresh urine matrixes (orange & red bars) — likely due to reaction with electro-

generated "OH on the BDD surface or desorbed short-lived "OH very near the surface (Figure

3.6b, gradient B). In contrast, the electrolysis rates of SMX in simplified urine matrixes exceeded
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the ‘“heterogenous”-reaction mass-transfer limiting rates, suggesting the contribution of
homogenous reactions further from the surface with longer-lived oxidants (Figure 3.6b, gradient
C or D). However, the rates of SMX oxidation in synthetic full fresh urine matrixes were at the
heterogeneous-reaction mass-transfer limiting rate (Figure 3.6b, gradient B). This suggests that
for the synthetic full fresh urine case homogeneous reactions involving either RCS and/or other
homogeneous oxidants with SMX are insignificant and are consumed by additional species
present in the synthetic full urine matrix (e.g., uric acid, creatinine, etc.). The electrolysis rates of
both CP and SMX were significantly decreased below the mass-transfer limiting rate in synthetic
hydrolyzed urine matrixes amended with varying NH4"/NHs levels to reflect different degrees of
aging (blue, pink, and green bars). This suggests the electrolysis of CP and SMX are kinetically
limited in hydrolyzed urine matrixes (Figure 3.6b, Gradient A) on BDD. This is attributable to
HCO3/CO3s* (present at the same 250 mM concentration in each hydrolyzed urine matrix) that
acts as a dominant "OH and CI*/Cl>™ scavenger in such matrixes. This results in the formation of
CO3™, which typically reacts with organic contaminants ~10%-fold slower than “OH or CI* and
~10-fold slower than Cl, (see above). Furthermore, the degradation rates of both
pharmaceuticals in such matrixes were invariant with changes in the concentration of NH4"/NHs,
consistent with the apparent low reactivity of NH4*/NH3z toward COs™.**® This likewise suggests
that RCS do not contribute significantly to CP or SMX oxidation in the hydrolyzed urine
matrixes, because increasing concentrations (33-500 mM) of NHs*/NHs would have been
expected to increase RCS scavenging efficiency, and consequently decrease rates of
pharmaceutical degradation if RCS were predominant oxidants. Based on these findings, it may
be advantageous to electrochemically oxidize pharmaceuticals in fresh urine rather than in

hydrolyzed urine for faster pharmaceutical removal. Although beyond the scope of the current
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work, future investigations are needed to explore the identities and yields of transformation
products generated upon electrolysis of CP, SMX, and other pharmaceutical compounds in urine,

in addition to their potential human health and ecosystem impacts.

3.6 GENERATION OF OXIDATION BYPRODUCTS

The rates of oxidation byproduct generation in full synthetic fresh urine matrixes were
compared for each combination of anode and cell configuration as shown in Figure 3.7. Both
ClO4 and CIOs™ were often found to be near or below the detection limits (i.e., 2 uM) for the ion
chromatography techniques used in these experiments. The detection limits for both ClIOs™ and
CIO4 were higher than in pure water due to the high concentration of Cl~in urine matrixes. No
ClO4 was measured in matrixes oxidized by IrO2, consistent with previous reports.®®’® ClO4
was formed in the matrixes oxidized by BDD, but at much lower concentrations than other
reports.5®7% Additionally, the CIO4~ measured on the BDD was at a lower concentration than the
ClOs7, consistent with other reports.®®’® Nitrate (NO3) (Figure 3.7¢) and nitrite (NO2") (Figure
3.7d) generation were found to be higher on IrO2 than BDD, though in IrO> divided cell
experiments, NO,~ generation was below the detection limit (5 uM). These oxidized nitrogen
anions could come from the oxidation of urea, creatinine, uric acid and/or the oxidation of CP or
SMX. Reaction pathways involving radical-driven generation of reactive nitrogen species from
NOz~ or NO2  have been shown to lead to potentially harmful nitrated and nitrosated
byproducts.*%14! The suppression of NO,~ formation when using the IrO2 in the divided cell
configuration indicates that such pathways would not be active or would be diminished and

represents a potential advantage of operating in this mode.
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Figure 3.7 Evolution of inorganic oxidation byproducts showing concentrations of (a) ClO4~

, (b) CIOs7, (c) NOs™, and (d) NO2™ during electrolysis at 10 mA/cm? on BDD and IrO:

anodes in the undivided and divided setups. Results are from oxidation of full synthetic fresh
urine matrixes amended with 1.9 mM CP and 0.39 mM SMX. The error bars represent standard

deviations from triplicate experiments.
3.6.1 Inhibition of Oxychloride Formation Increases with Increased Urea or NH4*/NH3

The levels of generated OBPs shown in Figure 3.7 are substantially lower than in previous
studies of authentic hydrolyzed aged urine electrolysis.®®’® Therefore, further experiments were
undertaken in several matrixes and at extended electrolysis time to evaluate potential causes of
the lower rates of formation of OBPs (Figure 3.8). Fresh urine has an average concentration of
250 mM urea,*® whereas hydrolyzed urine should exhibit maximal concentrations of 500 mM
NH4"/NH3 and 250 mM HCOs™ after urea hydrolysis. Previous studies that have examined the

treatment of authentic hydrolyzed aged urine have reported much lower NH4"/NH3
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concentrations (e.g., 34 mM’ and 109 mM®®) indicating substantial ammonia loss during storage
(aging). As shown in Figure 3.8, ClOs~ and ClO4 generation were increasingly inhibited as
inorganic nitrogen species concentrations increased. For example, a 10%-fold decrease in ClO3
and ClO4™ generation was observed for a matrix of 100 mM CI~ and 250 mM urea compared to
100 mM CI alone. A full synthetic fresh urine matrix containing the other primary constituents
of urine (citrate, creatinine, uric acid, SO4*, and H,POs") in addition to urea also showed
exceptionally low ClOs~ and CIO4 generation. The CIOs™ was first detected after 15 Achrs
charge passed in full synthetic urine matrixes. Additionally, the generation of ClOz7in full
synthetic urine matrixes was slightly lower than that in a matrix of 100 mM CI~ and 250 mM
urea, but it is the opposite of the generation of ClO4. However, the difference of ClOs™ and
ClO4 formation in between these two matrixes is much less than that in between NaCl-only
solution and a matrix of CI~ and urea. It suggests that SO4%>~, H.PO4, creatinine and uric acid at
the concentration present in fresh urine matrixes has much less significant impact than urea on
the generation of ClOs™ and CIO4~. A matrix representing hydrolyzed (but not aged) urine (100
mM CI5, 500 mM NH4*, and 250mM HCOjz") yielded a roughly 102-fold lower ClOs
concentration than 100 mM CI~ alone, whereas CIO4  levels generated were similar to those
observed in the presence of 250 mM urea. The dashed lines in Figure 3.8 indicate concentrations
100x higher than the suggested drinking water limits for each oxychloride species. Assuming
that urine is typically diluted by a factor of greater than 100 in transit to WWTFs, these lines are
intended to represent thresholds below which Cl1O3™ and ClO4™ levels would not exceed the WHO
drinking water guidelines of 700 pg/L for ClOs™ or 70 pg/L for ClO4™ even for a “worst-case”
scenario of minimal WWTF effluent dilution for direct potable reuse.*? As evident from Figure

3.8, Cl0;™ and ClO4 levels in all of the matrixes containing low or no NH4*/NH3 exceeded these
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thresholds, whereas C103™ and ClO4™ levels in the high NH4*/NH3 and urea-containing matrixes
were below the thresholds (except for ClO3™ in the high NH4*/NHs matrix at the highest values of

charge passed).
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Figure 3.8 OBPs formation in galvanostatic electrolysis experiments undertaken over
extended times compared to experiments from which the Figure 3 data were obtained.
Concentrations of generated (a) ClOs~ and (b) ClO4 were measured for various matrixes
treated using a BDD anode in the undivided setup. For the matrixes containing NHs"/NH3, the
pH was 9-10. For the matrixes containing only CI™ and/or urea, the pH was 6—7. Galvanostatic
treatments were performed for 90 mins at a current density of 93 mA/cm? for a final charge
passed of 30 A-hr/L. The dashed lines indicate concentrations 100x higher than suggested
drinking water limits for each oxychloride species (see accompanying discussion in the main

text).
3.6.2 Mechanism of Inhibition of Oxychloride Formation

The oxidation of CI~ to HOCI/OCI™ is expected to proceed through direct oxidation or
reaction with "OH at or near the anode surface (Figure 3.1, rs.10).5%%*3 Subsequently, HOCI/OCI-
is oxidized at or near the BDD surface via direct electron transfer and/or reaction with "OHags to
form ClOs™ and ClO4~ (Figure 3.1, ri6-18).22%1% In this study, we have shown that increasing urea
or NHs"/NH3 inhibits the formation of CIOz and ClOs~. We hypothesize that high urea or

NH4"/NH3 concentrations effectively prevent oxychloride formation by: (1) scavenging chlorine



75
radicals (Figure 3.1, r11 and ri2) and/or (2) reacting with HOCI/OCI~ and thereby sequestering
chlorine in the form of organic chloramines (N-chlorinated urea) or inorganic chloramines
(NH2CI, NHCl_, and/or NCl3) (Figure 3.1, ri3 and r14). Either pathway would block key steps in
the pathways of CI~ oxidation to CIO3™ and CIO4".

Free chlorine (FC; comprising Cl.O, HOCI, OCI and Cly), total chlorine (TC; comprising FC
and chloramines), and chlorine dioxide (CIOz) in bulk solution were quantified in full synthetic
fresh urine and various synthetic hydrolyzed urine matrixes to explore the mechanism whereby
ClOs~ and ClO4 formation is inhibited (Figure 3.9). The key observations from these
measurements are: (1) ClO. was not detected at measurable concentrations in any matrixes
investigated, consistent with the hypothesized action of urea or NH4*/NH3 on RCS involved in
steps preceding formation of CIO; in the CI™ to CIO4 oxidation sequence (e.g., CI°, Cl,™, CIO",
or FC); (2) no FC was measurable in the bulk solution in any matrixes; (3) high uM to low mM
levels of chloramine species (measured as the difference in TC and FC values) were present in
each matrix, confirming that FC (once formed) was consumed by urea or NH4*/NHz to form
chloramine species; and importantly (4) lower concentrations of chloramines were generated in
the presence of higher concentrations of NH4*/NH3 or urea. This last observation indicates that
FC generation (followed by chloramine formation) is faster at lower concentrations of
NH4"/NHzs. This suggests that at higher NH4*/NH3 concentrations, the reaction between CI'/Cl,"
and NH4"/NHs to generate NH»" (Figure 3.2, ri2) out-competes the reactions between CI'/Cly™,
‘OH, and H20 to generate HOCI (Figure 3.2, rg-10). The generated NHy" is then scavenged by
dissolved 0,,'%> "OH,*> CO3,*¢ etc. without formation of chloramines. A satisfactory
explanation must also reconcile the fact that the rates of generation of CIOz™ and ClO4~ were

found to be similar in NaCl-only electrolyte (no urea, no ammonium, no bicarbonate, etc.) and in
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synthetic hydrolyzed urine with low NH4*/NH3 concentration (33 mM NH4") (Figure 3.8), even

though bulk-solution FC was effectively sequestered as chloramine in the latter matrix (Figure

3.9b).
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Figure 3.9 Concentration profiles of various chlorine species during electrolysis on the BDD
anode in four different matrixes. Starting from a baseline solution 100 mM CI-, 33 mM NH4*,
250 mM HCOg, the four solutions were: (a) baseline solution at pH 6.75. (b) baseline solution at
pH 8.88; (c) baseline solution with high ammonium (500 mM NH4") at pH 9.35; (d) Full
synthetic fresh urine matrix (no ammonium and bicarbonate but with urea, creatine, uric acid,
etc.) at pH 5.87). The current densities were 93.3 mA/cm?; the stir rate was 500 rpm. FC and
CIO2 were not measurable in any of the four matrixes investigated. FC measurements via DPD

were verified by ABTS in matrixes (a) and (b). The measurement of total chlorine via DPD was
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checked by ABTS in matrix (a). Potential interference of H2O> with the measurements of TC was
investigated by pretreating diluted samples with catalase to decompose any H>O- that may have
been present. The absence of any effect from catalase treatment indicates that H.O, was not
present at concentrations sufficient to interfere with TC measurements. Error bars represent
standard deviation about the means from triplicate experiments.

Taken together, these observations suggest that: (1) generation of ClOs™ and CIO4™ in these
systems involves oxidation of FC at or near the anode surface (as opposed to the bulk solution),
consistent with DFT calculations in previous work;26144147 (2) Jower levels of FC formation for
high urea and NH4*/NH3 concentrations are linked to lower levels of CIO3;™ and CIO4 formation;
and (3) suppression of ClOz and ClO4 formation by urea and NH4*/NH3 derives from their CI°
and/or Cly™~ scavenging effects at or near the anode interface that precede formation of
HOCI/OCI™ (Figure 3.2, ri1-12), rather than from FC scavenging effects in bulk solution or at the
interface (Figure 3.2, ris). Considering the much lower reactivity of urea than NH4"/NH3 toward
‘'OH (Chapter 3.2), scavenging of "OH is unlikely to be the primary mechanism for the
suppression of oxychloride formation. This also points to scavenging of CI° or Cl>"~ involved in
FC formation as a more likely explanation for the similar effects of urea and NH4*/NH3z on ClO4~
formation, and the even somewhat greater effectiveness of urea in suppressing ClOs~ formation.
Finally, the fact that similar amounts of CIOz™ and ClO4 are formed in both NaCl-only and low
NH4*/NHs (Figure 3.8) solutions suggests that NH4*/NHs becomes depleted near the anode
surface at low concentrations. This shuts-down the amino radical pathway (Figure 3.2, ri1.12)
leaving CI" or Cly™ to form HOCI (Figure 3.2, rs.10), Which is then oxidized to form CIOs™ and
ClOs.

The use of appropriately-selective probe compounds for quantification of CI°, Cl,™, and/or

CIO’ could provide more definitive evidence of the relative effects of urea and NH4"/NH3 on
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chlorine radical scavenging. Unfortunately, the probe compounds most commonly accepted for
such uses in AOPs, such as nitrobenzene, #8150 benzoic acid,*®* and 1,4-dimethoxybenzene, %1%
are unsuitable for electrolysis in either divided or undivided cells due to potential artifacts from
their direct oxidation on anodes.>41%8

Overall, these results indicate that the protective effect of ammonia in mitigating oxychloride
formation during electrolysis of hydrolyzed aged urine is likely to be lower than that afforded by

urea in fresh urine due to ammonia losses following urea hydrolysis.

3.7 CONCLUSIONS

In this chapter, we demonstrate that urea (or NHs"/NH3 from hydrolyzed urea) at the
concentrations present in human urine can suppress the pathway(s) of CI~ oxidation to ClIOs™ and
ClO4 during EAOPs. This fortuitous effect greatly inhibits the formation of the highly stable
ClOs™ and ClO47, which are two of the most recalcitrant OBPs formed during EAOPs. Our
findings also show that pharmaceuticals can be degraded to less than 5% of their starting
concentrations with less than 10 uM CIO4 and 100 uM CIO3™ generated following 2 hours of
electrolysis in matrixes containing 250 mM urea. These data demonstrate the feasibility of
applying EAOPs to eliminate pharmaceuticals in fresh (as opposed to stored hydrolyzed) urine at
the source of generation while generating minimal oxidation byproducts.

“Non-active” BDD®® has been the anode of choice for EAOPs because of high oxidizing
power, but is prohibitively expensive to use in a practical device. The observations here and by
others that “active” IrO, *° is sufficiently oxidizing to degrade CP (a particularly recalcitrant
pharmaceutical) in simplified synthetic fresh urine matrixes at reasonably high rates of ~0.1
cm/min highlights a large opportunity for the further development of both "non-active™ and

"active" low-cost anodes that have long service lifetime. Estimation of the electricity cost alone
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to implement an EAOP in source-separated urine is supposed to be much less than
$57.60/year/person (Chapter 1.4). Future research aiming at device development (based on this
chemistry) and energy saving could provide an important contribution to mitigating the release

of pharmaceuticals and other contaminants into the environment.

Chapter 4. ELECTROCHEMICAL OXIDATION OF
PHARMACEUTICALS IN SYNTHETIC FRESH HUMAN
URINE: USING SELECTIVE RADICAL QUENCHERS TO
REVEAL THE DOMINANT DEGRADATION PATHWAYS
AND THE SCAVENGING EFFECTS OF INDIVIDUAL
URINE CONSTITUENTS

In this chapter, we reveal the significance of specific electrogenerated oxidants ("OH, IrOz+1,
CI'/Cl>™, Cl, HOCI, and 1rOs-Cl) by using selective radical quenchers during the electrochemical
degradation of pharmaceuticals in partial synthetic fresh urine matrixes (i.e, chloride only
solution) (see Chapter 4.4). The experiments were also conducted in different combinations of
synthetic fresh urine constituents with BDD and IrO, to evaluate the scavenging effect of
individual constituent (see Chapter 4.5 & 4.6). The limiting mechanisms of pharmaceutical
degradation (i.e., mass-transfer and/or Kkinetically limited) are evaluated in each matrix. We
assess the performance of representative “active” electrodes (IrO2) and “inactive” electrodes
(BDD) for pharmaceutical oxidation in FUM (see Chapter 4.7). Furthermore, we evaluate the
strategies for achieving faster rates of pharmaceutical degradation in FUM (see Chapter 4.8). The
observed pseudo-first-order rate constants were obtained and reported along with geometry-

normalized rate constants accounting for the electrode-surface-area-to-electrolyte-volume ratio
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(A/V) of the electrochemical cell (normalized kobs = Kobs/(A/V)). The study sheds mechanistic
insight on the electrolysis of pharmaceuticals in synthetic fresh urine and will be useful in the
development and design of inexpensive and effective anode materials EAOPs for point-source

urine treatment.

4.1 ABSTRACT

Here, we evaluate the importance of electro-generated oxidants and direct anodic oxidation
for degradation of four pharmaceutical (cyclophosphamide (CP), carbamazepine (CBZ),
sulfamethoxazole (SMX) and ibuprofen (IBP)) accounting for the scavenging effect of urine
constituents using boron-doped diamond (BDD) and IrO> electrodes. Allyl alcohol and tert-
butanol were used as selective quenchers for adsorbed and dissolved radicals, respectively. In
electrolyte containing only chloride and pharmaceuticals, we found that CBZ and SMX are
primarily oxidized by electro-generated Cl, in the fluid boundary layer is the dominant oxidant
for oxidation, and CP and IBP are primarily oxidized by physisorbed ‘OH or chemisorbed
chlorine (IrO3z-Cl). Regarding the effects of other fresh urine constituents, urea, creatinine, and
uric acid quench the dissolved reactive chlorine species (CI'/Cly"~, HOCI, Cls, etc.). However,
SO4* shows no effect on pharmaceutical degradation while H.PO4~ and citrate ions quench IrOs-
Cl resulting in a mixed kinetic and mass-transfer limiting oxidation of pharmaceuticals on IrOa.
Citrate ions only quench the dissolved oxidants (surface adsorbed radicals are the dominant
oxidants) leading to the pharmaceutical degradation limited by the mass transfer of
pharmaceutical to BDD surface. This work provides an understanding of the significance of
various pathways for pharmaceutical degradation, scavenging effect of urine constituents, and

strategies for rapid pharmaceutical degradation in human urine.
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4.2 USING SELECTIVE RADICAL QUENCHERS TO REVEAL THE DOMINANT

DEGRADATION PATHWAYS

Allyl alcohol (AA, CH.=CHCH>OH) was used to quench both surface adsorbed radicals (e.g.
Cl'ags and "OHags) and dissolved radicals (e.g. CI'/Cly™ and "OH in the solution phase)** due to:

159 and (2) its high reactivity

(1) its strong interaction with the anode surface via its m-orbitals
with radicals (K.om, aa = 5.9 x 10° M 20 ke aa = 6 x 108 Ms %) (Figure 4.1a, 13- rs). As
shown in Figure 4.1b, c, the electro-generation of FC species were completely inhibited due to
AA quenching adsorbed and dissolved ‘OH and CI'/Cly™~ along with IrO3-Cl and 1rO2+1.
Therefore, the only degradation pathway available to pharmaceuticals is DET in the presence of

excess AA. By contrast, tert-butanol (t-BuOH) has been found to not readily react with surface

adsorbed radical species.®**6!
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Figure 4.1 (a) Scheme of relative rate constants for reactions of selective quenchers (AA and
t-BuOH) with radicals. The black arrows represent the transport of species. The color coding

indicates the relative range of large to small rate constants. Free chlorine (FC) production on
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(b) BDD and (c) Ti/lrO2 anodes in a 100 mM chloride electrolyte in the presence of
guenchers. Error bar represents the standard deviation from triplicate measurements.

However, t-BuOH can still effectively quench dissolved radicals in the solution phase (e.g.
dissolved CI/Cl>"~ and "OH) given the large homogeneous second-order rate constants (K-om, t-
guoH = 4.8 x 108 M1s, kci., t-euon = 3 x 108 M1s1) (Figure 2.4a, r1 & r2).1%2183 The formation of
FC with IrO2 anodes was not quenched by t-BuOH (Figure 2.4c), but it was quenched with BDD
(Figure 2.4b). This is consistent with that FC is generated via surface absorbed chlorine (IrO3-Cl)
with IrO2, but it is formed via dissolved chlorine radicals which are quenched by t-BuOH.*
Consequently, the degradation of pharmaceuticals is ascribed to DET and reaction with surface

adsorbed radicals with excess t-BuOH.

4.3 MASS TRANSFER LIMITING PSEUDO-FIRST-ORDER RATE CONSTANTS

The electrolysis rate of pharmaceuticals is typically reported as a pseudo-first-order rate
constant (kobs), which is the multiplicative product of a second order rate constant (for the
reaction of the pharmaceutical with all the oxidants) and the concentration of oxidants.*
Pseudo-first-order kinetics can be justified since: (1) the direct anodic oxidation and oxidation by
reactive chlorine species (RCS) or reactive oxygen species (ROS) on the surface are all first
order with respect to pharmaceutical concentration and (2) the concentrations of oxidants in
solution phase are assumed to be constant with time (steady-state generation and consumption)
and at much lower concentration than the pharmaceutical. Using pseudo-first-order kinetics
significantly simplifies a complex coupled reaction and mass transport system. The pseudo-first-
order rate constant captures the rate of pharmaceutical degradation due to the electrode surface
chemistry, the applied potential, the electrolyte composition, and the fluid mechanics in the

reactor. The role of the fluid mechanics (i.e, km) and reactor geometry (i.e., A/V) are significant
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barriers to universally using observed pseudo-first order rate constants obtained in laboratory
experiments since the rate constants may not be accurate for other reactor geometries and flow
situations.

In this work, we compare the kobs with the mass-transfer-limited pseudo-first-order rate
constant (km) in our experiment setup to understand the limiting mechanisms of oxidation. km
was determined by the “limiting current” technique with different mass-transfer conditions
(Chapter 2.3.5).” The corresponding mass-transfer coefficient was determined to be 0.130 +
0.0028 cm/min, which corresponds to a pseudo-first-order rate constant of 0.028 min™ for the
electrochemical cell used in this work (A/V = 0.214 cm™). If kobs = km, it indicates that the rate of
pharmaceutical degradation is limited by transport of pharmaceutical molecules to the anode
surface where reactions occur via direct anodic oxidation, surface adsorbed radicals and
dissolved oxidants in the vicinity of electrode surface (before diffusing into the stagnant layer)
(Figure 2.4, Gradient B). If kobs > km, oxidants generated at the anode desorb and react
homogeneously with the pharmaceuticals (Figure 2.4, Gradient C and D). By contrast, if kobs <
km, the pharmaceutical degradation has some kinetic limitations along with the mass-transfer

resistance (Figure 2.4, Gradient A; see Chapter 2.5 for detailed discussion).>

4.4 ELECTROCHEMICAL OXIDATION PATHWAYS OF PHARMACEUTICALS IN

CHLORIDE ONLY SOLUTION

To reveal the scavenging effects of each constituent in the urine matrix, it is important to first
determine the electrochemical oxidation pathways of pharmaceutical in Cl~ only solution. The
possible pathways are direct electron transfer (DET) and reaction with electro-generated oxidants
including physisorbed and dissolved "OH, free chlorine (FC, primarily HOCI and OCI, and to a

lesser extent Cl, and/or Cl,O at pH 6), chemisorbed chlorine (IrOs-Cl) and chlorine radicals
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(Cl'ags, CI', Cl2™).5%57 However, few studies have evaluated the proportion of these oxidation
pathways of pharmaceutical removal in the CI- only electrolyte at pH 6. Mechanistic studies of
various classes of pharmaceuticals degradation were conducted to gain insight into the role of
various degradation pathways during electrolysis.

The contribution of each oxidation pathway was determined by the electrolysis rates of
pharmaceuticals in various electrolytes containing excess quenchers (Table 4.1). The individual
contribution of each of the following oxidation pathway was evaluated by COP;i = ki/Kops,ci-,
where COP; is the contribution of oxidation pathway i, ki is the rate constant of oxidation
pathway via i and Kobs,ci- IS the kobs in 100 mM CI™ electrolyte. Therefore, (1) the rate constant of
direct electron transfer (DET) was the electrolysis rate in electrolyte containing CI~ and AA; (2)
the rate constant of oxidation via "OHgiss was determined as the difference between electrolysis
rates in ClO4 (an inert supporting electrolyte that yields no anodic reactive chlorine species) and
ClO4 + t-BuOH; (3) Oxidation due to "OHags/IrO2+1 Was determined as the difference between
the rate constant in ClO4 and the rate constants of DET and "OHygiss obtained from (1) and (2),
respectively; (4) the rate constant of oxidation via Cl'ags with BDD was determined as the
difference between rate constants due to ClO4 + t-BuOH and CI~ + t-BuOH; (5) Oxidation due to
dissolved CI'/Cly" and FC with BDD was determined as the difference between observed rate
constants in CI~ and CI~ + t-BuOH with elimination of rate constants of ‘OHygiss obtained from
(2); and (6) The rate constant of oxidation via FC and IrOz-Cl were distinguished by mass-
transfer limiting mechanism (see below).

Table 4.1 Constituents of Pseudo-first-order Rate Constants due to Different Electrolytes

Components of Observed Rate Constants Electrolyte

Kobs = KpeT + Keotads + K +0diss + Kcteads + K clediss + K’rc® 100 mM CI-
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Kobs = Kpet 100 mM CI-+ 500 mM AA

Kobs = KpeT + Ke0Hads + K’ -0Hdiss 2 100 mM CIO4

Kobs = KpeT + KeoHads 100 mM ClO4 + 500 mM t-BuOH
Kobs = KpeT + K.OHads *+ Kcleads (BDD) ~ 5

Kobs = KpeT + Keotads + Kciads + K'Fc (Ir02) 100 mM €I+ 500 mM t-BuOH

3k ondiss = K'oH, pharm['OH]. ® K cr'diss = Kei”, pharm[C1']; K’Fe = Krc, pharm[FC];
4.4.1 Rate of Degradation Due to Direct Electron Transfer (DET)

The contribution of DET to pharmaceutical oxidation was evaluated by comparing rate
constants in CI~ solution with and without excess AA. As shown in Figure 4.2 (green vs. orange
columns), the substantial difference between the electrolysis rates of pharmaceuticals indicates
that the contribution of DET accounts for less than 3% for the degradation of CP, CBZ and SMX
with both electrodes. The contribution from DET to pharmaceutical oxidation was calculated and
are shown in Table 4.2. The degradation of pharmaceutical via DET on both electrodes was
mainly kinetically limited (k> << km, Where k’ is the true kinetic rate constant of pharmaceutical
oxidation). This suggests a significant kinetic barrier for direct electron transfer from
pharmaceuticals to the anode. The observed rate constants of SMX degradation are higher than

other three pharmaceuticals indicating the faster degradation of SMX via DET.

1 R 100mM Gk, = g + Ko * K K K 14.67 T R TS TS T

= a = [E100 mM CI~ + 500 mM AA: k,, = k., b =

k [=] 1100 mM €10, K, = Ko+ k 3

[ 100 mM C10; + il mM K, 3 1 |- (100 mM CIO; + 500 mM t-BuOH; k., laz 3

I 100 mM CI~ +5O0JMIM tBuOH; k,,, = o [ 100 mM CI~ 500 mM t-BuOH; k., = T 3

—~ 01k 047 = — Tk, 5

£ E "= 0.4 0.47 §

= ~ E <
w g A

30.01 0.057%_ 5 0.01 0047 _

x [x) = 5

5 |

3 0.001 0.00473

0.001 & 0.00 3 5

1E-04 4.7TE-04

CP CBZ SMX IBP

CP CBZ SMX IBP

Figure 4.2. Pseudo-first-order electrolysis rates of target pharmaceuticals on (a) BDD

anodes and (b) IrO2 anodes. Error bars represent standard deviations from triplicate
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measurements. As shown in Table 4.1, the electrolysis rates of pharmaceuticals shown in green
column consist of the contribution of DET, dissolved and adsorbed "OH and CI*/Cl>" and FC; the
orange columns indicate the contribution of DET only; the red columns represent the electrolysis
rates from DET, dissolved and adsorbed "OH; the pink columns indicate the electrolysis rates
from DET and adsorbed "OH; and the blue columns reveal the electrolysis of pharmaceuticals via
DET and adsorbed *OH and CI'/Cl>™.

Table 4.2. Contribution to Pharmaceutical Oxidation in 100 mM CI~ with BDD and IrO>
Electrodes. The contribution to pharmaceutical degradation from Cl," and FC with BDD cannot

be distinguished due to the quenching effect of t-BuOH on both oxidants.

BDD IrO2
. . . . Clzkdiss & . . IrOs- .
Compounds DET OHags OHuiss Cl'ags EC DET IrOz4y OMHiss cl FC Cl'giss
CP 25% | 71.6% | 23.4% | 0.0% 3.4% 09% | 20.8% | 0.9% | 78.0% 0% 0%
CBz 0.7% 8.0% 9.3% 0.6% 81.4% 0.5% 28% | 0.0% 46% | 91.7% 0.4%
SMX 1.7% 1.3% 3.9% 0.0% 93.2% 1.1% 0% 0.0% 29% | 92.1% 4.0%
IBP 18.6% | 61.0% | 15.1% 0.3% 5.0% 1.7% 15.1% | 2.7% | 76.0% 0% 4.5%

4.4.2 Rate of Degradation Due to *OHiss

The difference between the electrolysis rates of pharmaceuticals in 100 mM CIlO4 with and
without t-BuOH indicates the contribution of ‘OHgiss to the pharmaceutical degradation (Figure
4.2, grey vs. pink columns). *OHygiss contributes 23.4%, 9.3%, 3.9%, and 15.1% to the degradation
of CP, CBZ, SMX and IBP with BDD, respectively (Table 4.2). However, the electrolysis rates
of pharmaceutical with IrO2 are unaltered with the addition of t-BuOH. It suggests that “OHaiss
barely contributes to the pharmaceutical degradation with IrO2, consistent with previous reports
of low ‘OHgiss production for active anodes.’®® Furthermore, the electrolysis rates of
pharmaceuticals are at mass-transfer limiting rates on BDD with the addition of t-BuOH,
consistent with that t-BuOH does not readily react with surface adsorbed radical species (see

above, Figure 4.1a, r1 & ry).
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4.4.3 Rate of Degradation Due to Adsorbed *OH and Chemisorbed Oxygen (IrO2z+1)

The kinds of surface adsorbed "OH are varied due to the anode materials.'®* Physisorbed ‘*OH
is generated on BDD, while chemisorbed oxygen is formed on IrO2 surface (IrO.+1). The
significance of ‘OHags and IrO2+1 for pharmaceutical degradation in CI~ only electrolyte was
evaluated by the difference among the electrolysis rates of pharmaceuticals in ClO4~ (Kobs = KpeT
+ K.oHads + k’-ondiss), ClO4~ + t-BUOH (Kobs = KpeT + K.oHads ) and CI~ + AA (Kobs = kpet) (Figure
4.2, green vs. pink vs. orange columns). The *OHags is the dominant oxidant for the electrolysis of
CP (71.6%) and IBP (61.0%) with BDD (Table 4.2). However, IrO2+1 is not the dominant
oxidant for the oxidation of CP and IBP due to the less reactivity of 1rO2+1 as compared to "OHags.
Furthermore, only less than 8% of the electrolysis of CBZ and SMX is ascribed to “OHags Or
IrO2+1 with both electrodes due to their favored chlorine mediated pathways (see below). The
degradation of pharmaceuticals with IrO. in the absence of CI is at rates lower than mass-
transfer limiting rates. This implies that the pharmaceutical degradation has some Kinetic

limitations (k> < km) due to the formation of chemisorbed oxygen on IrO-.

4.4.4 Rate of Degradation Due to IrO3-Cl, Dissolved CI'/Cl>™, and Free Chlorine (FC) with
IrO;

The electrolysis rates of all pharmaceuticals were unaltered with excess t-BuOH present in
CI™ solution with IrO2 (Figure 4.1b). It suggests little contribution of dissolved CI'/Cl>™ to the
pharmaceutical degradation with IrO; (Table 4.2). This is consistent with previous literature that
it has not yet been reported for IrO to generate significant amount of dissolved CI'/Cl>™ to affect
the pharmaceutical degradation,38:°0:60.94

Chemisorbed chlorine (IrOs-Cl) and/or FC are the dominant oxidants for the degradation of

pharmaceuticals (Table 4.2). The generation of FC is via chemisorbed chlorine (IrO3-Cl),



88
evidenced by the observation that the generation of FC is unaltered in the presence of excess t-
BuOH during electrolysis (Figure 4.1c). Therefore, the addition of t-BuOH cannot separate the
individual importance of IrOs-Cl and FC. The difference between the electrolysis rates of
pharmaceuticals in ClO4~ + t-BuOH and CI~ + t-BuOH is ascribed to the essential contribution of
both IrOs-Cl and FC to the pharmaceutical degradation (Figure 4.2b, pink vs. blue columns).
However, the heterogeneous reactions of pharmaceuticals (via direct anodic oxidation and with
surface adsorbed oxidants) have a maximum pseudo-first-order rate constant (km = 0.028 min™)
when the oxidation Kinetics are faster than the rate of transport of pharmaceutical to the anode
surface from the bulk solution. This results in a clear distinction between the contribution from
surface adsorbed oxidants (IrOs-Cl) and the solution phase oxidants (FC).

Taken all together, the 1rOs-Cl is the dominant oxidant for the oxidation of CP (78.0%) and
IBP (76.0%), while its contribution to the degradation of CBZ (4.6%) and SMX (2.9%) is small
(Table 4.2). By contrast, the contribution of FC to CP and IBP degradation is negligible (~0%)
with 1rO2, consistent with that CP and IBP have been found to be recalcitrant to FC.%71%° The
electrolysis rates of CBZ and SMX in CI- solution are much higher than km (Figure 4.2b),
suggesting a substantial contribution of the homogenous reaction enhancement to their
degradation (Figure 2.4; Gradient C or D). CBZ reacts with HOCI at very slow rates (k ~ 104 M-
1s1) as compared to SMX (k =1.1 x 10° Ms?),23 put reacts with Cl, and CI,0 at very fast rates
(k ~ 10* Mish).47 Furthermore, an equilibrium of HOCI with Cl, and CI,0O can be established
due to the electro-generation of Cl, and HOCI and pH. The speciation of FC with respect to the
pH is shown in Figure 2.5b, and the local pH at the anode surface is approximately 0.74 (Chapter
2.5.2) at which the dominant FC species is dissolved Cl,. Although the proportion of Cl

decreases due to the increasing pH away from the anode surface (Figure 2.5b), the role of
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dissolved Cl is not negligible in the stagnant layer. Thus, the primary degradation pathways of
CBZ in CI only solution is via dissolved Cl. which has not been reported or known for
pharmaceutical degradation during electrolysis.5*% Although the reactivity of Cl, with SMX has
not been reported, the Cl. is assumed to react with SMX at similar rates as with CBZ due to the
presence of alkene in their molecular structures (Table 4.3). Besides the presumed oxidation of
SMX by dissolved Clz, HOCI could contribute significantly to the SMX degradation due to: (1)
increasing proportion of HOCI in FC species away from the anode (Figure 2.5) and (2) similar
reactivity of HOCI with SMX as Cl,. Taken all together, FC (primarily HOCI and/or ClI>) is the
dominant oxidant for the degradation of CBZ (91.7%) and SMX (92.1%) in electrolyte

containing only CI".

4.4.5 Rate of Degradation Due to Cl’ags, Dissolved Cl>™ and Free Chlorine (FC) with BDD

Several studies have reported that CI* reacts with most organic molecules at similar rates as
"OH.%%192 However, electro-generated CI* is known as physisorbed radical but rapidly combine
with local CI" or CI- to generate Cl or dissolved Cl2~ in the stagnant layer, respectively.'®® The
experimental results showed that the contribution of Cl'axs to all pharmaceutical degradation with
BDD is negligible (~0%) when compares the kobs between ClIO4~ + t-BuOH and CI~ + t-BuOH
(Figure 4.2a, pink vs. blue columns). The electrolysis rates of organic compounds in CI
solutions have been correlated to reaction rates with dissolved CI* and Cl,"~ previously.3894167
This indicates that CI'/Cly~ (E°(CI) = 2.41 V, E%Cl") = 2.09 V)*“® contributes to the
transformation of organic contaminants.

At CI™ concentrations of human urine (100 mM), Cl>™ is expected to be the dominant species
of chlorine radical generated with BDD electrodes: under the experimental conditions

investigated in this work (i.e., [urea] = 0.27 M, [Pharm] ~ 4 x 10 M, [uric acid] = 0.003 M, [t-
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BuOH] = 0.5 M and [AA] = 0.5 M), "OH will preferentially react with uric acid, t-BuOH and
allyl alcohol (AA). The "OH has selectivity towards pharmaceutical degradation with the
presence of urea.

k-OH, pharm[Pharm] _ (1010 M‘ls‘l)(4 x 1074 M) _
K.om, urealurea] (7.9 X 105 M~1s71)(0.27 M)

18.7

k-OH, pharm[Pharm] _ (1010 M"ls‘l)(4 x 10~* M)

= =0.1
K.oH, uricacigluricacid] (7.2 x 109 M~1s-1)(0.003 M) 0.185
k-OH,tBuOH[tBUOH] _ (4.8 x 108 M‘ls‘l)(O.S M) — 60
K.oH, pharm[Pharm] — (1010 M~1s-1)(4 x 10-* M)
k. AA 59x10°M~*s71)(0.5M
onaalAA]  ( sTH)( ) g3

K.oH, pharm[Pharm] — (1010 M~1s~1)(4 x 10~* M)
Given the experimental conditions employed (i.e., [CI"] = 0.1 M, [OH] = 10® M at pH 6),
Cly~ is preferred to form in the bulk solution after the formation of CI":%
"CIOH™ + H* <> H,0 + CI’ Ki =102 M1 Equation 4.1
ClI'+ClI- - Cly™ K, =105 M? Equation 4.2

[CI;7]  Kp[ClI'] (1052 M~1)(0.1 M) 3
[CI*-] K, [H*] (1072M-1)(10-8 M)

10*2

Furthermore, the generation pathway of FC with BDD is via dissolved Cl>"". Hence, t-BuOH
not only quenches Cl>™, but also prevents the formation of FC (Figure 4.1b). Therefore, the
significance of dissolved Cly™ and FC were evaluated in group for the pharmaceutical
degradation. Unfortunately, the method of distinguishing IrO3-Cl and FC discussed above for
IrO2 is not valid for BDD since both dissolved Cl." and FC are present in solution phase. As
noted above, Cl is the dominant oxidant for the oxidation of CBZ while both Cl> and HOCI are
the dominant oxidants for the oxidation of SMX. The koss of CBZ and SMX in CI~ solution with

BDD much above km was observed. It suggests that Cl>"qiss and Cl. are the dominant oxidants
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for the degradation of CBZ (81.4%), while Cl2"diss and HOCI/CI are the dominant oxidants for

the degradation of SMX (93.2%) (Table 4.2).

Table 4.3 Molecular Structures of Investigated Pharmaceuticals and Their Reactivities towards

Oxidants and Radicals

Overall Overall L .
c d Molecular Reactivity Reactivity Functional Chemical Rf;?g\'/_:ty R.‘:ﬁclf:\gtcyl Reactivity with
0mpounas Structure with HOCI with Cl, Group Symbol Vgl. M- ,?r wh M-It Cly(M1s?)
(M) (M) (Ms) (Ms?)
Ha
. ,c'\ - Assumed to be
Alkane \EE/ 109¢ N/A slow
O’P‘NH
Cyclic ether v 2.9x10% | 1.5x1029 ~ 1059
Hal R
Alkyl halide \KH ~108¢ N/A N/A
cl Y
al Phosphate a5 A ~108¢ N/A N/A
CcP qif <1042 -
0P j W
Mustard ’ . ~109%¢ N/A N/A
Secondary |
Amine PN ~107¢ 2.3 x102h 3.0 x 1054
R ]
Tertiary RLN’R2 3.5 x 10%¢ 4.0° 1.82 x 108"
Amine "?3 ’ ' '
Alkene HC=—CH ~109¢ <1i 104 — 1081
Aromatic carbon
Aromalic @ ~10° | 81x102i | 63x10%
s N R,
CBZ \kf(:/\r\ I ~10 b 108¢ Amide m)LN‘/ 4.0x10%¢ | 3.3x102k 2.0 — 102t
O’/L*NHE "
Primary |
Amine AN 9.0x107¢ | 2.77 x 102" 6.7 x 1054
Terti R AR -
Aming pl 3.5 x 10°%¢ 40° 1.8 x 108"
Aromatic carbon
Aromatic @ ~10°® | 81x10? | 6.3x103°
Aromatic 1
Amine Q 4.0 x10%¢ 3.0 x 104! 011m
\
1.1 x Ar Q
yl it
SMX 10%¢ NIA | o e > 1.9 x 10% 109 N/A
Aromatic
carbon-alkane ~10%° 0° 5.8x10t°
Isoxazole N/ \ N/A N/A N/A
S0
™~ /!:\
™ fi § CHy
IBP | cori”| <01° | N/A Alkane R S N/A Assuned fo be
AL
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Aromatic carbon
Ac’;’r"t??? EJ ~ 10°¢ 8.1x 102} | 6.3 x1073s
cmostie | L |7oxw0e | 11n | 29x10%
Aromatic
carbon-alkane ~ 10°%¢ 0° 5.8 x 10t°

“N/A” represents that the kinetics data has not been reported previously. * From ref. 1 ° From ref. 19,
From ref. 47. 9 From ref. #’. ¢ From ref. 1° and CI' is assumed to have similar reactivities with respect to
different functional groups as *OH. " The halogenation of alkane by Cl, requires UV light to generate CI'
as the initial step for the reaction. ¢ Assumed based on the reactivity with aromatic ether from ref. 13, "
Assumed based on the reactivity with NHCI, from ref. 1%, ' From ref. 2.} From ref. 7. X From ref. 174,
From ref. 1. ™ Assumed based on the reactivity of CIO, with from ref. 6. " From ref. 7. © Assumed
based on the reactivity with p-xylene from ref. 18, Assumed based on the reactivity with trimethylamine
from ref. 19, 9 Assumed based on the reactivity with methylamine or dimethylamine from ref. 180 '
Assumed based on the reactivity with trimethylamine from ref. 181, Assumed based on the reactivity with
benzene from ref. 12, ' Assumed based on the reactivity with N-substituted amides from ref. 18, Assumed
based on the reactivity with acetic acid from ref. ®." From ref. 1, It is noteworthy that all assumed
reactivities of oxidants with functional groups based on the reaction with similar compounds are not
accurate due to the effect of different neighboring groups.

Based on the observation above, the oxidation pathways of pharmaceuticals with alkene
functional groups (present in CBZ and SMX but not in CP and IBP; Table 4.3) are primarily via
reactions with Cl> or HOCI with both “active” and “inactive” electrodes during electrolysis in
electrolyte only containing CI~. This is consistent with the well-known rapid reactions of alkenes
with halogens.!’? By contrast, the pharmaceuticals which are sluggish towards FC are oxidized
mainly via surface adsorbed oxidants ("OH or chemisorbed chlorine). Therefore, further
experiments were undertaken to understand the scavenging effect of urine constituents on
pharmaceutical degradation based upon the understanding of dominant degradation pathways for

each pharmaceutical.
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45 THE SCAVENGING EFFECT OF ORGANIC URINE CONSTITUENTS ON

PHARMACEUTICAL DEGRADATION

The synthetic fresh urine matrixes contain significant organic constituents including urea
(270 mM), creatinine (13 mM), and uric acid (3 mM), and inorganic constituents such as sulfate
(SO4>~; 15 mM), dihydrogen phosphate (H2PO4~; 20 mM), and citrate ions (3 mM). The oxidant
scavenging effects of these compounds may dramatically alter the rates of pharmaceutical

degradation. The scavenging effect of each constituent is shown below.

45.1 Urea

Urea (270 mM) is the most abundant organic compound present in fresh human urine. The
electrolysis rates of SMX and CBZ in the simplified synthetic fresh urine matrixes (SUM; 270
mM urea + 100 mM CI") were significantly decreased as compared to that in CI~ solution with
both IrO2 and BDD anodes (Figure 4.3a, b, green vs. orange columns). This suggests the large
quenching effect of urea on dissolved reactive chlorine species (RCS; Cl,"", HOCI, Cl; and etc.).
Urea reacts with HOCI with a rate constant of Kurea,Hoci = 0.63 M*s,18 while the rate constant of
HOCI with SMX is 3 orders-of-magnitude higher than with urea. The rest of the pharmaceuticals
investigated react slower with HOCI than urea.'®®'%° Moreover, the reactivity of dissolved Cl,
with urea is similar to that with CBZ and SMX (Kciz, urea = 2.35 x 10* M~ 1s7!).17 Therefore, the
oxidation of pharmaceutical via FC are suppressed due to the high urea content in SUM. The
reactivities of dissolved Cl™ with urea and pharmaceuticals have not yet been reported.
However, the rate constants of Cl,”~ with most organic molecules are ~10” M~'s™".*8 Therefore,

Cly~ likely has similar reactivity towards urea and pharmaceutical with rate constants of 10’
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M~Is7!. Thus, Cl" is also quenched by urea that for the pharmaceutical degradation with BDD

due to the high concentration of urea.
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Figure 4.3 Observed and normalized pseudo-first order rate constants during electrolysis of
CP, CBZ, SMX, and IBP with the addition of individual constituent from synthetic urine
matrixes with (a) & (c) BDD and (b) & (d) IrO2. The black horizontal line of observed rate
constants represents mass-transfer limiting rates, including the measured standard deviation Km.
The addition of urea has little impact on the electrolysis rates of CP and IBP with BDD
(Figure 4.3a, green vs. orange columns) due to that: (1) the *OH is the dominant oxidant for the
degradation of CP and IBP (Table 4.2); "OH can selectively oxidize pharmaceutical due to the
unusual slow reaction of *OH with urea;®” and (3) contribution of RCS to their degradation is
negligible (see above), even dissolved RCS are quenched by urea. The reactivity of *OH with
urea (k = 7.9 x 10° M's™!) is much lower than with most pharmaceuticals (k ~ 101° M~'s™"),1#

which creates an effective selectivity of ‘OH towards pharmaceutical degradation. The

electrolysis rates of CP and IBP were unaltered with 1rO: in the presence of urea (Figure 4.3b,
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green vs. orange columns), although 1rO3-Cl (the dominant oxidant for the oxidation of CP and
IBP) as one of the RCS is presumed to be quenched by urea. This is likely due to that: (1) the
degradation of CP and IBP is already mass-transfer-limited reacting with IrOs-Cl occurring at the
anode surface and (2) the electro-generation of IrOs-Cl is sufficient to degrade CP and IBP albeit

urea also reacts with 1rO3-ClI.

45.2 Creatinine

Creatinine (13 mM) is a waste product of muscle metabolism and is present in human urine.
As shown in Figure 4.3a, b (cyan vs. orange columns), the electrolysis rates of CP and IBP were
not substantially changed in the presence of creatinine with both electrodes. It is because the
radical quenching effect of creatinine is similar to that of urea,?® although the rate constants of
"OH with creatinine have not been reported. Hence, *OH can selectively oxidize pharmaceuticals
with the addition of creatinine to SUM. However, the electrolysis rates of CBZ were further
decreased when creatinine is added to SUM likely due to the larger scavenging effect of
creatinine on dissolved Clz. Although the reaction rates of Cl, with creatinine is unknown, the
second-order rate constant of Cl, and creatinine is speculated to be ~10° Ms%. It is because Cl,
has been found to react with dimethenamid at 1.21 x 10® M-1s? via chlorination of the alkene
group'® and creatinine has alkene functional group analogous to dimethenamid. Thus, dissolved
Cl> is further quenched with the addition of creatinine (13 mM) to SUM, consistent with the
experimental data. By contrast, the rates of SMX degradation were not changed with both
electrodes. This suggests the contribution of Cl> to SMX is insignificant, and HOCI is not further
guenched by creatinine, consistent with the rate constant of HOCI with creatinine (Knocl, creatinine

=0.25 Ms)88 similar to that with urea (Kurea,Hoci = 0.63 M1s1), 186
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45.3 Uric Acid

The normal excretion of uric acid in human urine is 1.06 - 3.1 mM. In this work, 3 mM uric
acid was used to maximize the worst case of scenario of oxidants scavenging effect. As shown in
Figure 4.3a, b (violet vs. orange columns), the addition of uric acid to SUM resulted in a
decrease of electrolysis rates of CBZ to km due to a significant HOCI and Cl, quenching effect of
uric acid. The uric acid scavenges HOCI with an estimated rate constant 3 x 10° Mg &0
Additionally, uric acid has an alkene group analogous to dimethenamid so that it likely reacts
with Cl, at ~10° Ms? (see above discussion for creatinine). The rates of SMX degradation were
decreased but slightly above km (Figure 4.3a, b, violet columns). The reaction of SMX is mass-
transfer-limited with very low homogenous reaction enhancement due to the reaction
competition between uric acid and SMX with HOCI. Moreover, the degradation rates of CP and
IBP were decreased to mass-transfer limiting rates due to the *OHuiss quenching effect of uric
acid in solution phase with BDD (Figure 4.3a). Uric acid is reported to react with "OH at near
diffusion controlled rate (K.om, uric acia = 7.2 x 10° M?1s).18 |t results in the competition between
uric acid and pharmaceuticals for *OH in the solution phase. Furthermore, the oxidation of CP
and IBP is also observed at mass-transfer limiting rates with IrO> (Figure 4.3b). It’s possibly due
to that: (1) the reaction of “OHabs (on BDD) and IrOs-Cl (on IrO2) with uric acid is mass-transfer-
limited and (2) the "*OHans and IrOs-Cl are sufficient to react with pharmaceuticals and maintain
pharmaceutical concentration at zero on the surface.

The organic constituents (urea, creatinine and uric acid) in synthetic fresh urine substantially
guench the dissolved RCS. It results in a significant decrease of electrolysis rates of CBZ and
SMX with both electrodes. Urea and creatinine do not effectively change the electrolysis rates of

CP and IBP due to the selectivity of "OH towards pharmaceutical oxidation. By contrast, uric
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acid quenching all dissolved radicals results in the oxidation of CP and IBP limited by the mass

transfer of pharmaceuticals to the anode surface.

46 THE EFFECT OF INORGANIC URINE CONSTITUENTS ON PHARMACEUTICAL

DEGRADATION

46.1 SO

SO4> (15 mM) is an abundant anion in synthetic fresh urine matrixes. The addition of SO4*
can produce new oxidants, SO and S,0s> (Table 1.1, egs. 5-7).%° SO4™ is an intermediate and
responsible for the formation of S,0s*", but many studies have suggested its participation in the
oxidation of organics.'®-1% Additionally, S,0s> is a less reactive oxidant than SO~ (<10* M1s’
1,19 The electrolysis rates of all pharmaceuticals were unchanged with the addition SO4* to
SUM due to the similar reactivity of SO4™ (product of quenching "OH and CI* by SO4*) as *OH
and CI" (Figure 4.3c, d, gray vs. orange columns). The reactivities of SOs~ with most
pharmaceuticals have been reported to be greater than 108 M-1s1,195-197 and the reactivity of urea
with SO is similar to that with "OH (Kso4._, urea = 6.35% 10° M1s71).1%8 Thus, SO, should have
a selectivity towards pharmaceutical oxidation analogous to "OH. Nonetheless, the electrolysis
rates of CBZ and SMX were hypothesized to decrease with the addition of SO4>" due to the CI'-
quenching effect of SO4>" that inhibits the formation of FC (Table 1.1, eq. 9). However, this

process is suppressed due to high content of CI~ in the matrixes (Table 1.1, eq. 10).

4.6.2 HPO4

H2PO4~ (20 mM) may affect electrolysis rates of pharmaceuticals due to the generation of
H.PO4 (Table 1.1, egs. 11-12).53% However, the electrolysis rates of pharmaceuticals were

unchanged in the presence of H.PO4~ with BDD (Figure 4.3c, blue column). This is likely due to
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that (1) the reaction rate constant of *OH with H.PO4 (k = 2.0 x 10* M%s?) is 5 to 6 orders-of-
magnitude lower than that with CP and IBP (k ~ 10%1° M-s?) and (2) H2PO4 does not likely
scavenge CI" because of the high reactivity of HoPO4" with CI~ (k = 2.2x 10° M1s!) and the high
concentration of CI~. However, the addition of H.PO4~ decreased electrolysis rates of CP, CBZ
and IBP below km with 1rO2 (Figure 4.3d, blue column). This is unexpected because the electro-
generation of H2PO4" via direct anodic oxidation is supposed to facilitate production of more
RCS (Table 1.1, eq. 12). We hypothesize that the diminished rates of the degradation of CP,
CBZ and IBP suggest that the 1rOs-Cl is quenched by H2.PO4~ with the generation of less reactive
oxidant (H2POy") albeit the reactivity of 1rOs-Cl with HoPO4~ is unclear. It results in a mixed
kinetically and mass-transfer limiting degradation of pharmaceuticals with IrO2. However, the
rates of SMX degradation were decreased but still above km with both electrodes. It suggests that
(1) the kinetic between H2PO4" (IrOs-Cl scavenging product) and SMX is faster than the mass
transport and (2) the homogenous reaction of HOCI with SMX despite the diminished generation

of HOCI due to the hypothesized IrOs-Cl scavenging effect of H2PO4™.

4.6.3 Citrate ions

Sodium citrate (3 mM) is a derivative of citric acid in urine matrixes. Its radical scavenging
effect (K-on, citrate ion = 2.4 x 108 M1s) (Table 1.1, egs. 13-14)* changes the oxidation rates of
the pharmaceuticals due to the low reactivity of citrate radicals (- radical scavenging product)
with organic contaminants (E° (NasCitrate) = —0.18 V).1% The reaction rate constant of Cl,"~ with
citrate ions has not been reported previously. As a reference, (1) standard reduction potential of
chlorine radicals (E°(Cl"/CI) = 2.24 V)?® is close to that of ‘OH at pH 6 (E”('OH/OH") = 2.38
V)20 and (2) Cl,"~ reacts with most organics at rates 10’ M™s.20! Thus, these suggest that the

reactivity of Cl,"~ and citrate ion is possibly around 107 Ms™. As shown in Figure 4.3c (green
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vs. orange columns), the electrolysis rates of CP and IBP decreased to km on BDD with the
addition of citrate ions, consistent with the presumable radical-scavenging effect of citrate ions.
The rates of CP and IBP degradation were decreased below km with IrO. (Figure 4.3d, green vs.
orange columns). It suggests the degradation of CP and IBP is controlled by mass-transfer as
well as kinetic rates with IrO. due to the IrOz-Cl quenching effect by citrate ions in analogues to
H2PO4". Furthermore, the oxidation rates of CBZ and SMX were decreased with the addition of
citrate ions with both electrodes (Figure 4.3c, d). Specifically, the observed electrolysis rate of
CBZ is down to km while it is still above kn for SMX degradation with BDD. The oxidation rates
are observed below and near km for CBZ and SMX oxidation with 1rO>, respectively. Taken
together, these observations suggest: (1) citrate ions slightly quench Cl>™ resulting in less FC
formation with BDD; (2) IrO3-Cl is largely quenched by citrate, resulting in a mixed Kinetic and
mass-transfer limit of reaction of CBZ with IrO2; (3) the homogeneous reaction of HOCI with
SMX adds up to the electrolysis rates, consistent with the reactivity of HOCI with citrate (k = 5.5
x 107 M1s1)% Jower than with SMX (k = 1.1 x 10° M1s);'% and (4) the Cl is quenched by
citrate significantly leading to no homogeneous reaction enhancement for CBZ degradation with

both electrodes, although the reactivity has not been reported (Table 1.1, eq. 16).

4.7 ELECTROLYSIS OF PHARMACEUTICAL IN FuLL SYNTHETIC FRESH URINE
MATRIXES (FUM)

The scavenging effects of individual urine constituents were further consolidated and verified
by experiments conducted in the full synthetic fresh urine matrixes (FUM). The electrolysis of
FUM with relatively low current densities (10 mA/cm?) did not significantly change the pH of
the electrolyte. All pharmaceuticals were degraded greater than 90% within 1.5 hr treatment with

BDD (Figure 4.4a), while they were eliminated greater than 80% with IrO2 (Figure 4.4b). In
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addition, the observed and normalized pseudo-first-order rate constants were obtained to assess
the performance of pharmaceuticals degradation in FUM (Figure 4.4c). Similar rapid degradation
rates of CP, CBZ and IBP were observed corresponding to km with BDD electrode. This suggests
the pharmaceutical degradation in FUM takes place at mass-transfer limiting conditions,
consistent with the dissolved oxidant scavenging effect of citrate and uric acid. By contrast, the
electrolysis rates of CP, CBZ and IBP were substantially lower than km with 1rO.. It suggests a
mixed Kinetic and mass-transfer limit of pharmaceutical degradation, consistent with the
scavenging effect of HoPO4~ and citrate discussed above. While the SMX is degraded the fastest
among all pharmaceuticals at rates slightly above km by both electrodes. The high reactivity of

SMX with HOCI in solution phase leads to the electrolysis rates greater than or near the km.
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Figure 4.4 Target pharmaceuticals removal during electrolysis in FUM matrixes on (a)
BDD electrode; (b) Ti/lrO2 electrode. (c) Observed and geometry normalized pseudo-first
order rate constants of target pharmaceutical electrolysis in FUM on BDD and Ti/lrOz. The
black horizontal line represents the measured mass-transfer limiting rate constants with
uncertainties. Error bars represent the standard deviation of replicate experiments.

In our electrochemical setup, the concentration of pharmaceuticals can be removed by 3
orders-of-magnitude within 9 hr treatment on 1rO2 electrodes (normalized Kobs greater than 0.075

cm/min) (Figure 3.5). BDD outperformed IrO2 with normalized kobs = 0.124 cm/min for all

pharmaceuticals. This results in presumable 3 orders-of-magnitude reduction in concentration
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within 6 hours (Figure 3.5). The discrepancy between the electrolysis rates of pharmaceuticals
with both anodes is as expected and reported previously due to the kinds and yields of oxidants

generated on BDD and IrO; electrodes (see above),36:128:202

4.8 STRATEGIES OF FASTER PHARMACEUTICAL DEGRADATION BY ACTIVE AND

INACTIVE ANODES

To investigate the best strategies for achieving faster degradation of pharmaceuticals with
both active and inactive anodes, multiple approaches were tested such as increasing mass transfer

rates, increasing the applied current densities, and increasing the initial chloride concentration.

4.8.1 Increasing Mass Transfer Rates

The observed rate constants of pharmaceutical degradation are determined by the mass-
transfer-limiting rate (km) and the true kinetic rate constant of pharmaceutical degradation (k)

when oxidation only occurs at the anode surface (Figure 2.4, gradient A and B), given by k,,s =

1
T
g

— (Chapter 2.5). Therefore, increasing km should result in the increase of kobs theoretically. It
km
agrees with the observation shown in Figure 4.5a, b, increasing the mass transfer rates leads to
higher oxidation rates of pharmaceuticals with both electrodes, although the electrolysis rates are
below their corresponding km (Re = 11050). It suggests the oxidation of pharmaceuticals at Re =
11050 is both kinetically and mass-transfer-limited for our experimental setup. Additionally, the
pseudo-first-order true kinetic rate constants (k’) of each pharmaceutical with BDD and IrO> can
be determined in our electrochemical setup (measured potential ~2.5V). The k’ reflects the
kinetics of pharmaceutical oxidation on the electrode surface controlled only by the applied

potential regardless of electrochemical cell geometry and mass transfer conditions. As shown in

Table 4.4, the k’ is higher for all pharmaceuticals with BDD than IrO2, consistent with the
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presumed H2POs~ and citrate ion quenching effect on IrOs-Cl with IrO, (see above).

Furthermore, the k’ is highest for the oxidation of SMX with both electrodes due to the faster

degradation of SMX via DET.

Table 4.4 Geometry-normalized Pseudo-first-order True Kinetic Rate Constants (k’) Obtained
1

from Kops at Re =11050 in Figure 5a, b, given by the equation ks = N (Chapter 2.5).
k' km
CP CBZ SMX IBP
k' (cm/min) k' (cm/min) k' (cm/min) k' (cm/min)
BDD 0.94 0.82 1.09 0.82
IrO; 0.25 0.27 0.34 0.28

4.8.2 Increasing Current Densities

As shown in Figure 4.5c, d, increasing current densities (equivalent to increasing the applied
potential) increases the generation rates of oxidants and facilitates the direct electron transfer.
The electrolysis rates of pharmaceuticals with 100 mA/cm? were significantly higher than the
determined km at Re = 2977. Cotillas? ascribed the similar observation to the twice generation of
oxidants in solution phase due to the higher current densities in CI™ only solution. However, it is
doubtful due to the oxidant-scavenging effect of urine constituents as noted above. The plausible
explanation is that a 1-order-of-magnitude increase in applied current density leads to
significantly more gas evolution, and thus increases km during electrolysis which further
increases the observed oxidation rates of pharmaceuticals. It explains why the electrolysis rates
of pharmaceuticals are higher than km (Re = 2977) with 100 mA/cm? applied current densities.
The degradation rate of SMX is much higher than the other pharmaceuticals. It is likely due to

the higher rates for SMX degradation via DET (see above).
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Figure 4.5 Electrolysis rates of test pharmaceuticals in FUM investigated in this work with
different stir rates by (a) BDD and (b) IrOz. Electrolysis rates of four pharmaceuticals in
FUM under a stir rate of 600 rpm (Re = 2977) with various applied current densities and
initial CI-concentration by (c) BDD and (d) IrO..

4.8.3 Increasing the Concentration of Chloride lons

The electrolysis rates of pharmaceuticals were unchanged with the addition of 400 mM CI to
FUM (Figure 4.5 c, d). The stoichiometric excess of Cl~ (as compared to urea) did not effectively
accelerate the degradation of pharmaceuticals. It suggests that (1) the generation of dissolved
RCS is not rapid enough to reach the chlorination breakpoint and (2) the electro-generation of
IrO3-Cl is not sufficient to outweigh the quenching effect of H.PO4~ and citrate ions.

Increasing the mass-transfer rates is important for faster degradation of pharmaceuticals in
FUM for both “active” and “inactive” types of electrodes. However, the electrolysis rates of

pharmaceuticals with “inactive” type anode (e.g., BDD) outcompete that with “active” type
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anode (e.g., IrO2) due to the higher kinetic rates achieved by “inactive” anode in our
experimental setup. Nonetheless, for EAOPs with low km (i.e., much smaller than k’ on IrOy), the
oxidation of organic contaminants with IrO2 could occur at mass-transfer controlled rates in the
absence of dissolved oxidants. Under this circumstance, the electrolysis rates could be similar for
BDD and IrO. electrodes since the rates are controlled by the mass transfer of organic
contaminants from bulk to the electrode surface. Additionally, increasing the applied current
densities can result in similar electrolysis rates of pharmaceuticals by BDD and IrO2 by enabling
the true kinetic rates on IrO> similar to that on BDD. However, increasing the current densities
decreases the Faradaic efficiency and costs more energy, however, it enhances mass-transfer
rates likely due to the intense gas evolution. The stoichiometric excess Cl- (as compared to urea)
does not impact the oxidation of pharmaceuticals in FUM due to that the generation rates of FC

are not sufficient to reach chlorination breakpoint.

4.9 CONCLUSIONS

In this chapter, we show that electro-generated dissolved Cl, has been overlooked for the
oxidation of organic contaminants in previous literature. Dissolved Cl; is the dominant oxidant
for the rapid degradation of CBZ while HOCI is the dominant oxidant for the oxidation of SMX
in electrolyte only containing CI™. By contrast, the surface adsorbed oxidants ("OH or 1rOs-Cl)
are the dominant oxidants for the degradation of CP and IBP. Additionally, urea, creatinine and
uric acid significantly quench dissolved RCS in the solution phase. This results in a mass-
transfer limit of pharmaceutical degradation. Citrate ions and H2PO4 possibly quench IrOs-Cl
resulting in a mixed Kinetic and mass-transfer controlled degradation of pharmaceuticals with

IrO,. However, H,PO4~ and SO4*7ions do not alter the electrolysis rates of pharmaceuticals that
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are primarily degraded by ‘OH. The degradation of pharmaceuticals in full synthetic fresh urine
matrixes (FUM) occurs at mixed kinetic and mass-transfer control with IrO2 but occurs at mass-
transfer controlled rates with BDD (for our experimental setup). Increasing the mass-transfer rate
is particularly important for both types of anodes for faster pharmaceutical degradation in FUM.
The true Kinetic rate constants for pharmaceutical oxidation are higher with BDD than with IrO5.
However, for industrial EAOPs in a flow reactor (Re < 3000), the oxidation of organic
contaminants with 1rO2 could occur at mass-transfer controlled rates in the absence of dissolved
oxidants. Furthermore, BDD is prohibitively expensive and IrO2 contains rare earth elements.
Therefore, the development of economic, stable and environmentally friendly anodes is
desirable. Furthermore, future work aimed at designing devices that allows fast mass transfer
with minimum byproduct formation could provide significant contribution to mitigating the

release organic contaminants into the environment.

4.10 SUPPLEMENTARY INFORMATION

Table 4.5 Pseudo-first-order Rate Constants of Pharmaceutical Removal during Electrolysis on

BDD used for the electrolytes in Figure 4.2a.

Cl+ AA Clos cr ClOs +t | o | t.BuOH
(min) (minY) (min) BUOH (min)
(min™)

CP 9.00 x 10 3.47 x 102 3.26 x 102 2.64 x 102 2.60 x 102
CBz 2.14 x10° 5.51 x 102 0.31 2.67 x 102 2.84 x 102
SMX 1.52 x 102 6.19 x 102 0.90 2.68 x 102 2.63 x 102

IBP 6.30 x 10°° 3.21 x 102 3.38x 1072 2.69 x 102 2.70 x 102

Table 4.6 Pseudo-first-order Rate Constants of Pharmaceutical Removal during Electrolysis on

Ti/lrO2 used for the electrolytes in Figure 4.2b.

Cl+ AA
(min™)

ClOs
(min™)

Cl
(min™)

ClOs + t-
BuOH

Cl + t-BuOH
(min™)
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(min™)

CP 2.40 x 10 5.98 x 107 2.75 x 1072 5.74 x 103 2.64 x 102
CBZ 1.61 x 103 7.78 x 10 0.33 1.09 x 1072 0.33
SMX 9.76 x 10 9.72 x 10 0.91 0.010 0.87

IBP 5.00 x 1074 5.66 x 103 2.90x 1072 4.88 x 10 2.69 x 102

Table 4.7 Pseudo-first-order Rate Constants of Pharmaceutical Removal during Electrolysis on

BDD used for the electrolytes in Figure 4.3a and Figure 4.3c.

Urea + CI- Urea+ Cl"+ | Urea+ClI + | Urea+Cl + | Urea+ ClI- | Urea+ Cl +
_ Creatinine Uric Acid SO4* + HoPO4~ Citrate
(min”) (min') (min') (min') (min') (min')
CP 0.033 0.036 0.029 0.033 0.033 0.027
CBz 0.038 0.030 0.030 0.034 0.034 0.026
SMX 0.046 0.039 0.035 0.037 0.039 0.034
IBP 0.036 0.040 0.029 0.035 0.033 0.024

Table 4.8 Pseudo-first-order Rate Constants of Pharmaceutical Removal during Electrolysis on

IrO2 used for the electrolytes in Figure 4.3b and Figure 4.3d.

Urea + CI- Urea+ClI"+ | Urea+Cl + | Urea+Cl + | Urea+ Cl" | Urea+CIl +
- Creatinine Uric Acid SO4* + HPO4~ Citrate
(min™) . 1 1 = .
(min™) (min™) (min™) (min™) (min™)
CP 0.027 0.027 0.025 0.029 0.018 0.015
CBZ 0.033 0.026 0.026 0.032 0.019 0.016
SMX 0.043 0.040 0.031 0.035 0.032 0.027
IBP 0.027 0.027 0.024 0.028 0.018 0.013

Table 4.9 Pseudo-first-order Rate Constants of Pharmaceutical Removal during Electrolysis

with BDD used for the electrolytes in Figure 4.5a, c.

Re =2977 Re =11050 Re =2977 Re =2977
10 mA/cm? 10 mA/cm? 100 mA/cm? 10 mA/cm?
100 mM CI- 100 mM CI- 100 mM CI- 500 mM CI~
(min™?) (min?) (min?) (min?)

CP 0.028 0.053 0.040 0.029
CBZ 0.027 0.051 0.042 0.026
SMX 0.029 0.055 0.076 0.032
IBP 0.027 0.051 0.047 0.025




107

Table 4.10 Pseudo-first-order Rate Constants of Pharmaceutical Removal during Electrolysis

with IrO2 used for the electrolytes in Figure 4.5b, d.

Re =2977 Re =11050 Re =2977 Re =2977
10 mA/cm? 10 mA/cm? 100 mA/cm? 10 mA/cm?
100 mM CI- 100 mM CI- 100 mM CI- 500 mM CI-
(min™) (min™) (min™) (min™)

CP 0.018 0.031 0.040 0.017
CBZ 0.020 0.032 0.048 0.018
SMX 0.027 0.036 0.083 0.026
IBP 0.019 0.033 0.037 0.017

Chapter 5. ENHANCING RATES OF PHARMACEUTICAL

DEGRADATION AND SUPPRESSION OF
CHLORINATED BYPRODUCTS FORMATION BY
ALTERNATING SCHEME OF OXIDATION AND
REDUCTION DURING ELECTROLYSIS OF FRESH
HUMAN URINE

In this chapter, we examine two alternating schemes of oxidation and reduction: (1) using

two WEs from a bipotentiostat and forced convection to move fluid from an anodic WE to a

cathodic WE and (2) using alternating current electrolysis to change the polarity of electrode,

alternating the same surface between WE and CE. Both alternating schemes use an interdigitated

working electrode (IWE) where Ti/lrO> is used for both sides of the IWE as a proof of principle

(Figure 5.1). The first alternating scheme using convection incorporates: (i) mass transport of the

pharmaceuticals from bulk solution to the anode surface for their oxidation and (ii) mass

transport of the electro-generated CBPs from anode to cathode under magnetic stirring. We show

that the oxidation of pharmaceuticals is accelerated in various urine matrixes with the application

of this alternating scheme. Moreover, the formation of inorganic CBPs (i.e., ClIO3") and organic

CBPs (i.e., MCAA, DCAA, TCAA and CHCIs) is significantly decreased with a cathodic
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potential of -2V (vs. Ag/AgCIl) applied in the alternating scheme during electrolysis of different
urine matrixes. Furthermore, increasing the mass-transfer rates (Re) further suppresses the
formation of organic and inorganic CBPs. The second alternating scheme using AC electrolysis
shows adverse effect on the degradation rates of pharmaceuticals due to the instant reduction of
surface-adsorbed oxidants. This work provides a proof-of-concept for a simple alternating
scheme of point-source remediation of pharmaceuticals in fresh human urine for the acceleration

of pharmaceutical degradation and suppression of oxidation byproducts formation.

e e
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¥
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Figure 5.1 (a) Schematics for the dimensions of the Ti/lrO: interdigitatedm:/r\"/orking
electrodes (IWEs) attached on a 40 x 100 mm clean soda-lime glass substrate. (b)
Photograph of the Ti/lrO2 IWEs fabricated.

5.1 ABSTRACT

We propose an in-situ alternating scheme of oxidation and reduction for the electrochemical
oxidation of pharmaceuticals in fresh urine. The alternating scheme is examined for
simultaneous oxidation of pharmaceuticals and reduction of electro-generated CBPs. The two
working electrodes (both Ti/lrO,) are fabricated in an interdigitated planar geometry. These

interdigitated working electrodes (IWES) are used in two ways to create situations where a region
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of solution is oxidized then quickly reduced by using: (1) a convention method where a
bipotentiostat applies a constant anodic potential to one side of the IWE and a cathodic potential
to the other side of the IWE while a stir bar directly on top of the planar IWEs moves fluid across
the IWE (with separate counter and reference electrodes in the cell) and (2) an alternating current
method where at any given time one side of the IWE is the working electrode and the other side
is the counter electrode but over time the WE and CE are alternated by the potentiostat at a rate
of up to 100 Hz. In this work, we also introduce a metric, i.e., normalized yield of chlorinated
byproducts (CBPs), to evaluate the generation of CBPs per percentage of pharmaceutical
degraded. We show that the degradation of pharmaceuticals is accelerated with the convection
method (1) for both synthetic fresh urine matrixes (FUM) and synthetic hydrolyzed aged urine
matrixes (HUM). Furthermore, the formation of ClOs~, CHCIsz and chlorinated acetic acids
(CAAS) are increasingly suppressed with increasing cathodic potentials or mass-transfer rates.
The electrolysis rates of pharmaceuticals in HUM are substantially lower than that in FUM. It
results in a greater normalized yield of CBPs in HUM. Therefore, it is advantageous to treat fresh
urine rather than hydrolyzed aged urine. When using the alternative method (2), the electrolysis
rates of pharmaceutical and the CBPs formation are dramatically decreased with increasing
alternating frequency. This decrease is due to the rapid electrochemical reduction of chemisorbed
oxidants during the cathodic potential that precedes the anodic potential on the same electrode
surface. It leads to a low level of normalized yield of CBPs at even low Re. In addition, the total
energy (~ 180 J) wasted on the charge/discharge of double layer capacitance between each
alternating cycle is unwanted. Importantly, this proof-of-principle shows that a flow cell using

IWEs under high mass transfer conditions can be used for point-source-remediation of
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pharmaceuticals in fresh human urine less formation of CBPs when compared with conventional

single WE setups.

5.2 INTRODUCTION

Electrochemical advanced oxidation processes (EAOPS) in human urine shows promise for
providing wastewater treatment for the mitigation of pharmaceutical occurrences in the aquatic
environment. Despite several studies show the feasibility of the EAOPs in both fresh and
hydrolyzed aged urine matrixes,3®%0:67.75.203 the piggest hurdle for the successful application is the
oxidation byproducts (OBPs) formation during the electrolysis of urine. These OBPs formed
during EAOPs includes chlorate (ClOs"), perchlorate (ClO4), haloaceitc acids (HAAS),
trihalomethanes (THMs) etc.>® Owing to their potential health effects and widespread
occurrences in chlorinated water, HAAs in conjunction with THMs, ClOz", ClO4™ and bromate,
are regulated under the promulgated United States Environmental Protection Agency (US EPA)

Disinfectants and Disinfection Byproducts rule.2042%

In Chapter 3, we have shown that employing the electrolysis of pharmaceuticals in fresh
human urine is more advantageous than in hydrolyzed aged urine matrixes (due to the
volatilization of NH3)." It is because the HCOs™ in synthetic hydrolyzed aged urine matrixes
(HUM) quenches the electro-generated *“OH and/or CI* with the formation of HCO3" (less reactive
with respect to pharmaceutical). It results in a lower oxidation rates of pharmaceuticals in HUM
as compared to that in synthetic fresh human urine matrixes (FUM).%” Additionally, the
generation of ClOs™ and CIO4 is suppressed in FUM due to the presence of high urea content

which quenches the CI* preventing the formation of CIO3™ and ClO4.5” Although the generation
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of ClOs™ and ClO4 is suppressed during electrolysis of FUM, the further development is needed
to minimize the formation of ClIO3™ and CIO4 .

In addition to the inorganic CBPs, the remediation of the organic CBPs has been investigated
previously. Reductive dehalogenation has been considered as an attractive option to remove
HAAs in water. However, it often requires an addition of reducing agents, such as zerovalent

207 and sodium sulfite?®®, Therefore, the electrochemically advanced reductive

iron,?% hydrogen,
processes (EARPS) in the remediation of organic CBPs has received growing attention.2%%:210
Electrochemical reduction could effectively dechlorinate the organic CBPs without producing
toxic byproducts.?!?'* For instance, Mao, et. al. has reported an efficient electrochemical
dechlorination of TCAA using a graphene-Cu foam electrode. The dechlorination is via direct
cathodic reduction and reduction by adsorbed atomic hydrogen (H-rad) generated on the
cathode.?®® Furthermore, EARPs can be easily employed as a continuous treatment in the
continued stirred reactor in parallel with EAOPs without the addition of other chemical agents.
However, the similar generation of HAAs and THMs has been reported in undivided and
membrane-divided cell configurations.?'* It suggests the reductive dechlorination on the cathode
is negligible in a traditional undivided electrolytic cells. It is because the generation rates of
organic CBPs are substantially higher than the rates of reductive dechlorination. The slow
reduction of organic CBPs can be ascribed to (1) the sluggish kinetics of reduction on the
cathode and/or (2) the slow mass transport of organic CBPs to the cathode surface. Therefore,

the cathode materials, cathodic potentials and the mass transfer conditions play important roles in

the EARPs of organic CBPs.
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5.3 THE REACTIONS DURING ELECTROLYSIS OF FRESH HUMAN URINE IN THE

PRESENCE OF ALTERNATING SCHEME OF OXIDATION AND REDUCTION

The alternating scheme of oxidation and reduction is achieved by using a convention method
where a bipotentiostat applies a constant anodic potential on the anode and a constant cathodic
potential on the cathode while a stir bar directly on top of the planar IWEs (Figure 5.2a, b)
moves fluid across the IWEs. Importantly, the convection of the products generated on the anode
to the cathode is expected to suppress the formation of CBPs. Specifically, the electrochemically
generated chemisorbed oxygen (Figure 5.2c, r1) and chemisorbed chlorine (Figure 5.2c, rs) on
IrO2 could oxidize the pharmaceuticals (e.g., CP) (Figure 5.2c, r> & r3). Furthermore, HOCI/OCI~
can be formed via the reaction of H.O and Cl, (Figure 5.2c, rg). In analogous to the formation of
ClOs on BDD electrode,'?® the CIOs7is hypothesized to be generated via the sequential oxidation
of OCI~ by chemisorbed oxygen on IrO> (Figure 5.2c, ro & ri). For the oxidation of organic
constituents of urine, urea reacts with HOCI/OCI~ (Figure 5.2c, ris) and chemisorbed chlorine
(not shown in Scheme 1c) to generate N-chlorourea, resulting in an ultimate generation of
chloramines.®® The reactions of citrate, creatinine and uric acid with HOCI/OCI~ (Figure 5.2c,
ri3) and/or chemisorbed chlorine (Figure 5.2c, r11) are speculated to result in the formation of
unknown intermediates which may further be oxidized by active chlorine to generate CBPs
(Figure 5.2¢, rs & r12).2®® On the cathode surface, the reduction of H>O generates adsorbed
hydrogen (Figure 5.2¢, ra9) and Ha (Figure 5.2c, rsg). The convection of CBPs from anode to
cathode enables the reduction of CBPs via direct electron transfer and/or reactions with adsorbed
hydrogen (Figure 5.2c, ris-22). In addition, the electrochemically generated dissolved O, and
HOCI/OCI~ (on the anode) can be reduced to chemisorbed oxygen (Figure 5.2c, rs) and

chemisorbed chlorine (Figure 5.2c, r1) on the cathode, respectively. The formation of
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chemisorbed oxygen and chemisorbed chlorine on the cathode could further contribute to the

oxidation of pharmaceuticals (Figure 5.2¢, r23 & r2s).
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Figure 5.2 (a) Schematic view of planar IWEs using Ti/lrOz; (b) the detailed schematic view
of one pair of the anode and cathode in IWEs, (c) side view of (b) as well as the relative rate
constants for reactions that have been reported or speculated during the electrolysis of
pharmaceuticals in urine matrixes (with CP as an example pharmaceutical). The

compounds in the dash rectangles are the CBPs generated during the oxidation of human urine.

5.4  THE EFFECT OF CATHODE POTENTIALS AND MASS TRANSPORT CONDITIONS ON
THE APPLICATION OF ALTERNATING SCHEME IN SYNTHETIC FRESH URINE

MATRIXES (FUM)

To examine the alternating scheme as a proof-of-concept of the oxidation of pharmaceuticals
while minimizing the generation of CBPs, the effect of cathode potential and mass transport
were studied. It is critical to lower the formation of CBPs without significantly compromising

the rates of pharmaceutical oxidation. Therefore, the rates of pharmaceutical degradation and the
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generation of inorganic and organic CBPs were measured. Most research examining electrolysis
of pharmaceuticals has reported rates of pharmaceutical degradation in terms of observed
pseudo-first-order rate constants (Kobs).>*63130:131 In analogous to our previous work,%”"® we also
report the corresponding reactor-geometry-normalized kobs accounting for the electrode-surface-

area-to-electrolyte-volume ratio (A/V) of the electrochemical cell (normalized kobs = Kobs/(A/V)).

5.4.1 Rates of Pharmaceutical Degradation in FUM due to Various Cathode Potentials

The control experiment (i.e., without alternating scheme) was the electrolysis of
pharmaceuticals in FUM with an anodic potential of 2.5 V (vs. Ag/AgCl) applied to working
electrode 1 (WE1, Figure 5.2b) and open circuit at working electrode 2 (WE2, Figure 5.2b) at
stirring rates of 600 (Re = 2977) or 1000 rpm (Re = 11050). As shown in Figure 5.3a, the
electrolysis rates of all pharmaceuticals in the control experiments were consistent with previous
study.” Furthermore, the Kobs Was roughly doubled with the potential of 2.5 V applied to both
WEL1 and WE2 as compared to the electrolysis with open circuit at WE2 (Figure 5.3a, dark grey
vs. red columns). It is owing to the double surface area of working electrodes. However, it is
noteworthy that the normalized kobs is not shown properly for the electrolysis experiments with
the potential of 2.5V applied to both WE1 and WE2 (Figure 5.3a, dark gray column). It is
because the universal conversion of Keps to normalized Kops in this work only accounts for the

surface area of WEL.
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Figure 5.3 (a) The observed pseudo-first order rate constants (kobs) and normalized Kobs of
the pharmaceutical degradation obtained with the potential of 2.5 V (vs. Ag/AgCl) applied to
working electrode 1 (WE1) and (1) open circuit, (2) 25V, (3)0V, (4) -1V, (5) -2 V, and (6) -3
V (vs. Ag/AgClI) applied to working electrode 2 (WE2). The generation of (a) ClOs, (b)
CHCIs, and (c) total chlorine in the chlorinated acetic acid (— total count of chlorine in
MCAA, DCAA, and TCAA) in full synthetic fresh urine matrixes (FUM) at stir rates of 600 (Re
= 2977) or 1000 rpm (Re = 11050).

The electrolysis rates of all pharmaceuticals were enhanced when cathodic potentials were
applied to WE2 as compared to that with open circuit at WE2 at Re = 2977 (Figure 5.3a; peach

orange/blue/light grey/black column vs. red column). We hypothesize that the dissolved oxidants

(e.g., Oz and free chlorine) generated on the anode surface are transported to the cathode by
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stirring and reduced to chemisorbed oxygen or chlorine (i.e., IrO2+1 or IrOs3-Cl) (Figure 5.1c, r23-
26). These chemisorbed oxidants (on the cathode) further contribute to the oxidation of
pharmaceuticals. The standard reduction potentials of O, and free chlorine to chemisorbed
oxidants have not yet been reported. However, the formal potentials of similar reduction
reactions can be calculated as a reference for the rationale of the above hypothesis. The thickness
of the stagnant layer (i.e., 28.7 um) and local pH at the anode surface (i.e., 0.74) at Re = 2977
have been reported in our previous work.”® The local pH at the cathode surface is calculated to be
13.25 due to the hydrogen evolution (Chapter 2.5.2). Therefore, OCI is the major species of free
chlorine near the cathode surface (Figure 5.4a). As a reference, the formal potentials of the
reduction of Oz to OH™ and OCI™ to CI™ are determined based on the local pH at cathode surface:
02(g) + 2H20 + 4 e~ — 40H (E” = 0.24 V vs. Ag/AgCI); CIO™ + H,0 + 26" — CI” + 20H™ (E”
= 0.67 V vs. Ag/AgCI)."* Hence, it is thermodynamically feasible to reduce O, and OCI™ to
chemisorbed oxygen and chlorine even with 0 V (vs. Ag/AgCl) applied to the WE2. Importantly,
the reduction of dissolved O, and OCI~ was observed in the cyclic voltammograms of O>
saturated 100 mM NaClO4 and 10 mM NaOCI in N2 saturated 100 mM NaClO4 (Figure 5.4b).
Further evidence of the reduction of dissolved oxidants on the cathode is the observation of the
suppressed formation of FC in 100mM NaCl solution with the application of alternating scheme

in which a cathodic potential of -2V is used (Figure 5.4c).
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Figure 5.4 (a) Free chlorine speciation as a function of the distance away from the cathode.
The simulated speciation was calculated based on acid dissociation constant of HOCI (Ka, Hocl =
10" mol/L), equilibrium constants of Cl, and Cl,O with HOCI (Ku, ci2 = 4.35 x 10 (mol/L)?;
K, cizo = 8.74 x 107 (mol/L)?), concentration of CI- ([CI-] = 100 mM), and pH. (b) Cyclic
voltammograms (CVs) in (1) N> saturated 100 mM NaClOg, (2) Oz saturated 100 mM NaClOs,
and (3) 10 mM NaOCI in N> saturated 100 mM NaClOy; (¢) Free chlorine (FC) production on
Ti/IrO2 IWEs in a 100 mM chloride electrolyte (1) without the alternating scheme at the stirring
rate of 600 rpm ([J) and 1000 rpm (<), (2) with the application of alternating scheme at the

stirring rate of 600 rpm (V) and 1000 rpm (I>), and (3) AC electrolysis with alternating
frequencies of 1 Hz (%) and 100 Hz () at the stirring rate of 600 rpm.

Increasing the cathode potentials (more negative potential) applied to WE2 resulted in a
gradual decrease in the rates of CP and IBP degradation (Figure 5.3a). It is likely due to that the
reduction of H* to H2 competes with the presumable reduction of Oz and OCI™ on the cathode,
and thus results in lower rates of CP and IBP degradation. The hypothesis is supported by that
(1) CP and IBP are degraded dominantly via IrOs-Cl in electrolyte only containing CI~;"® (2) the
reduction of OCI™ to IrO3-Cl could need the participation of H* or atomic hydrogen; and (3)
increasing the cathodic potential leads to more intensive reduction of H* to Hz on the cathode. By
contrast, the degradation rates of CBZ and SMX remained similar with various cathodic
potentials applied to WE2 at Re = 2977 (Figure 5.3a). It is possibly because the direct cathodic

reduction of CBZ?'® and SMX?'" compensates for the presumable less generation of chemisorbed
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oxidants on the cathode when the cathode potentials increase. It is supported by the observation
of direct cathodic reduction peaks in the cyclic voltammograms of CBZ or SMX in 100 mM
NaClOs electrolyte (Figure 5.5b, c). Taken all together, the degradation of pharmaceuticals is

accelerated with the application of alternating scheme under the same mass transfer conditions.
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Figure 5.5 Cyclic voltammograms (CVs) of the Nz saturated 100 mM NaClO4 with the
addition of 20 ppm of (a) CP, (b) CBZ, (c) SMX, and (d) IBP. The scan started from 0 V to -
1.5V and then swept to 1.5 V and finally returned to 0 V at a scan rate of 100 mV/s. The direct
cathodic reduction peaks were observed in CVs of 20 ppm CBZ and SMX in 100 mM NaClOg4
electrolyte, consistent with our hypothesis that the direct cathodic reduction could contribute to

the degradation of CBZ and SMX with the application of alternating scheme.
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5.4.2 Rates of Pharmaceutical Degradation in FUM due to Mass Transfer Rates

Consistent with previous literature,’® increasing the mass transfer rates resulted in higher
oxidation rates of pharmaceuticals in the absence of alternating scheme (Figure 5.3a, green vs.
red columns). The degradation rates of pharmaceuticals were increased with the application of
alternating scheme as compared to the electrolysis without the alternating scheme at Re = 11050
(Figure 5.3a, yellow vs. green column). It is consistent with the degradation rates comparison
between the electrolysis with and without the alternating scheme at Re = 2977. Furthermore, the
electrolysis rates were increased at higher Re when the identical cathodic potential was applied
(Figure 5.3a, yellow vs. light grey column). It is due to the (1) enhanced mass transport of
pharmaceuticals towards the electrodes’ and (2) enhanced mass transport of O, and OCI™ from
anode to cathode resulting in more chemisorbed oxidants generation, which is supported by the
observation of further suppression of FC formation with increasing the mass transfer rates

(Figure 5.4c)

5.4.3 Generation of Chlorinated Byproducts

The generation of chlorinated byproducts (CBPs) including CIOs~, chloroform (CHCI3),
monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), and trichloroacetic acid (TCAA)
were measured and compared for each combination of cathodic potentials and mass transfer rates
as shown in Figure 5.3b, ¢ & d. In this work, we use the total count of chlorine atoms that are
associated with chlorinated chloroacetic acid (CAA) ([Clcaa]tota = 1 x [MCAA] + 2 x [DCAA] +
3 x [TCAA]) as an indicator of the chlorination level of CAAs. The interpretation of the
generation of CAAs is very challenging in the presence of alternating scheme due to the lack of

fundamental understanding of (1) the underlying chemistry of the CAAs formation and (2) the
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mechanisms that suppress CAAs formation. However, it has been reported that CAAs can be
reduced via reductive dechlorination step by step: TCAA + H.O + 2 — DCAA + CI" + OH;
DCAA + H20 + 267 - MCAA + CI" + OH"; MCAA + H20 + 2e” — acetic acid + CI” + OH™
209218 Taken all together, the [Clcaa]iotal is Used as a metric to determine the effectiveness of the
reductive dechlorination with the application of alternating scheme. Nonetheless, the generation
of MCAA, DCAA and TCAA during the electrolysis in each single experiment are shown in

Figure 5.9 as a reference.

As shown in Figure 5.3b & d (red vs. green lines), the generation of CIO3™ and Clnaa was
similar in the absence of alternating scheme at Re = 2977 and Re = 11050. It suggests that their
formation is dominantly kinetically controlled. By contrast, the generation of CHCIz is initially
fast and then slows down for the electrolysis at Re = 11050 as compared to that at Re = 2977
(Figure 5.3c; red vs. green lines). It results in a slightly lower concentration of CHCIs after 2hr
electrolysis. That is likely due to the volatilization of CHCI3 under vigorous stirring conditions.®®
As shown in Figure 5.3¢ & d, the formation of CHCIs, and Cluaa was increasingly suppressed
with the increasing cathode potentials in the presence of alternating scheme. Therefore, the
reduction of CHCIlz and CAAs and/or the intermediates of their formation is a kinetically
controlled reaction. Due to the lack of information of the formation pathways, the reduction
reactions on the cathode (WE2) that lead to the suppression of CHCIlz and CAAs formation are
unknown. The generation of ClOs~ was decreased by increasing cathode potentials from open
circuit to -2V (Figure 5.3b). However, further increase of the cathode potential to -3V resulted in
a less suppression of CIO3™ formation (Figure 5.3b, black vs. grey lines). We hypothesize that the
reduction of the CIO3z™ and/or the intermediate oxidants (i.e., HOCI/OCI™ or CIO>") (Figure 5.1c,

r0-22) competes with Hx evolution on the cathode resulting in a less suppression of ClOs™
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formation at the potential of -3V. The hypothesis is supported by the facts that (1) generation of
oxychloride is via the sequential chloride oxidation to HOCI/OCI™ and then to ClO2", ClO3~
during electrolysis;*?®1#* and (2) the reduction of HOCI/OCI, CIOz~ and ClOs™ needs the

participation of H* 't

The generation of CBPs was also measured for the electrolysis with alternating scheme at Re
= 11050. After 2hr electrolysis, the concentrations of ClIO3~, CHCIs, and Clcaa were 137 uM, 16
MM, and 31 pM, respectively (Figure 5.3b, ¢ & d; yellow line). Increasing the mass transfer rates
results in a further suppression of CBPs formation in the presence of alternating scheme (Figure
5.3b, ¢ & d; yellow vs. light grey lines). It is likely due to that the faster mass transport of CBPs
and/or the intermediates of CBP formation to the cathode surface results in enhanced rates of
reduction. In this work, we introduce a new metric (i.e., normalized yield of CBPs) for the
evaluation of the “side-effect” of EAOPs in various urine matrixes. The normalized yield of
CBPs is defined as CBPs formation per percentage of pharmaceutical degradation: Yi =
[t=2n/[100 % (1 — [Pharm.]t=2n/[Pharm.]i=0)], where i represents the kind of CBPs. The SMX was
chosen as the reference pharmaceutical due to (1) it has the highest degradation rates among all
pharmaceuticals in any matrixes and experimental setups and (2) it is the most investigated
pharmaceutical for EAOPs among previous literature. As shown in Table 5.1, the normalized
yield of CBPs during electrolysis of FUM was substantially lower in the presence of the
alternating scheme than that without the alternating scheme. Additionally, the least normalized
yield of ClOz™ at Re = 2977 (i.e., 5.10 uM) was achieved by the application of alternating
scheme with the potential of -2V applied to WE2. CIO3™ as an endocrine disruptor is one of the
most concerned oxidation byproducts due to its high toxicity and large difficulty to remediate.

Consequently, the potential of -2V was used for following experiments when alternating scheme
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was applied. Furthermore, increasing the Re to 11050 with the application of alternating scheme
substantially decreases the normalized yield of ClOs~, CHCls, and CAAs down to 1.51 uM, 0.17

UM, and 0.34 uM, respectively (Table 5.1).

Table 5.1 The normalized yield of CBPs after 2hr electrolysis in FUM with or without the

alternating scheme.

WEL: 2.5V - | WEL: 25V | WEL: 2.5V | WEL: 2.5V | WEL: 2.5V |WEL: 2.5V - WE2:| WEL: 2.5V -
WE2: Open |-WE2: 0V; |- WE2: -1V;|- WE2: -2V;|- WE2: -3V;|Open Circuit; Re =| WE2: -2V; Re =

Circuit; Re =2977| Re=2977 | Re=2977 | Re=2977 | Re =2977 11050 11050
Ycios- (UM) 7.82 6.61 6.14 5.10 6.56 7.42 1.51
Ycrcis (LM) 0.51 0.42 0.34 0.28 0.17 0.50 0.17
Ycaas (LM) 3.73 1.45 1.19 0.82 0.63 3.39 0.34

5.5  THE EFFECT OF SYNTHETIC HYDROLYZED AGED URINE MATRIXES (HUM) FOR

THE APPLICATION OF ALTERNATING SCHEME.

The rates of pharmaceutical degradation and CBPs generation during electrolysis in synthetic
hydrolyzed aged urine matrixes (HUM) were investigated as a comparison with the FUM. This
direct comparison can provide the evidence and guidance for the choice of electrolyte when

employing the alternating scheme for the electrolysis of pharmaceuticals.

5.5.1 Rates of Pharmaceutical Degradation in HUM

The electrolysis rates of all pharmaceuticals were increased by increasing the mass transfer

rates during electrolysis of HUM (Figure 5a; yellow vs. light blue columns). It is consistent with

the equation derived in the previous report:® k,ps = f where k’ is the true kinetic rate

1 1

k' km
constant of pharmaceutical degradation, km is the mass-transfer-limiting rate. Moreover, the
oxidation of pharmaceuticals was accelerated in the presence of alternating scheme as compared

to the oxidation without the alternating scheme at Re = 2977 and Re = 11050, respectively
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(Figure 5.6a, dark blue vs. light blue columns & orange vs. yellow columns). It is consistent with
the observation of electrolysis in FUM. It is owing to the presumable formation of IrO2+1 and
IrOs-Cl on the cathode via the reduction of O, and OCI that are initially formed on the anode.
Additionally, increasing the Re only results in the slight increase of the oxidation rates of
pharmaceuticals with or whithout the application of alternating scheme (Figure 5.6a, yellow vs.
light blue columns & orange vs. dark blue columns). It is due to the oxidation of pharmaceuticals
is dominantly kinetically limited resulted from the chemisorbed oxidant scavenging effect by
HCO5.%7 The electrolysis rates of all pharmaceuticals in HUM are substantially lower than that
in the FUM with or without an alternating scheme applied. It is consistent with the comparison
between the pharmaceutical oxidation in FUM and HUM on the boron-doped diamond

electrode.®’
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Figure 5.6 (a) The observed pseudo-first order rate constants (kobs) and normalized Kobs of
the pharmaceutical degradation obtained with the applied potential of 2.5 V (vs. Ag/AgCl) at
working electrode 1 (WE1) and (1) open circuit, and (2) -2V (vs. Ag/AgCl) applied to working
electrode 2 (WE2). The generation of (b) ClOs~, (c) CHCIs, and (d) total chlorine in the
chlorinated acetic acid (— total count of chlorine in MCAA, DCAA, and TCAA) in synthetic
hydrolyzed aged urine matrixes (HUM) under stirring rates of 600 (Re = 2977) or 1000 rpm (Re
= 11050).

5.5.2 Generation of Chlorinated Byproducts:

In analogous to the electrolysis in FUM, the generation of ClIO3;~, CHCIs, and CAAs were
measured during electrolysis in HUM (Figure 5.6b, ¢ & d). The concentration of ClOs™ is nearly

3000 uM after 2 hr electrolysis in HUM without alternating scheme applied at Re = 2977 and Re
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= 11050 (Figure 5.6b, light blue & vyellow lines). The generation of CIOz in HUM is
approximately an order of magnitude higher than that in FUM (Figure 5.3b; red & green lines). It
is due to that the high nitrogen content in the FUM (250 mM urea as compared to only 33 mM
NH4* in HUM) scavenges CI* and/or Cl>™ at or near the anode interface that precede formation of
HOCI/OCI™ for further oxidation to ClOs %" Furthermore, the generation of ClOs~ shows no
significant difference when increasing the stirring rate to 1000 rpm (Re = 11050) (Figure 5.6b;
light blue vs. yellow lines). It suggests that the formation of CIO3™ is dominantly controlled by
the kinetics of the sequential oxidation of CI™ to ClIOs™ on IrO2. As expected, the generation of
ClOs™ was dramatically suppressed in the presence of alternating scheme at the Re of either 2977
and 11050 (Figure 5.6b; dark blue vs. light blue lines & orange vs. yellow lines). As discussed
above, we hypothesize that the suppression of ClOs~ formation is via the direct cathodic
reduction of ClOs™ and/or the reduction of FC that precedes the formation of ClOs™ (Figure 5.2c,
r-22). Furthermore, the generation of CIO3™ is similar at Re = 2977 and Re = 11050 in the
presence of the alternating scheme (Figure 5.6b; dark blue vs. orange lines). It is likely due to
that the reduction of FC and/or CIO2™ on the cathode is dominantly kinetically controlled so that
increasing the mass transfer rates shows minimum effect on the suppression of CIO3™ formation.
Nonetheless, the measured concentration of CIOz™ is 500 pM in HUM which is much greater
than that in FUM after 2 hr electrolysis. Therefore, it is more advantageous to treat fresh urine
rather than hydrolyzed aged urine for a faster pharmaceutical oxidation and less generation of

CIlO3z™ with or without the alternating scheme employed.

The generation of CHCIs is 11 pM after 2hr electrolysis in HUM in the absence of
alternating scheme at Re = 2977 (Figure 5.6¢, light blue line). It is substantially lower than the

CHCl3 formation in FUM under the same stirring rate. That is due to less total organic carbon
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present in the HUM than in the FUM. The formation rate of CHCI3z was initially higher at Re =
11050, but it then dramatically decreased as compared to that at Re = 2977 (Figure 5.6c; light
blue vs. yellow lines). It is consistent with the observation of CHCIs formation during
electrolysis in FUM with the same experimental setups. It is likely due to the volatilization of
CHCI3 under vigorous stirring condition.®® The formation of CHCI; was suppressed when the
alternating scheme is applied (Figure 5.6C). It is due to the presumable reduction of (1)
HOCI/OCI, and/or (2) the intermediate of CHCIs formation,?*® and/or (3) CHCIs directly on the
cathode. However, increasing the mass transfer rates did not significantly decrease the generation
of CHCI3 (Figure 2c; orange vs. dark blue lines). It suggests that the reduction of CHCIs and/or

the intermediates for CHCIs formation is dominantly kinetically controlled.

By contrast, the measured total number of chlorine atoms associated with acetic acid
([Clcaaltota) is roughly the same at Re = 2977 and Re = 11050 without the alternating scheme
(Figure 5.6d, yellow vs. light blue lines). It is consistent with the observation of the electrolysis
in FUM. It suggests that the formation of nonvolatile CAAs is dominantly kinetically controlled.
Consistent with the observation in FUM, the application of the alternating scheme significantly
decreased the [Clcaa]wota at Re = 2977 and Re = 11050, respectively (Figure 5.6d, dark blue vs.
light blue lines & orange vs. yellow lines). Additionally, increasing the mass transfer resulted in
a further dechlorination of CAAs (Figure 5.6d, orange vs. dark blue lines). It indicates that the
direct reduction of CAAs and/or the intermediates for the CAAs formation is a mixed kinetically
and mass-transfer controlled reaction. As shown in Table 5.2, the normalized yield of CBPs
during EAOPs in HUM was determined and evaluated as a comparison with FUM. Although the
normalized yield of CHCI3 and CAAs is slightly lower in HUM than in FUM, the high

normalized yield of CIO3™ can be a huge hurdle for employing the electrolysis in HUM with or
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without the alternating scheme. Nonetheless, it is still beneficial to employ the alternating

scheme at high mass transfer rates in the HUM if one cannot access the fresh urine (Table 5.2).

Table 5.2 The normalized yield of CBPs after 2 hr electrolysis in HUM with or without the

alternating scheme.

WEL: 2.5V - WE2:

WEL: 2.5V - WE2:

WEL: 2.5V — WE2: Open

WEL1: 2.5V - WE2: -

Open Circuit; Re =2977] 2V; Re = 2977 Circuit; Re = 11050 2V; Re = 11050
Y cioz- (UM) 82.65 12.01 58.85 9.84
Ycrciz (UM) 0.29 0.05 0.16 0.02
Ycaas (HM) 1.52 0.41 1.18 0.20

5.6  THE EFFECT OF AC ELECTROLYSIS DURING ELECTROLYSIS OF FUM

An alternative method of implementing the alternating scheme during electrolysis is to apply
AC voltages or a square-wave function of positive and negative potentials to the electrode. In
this work, we evaluate the performance of employing the square-wave potentials (to what we
refer as AC electrolysis) as described in Figure 5.7 Voltages applied to the electrode in the AC

electrolysis with the frequency of (a) 1 and (b) 100 Hz..

E A E A
25V - 25V —
ol Y t 0.dos 0.01 t
2V 2V

Figure 5.7 Voltages applied to the electrode in the AC electrolysis with the frequency of (a)
1 and (b) 100 Hz.
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5.6.1 Rates of Pharmaceutical Degradation in Synthetic Fresh Urine Matrixes (FUM)

The electrolysis rates of all pharmaceuticals were decreased with the increasing alternating
frequency (f) (Figure 5.8a). We hypothesize that chemisorbed oxidants are rapidly reduced when
the AC electrolysis undergoes the cycle of negative potentials. It is supported by the observation
that the formation of FC (in 100 mM NaCl) significantly decreases with the increasing
alternating frequency of AC electrolysis (Figure 5.4c). The chemisorbed oxidants (primarily
IrO2+1 and IrOs-Cl) have been reported to be (1) the intermediate oxidants for the formation of
FC¢7 and (2) the dominant oxidants for the oxidation of pharmaceutical on IrO; electrode in
FUM.”® Thus, the decreased rates of pharmaceutical oxidation with increasing f in FUM can be

ascribed to the less generation of chemisorbed oxidants during AC electrolysis.
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Figure 5.8 The electrolysis of pharmaceutical in FUM was conducted at a stirring rate of
600 rpm (Re = 2977). (a) The electrolysis rates of pharmaceuticals, and the generation of (b)
CIOz7, (c) TCM (CHCI3), and (d) total chlorine in chlorinated acetic acids for the alternating
scheme and AC electrolysis with alternating frequencies of 1 and 100 Hz at the amplitude of
2.5V and -2V (Figure 5.7).

5.6.2 Generation of Chlorinated Byproducts

As shown in Figure 5.8b, ¢ & d, the generation of ClO3s~, CHCIs and Clcaas was increasingly
suppressed with the increasing f. It is likely due to the suppression of HOCI/OCI™ formation by
the instant reduction of chemisorbed chlorine (IrO3-Cl) when the electrolysis undergoes the cycle
of cathodic reduction. Additionally, the direct reduction of CIO3~, CHCI3 and CAAs and/or the

intermediates for their formation may contribute to the suppression of CBPs formation when
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negative potential is applied during AC electrolysis. Although the formation of CBPs is
significantly suppressed by AC electrolysis, the degradation rates of pharmaceuticals are
compromised due to the less generation of oxidants (Figure 5.8a). Therefore, it is important to
determine the normalized yield of CBPs to evaluate the practicability of AC electrolysis. As
shown in Table 5.3, the normalized yield of CBPs after 2hr AC electrolysis was lower than that
by alternating scheme. Further suppression of CBP formation was observed with increasing
alternating frequency. To achieve the degradation of SMX down to 0.1% of its initial
concentration in 1.3 L fresh urine (volume of urine per person per day)®®® within 6 hr to avoid
significant urea hydrolysis, the surface area of the electrode needs to be greater than 86 cm? and
265 cm? for the AC electrolysis with the alternating frequency of 1 Hz and 100 Hz, respectively.
Nonetheless, the AC electrolysis wastes energy to charge and discharge the double layer
capacitance when the polarity is alternated repeatedly on the electrode. The double layer
capacitance is approximately 20 uF/cm? of human urine.?'® Therefore, with the applied potentials
of 2.5V and -2V, the energies for charge and discharge the double layer capacitance are 1.8J and
180J for the alternating frequency of 1 Hz and 100 Hz, respectively. Furthermore, the normalized
yield of CBPs by the alternating scheme (i.e., WE1: 2.5V — WEZ2: -2V) at Re = 11050 is similar
to that via the AC electrolysis at Re = 2977. Taken all together, it is advantageous to employ
electrolysis in fresh human urine with an alternating scheme at high mass transfer rates for faster

pharmaceutical oxidation and less generation of CBPs.

Table 5.3 The normalized yield of CBPs after 2hr AC electrolysis in FUM and electrolysis with

alternating scheme.

WEL1: 2.5V - WE2: -2V |WEL1: 2.5V — WE2: -2V WEL1: 2.5V/-2V - WE2: CE | WE1: 2.5V/-2V — WE2: CE

f =0 Hz; Re = 2977 f =0 Hz; Re = 11050 f=1Hz; Re = 2977 f =100 Hz; Re = 2977
Yeios- (UM) 5.10 151 1.68 1.39
Ycheiz (LM) 0.28 0.17 0.13 0.17

Y cans (LM) 0.82 0.34 0.55 0.48
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5.7 CONCLUSIONS

In this chapter, we demonstrate the application of alternating scheme of oxidation and
reduction for the electrochemical oxidation of pharmaceutical in fresh human urine as a proof of
principle. The IrO electrodes are designed and fabricated in an interdigitated electrode array
structure to maximize the mass transport of the chlorinated byproducts (CBPs) from anode to
cathode. The effect of the cathode potentials and the mass transfer rates in the presence of
alternating scheme is studied. It shows that the electrolysis rates of all pharmaceuticals are higher
with the application of alternating scheme in both synthetic fresh urine matrixes (FUM).
Furthermore, the generation of ClOs~, CHCIs and CAAs is increasingly suppressed with the
increasing cathode potentials (i.e., more negative potentials). Additionally, increasing the mass
transfer rates leads to a decrease in CBPs formation. It suggests the reduction of HOCI/OCIl—
and/or the intermediates of CBPs formation is mixed kinetically and mass-transfer controlled on
the cathode in FUM. Our findings show that the electrolysis rates of pharmaceuticals are much
lower in synthetic hydrolyzed aged urine matrixes (HUM) as compared to that in FUM. It results
in a greater normalized yield of CBPs, although the formation of CHClz and CAAs remains at a
low level due to the lower content of total organic carbon (e.g., citrate ions) in HUM. An AC
electrolysis can be implemented as a substitution for the alternating scheme. However, the
electrolysis rates of pharmaceuticals are greatly decreased with increasing alternating frequency
due to the immediate reduction of chemisorbed oxidants. Although the normalized yield of CBPs
remains at low level for AC electrolysis at Re = 2977, the energy wasted on the charge and
discharge of double layer capacitance between each cycle is unwanted. Additionally, a similar
normalized yield of CBPs is achieved with the alternating scheme at Re = 11050 as compared to

that in AC electrolysis at Re = 2977. Therefore, future work aimed at engineering a flow reactor
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that operates at a high mass transfer rate using IWEs is promising for rapid pharmaceutical

remediation in human urine at the source of generation with minimum generation of CBPs.
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Figure 5.9. The measured concentrations of (a) monochloroacetic acid (MCAA), (b)
dichloroacetic acid (DCAA), and trichloroacetic acid (TCAA) during the electrolysis in
FUM and HUM with or without the application of alternating scheme and AC electrolysis.

Chapter 6. CONCLUSIONS AND FUTURE OUTLOOK

The above work focuses on several distinct topics within the development of electrochemical
advanced oxidation processes for the mitigation of pharmaceutical contamination in human
urine, from the comparison between fresh urine and hydrolyzed urine matrixes (Chapter 3), to
fundamental studies of Kkinetics of pharmaceutical oxidation (Chapter 4), to development of
proof-of-principle of alternating scheme of oxidation and reduction (Chapter 5). Several
important discoveries have been made that have lasting impact on research within the
electrocatalysis community and beyond:

e [t is advantageous to employ the electrochemical oxidation in fresh human urine rather
than hydrolyzed urine for a faster pharmaceutical degradation and less oxychloride
formation (Chapter 3).

e Dissolved Cl; in the stagnant layer (adjacent to the anode surface) could contribute to the
degradation of pharmaceuticals during electrolysis, which is overlooked by the
community. The urine constituents could only scavenge the radicals leading to a slower
pharmaceutical degradation in fresh human urine (Chapter 4).

e The alternating scheme of oxidation and reduction using the interdigitated working
electrodes can significantly increase the rates of pharmaceutical oxidation while suppress
the formation of chlorinated byproducts including ClO3", chloroform and chlorinated

acetic acids (Chapter 6).
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During my Ph.D., the electrochemical treatment of pharmaceuticals in urine has not yet been
fully studied and developed to be ready for either engineering prototype or commercialization.
There are several topics to consider in determining where further scientific work can have the
greatest impact.

One main objective in research dedicated toward EAOPs of the treatment of pharmaceuticals
is non-selective oxidizing thousands of pharmaceuticals to nontoxic COz, H20, SO, etc.
without the generation of toxic byproducts. There is a huge knowledge gap between the
fundamental chemistry and development of practical device. The generation of toxic byproducts
is one of the major hurdles for the successful application of EAOPs in human urine. Thus, future
scientific work should focus on understanding the mechanism of the formation of haloaceitc
acids and trihalomethane during electrolysis of human urine. This can guide the design and
development of processes or devices to further minimize the formation of oxidation byproducts.
Therefore, further research could focus on the improvement of the suppression of these oxidation
products.

Currently, boron-doped diamond is the most promising materials, but it is prohibitively
expensive. Other electrodes materials all have respective flaws for the application, such as the
use of rare-earth element (e.g., IrO2, RuO», etc.), potential risk of the leakage of toxic materials
(e.g., PbO2), and short service lifetime (SnO2, TisO7, etc.). The most important topic for
continued scientific research is developing the stable and economic electrode materials. This
effort has several sub-thrusts: (1) standardization of the accelerated stability test to accurately
predict and calculate the real service lifetime in operational deployment, (2) materials and
fabrication innovation to improve the service lifetime of electrodes and reduce the cost for large

scale production, and (3) morphology engineering and surface modification to enable adequate
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active sites for the generation of “OH and CI". If a device using stable and economic electrode
materials is developed that can minimize the formation of oxidation byproducts while maintain a
relative sufficient degradation rates of pharmaceuticals for the electrolysis of urine at the volume
level of daily pass of a hospital urinal, then this technology will likely make it to market and

succeed in mitigating the overall pharmaceutical contamination in the environment.
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