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Abstract

The oxidants used in water treatment to inactivate pathogens are powerful and,
consequently, react with other constituents they encounter, notably organic matter and pipe
corrosion scale. Moreover, the complex relationships between said reactions remains poorly
understood. Reactions with organic matter produce disinfection byproducts, many of which are
regulated by the United States Environmental Protection Agency (EPA) due to their toxicity. To
remove these byproducts and meet EPA standards, water treatment facilities add chemicals that
can exacerbate corrosion and increase the concentration of dissolved metals in drinking water.

Chlorine dioxide, the focus of this dissertation, has been used as an alternative to free
chlorine, the most commonly used disinfectant, because it does not produce organic disinfection
byproducts. Additionally, chlorine dioxide has a disinfecting power equal to or higher than that of
free chlorine, its disinfection capabilities are independent of pH, and it can be used as either a
primary or secondary disinfectant. From a corrosion standpoint, chlorine dioxide has a high
oxidation-reduction potential, which promotes the formation of passivating scale layers on metal
pipe surfaces, thereby preventing dissolution of heavy metals into drinking water. Chlorine dioxide
does, however, produce two toxic inorganic byproducts, chlorite and chlorate.

Despite the drawbacks associated with inorganic byproduct formation, chlorine dioxide is
a disinfectant worthy of investigation with regards to three reactions: pathogen disinfection
mechanisms; drinking water pipe corrosion; and formation of inorganic byproducts. The first part
of this dissertation addresses the inactivation of the HIN1 influenza virus using computational

models. Both computational and experimental methods identified tryptophan 153, an amino acid

XVi



residue key in the binding of HIN1 to its human host cell, as the primary target of chlorine dioxide
oxidation.

Part two of this work shows results from batch reactor experiments of chlorine dioxide
with lead and copper minerals commonly found in corrosion scale layers. Decay of chlorine
dioxide in the presence of lead oxide and lead carbonate was significantly faster and produced
different byproducts than decay in the presence of cupric oxide. It was further revealed that the
relationship between pH and reaction rate is likely dependent upon surface charge for lead oxide
but not for cupric oxide.

These findings were the impetus for the third and final part of this dissertation which
employed computational methods to model the subtle differences between surface adsorption on
cupric oxide and lead oxide, of either the chlorine dioxide monomer or dimer, in the presence or
absence of hydroxide. The results of the calculations suggest that the chlorine dioxide degradation
pathway on the cupric oxide surface favors dimerization of chlorine dioxide and its ensuing
disproportionation into chlorite and chlorate, whereas the lead oxide surface favors direct electron
transfer and formation of chlorite.

These findings add to the body of knowledge on the alternative disinfectant, chlorine
dioxide, and its chemical interactions with pathogens and corrosion scale. The results suggest that
chlorine dioxide may have highly specific mechanisms of virus inactivation and computational
methods could be valuable tools for elucidating these mechanisms. Further conclusions suggest
that chlorine dioxide decay caused by mineral scales in lead-containing water supply networks

may be more pronounced than in those assembled from copper pipes.

XVii



Chapter 1. Introduction

1.1 DISINFECTION

Disinfection reduces the number of viable waterborne and airborne pathogens to protect the
public from disease, yet knowledge gaps persist in how disinfectants Kill these pathogens. The
disinfection process is a fundamental part of drinking water treatment systems as viral infections,
including gastroenteritis, meningitis, and hepatitis, are often a result of exposure to improperly
treated water.> Gaseous disinfection is also used in the food industry to inactivate pathogens on
fruits and vegetables and in the medical industry to sterilize medical equipment and surfaces.?™
Historically, the most common chemical oxidant used for disinfection has been chlorine gas due
to its low cost.® In the past two decades, water utilities, food industries, and medical facilities have
begun using alternative disinfectants including: liquid free chlorine, chlorine dioxide, chloramines,
ozone, and ultraviolet irradiation (UV).2%° The alternatives to free chlorine will be further
discussed to explain their use in drinking water treatment and what is known of their inactivation
mechanisms. Gaps in understanding of inactivation mechanisms of both free chlorine and its
alternatives remain, especially for unculturable viruses. These gaps must be filled to maintain

disinfectant efficacy and thereby safe drinking water.

1.1.1 Disinfection in drinking water treatment
Drinking water facilities in the United States commonly add a residual chemical, during
secondary disinfection, to protect against pathogens in the distribution system. Of the alternative

disinfectants, ozone can only be use for primary disinfection, while chloramines can only be used



for secondary disinfection. Free chlorine and chlorine dioxide can be used in both primary and
secondary disinfection. Compared to chlorine dioxide, free chlorine and chloramines require larger
concentrations and longer contact times, and their effectiveness can vary with pH, including within
common drinking water pH regimes.%!! Free chlorine, chlorine dioxide, and ozone all have much
greater disinfection power than chloramines, which is needed for primary disinfection. Thus
chloramines are suitable only for secondary disinfection.*2

Disinfection via ozone, UV, and chlorine dioxide is used by a small percentage of treatment
systems in the United States, but all have increased in popularity over the years.*® Chlorine dioxide
and ozone are both powerful oxidants that inactivate viral pathogens through chemical reactions
with either the outer protein or inner genetic material.!**> UV primarily attacks the inner genetic
material of pathogens, causing inactivation, but it can also target capsid proteins causing backbone
cleavage and general damage.®” Chlorine dioxide and ozone require special equipment for on-
site generation, storing, and byproduct control. UV systems also require the installation of special
equipment and monitoring technology for application. While chlorine dioxide, ozone, and UV can
be more complex to handle than free chlorine, they offer advantages such as fewer disinfection
byproducts, higher inactivation efficiencies, and little or no sensitivity to pH.>8

The characteristics of each oxidant need to be weighed when selecting a disinfectant for
water treatment. While utilities have been implementing all types of oxidants in water treatment,
the complexity of their effects on pathogen disinfection, corrosion, and byproduct formation and

how these reactions affect each other are not well understood.



1.1.2 Virus Inactivation

Inactivation mechanisms are highly dependent on the type of disinfectant used. The
variability comes from targeting virus proteins versus genomes. In general, damage to proteins
causes the virus to lose the ability to recognize and bind to host cells, while damage to the genome
prevents viral replication. Typically, free chlorine, the most common disinfection oxidant, destroys
both viral protein and genome.**> Chlorine dioxide, in contrast, tends to exclusively target viral
proteins.**> More specific mechanisms of inactivation are still unclear and seem to also depend
on the virus type.!**>%° Previous studies on bacteriophage MS2 show free chlorine damage causes
loss of replication and injection but not binding ability despite widespread protein damage.'*
Chlorine dioxide in the same study exclusively damaged the bacteriophage MS2 protein and had
no influence on replication ability.!* This is in agreement with a narrower study attributing chlorine
dioxide inactivation of the HIN1 influenza A virus to oxidation of tryptophan 153 in the
hemagglutinin protein, which ruined the virus’s ability to bind to host cells.?

To effectively inactivate dangerous pathogens, disinfectants must have high reactivities.
Powerful oxidants, however, will readily react with water constituents other than pathogens. Thus,
inactivation is only one type of reaction that occurs during treatment. Other reactions include
reactions with organic material, forming potentially hazardous disinfection byproducts, and
reactions with metals in the distribution system, forming corrosion scales and potentially
dissolving hazardous amounts of heavy metals into drinking water. The interplay and complexity

of these reactions, for chlorine dioxide, is poorly understood.



1.2 DISINFECTION BYPRODUCTS

Disinfection reduces the risk of waterborne illness, but in the process, it can increase the risk
of exposure to dangerous compounds formed during unwanted reactions with water constituents.
Moreover, the relationships between these unwanted reactions and how they impact water quality is
not well understood. The oxidants used during treatment react with natural organic matter (NOM),
bromide, and iodide, which are naturally present in most source water.?%?? Despite the risks
associated with these compounds, adequate disinfection for microbial control is essential. In 1993,
400,000 people were infected by cryptosporidiosis in Milwaukee, Wisconsin and more than 100
people died, due to improperly disinfected water.®>?* Accordingly, disinfection remains a critical
part of water treatment, but must be balanced with disinfection byproduct (DBP) control.

The proliferation of DBPs could be attributed to the need for high concentrations of
disinfectants added to drinking water to safeguard against unculturable viruses, whose inactivation
kinetics are unmeasurable. Despite having employed the same disinfection methods for decades,
the exact mechanisms by which they cause inactivation are poorly understood, as are the differences
in efficacy for specific pathogens.’*>° The susceptibility of dangerous unculturable viruses to
these disinfection methods is also unknown due to an inability to perform experiments on such
viruses in vitro.®® Because of this knowledge gap, water treatment systems routinely administer
disinfectants, specifically free chlorine, at higher concentrations than needed in order to achieve
pathogen inactivation. This in turn leads to a proliferation of reactions with NOM rather than
pathogens. Gaps in understanding of how formation and mitigation of DBPs influences corrosion of
water treatment distribution systems and vice versa also persist. For chlorine dioxide there remains

gaps in knowledge for chlorite and chlorate formation, especially in the presence of lead-based



corrosion scale. The state of knowledge on formation, regulation, and mitigation of these DBPs will

be discussed herein.

1.2.1 Formation of DBPs

While many reactions between disinfectants and NOM create harmless byproducts, others
form hazardous halogenated compounds called disinfection byproducts (DBPs), which can cause
liver, kidney, heart, and neurological impairments; birth defects; and pregnancy risks even at
relatively low concentrations.>?? The most common disinfectants used in water treatment, free
chlorine, chlorine dioxide, chloramines, and ozone, all produce their own, sometimes overlapping,
sets of DBPs.?! As there are no DBP-free oxidants, a delicate balance that needs to be struck between
byproduct formation and pathogen inactivation to maintain public health standards and create
appropriate regulations that mitigate risk.2® This can only be achieved through a comprehensive
understanding of DBP formation. Currently, more work needs to be done for chlorine alternatives,
including chlorine dioxide, which create different sets of byproducts. It is not well understood what
system parameters influence the production of chlorine dioxide byproducts or how these byproducts
are formed in the presence of metal or organic matter catalysts.

DBP formation is especially prevalent in systems that use free chlorine. Free chlorine has
been shown to produce trihalomethanes (THMs) and haloacetic acids (HAAS), the two most
regulated groups of DBPs.%2728 The discovery of THMs in the 1970s catalyzed research focused
on mitigating public health issues related to DBPs.?®3° Since the first detection of THMs
approximately 600 DBPs have been identified, including chloral hydrate, chloropicrin, haloketones,
iodo- and bromo-compounds, MX, halonitromethanes, N-nitrosodimethylamine, and others.>3!

Concentrations of these newer compounds, in drinking water, can be comparatively low ranging



from nanograms per liter to 100 micrograms per liter but can still be hazardous due to their high
toxicity.? Both concentration and potency therefore play a role in public health risk as highly toxic
compounds can pose serious human health concerns. Work on DBP formation continues to reveal
new byproducts, especially nitrogenated compounds, which are formed when chloramines are used
as a disinfectant and are posited to be more toxic than THMs and HAAs.* Due to the toxicity of
DBPs, regulatory agencies have put measures in place to protect the public from ingesting high

doses of DBPs in their drinking water.

1.2.2 Regulation of toxic DBPs

US Environmental Protection Agency (EPA) Regulations are based on total THM and
HAA concentrations which include four distinct THMs and five distinct HAAs under the Stage 1
Disinfectants/Disinfection Byproducts Rule (Table 1.1 and Table 1.2). These compounds form
from reactions between disinfectants and NOM, where chlorine is substituted into the organic
molecule. Also regulated by the EPA are the disinfectants themselves (Table 1.1), chlorite (a DBP
associated with chlorine dioxide, Table 1.2), and bromate (associated with ozone and free chlorine

if bromide is present in the treated water, Table 1.2).

Table 1.1 EPA Disinfectant Rules adapted from the EPA.3* Maximum residual disinfection level (MRDL).

Contaminant MRDL Potential Health Effects from Long- Sources of Contaminant

(as Cl2) (mg/L) Term Exposure Above the MRDL in Drinking Water

Chloramines 4.0 Eye/nose irritation; stomach Water additive used to
discomfort, anemia control microbes
Eye/nose irritation; stomach Water additive used to

Chlorine 4.0 discomfort control microbes

Chlorine Anemia; infants and young children: Water additive used to

dioxide 0.8 nervous system effects control microbes




Table 1.2. EPA Disinfection Byproducts Rules adapted from the EPA.2* Maximum contaminant level
(MCL).

Contaminant MCL  Potential Health Effects from Sources of Contaminant
(mg/L) Long-Term Exposure Above the in Drinking Water

MCL
Bromate 0.01 Increased risk of cancer Byproduct of drinking
water disinfection
Chlorite 1 Anemia; infants and young children: Byproduct of drinking
nervous system effects water disinfection
Haloacetic acids 0.06 Increased risk of cancer Byproduct of drinking
(HAA) water disinfection
Total 0.08 Liver, kidney or central nervous Byproduct of drinking
Trihalomethanes system problems; increased risk of water disinfection
(TTHMs) cancer

To meet the standards set by the EPA, utilities originally focused on reducing the organic
precursors to DBPs by coagulation,?? however, the methods used for the reduction of DBPs have
had unintended consequences on corrosion and heavy metal dissolution in water distribution
systems. Knowledge gaps remain how the formation and mitigation of DBPs influences corrosion
and disinfection kinetics, especially with regards to chlorine alternatives such as chlorine dioxide.

Early research showed coagulation methods resulted in successful reduction of total
organic carbon, and were easily implemented in existing treatment systems.?? However, the
mechanisms behind NOM removal by coagulation are still poorly understood, leading to excessive
application of chemicals that cause unwanted corrosion effects. Commonly used coagulants
containing chloride, such as ferric chloride and polyaluminum chloride, exacerbate corrosion in
distribution systems by increasing the ratio of chloride to sulfate, which has been shown to create
an environment conducive to high galvanic currents.®>* Connections between copper and lead are

highly susceptible to galvanic corrosion and are made more vulnerable by a high chloride to sulfate



mass ratio.*3” While mitigating health risks associated with DBPs, chloride-based coagulants can
inadvertently increase risks associated with heavy metal exposure. It has therefore been of interest
to utilities to investigate disinfectants such as chloramines, ozone, UV and chlorine dioxide, which
produce fewer THMs and HAAs than free chlorine without the use of coagulation. This
dissertation aims to fill the gaps in knowledge of chlorine dioxide byproduct production and said

byproducts’ influence on lead and copper corrosion and disinfection kinetics.

1.2.3 Mitigation of DBPs

The two strategies employed by utilities to reduce DBPs are: remove as much organic
matter as possible before disinfection and avoid free chlorine as a disinfectant. Removal of organic
matter can sometimes cause problems with corrosion and requires additional chemicals to be added
during the treatment process. The literature has primarily focused on the mechanisms of free
chlorine reaction with precursor NOM. It is of interest, however, to look at alternative disinfectants
and the mechanisms they favor in forming DBPs as utilities continue to replace free chlorine with
these alternatives.

As an alternative to reducing NOM prior to disinfection, treatment plants have adopted
alternative oxidants to chlorine to meet EPA regulations. Chloramines, chlorine dioxide, ozone, and
UV are all alternatives to free chlorine with lower propensities to form DBPs.®> While they can reduce
or eliminate THM and HAA formation, alternative disinfectants can produce alternative DBPs,
especially in bromated waters. Ozone produces bromate,* a carcinogen regulated by the EPA, while
chloramines and free chlorine can form brominated organic compounds, which are demonstrably
more toxic than chlorinated equivalents.*® Chloramines increase the occurrence of highly toxic

nitrogenated compounds, such as nitrosodimethylamine (NDMA),” and produced higher levels of



other priority DBPs such as iodinated THMs, especially when used in conjunction with ozonation.
Some of these compounds have much higher toxicities and associated risks than THMs or HAAs."#0
Chlorine dioxide readily forms chlorite and to a lesser degree chlorate*! but no iodinated, bromated,

or nitrogenated DBPs.?*

1.3 CORROSION SCALE

Alongside reactions with NOM, disinfectants react with drinking water distribution
infrastructure producing corrosion byproducts. These reactions occur with iron and copper
plumbing, but recent water crises in Flint, Michigan and Washington DC have prompted increased
interest in reactions with lead. Corrosion reactions cause serious public health concerns, as well as
erosion of system materials, thereby influencing the cost of clean water, and affecting public
perception of safe practices.®”%> Due to the complexity of drinking water chemistry, corrosion
reactions are still poorly understood, as is apparent from the recent Flint, M1 and Washington DC
water crises. Additionally, the relationships between corrosion, byproduct formation and removal,
and disinfection efficacy have not been well studied, especially for free chlorine alternatives.

The costs associated with corrosion can be huge. Regulations established in 1986 prohibit
the use of lead pipes in new construction, but a glut of older structures still contain original lead
infrastructure. The EPA estimated $335 billion would be needed to repair corrosion related issues
over the next 20 years for 70,000 water systems.*® Often these problems go overlooked until a
public health crisis exposes dying infrastructure, as in the case of the Flint Water Crisis in
Michigan beginning in 2014 and the Washington D.C. lead contamination from 2001 to 2004.
Both events resulted in widespread public health problems, mistrust of government agencies, and

costs to repair systems that should have already been upgraded.



The two primary metals that are regulated in the United States are copper and lead, whose
concentrations have been subject to the EPA Lead Copper Rule since 1991.* This dissertation
focuses on the issue of lead corrosion. The main sources of lead exposure are normally through
lead paint, dust containing lead paint, and leaded gas.®*> There is no safe blood lead level in
children according to the Center for Disease Control and Prevention. Lead is stored in the skeletal
system and accumulates in the body over time, primarily affecting the nervous system and slowing
mental and physical growth in children.*® In adults, lead toxicity affects the growth of red blood
cells, metabolism, and sperm production, and causes anemia, kidney damage, miscarriages, and
high blood pressure.®* As sources of lead exposure were reduced, such as the ban of leaded
gasoline, there has been more of a focus on lead infrastructure as a route of exposure.*’ The Lead
Copper Rule requires drinking water systems to notify the public and/or reduce the corrosivity of
the water if lead levels in more than 10% of the sampled consumer taps are over 15ppb.** Lead
infrastructure is the source of 50-75% of the total lead in drinking water.*® Because of the dissolved
oxygen content, untreated water will corrode lead pipes and cause the EPA Action Level in the
Lead Copper Rule to be exceeded.*** Disinfectant residuals, i.e. free chlorine, chloramines, or
chlorine dioxide will also cause lead corrosion and produce mineral scales on the inside of lead
plumbing.3” The following will discuss the formation, dissolution, and control of these mineral
scales.

This dissertation aims to address some of how these mineral scales affect byproduct
formation and pathogen removal when chlorine dioxide is used as a disinfectant. Previous work
has investigated chlorine dioxide reactions with copper, nickel, and iron scales,>! but there is little

work on chlorine dioxide reactions with lead scales.
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1.3.1 Formation of lead corrosion scale

To control lead leaching into drinking water, the reactions between disinfectants and lead-
containing pipes and the affect these reactions have on byproduct mitigation must be better
understood. The type of scales, layers of mineral deposits that form on distribution system
plumbing, that develop on lead pipes depend on the chemistry of the system water. Metallic lead
is too thermodynamically unstable and will immediately be oxidized to corrosion products where
lead is in a divalent or tetravalent form.*” Lead can be found in lead (I1) carbonates, lead (11) oxides,
and lead (1V) oxides when phosphate inhibitors are absent from the system.%2-%*

In drinking water systems, the oxidation-reduction potential (ORP) is the primary indicator
of what the oxidation state of the corrosion products will be and therefore what type of scale will
develop.>™ ORP or redox potential is a measure of the water’s propensity to reduce or oxidize
material and is based on the availability of free electrons.®® In drinking water systems, distribution
plumbing is commonly made of iron, lead, or copper, metals which lose their electrons to oxidants
in the water such as residual disinfectants (free chlorine, chloramines, chlorine dioxide), dissolved
oxygen, and organic matter.>®

Free chlorine creates a high ORP and drives the system toward lead (IV) in the passivating
form of lead oxide (PbO.), whereas oxygen or chloramines create lower ORPs that favor lead (I1)
(Table 1.3).3 The mechanism from metallic lead to tetravalent lead is not completely understood,
but it is proposed that lead (1) minerals are formed as precursors to lead (V) oxides 2%, Both
plattnerite (B- PbO3) and scrutinyite (o- PbO,) develop in the long term presence of free chlorine.>
Formation of the lead oxide scale takes time to develop and can only occur in high ORP waters;

thus, lead (I1) compounds, hydrocerussite and cerussite, can also coexist with lead (IV) oxide
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depending on alkalinity and/or pH of the water.%® It has been assumed that chlorine dioxide will

also create a high ORP conducive to lead (1V) scale development (Table 1.3) .

Table 1.3. Maximum Ey values (Volts) as a function of pH and oxidant type.>®

Oxidant pH 7 pH 8 pH 9
Oxygen 0.582 0.552 0.508
Monochloramine 0.806 0.716 0.660
Chlorine dioxide 0.980 0.943 0.912
Free chlorine 1.020 0.922 0.769

Systems that use chloramines do not develop ORPs high enough to oxidize lead to the (1V)
state. Instead, lead (I1) minerals, hydrocerussite (Pb3(COz)2(OH)2) and to a lesser extent cerussite
(PbCO3), are the primary corrosion products.®®®” Litharge (PbO) and plumbonacrite
(PbsO(CO3)3(OH)2 have also been found in pipe scales but are much less common than
hydrocerussite or cerussite.>” Lead (1) solids are more soluble than lead (IV) oxides, which can
increase levels of dissolved lead in plumbing that contains lead (1) scale.*® Previous studies
showed chloraminated waters to have lead concentrations ten times that of chlorinated waters.3"/
Chloramines also react with brass, cause galvanic corrosion, and promote the growth of nitrifying

bacteria which all may further aggravate lead release.®"#’

1.3.2 Lead scale dissolution
To prevent leaching of lead into drinking water, it is preferable to maintain a high ORP and
thus a stable lead (IV) oxide passivating layer. Lead solubility is high when a bare pipe first comes

into contact with a disinfectant or other natural oxidants,®® and as free chlorine or another
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disinfectant of high ORP is consumed lead is oxidized from lead (0), to lead (I1), to lead (IV).%
Concentration of dissolved lead steadies when lead (I1), which forms more soluble compounds,
develops into lead (IV) scale, relatively insoluble.®® Once the oxidant has been completely
consumed, dissolved lead concentration increases dramatically due to the dissolution of the scale.*®
Free chlorine prevents the dissolution of lead into drinking water 37:585°,

Within distribution systems, it should be noted that water is not in contact long enough
with pipe scales to reach equilibrium; even equilibrium in stagnant waters can take hours.®® The
concentration of dissolved lead is therefore controlled by dissolution rates and the scale type rather
than a controlling solid.®®®! Water in the plumbing system can have periods of stagnation and
varying velocities which also influence lead leaching and prevent the system from reaching
equilibrium.®

High concentrations of lead in drinking water can also be attributed to the destabilization
of any of the previously discussed corrosion scales. Stability of the scale depends on the chemical
characteristics of the water, specifically pH, alkalinity, anions present, organic matter
concentration, disinfectant concentration, and ORP.%*%8 A switch from free chlorine to chloramine
residual in Washington, D.C. in the early 2000s resulted in huge spikes in drinking water lead
concentrations and public blood lead levels.” The cause of this dramatic increase was the abrupt
change in ORP of the system which resulted in the dissolution of the lead oxide scale previously

formed by long term free chlorine use.®”4” Understanding the factors influencing the oxidation

state of lead is essential in understanding and controlling corrosion chemistry.
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1.3.3 Control of corrosion scale

Disinfectants, corrosion control anions, pH and the presence of NOM are the main factors
that influence corrosion chemistry. The relationships between these factors are vital in the
mitigation of dissolved lead in tap water. Also crucial are the relationships between these factors,
byproduct formation, and disinfection efficacy. While there are many studies on free chlorine and
chloramine effects on corrosion, less work has been done on chlorine dioxide, especially in the
context of lead dissolution.

To control the release of lead, drinking water plants have monitored and maintained a high
pH.>* More recently, corrosion inhibitors have become common additions to create passivating
layers on metallic infrastructure. Phosphates have been added in the following forms: phosphoric
acid, a combination of orthophosphoric acid and zinc orthophosphate, polyphosphates, and blends
of orthophosphoric acid and polyphosphates.®? From 1992 to 1994, there was a significant increase
in phosphate inhibitors as a result of the Lead Copper Rule, instituted in 1991.%% In the case of lead
corrosion, orthophosphates, added as NasPO4-H20, are the most effective and decrease soluble
lead over a range of water chemistries, whereas polyphosphates can increase soluble lead.?

Orthophosphate prevents the formation of both divalent and tetravalent lead corrosion
products.®® Instead of a lead oxide or lead carbonate scale, orthophosphate facilitates the formation
of hydroxypyromorphite, tertiary lead orthophosphate, and chloropyromorphite, all of which are
insoluble, hydroxypyromorphite being the most prevalent.>? Phosphate inhibitors can passivate
lead surfaces in systems that use both chloramines and free chlorine. If there is no orthophosphate
present hydrocerussite forms and, if the water ORP is high enough, there is a subsequent shift to

plattnerite and scrutinyite.>
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In drinking water systems, NOM also plays a role in both the stability and the dissolution
of lead corrosion scales. In the absence of a high ORP disinfectant, lead (IV) oxide scale will be
reduced by NOM from lead (1V) to lead (1) thereby increasing soluble lead.>®* NOM will also react
directly with disinfectants to form DBPs, as discussed in 1.2 Disinfection byproducts. The
interaction of NOM and disinfectants can also impact corrosion by influencing the system ORP.
NOM and oxidants readily react, which can decrease the ORP of the system and promote the
dissolution of corrosion scales.*®

Understanding the chemistry of corrosion is essential for regulating and avoiding lead
release in tap water, and for chlorine dioxide, this chemistry is understudied. There are three major
components to consider for distribution systems: the strength of the oxidant used for disinfection
residual i.e. ORP; formation and destabilization of lead scales; and the presence of anions,
primarily orthophosphate, and/or NOM. Corrosion chemistry is just one piece of the complex
reactions that occur during disinfection. To avoid lead release, water treatment systems also need
to consider byproduct formation and mitigation as well as the effect on disinfectant efficacy. The

key knowledge gaps are in these relationships between corrosion scale, DBPs, and pathogens.

1.4 THE CASE FOR CHLORINE DIOXIDE

Since the implementation of the Disinfectant Byproduct Rule by the EPA, utilities have
been searching for alternate disinfectants that produce controllable DBPs (or none at all) while still
maintaining safe water quality. One oxidant that could meet these criteria is chlorine dioxide.
Numerous European countries including Italy, Germany, France and Switzerland have already
employed chlorine dioxide as a secondary disinfectant.*? In the United States, chlorine dioxide use

has increased in recent decades but is still used only by a small percentage of drinking water
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treatment plants, typically for pre-oxidation purposes.®* Despite some implementation of chlorine
dioxide as a disinfectant, its effect on corrosion scale and inorganic byproduct formation are key
gaps in knowledge this dissertation aims to investigate.

Chlorine dioxide has many benefits as a disinfectant when compared to free chlorine and
chloramines. It has been shown to have greater disinfection efficiency than that of free chlorine or
chloramines.*? Unlike chloramines and free chlorine, it has the oxidizing capacity to inactivate
viruses, bacteria, and protozoa including Giardia and Cryptosporidium.'>®® Chloramines have also
been shown to increase nitrification in distribution networks % and produce toxic nitrogenous
DBPs.?° Free chlorine is susceptible to changes in pH and produces halogenate DBPs, primarily
THMs and HAAs. Chlorine dioxide is pH resistant and does not produce THMs, HAAs, or
nitrogenated DBPs.

Free chlorine and chlorine dioxide have also been shown to have a similar ORP, which
could facilitate a transition to chlorine dioxide without disrupting the passivating layers already in
place in the distribution system. In Washington D.C., the switch from free chlorine to chloramines
as a secondary disinfectant resulted in dangerously high levels of dissolved lead in the water
system. It was concluded that the change in ORP due to the switch in oxidant upset the passivating
layers on piping, resulting in lead dissolution.®” At high ORPs, chlorine dioxide and free chlorine
should both form similar insoluble passivating layers on lead surfaces and thus lead dissolution
due to change in disinfectant could be a nonissue but requires further investigation.

Chlorine dioxide does produce inorganic byproducts chlorite and chlorate. Both have
associated health risks including anemia and nervous system effects. Chlorite is regulated by the
EPA with a maximum contaminant level of 1.0 mg/L whereas chlorate is unregulated.®” Chlorine

dioxide does not produce either THMs or HAAs like free chlorine, carcinogenic bromate like
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ozone, or nitrogenated compounds like chloramines.>?% Chloramines, a more common
secondary disinfectant in the US, can produce haloacetonitriles and iodoacetic acids that are
potentially more toxic than currently regulated compounds.®® Chlorine dioxide could be used as a
primary disinfectant for water rich in bromide (e.g. coastal waters) instead of ozone as it readily
forms bromate when bromide is present whereas chlorine dioxide does not.®® Furthermore, ozone
is also not a viable option for secondary disinfection due to its high reactivity.

Despite producing inorganic DBPs, chlorine dioxide can still be used as a disinfectant in
treatment systems. Adjustments to both pre-oxidation and coagulant application processes can
greatly reduce chlorine dioxide consumption and chlorite formation.”® There are also specific
removal techniques to control chlorite/chlorate formation and make chlorine dioxide a viable
disinfectant for full scale implementation. Chlorite can be removed by chemical reduction via
sulfate ions, granular activated carbon, or ferrous ions.”* Ferrous ions are the most effective form
of removal and can be added in exiting coagulation/flocculation tanks and removed during
sedimentation and/or filtration.”>"® Further work should be done to establish relationship between
these chemicals and corrosion, especially with regards to the chloride sulfate ratio.

Utilities that keep chlorine dioxide concentrations under 1.25mg/L have no problems
meeting the chlorine dioxide Maximum Residual Disinfectant Level (MRDL) or chlorite
Maximum Contaminant Level (MCL).” A treatment plant in Roanoke County, VA successfully
employed chlorine dioxide under these regulations; at a water demand of 2.3 to 3.7 mgd, chlorine
dioxide demand was 0.19 mg/L and exceeded 0.3 mg/L only on four occasions.”

Chlorine dioxide is a more powerful disinfectant than both free chlorine and chloramines,
as manifested in the CT values for certain targets like cryptosporidium, while only producing

inorganic DBPs that can be removed post disinfection. Free chlorine is susceptible to changes in
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pH and produces carcinogenic, heavily regulated DBPs. Chloramines are ineffective against
certain pathogens due to low disinfectant power, they can produce extremely toxic nitrogenated
DBPs, and can nitrify water in distribution infrastructure. Ozone cannot be used as a residual and
produces toxic brominated DBPs. With a similar ORP to free chlorine, chlorine dioxide could a
more easily deployable alternative disinfectant than chloramines, which have a much lower ORP
and thus the potential to disrupt passivating layers on metallic distribution system. Chlorine
dioxide reactions with lead-based pipe corrosion and the byproducts produced during these
reactions have yet to be investigated. All these factors make chlorine dioxide worth investigating
as an alternative to free chlorine in drinking water treatment.

Drinking water treatment plants have not more broadly adopted chlorine dioxide for a few
key drawbacks associated with its implementation. While there are examples of chlorine dioxide
usage on treatment plant scales, the EPA regulations on chlorite are strict and difficult to maintain.
Additionally, chlorine dioxide is a highly explosive and volatile chemical. Great care must be taken
when manufacturing and storing the chlorine dioxide solution, therefore treatment plants are wary
of investing in and training staff to safely manage its production. Although all powerful oxidants
used in water treatment pose safety risks for operators, and chlorine dioxide is no different in this
regard. Due to its volatility, chlorine dioxide must also be produced on site and can only be store
for a limited amount of time. Nevertheless, its many and previously discussed advantages as a
disinfectant do make it a potential option for drinking water treatment plants, especially if more is
known about its pathogen disinfection mechanisms, inorganic byproducts, and reactions with
corrosion on distribution pipes. Insight into these complex reactions could reveal further

advantages over free chlorine for drinking water treatment.
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1.5 MOLECULAR MODELING METHODS

Molecular scale interactions inherently govern all the macroscale properties of disinfection
previously discussed. Computational techniques offer a way to examine molecular interactions and
thereby explain results that experiments cannot. Background on the computational methods used

in this dissertation is presented below.

1.5.1 Molecular Docking

Molecular docking methods use computations to predict the binding conformations and
affinities of smaller molecules to macromolecules, termed ligands and receptors respectively.”
Currently, the most common application of docking is for drug development, and it has never been
applied to disinfectant docking. Using crystallographic structures of protein receptors and drug
molecule ligands, docking calculates the free energy of binding and the preferred orientation of
the ligand on the receptor pocket.”” An example of one such calculation is shown in Figure 1.1,
the binding of sialic acid to a virus protein. One of the most popular molecular docking programs
is the AutoDock suite, which contains AutoDock Vina and AutoDock. AutoDock Vina relies on a
scoring function to calculate chemical potentials whereas AutoDock relies on classical force fields
to calculate free energy.”” AutoDock Vina is much faster but has more limited applicability to

atypical systems than AutoDock. Both programs were used in Chapter 2 of this dissertation.
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Figure 1.1 Image of a sialic acid residue (ligand) bound to the HIN1 influenza virus hemagglutinin protein
(receptor). The left image shows the molecular surface of both ligand and receptor. The right image labels
two amino acids that have an affinity for the sialic acid residue. Calculations were done using Auto Dock
Vina.

1.5.2 Density Functional Theory

Ab-initio methods use quantum chemistry to solve the Schrodinger equation, the central
equation describing the behavior of atoms in a system. Quantum methods are transferable and
produce highly accurate results compared to classical or semi-classical methods, but at high
computational cost, limiting both size and time scales of the system.’® Classical and semi-classical
methods treat electrons implicitly, which restricts their transferability and accuracy with regards
to bond breaking or altering.”®” To converge to an exact solution of the Schrddinger equation, ab-
initio methods treat electrons explicitly and the complexity of the calculations increases
exponentially with the quantity of electrons considered in the simulated system.®® A number of
methods have been established to mitigate the limitations of ab-initio methods, the most popular
and widespread being density functional theory (DFT).”® DFT is primarily based on electronic
ground state structure, which is determined via electron density distributions.®’ Other quantum
mechanical methods such as Hartree and Hartree-Fock use wave functions rather than electron

density distribution. The DFT calculations are based on the Hohenberg and Kohn theorems for

20



solving the Schrodinger equation.®’ DFT energy calculations can provide an understanding for any
system that contains nuclei and electrons from molecules to clusters to solids.®! DFT can also
determine a variety of molecular properties such as vibrational frequencies, formation energies,
activation energy barriers, minimum energy structures, reaction paths, magnetic properties, etc.®?

Computational methods have grown popular in the field of organic chemistry as a way to
understand structures and properties of compounds and to use this data to determine formation
pathways.®? Using DFT and other ab-initio methods, potential energy surfaces of reaction
pathways can be calculated from geometric and electronic properties of reactants, products,
intermediates, and transition-state structures.®284 A computational study of the Wacker process,
which has been debated due to controversy in experimental studies, used ab-initio and classical
methods to compared computed free energy barriers to experimentally measured Kinetic
parameters.®> A study by Yuan et. al. ruled out three proposed pathways and pinpointed the true
mechanism for aromatic C-H oxidation by calculating transition states and energy barriers.%

Computational calculations have also been used to study adsorption energies,
conformations, and adsorbed transitions structures on crystal surfaces.8” Most studies focus on
rutile crystal structures which common materials for catalysts.®”-°° Of interest in the literature has
been the diffusion or dissociation of a water molecule adsorbed to a rutile surface.®”*® DFT has
been employed to analyze adsorption geometries and reaction pathways to explain macroscale
catalytic properties.” Chapter 4 of this dissertation aims to applies these methods to chlorine
dioxide adsorption onto cupric and lead oxide surfaces.

Understanding the complexity of pathogen disinfection, corrosion, and byproduct

formation has been limited by experimental methods. While there has been computational work
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done in the area of pathogen inactivation, computational docking and DFT adsorption methods

have yet to be used to study disinfection.

1.6 DISSERTATION CHAPTERS

This dissertation intends to contribute to the body of knowledge surrounding disinfectant
reactions including inactivation, byproduct formation, and corrosion. The aims focus on the
alternative disinfectant, chlorine dioxide, as it has potential to replace free chlorine in drinking
water systems. Chlorine dioxide was thus evaluated based on inactivation mechanisms to use
computational tools in a new way to better predict and understand chlorine dioxide disinfection
efficacy (Chapter 2); byproduct formation and corrosion to fill the gaps in knowledge associated
with chlorine dioxide reactions with lead-base corrosion scale and the inorganic DBPs it might
produce during these reactions (Chapters 3 and 4).

Chapter 2 was motivated by the question: what components of a virus are susceptible to
attack by a disinfectant? Chlorine dioxide appeared to have a highly specific mechanism for
inactivation of the HIN1 influenza A virus, and because of this specificity HLIN1 was chosen as a
more easily testable starting point for evaluating the ability of docking methods to predict
oxidation sites. It was shown this location could be predicted by molecular docking methods.
Tryptophan 153 was identified by both the docking calculations and the mass spectrometry
measurements as a primary target of chlorine dioxide oxidation. Additional docking calculations
revealed free chlorine to have a more random docking pattern, and N-bromosuccinimide, a larger
ligand known to selectively oxidize tryptophan residues, to dock near said residues including

tryptophan 153.

22



Chapter 3 was motivated by the relationship between corrosion and toxic byproduct
formation: what byproducts does chlorine dioxide produce when it interacts with corrosion scale
minerals? The presence of lead-based minerals accelerates chlorine dioxide decay to a single
inorganic byproduct, chlorite, whereas copper, nickel, and iron minerals catalyze reactions
resulting in both chlorite and chlorate. The maximum rate of chlorine dioxide decay occurs at the
zero-point pH for lead oxide.

Chapter 4 attempts to address the questions resulting from the findings of Chapter 3
concerning the differences in kinetics, byproduct formation, and dependence on pH between lead
and copper oxides by using computational methods to determine adsorption energies and
conformations. The adsorption of a single chlorine dioxide molecule and a chlorine dioxide dimer
on the surface of lead oxide and cupric oxide, with hydroxide anion present, was investigated. It
was found that cupric oxide favors the dimerization of chlorine dioxide. Lead oxide favors neither
the chlorine dioxide monomer nor dimer but does have a weaker adsorption energy than cupric
oxide, which could explain the kinetic rate disparity between the two metals.

Overall this work provides insights into computational methods for determining
inactivation mechanisms, byproduct formation and variation in the context of corrosion, and the

influence of metallic oxide structure on disinfectant decay reactions.
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Chapter 2. Molecular Docking Predicts Tryptophan 153 in the Hemagglutinin Protein of

H1N1 Influenza Virus as the Primary Target of Chlorine Dioxide Oxidation

2.1 INTRODUCTION

The influenza virus has long beleaguered human society,®>% most recently causing a
pandemic that killed more than 18,000 people in 2009.%® Epidemics of influenza A viruses annually
infect individuals in a growing number of countries.** Chlorine dioxide, a powerful oxidant, has
been used in various disinfection methods as it is effective against bacteria, protozoa, and viruses,
including influenza A.1%% Chlorine dioxide is an alternative water disinfectant, and though HIN1
is not waterborne, there have been concerns over HIN1 inactivation in water, as viral shedding
occurs in infected patients’ stools.®>% Gaseous ClO can be used to safely inactivate airborne
viruses including HIN1 in mice and rats at low concentrations.®”%® Sodium hypochlorite has been
recommended by the World Health Organization for the disinfection of medical equipment and
countertops/table surfaces to reduce the risk of HLN1; gaseous CIOz can serve as an alternative.?®
Starting in 1998, the Food and Drug Administration approved the use of ClO; for the disinfection
of fruits and vegetables.* Given the viability of ClO; as a disinfectant for HIN1 risk reduction, its
inactivation mechanism is worthy of further investigation.

One might expect CIO> to stochastically dock to the protein sheath of a pathogenic virus and
indiscriminately attack its transmembrane proteins.** However, it has been proposed that CIO2 has
a highly specific inactivation mechanism for the HIN1 strain of the influenza virus that targets the

HA tryptophan 153 (W153) residue, and that the oxidation of this amino acid is responsible for
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the inactivation of HIN1.2° W153, is in the HA spike protein of HINZ1, which binds the virus to
sialic acid residues on the cell. The HA protein and the amino acids that make up the receptor-
binding region are indicative of the pathogenicity of an influenza virus strain.®*% The reported
highly specific interaction of CIO, with the W153 oxidation target in the HA receptor-binding
pocket makes the HIN1 virus a logical starting point for computational investigation of CIO>
disinfection mechanisms.

Although mass spectrometry has proven an effective tool to probe the oxidation of virus
proteins by chemical disinfectants,?®1% the application of this experimental approach is limited to
viruses that are both culturable and can be propagated to high concentrations. HIN1 was chosen
as a model virus because previous studies noted the specificity of ClO; oxidation of the HIN1 HA
protein. Therefore, the objectives of the present study were twofold: first, to assess the capability
of molecular docking studies to predict CIO> oxidation targets on the HA protein of the HIN1
influenza virus, and second, to test the computational predictions using Orbitrap mass

spectrometry to analyze the oxidation of HIN1 HA protein exposed to ClOa.

2.2 METHODS

2.2.1 Reagents and HA protein.

H1N1 recombinant hemagglutinin (HA) protein, the A/New Caledonia/20/99 strain, was
obtained from Protein Sciences. The concentration of HA was measured using a Qubit Fluorometer
2.0, which quantifies proteins via fluorescence-based assays using standards provided in the
protein kit (ThermoFisher Scientific). CIO2 stock solution was prepared by mixing aqueous
solutions of 0.15 M potassium peroxodisulfate (K2S20g) and 0.88 M sodium chlorite (NaClO2)

purchased from Sigma Aldrich.>! The solution was scrubbed with 0.11 M NaClOz solution before
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storage to remove any chlorite from the ClO> stock. The stock solution was stored at 4 °C in amber
bottles and its concentration was determined by spectrophotometry at 359 nm (g3sonm = 1230 M

cm™).2%! Trypsin was purchased from Worthington.

2.2.2 Computational docking: receptor and ligand models.

YASARA-Structure 15.9.6,1%2 a computational molecular modeling suite, was used as a
platform to run AutoDock and AutoDock Vina.”% The protein crystal structure file (PDB ID:
3MLH, A/Mexico/4603/2009) for the HA domain of the 2009 H1N1 influenza virus was obtained
from the RCSB Protein Data Bank and was selected for crystallographic resolution (2.09 A) and
location on the transmembrane proteins, specifically the receptor-binding region.*®* Free energies
of binding (AG) were calculated using the AMBERO3 force field® with 3MLH as the receptor
and the disinfectant compounds as the ligands. Clusters were determined by a cutoff of 2 A as the
root-mean square deviation of atomic positions. Global docking of the receptor in YASARA set
the simulation cell automatically to extend beyond the geometric center of the receptor by 5 A (x,
y, Z = 67.19, 55.34, 44.69 A). Before docking, the receptor pdb file was edited to add hydrogens
and remove solvent molecules.

Docking studies were conducted for hypochlorous acid (HOCI) and CIO, two chlorinated
disinfectants. N-bromosuccinimide (NBS) was also modeled to analyze the effect of ligand size
and type on AG. NBS is a significantly larger molecule than either C102 or HOCI, and it has been
shown to selectively oxidize tryptophan residues in proteins. %% Ligand structures were imported
from ChemSpyder into MarvinSketch, and the molecules were energy-minimized using the Merck
Molecular Force Field provided by MarvinSketch 15.2.2.0 as a first step before more stringent

minimization using AMBERO3 in YASARA 1%
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Due to the unusual +4 oxidation state of chlorine in CIO2, the CIO, molecule could not
initially be modeled in YASARA. To enable this ligand to be modeled, a new topology file was
created for YASARA to properly account for the +4-oxidation state and corresponding CIO2 bond

lengths and angles.

2.2.3 HA treatment with CIO2 and digestion

Stock CIO2 solution was diluted with 10 mM phosphate buffer (130 mM NaCl, pH 7.0).
The reaction mixture was 95 pL and contained 26 uM CIO2 and 173 mg/L HA protein of A/New
Caledonia/20/99 strain in a chlorine demand-free glass vial. No quenching agent was used because
Na.S.03 may partially reduce the oxidized proteins, as reported previously.'® Instead, the reaction
time was set for 6 hours to ensure that the ClO2 was completely consumed. After CIO> treatment,
the reaction mixture was washed with 50 mM Tris-HCI buffer at pH 8 and 37°C in a 100-kDa
Amicon ultra-0.5 filter (Millipore), and digested with trypsin at 37°C overnight in accordance with

a previously published protocol.1*

2.2.4 Peptide analysis and identification

Digested HA peptides were subjected to liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to identify peptide degradation and oxidation reactions taking place on HA.
Specifically, 20 uL of the HA peptides were separated with a reverse-phase column (Accucore aQ,
50 x 2.1 mm, 2.6 um particle size, ThermoFisher Scientific), using mobile phase A (LC-MS grade
water, 0.1% formic acid v/v) and mobile phase B (LC-MS grade methanol, 0.1% formic acid v/v)
for peptide separation. The mobile phase gradient began at 6% B for 3 min, climbed linearly to

80% B over 30 min, maintained at 80% B for 5 min, and then equilibrated at 6% B for 5 min.
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Eluted peptides from the column were directly sent to a QExactive Orbitrap high-resolution mass
spectrometer (ThermoFisher Scientific). At the electrospray ionization source, the sheath gas flow
rate was set as 24 AU, the spray voltage at 3 kV, and the auxiliary gas heater temperature at 275
°C. The full mass spectrum was scanned between 400-1800 m/z with an automatic gain control
(AGC) target of 500,000 and mass resolution of 70,000.

For tandem MS scans, the top twenty most abundant peptides were selected and collided
at 30 normalized collision energy (NCE), with the AGC target set at 200,000, mass resolution of
35,000, and isolation window of 1.6 Da. Raw MS and MS/MS data were analyzed using MASCOT
Distiller (2.6.2.0) and searched against a customized database, including the HA sequence of the
A/New Caledonia/20/99 strain, and human keratin contaminants. During the peptide searching,
cysteine carbamidomethylation was set as a fixed modification and methionine oxidations as
variable modifications. A 10 ppm mass tolerance for MS scans and a 0.3 Da mass tolerance for

MS/MS scans yielded a false discovery rate of less than 1%.

2.2.5 Statistical analysis

One-way ANOVA and post-hoc Tukey’s test for multiple comparisons were performed on
docking clusters to assess the significance between cluster means. For one-way ANOVA and a P-
value of less than 0.05, the null hypothesis, that AG means for each cluster were the same, was
rejected. Rejection of the ANOVA null hypothesis preceded Tukey’s test. The null hypothesis of
Tukey’s test was defined as any possible pairs of clusters having equivalent AG means and was
rejected for a P-value less than 0.05. The analyse