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ABSTRACT
IRON-ENHANCED MITIGATION OF VIRUSES IN DRINKING WATER

Joseph Heffron

Marquette University, 2019

Waterborne viruses are ubiquitous in the environment and present a global threat to
public health. Previous research has suggested that iron-based water treatment has promise as
a low-cost, non-toxic means of virus mitigation. In particular, zero-valent and ferrous iron have
shown evidence of inactivating bacteria and viruses. The purpose of this research was to
elucidate the relationship between iron oxidation and virus inactivation and determine if iron-
based inactivation can enhance two water treatment processes, electrocoagulation and
electrooxidation, for virus mitigation.

This research first investigated bacteriophage inactivation due to ferrous oxidation in
batch tests using ferrous chloride salt. Ferrous iron oxidation correlated to bacteriophage
inactivation, indicating that viruses can be inactivated as well as physically removed by ferrous
iron coagulation. Greater inactivation was associated with both a higher ferrous iron dose and a
slower rate of iron oxidation.

Next, the importance of ferrous oxidation was determined for virus mitigation via iron
electrocoagulation. Ferrous-based inactivation was an important fate of viruses in iron
electrocoagulation. However, some bacteriophages showed far greater inactivation than human
viruses. Physical removal was the dominant fate under most conditions for the three
mammalian viruses tested, as well as bacteriophage ®X174. This result casts doubt on the
appropriateness of using common bacteriophages for research into iron-based water treatment
technologies. However, most viruses did demonstrate some inactivation at low pH (pH 6).

Finally, an electrocoagulation-electrooxidation treatment train was investigated to
capitalize on the strengths of iron electrocoagulation. At typical coagulation doses (<30 mg/L
Fe), ferrous iron did not enhance electrooxidation with boron-doped diamond electrodes.
Nevertheless, the electrocoagulation-electrooxidation treatment train was beneficial in model
surface waters, though electrocoagulation alone achieved equal or better mitigation in model
groundwaters. The electrocoagulation-electrooxidation system also outperformed conventional
treatment (ferric salt coagulant and free chlorine disinfection) in model groundwaters.
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1. EXECUTIVE SUMMARY

Waterborne viruses are persistent and ubiquitous human pathogens. Because
waterborne viruses remain stable in the environment, consumption of fecal-contaminated
drinking water is an important route of transmission.’™ Though waterborne viruses are
susceptible to typical drinking water processes,>® the majority of drinking water outbreaks in the
United States (US) arise in groundwater sources which may lack disinfection and/or physical
separation processes.* In the five most recent years of National Outbreak Reporting System
(NORS) data (2013 — 2017), viruses accounted for 11 drinking water outbreaks in the US,
affecting over 450 people. Over half of these outbreaks occurred in private/individual water
systems.” However, waterborne viruses are likely responsible for many outbreaks that go
unreported or are of unknown etiology.*

This research investigated the role of iron oxidation in water treatment to enhance virus
mitigation. lron electrocoagulation (EC), a technology using zero-valent iron to generate
coagulant in situ, was evaluated as an application of iron-enhanced mitigation. The central
hypothesis guiding this research was that ferrous iron oxidation enhances disinfection, and that
ferrous-based inactivation can significantly impact the fate of viruses in electrochemical water
treatment. Few studies®° have raised the potential of iron-based disinfection. The mechanisms
of virus removal by EC are likewise poorly understood. Virus inactivation using aluminum
electrodes has been demonstrated in the presence of chloride ions; however, inactivation was
due to evolution of free chlorine, and long contact times were required.? Virus inactivation has
been hypothesized to occur in iron EC,*? though a rigorous investigation of the importance of

inactivation in iron EC is lacking. Oxidation of Fe' to Fe'"

can be promoted using a polishing
treatment process such as electrooxidation (EQO) in what is referred to here as “iron-enhanced

oxidation.” EO also serves as a disinfection step, and previous studies of iron-catalyzed oxidation



suggest that the combination of ferrous ions and other oxidants could be synergistic. To the
author’s knowledge, iron-enhanced disinfection has not previously been tested for viruses, nor
has the proposed sequential EC-EO treatment train.

Existing research of virus mitigation by EC or ferrous iron disinfection,®%1-14 all focuses
on a single bacteriophage surrogate (MS2). Though widely accepted as a surrogate virus for
filtration processes, MS2 may be more susceptible to disinfection than other possible
bacteriophage surrogates for human viruses of interest.” In addition, limited variation in water
constituents has been tested for these technologies. This research evaluated iron-based
mitigation not only for multiple bacteriophages, but also human viruses, and in a wide range of
water matrices.

This research comprised three objectives:

1) Establish the relationship between ferrous iron and bacteriophage inactivation
The relationship between ferrous iron and bacteriophage inactivation was investigated
using bacteriophages MS2 and P22 as model viruses. To determine this relationship,
ferrous chloride was added to batch reactors under a variety of conditions to control the

dose and oxidation conditions. The hypothesis for this objective was that bacteriophage

inactivation would increase with both a greater dose of oxidized iron and a slower rate

of ferrous iron decay. Therefore, both the extent and the rate of iron oxidation were

altered to determine the impact on bacteriophage inactivation. Bacteriophage
inactivation was then related to a model of ferrous oxidation kinetics. The results for
this objective are presented in Chapter 3.

2) Determine the mechanisms of virus mitigation and suitability of
bacteriophages as surrogates in drinking water treatment by iron electrocoagulation

Irreversible and reversible reduction in bacteriophage concentrations during EC



1.1.

treatment were compared to determine the degree to which inactivation impacts virus

mitigation in varying water matrices. The hypothesis for this objective was that, since EC

depends on an iron oxidation reaction, ferrous-based inactivation would be a significant

mechanism of virus mitigation. Four bacteriophages (fr, MS2, P22 and ®X174) were

compared to three viruses of interest (adenovirus 4, echovirus 12, and feline calicivirus)
to identify appropriate surrogates for iron-based water treatment research. To
determine the mechanisms of virus mitigation, EC was compared to chemical
coagulation using FeCls and FeCl;, as well as sorption to flocs pre-formed by EC and
inactivation via EO with inert titanium electrodes. The results for this objective are
presented in Chapter 4.

3) Evaluate sequential electrocoagulation-electrooxidation for virus mitigation
The potential synergy between iron oxidation and conventional disinfection processes

was investigated using a sequential EC — EO treatment system. The combination of iron

coagulation and oxidation was hypothesized to be synergistic for two possible reasons:

1) coagulation removes oxidant scavengers (e.g., natural organic matter) prior to

oxidation, and/or 2) the addition of ferrous iron catalyzes oxidation reactions.

Bacteriophages MS2 and ®X174 were used for this objective, in addition to human
echovirus 12 to evaluate the suitability of the bacteriophage surrogates. The results for
this objective are presented in Chapter 5.

In addition to the brief introductions in Chapters 3 -5, an in-depth review of the
literature relevant to virus mitigation via coagulation and iron oxidation is provided in
Chapter 2.
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2. LITERATURE REVIEW: VIRUS MITIGATION BY COAGULATION

This work was previously published in part as:

Heffron, J.; Mayer, B. K. Virus Mitigation by Coagulation: Recent Discoveries and Future

Directions. Environ. Sci. Water Res. Technol. 2016, 2 (3), 443—459.

2.1.Introduction

Waterborne viruses account for an estimated 30 to 40% of infectious diarrhea in the
U.S.! Associated with both acute gastric and respiratory diseases and chronic conditions,? some
viruses can persist several months in the environment?® and travel up to 100 m in groundwater.*
Several families/genera of waterborne viruses are included on the U.S. Environmental
Protection Agency’s (EPA) Contaminant Candidate List (both CCL 3 and draft CCL 4) for drinking
water, indicating the need for further research into occurrence and treatment.® Likewise, the
World Health Organization's (WHO) Guidelines for Drinking Water Quality® cites eight virus
categories that are of concern for drinking water, all of which have high persistence and
infectivity relative to other pathogens. Although many viruses are only moderately tolerant of
conventional water treatment,®” adenoviruses show high resistance to emerging treatment
technologies such as UV disinfection.® Coagulation can be used to reduce virus loads and
minimize the required dose for disinfection. Coagulation is also an effective pre-treatment for
virus removal by filtration systems.>®

This review assesses current research of virus reduction by coagulation. Future avenues
for research are discussed in light of evidence of the forces influencing virus sorption, as well as
recent findings of virus inactivation in coagulation processes. Three coagulation processes are

considered: conventional chemical coagulation, enhanced coagulation and electrocoagulation.

In conventional chemical coagulation, metal hydrolytes are formed by dissolution of a metal salt



in water. Aluminum and iron salts such as Aly(SO4); and FeCl; are commonly used in water
treatment,® although novel coagulants like polyaluminum chlorides (PACIs) have gained
particular attention for virus mitigation.>'%17-22 pglymeric iron coagulants have also been
developed,??* but these coagulants have not been evaluated for virus mitigation.

The EPA’s Disinfectants and Disinfection Byproduct Rule (DBPR) promotes enhanced
coagulation prior to disinfection of drinking water to prevent the formation of potentially
carcinogenic disinfection byproducts.?® Enhanced coagulation uses high doses of chemical
coagulant and/or pH adjustment for effective removal of humic acids, fulvic acids and other
dissolved and suspended organic material (collectively called natural organic matter, NOM). For
this reason, enhanced coagulation has been evaluated for virus mitigation in waters with high
NOM concentrations.!%2627

Electrocoagulation is the in situ production of coagulant by electro-oxidation of a
sacrificial electrode. Both iron and aluminum sacrificial electrodes have been tested for virus
mitigation.'*?#3% Some researchers consider aluminum electrodes preferable to iron electrodes,
because iron is released as soluble ferrous ions and may not be fully oxidized to form insoluble
coagulant.?®2%31 While the coagulant hydrolytes formed by iron electrocoagulation have been
characterized,** less is known about the species formed during aluminum coagulation.

In all variations of coagulation, metal cations are introduced in water to form hydrolyte
species. These hydrolytes destabilize colloids by overcoming the repulsive forces between
colloidal particles. Colloidal destabilization commonly occurs by 1) neutralizing surface charges
or forming bridges between particles to allow incorporation into a developing floc (charge
neutralization or inter-particle bridging mechanism) or 2) by sorption of the colloid to a pre-
formed floc (sweep flocculation mechanism). The resulting flocs may then be separated by

gravity and/or filtration. Colloids are thus physically removed from the water matrix.



Waterborne viruses are typically less than 100 nm in diameter,* making them among the
smallest colloids removable by coagulation. Physical removal is usually considered the primary
mechanism for virus mitigation due to coagulation, although recent research shows that
coagulation can also render viruses noninfectious (inactivation mechanism).

This review examines recent studies of virus mitigation by coagulation processes in the
context of the latest scientific advances in understanding virus sorption and inactivation. To
begin, the forces influencing virus sorption and subsequent physical removal are described,
including the role of electrostatic forces, the hydrophobic effect, steric hindrance,
hydrodynamics, and cation bridging. Consideration is given to discussion of environmental
matrix effects, e.g., the influence of organic matter and divalent cations. Next, the phenomenon
of virus inactivation during coagulation processes is addressed, including approaches and
challenges to quantifying virus inactivation exclusive of physical removal. Critical analysis of
recent discoveries and findings is used to inform recommendations for new research directions
for mitigating waterborne viruses by coagulation, including appropriate selection and use of
virus surrogates in laboratory and field studies.

2.2.Physical Removal of Virions

Physical removal is generally considered to be the dominant form of virus mitigation in
coagulation processes. Therefore, many sources do not distinguish between physical removal
and overall virus reduction. A summary of virus coagulation studies is provided in Table 2-1 and
Table 2-2. Table 2-1 summarizes results of studies using a single virus for testing, while Table 2-2
summarizes studies testing multiple viruses in tandem to facilitate comparison of results among
viruses. As shown in the tables, chemical coagulation has been shown to reduce viruses by 0.5
to 7 logio (i.e., 90% to 99.99999% reduction), with a typical reduction of approximately 3 logo.

In studies of chemical coagulation with post-treatment microfiltration, virus concentrations



Table 2-1. Summary of coagulation studies using a single virus type. Virus reductions are
rounded to the nearest 0.5 logio. Unless otherwise noted, reduction values are based on cultural
assays, and pH values indicate conditions after coagulant addition. Reduction ranges indicate
temporal variation (e.g., in filtration systems).

Logio NOM
. Dose wrus. (mg/L
Coagulation (mg/LAl reductio DOC)
Process Coagulant or Fe) Bacteriophage n pH Source
PACI 4 0
cc AICI3 1 B 3 ; 2
PACI 4 2.2 (T0C)
AICI3 1.5 :
CC+ MF PACI 1.1 QB 6-7 6.8 1.1 (TOC) 13
4.5 6.3 34
CC+ MF FeCls 10 MS2 3 s 83 0
CC+ MF PACI 0.5 QB 4-5 6.8 0.6 n
PACI 1.1 ; s'z
CC+ MF QB : 0.9 9
alum 1.1 6.5 6.8
: 0.5 7.8
PACI
CC + UF d, 3 MS2 7 7t 2.5 (TOC) 15
alum
T
PACI / >
3-4 6.5t "
EnC + MF 4 MS2 4.2
FeCl 3-4 >t
} 3-4 6.5t
EIC Aluminum 5, MS2 3 6.2 0 28
electrodes
Iron 5 6.3t 14
EIC +MF electrodes 10 M52 45 73-83* 0
Iron 13 i? 6.4% 409
EIC + MF © MS2 ' ; 30
electrodes 115 4.5 75+ 0
' 1 ' 4.9
EIC+MF  Aluminum o, MS2 4 6.4t 5.2 29
electrodes

NOM = Natural organic matter, DOC = Dissolved organic carbon, TOC = Total organic carbon,

CC = Chemical coagulation, EnC = Enhanced coagulation, EIC = Electrocoagulation, MF = Microfiltration,
UF = Ultrafiltration

DLS = Dynamic light scattering

T Initial pH value (before coagulant addition)



Table 2-2. Summary of comparative coagulation studies using multiple virus types. Virus

10

reduction and inactivation data are rounded to the nearest 0.5 logio. Reported inactivation
below 1 logio is shown as "< 1," while negligible inactivation is shown as "<< 1." Darker shading
indicates comparatively greater reduction efficiencies for a given experiment. Unless otherwise
noted, reduction values are based on cultural assays, and pH values indicate conditions after
coagulant addition. Reduction and inactivation ranges indicate temporal variation (e.g., in
filtration systems).

Dose
(mg
Al/Lor Logio Logio virus NOM
mg virus inactivation/ (mg/L
Coagulant Fe/L) Virus reduction aggregation pH DOC) Source
Chemical Coagulation
Bacteriophage MS2 6 1
alum -
Bacteriophage Q 4 2 18
1.1 - 6.8 1
PACI Bacteriophage MS2 6 2
Bacteriophage Qf 7 5
Adenovirus type 4 1.5
Bacteriophage fr 2
Bacteriophage MS2 2
FeCls + - 35
13.8 Bacteriophage PRD1 1 n.r. 8T n.r
polymer -
Bacteriophage 0.5
OX174 ’
Feline calicivirus 1.5
PAC] 11 Bacter?ophage MS2 3 <1 6.8 0.9 20
Bacteriophage QB 6 4
Bacteriophage f1 1.5
PACI 1.1 acteriopnage n.r. 6.8 0.9 36
Bacteriophage f2 2.5
Bacteriophage MS2 4.5 3.5
PAC 1 Bacter!ophage QB n.r. 3.5 45+ 0.7 19
Bacteriophage nr «1
OX174 )
1.9 Bacteriophage MS2 6 3 0.8
PACI - 37
2.2 Bacteriophage QB 2:5 2.2 7t 1.3
alum ) phag 2 <«<1 '
Bacteriophage MS2 2 * -
alum 3.2 Norwalk Virus 1.5 * n.r 6;0- n.r 38
Poliovirus1 1.5* <1 '
Coxsackievirus B5 1
AlCk Poliovirus 1 1.5
2.7 — : n.r. 7t 2.2 39
Coxsackievirus B5 3
PACI T
Poliovirus 1 3

(continued next page)
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(Table 2-2 continued)

Chemical Coagulation + Microfiltration

Bacteriophage MS2 5.5 <1 21
PACI 11 Bacteriophage QB 5.5 2.5 6.8 0.9
Bacteriophage MS2 8 2 10
PACI 1.1 Bacteriophage QB 3 4 6.8 0.76
Bacteriophage MS2 3-4*
alum 1.1 Bacteriophage QB 1-2*
Norovirus VLP >3%F
Bacteriophage MS2 3-4%* nr 6.8 0.76 40
PACI 1.1 Bacteriophage QB 2-3*
Norovirus VLP >3%F
Enhanced Coagulation
Adenovirus type 4 2.5 4.6 -
Feline calicivirus 2.5 5.6
FeCls + Bacteriophage fr 2.5 .
polymer 13.8 Bacter!ophage MS2 2.5 n.r. 5-6
Bacteriophage PRD1 2 1.8
Bacteriophage 15
OX174 )
Bacteriophage fr 2
Bacteriophage MS2 0.5
Bacteriophage PRD1 0.5
FeCls + Bacteriophage 5-
Solymer 138 17 phag 15 n.r. g 42 26
Coxsackievirus B6 3
Echovirus 12 2
Poliovirus Type 1 2.5

n.r. = not reported for the given data set, NOM = Natural organic matter, DOC = Dissolved organic

carbon, VLP = Virus-like particle

* Quantified by quantitative reverse transcription polymerase chain reaction (QRT-PCR)

T Initial pH value (before coagulant addition)

¥ Quantified by enzyme-linked immunosorbent assay (ELISA)
were reduced up to 8 logio, with a typical reduction of 5 logio. Enhanced coagulation has been
shown to reduce virus concentrations by up to 4.5 logio 2’ and up to 7 logio *? with post-
treatment microfiltration. However, enhanced coagulation has not been studied as thoroughly
as conventional chemical coagulation and is used for more challenging water sources.
Electrocoagulation with post-treatment microfiltration has shown promising results in mitigating
bacteriophage MS2, surpassing the EPA’s Surface Water Treatment Rule (SWTR) of 4 logio

reduction of viruses.142%:3041
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The physical incorporation of viruses into flocs most likely happens in one of two ways:
incorporation in the developing floc (charge neutralization or inter-particle bridging), and/or
sorption to surfaces of formed flocs (sweep flocculation). Shirasaki et al.> found negligible (< 0.5
logio) reduction of poliovirus on preformed flocs, compared to approximately 3 logio reduction
during floc formation. In another study, Shirasaki et al.?° found that the physical removal of two
bacteriophages occurred during rapid mixing, with little or no additional removal during
flocculation and after settling. KreiRel et al.'® similarly found that significant virus mitigation
occurred only during floc formation. In a study of virus removal by electrocoagulation, Tanneru

1.2 concluded that sweep flocculation was the dominant mechanism of virus removal based

eta
on fluorescent microscopy and virus recovery from flocs. This discrepancy may be due to
differences in floc formation between electrocoagulation and chemical coagulation. Chemical
coagulation is limited by reaction kinetics and forms dense flocs, while electrocoagulation is
limited by coagulant ion diffusion and forms sparse flocs.*? During electrocoagulation, coagulant
is continuously released, so treatment cannot be separated into rapid-mix coagulation and
flocculation stages. Therefore, it is difficult to determine whether viruses are incorporated into
growing flocs or sorbed to the floc surface.

In the absence of coagulant, viruses at high concentrations may also destabilize to form
aggregates due to environmental conditions. Aggregate formation is important from both a
theoretical and an experimental perspective. Due to larger size and lower surface charge,
aggregates are easier to remove than monodispersed virions. In addition to being more
susceptible to treatment processes, aggregates lead to artificially low results when quantifying

viruses by cultural methods.*® Unfortunately, aggregation is often a result of laboratory methods

and does not necessarily represent natural conditions.
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Numerous factors may influence physical removal of virions in flocs, as described in the
following sections. These include the electrostatic and van der Waals forces modeled by the
Derjaguin, Landau, Verwey and Overbeek (DLVO) theory, as well as non-DLVO factors such as
the hydrophobic effect, structural incompatibility between viruses and sorbents (steric
hindrance), and interactions with one another (aggregation) and constituents in the water
matrix. The impact of these factors depends on the virus itself (e.g., its structure, surface charge,
or degree of permeability), the nature of the sorbent (floc characteristics), and the composition
of the water matrix. The influence of these phenomena on virus sorption has been studied more
extensively for virus transport through porous media.*~8 Still, many of the lessons learned
apply to coagulation as well.

2.2.1.Electrostatic Interactions

Electrostatic forces affect the sorption of virions to surfaces like flocs. Investigators use
multiple measures to describe electrostatic forces. Isoelectric point (pl) is the pH at which a
particle or surface has a neutral charge in the electrolyte solution. At pH levels above the pl, the
surface is negatively charged in solution; below the pl, the surface has a positive charge.
Electrophoretic mobility is a measure of particle movement in the presence of an electric field
and can be used to infer the electric potential near the particle surface. Electrostatic forces
often govern virion sorption due to the long range of electrostatic influence, as well as the low
pl of most enteric viruses, indicative of a strong, negative potential near the particle surface at
neutral pH. However, electrostatic forces are attenuated at high ionic strength due to screening
of the electric field.

2.2.1.1. The Impact of Virion Permeability on Isoelectric Point
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Research is inconclusive as to whether virion electrostatic charge is solely defined by the
capsid surface, or whether deeper capsid functional groups and/or the interior genome
compartment also affect electrostatic interactions between the virion and its environment.
Models that account for virion permeability have been advanced by Schaldach et al.*® as well as
Langlet et al.>°, the latter of which was based on Duval and Ohshima's model for "soft"
(permeable) colloids.>! Both models claim that with increasing virion permeability, the more
acidic pl of the genome has greater impact on the overall pl.*>°%°2 To test this hypothesis,
Langlet et al.>® evaluated the removal of bacteriophages MS2 and QB on hydrophilic
membranes. The two bacteriophages are similar in size and measured pl, but QB has a larger
genome. MS2 was removed to a greater extent, and Langlet et al. concluded that QB's genome
imparts the virion with a greater negative charge density, which repels the membrane.
However, the difference in removal is not necessarily due to the difference in genome size. Qf
has been shown to be more hydrophobic than MS2°4 and would therefore be expected to
exhibit less sorption to hydrophilic membranes.

Bacteriophage MS2 has been offered as an example of the effect of the viral genome on
pl. The theoretical pl of MS2 based on total charged capsid moieties is approximately 7 — 9,%5°¢
while the pl of MS2's RNA genome is approximately 3.5 The measured pl of MS2 is generally
accepted to be between 3 and 4, closer to the RNA pl than the capsid pl.>” Using another
method to calculate the capsid pl, Penrod et al.** accurately predicted MS2's measured pl by
evaluating only those charged structures exposed on the surface of the capsid. However,
Schaldach et al.* found better correlation with experimental electrophoretic mobility data
when allowing for capsid permeability than using the Penrod method.

|52

However, a study by Dika et al.”* comparing MS2 bacteriophages and virus-like particles

(VLPs) seems to support Penrod et al.'s model for predicting pl. VLPs are assembled by
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expression of the viral coat proteins in a bacterial host but lack the viral genome. Instead of
having a pl between 7 and 9 as predicted, MS2 VLPs had a measured pl between pH 3 and 4.
Dika et al. hypothesize that negatively-charged host material was trapped within the VLPs during
propagation. Considering the intricate, optimized packing of the viral genome into the capsid
during normal bacteriophage propagation,®®*° as well as evidence from electron micrographs,>?
VLPs likely do not contain enough host material in their interior to constitute a negative charge
density comparable to whole virions. To accept the interpretation of viruses as soft colloids, we
should see at least some increase in the pl of VLPs compared to bacteriophages to reflect the
influence of the genome. The permeability model may also be more applicable to some virions
than others.

2.2.1.2. The Impact of Virion Permeability on Electrostatic Interactions

Several recent investigations have found that accounting for permeability did not yield
better predictions of virion sorption or aggregation. Gutiérrez et al.®® determined that the
modeled permeability of rotavirus was low enough that a hard colloid formalism would suffice.
Yuan et al.?! found that the energy barrier to MS2 adsorption was better predicted by the DLVO
model for hard (impermeable) colloids than when permeability was considered. In a study by
Nguyen et al.,®? MS2 bacteriophages whose RNA genomes had been degraded at high pH did not
significantly differ from intact MS2 bacteriophages in terms of aggregation or adsorption to the
water surface at the air-water interface. Nguyen et al. concluded that internal RNA had minimal
effect on sorption. Dika et al.®® responded with a study showing that the virus purification
method used by Nguyen et al. (polyethylene glycol precipitation) masks differences between
viruses and VLPs.

Researchers have also investigated the impact of the genome on virus-virus sorption

phenomena responsible for aggregation. Dika et al.®® found that MS2 aggregates formed at pH 4
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did not re-disperse when the solution was then acidified to pH 2. Other experiments of MS2
aggregation using pH titration confirm this trend.**5? By contrast, MS2 VLPs aggregated only
near the pl value and dispersed at lower pH. The team hypothesized that the difference in
aggregation reversibility was due to the attractive influence of the genome. However, VLPs did
not aggregate at any pH at high ionic strength, whereas entire virions did. At high ionic strength,
the effective distance of electrostatic forces decreases, so VLPs and entire virions should behave
more similarly if permeability impacts surface charge. In this study, the MS2 and MS2 VLPs
behaved more similarly at low ionic strength. It is also unclear why the relative absence of RNA
in VLPs would explain aggregation in this study, while the presence of residual RNA in VLPs was
used to explain the VLP pl measured in Dika et al.'s previous study.>?

Other tests found similar patterns of irreversible aggregation for somatic
bacteriophages PRD1 and ®X174 and F-specific bacteriophages QB and GA.>*648
Bacteriophages PRD1, Qf, and GA all have measured pl values between 2 and 4 reported in the
literature,® so aggregation in this pH range is not unusual. From an evolutionary standpoint,
enteric viruses and bacteriophages may gain a selective advantage by aggregating to avoid
inactivation by proteases in the stomach (pH < 4 %), and dispersing in the near-neutral pH of the
intestines for the greatest chance of infection. Aggregation has been shown to inhibit virus
inactivation by chemical disinfectants.®’

However, aggregation below pH 4 is unexpected for ®X174, which has a generally
accepted pl of 6.6 from capillary isoelectric focusing, chromatofocusing, and aggregation
studies.®’ If the pl of ®X174 was indeed higher than pH 4, aggregation occurred solely in a pH
range where virions should have a positive net charge. Chrysikopoulos and Syngouna*” and
Aronino et al.%* recently reported lower pl values for X174 (4.4 and 2.6, respectively) based on

electrokinetic measurements. However, in an extensive review of virus pls, Michen and Graule®’
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discounted Aronino et al.'s finding because Aronino et al. did not report purifying their
bacteriophages for testing. Chrysikapoulos et al. also did not report purifying virus stocks.*”/8

2.2.2.Non-electrostatic Sorption Phenomena

When electrostatic interactions are repulsive or neutral, van der Waals and non-DLVO
phenomena like the hydrophobic effect, steric hindrance and interactions with constituents in
the water matrix may lead to differences in virion sorption. As detailed below, van der Waals
and non-DLVO forces tend to modify the effects of electrostatic forces, especially when
electrostatic forces are minimized (e.g., by electrostatic screening or near the pl of the particle).

Arising from electronic resonance between surfaces, van der Waals interactions create
an attractive force proportional to the polarizability of the virion and the abiotic surface.’® In
practice, van der Waals forces cannot be measured independently of electrostatic and non-
DLVO phenomena.® In an extensive study of interactions influencing bacteriophage adsorption
to surfaces, Armanious et al.®® found minimal impact of surface polarizability on bacteriophage
adsorption. However, the two surfaces compared also differed in hydrophobicity.

The hydrophobic effect arises from hydrogen bonds that preferentially form between
water molecules to the exclusion of nonpolar molecules. The hydrophobic effect results in the
tendency of nonpolar substances to partition out of the aqueous phase. Armanious et al.®®
found that the hydrophobic effect moderated electrostatic repulsion to allow adsorption of
bacteriophages fr, GA, MS2, and QB to nonpolar surfaces. Armanious et al. also established a
method for quantifying hydrophobicity based on the size and number of nonpolar patches on
the capsid surface, and predicted a pattern of decreasing hydrophobicity: QB >> fr > GA >> MS2.
Armanious et al.'s method was able to explain broad trends in bacteriophage sorption to

hydrophobic surfaces, although completely isolating the hydrophobic effect from other
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4354 experimentally determined a relative

phenomena is not possible. Other researchers
hydrophobicity of GA > Q > MS2.

In two separate studies®*%°, Dika et al. found that surface hydrophobicity could explain
differences in the sorption of bacteriophages. Using chemical force microscopy, the
hydrophobicity of bacteriophages MS2, QB and GA were compared to known hydrophobic and
hydrophilic surfaces.>* Hydrophobicity influenced virus sorption to surfaces even in low ionic
strength solution (1 mM NaNOs), where electrostatic forces are expected to dominate.>*
Bacteriophages MS2, PRD1, and ®X174 were also compared. Despite varying charge densities
among the three bacteriophages in low ionic strength electrolyte, they demonstrated similar
electrophoretic mobility at high ionic strength (100 mM).®® Nevertheless, the bacteriophages
differed in their affinities for membranes of varying hydrophobicity. Hydrophobicity has also
been determined to favorably impact virus sorption to finely powdered activated carbon.”

The molecular-level structure of virus capsids and the sorbent surface may also hinder
virion adsorption at close range. This steric hindrance occurs when interactions between the
adsorbent and adsorbate are limited by the spatial orientation of their molecular structures.
Several studies have found evidence of steric hindrance in virus sorption. Penrod et al.* found
that steric interactions (here considering all non-electrostatic repulsion to be steric in nature)
may lead to increased MS2 mobility in porous media when electrostatic forces are screened
(i.e., at high ionic strength). Armanious et al.®® also suggested that the variable topography of
bacteriophage fr and MS2 capsids, as determined by x-ray crystallography, may have resulted in
poor adsorption to a gold surface in comparison to bacteriophages QB and GA. Dika et al.>*
found that bacteriophages preferentially sorbed to stainless steel over glass, despite similar
surface hydrophobicity. This trend was more apparent at high ionic strength, which fits with the

theory that surface roughness impacts electrostatic interactions when the roughness is on a
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scale comparable to the Debye length (a measure of the effective range of electrostatic
forces).> In all cases, steric hindrance appeared to moderate sorption in conditions of similar
electrostatic charge and hydrophobicity, rather than broadly define sorption behavior.

2.2.3.Impact of Water Matrix Composition on Virus Sorption

Suspended and dissolved materials in the water matrix, like NOM and dissolved salts,
can dramatically impact virion sorption. Because of the heterogeneous charge distribution and
polarity of organic matter in the environment, the effect of NOM on virus sorption involves
electrostatic forces, hydrophobicity, and steric interactions. Generally, NOM contains both polar
and nonpolar moieties and has a negative charge at neutral and high pH due to deprotonation
of carboxyl and phenyl groups.*>® In porous media filtration tests, Zhuang and Jin*® found that
MS2 breakthrough was more rapid in the presence of sorbed or dissolved organic material,
while ®X174 breakthrough was relatively unaffected. Zhuang and Jin concluded that NOM both
competes for sorption sites on the media and enhances sorption of nonpolar virions by creating
hydrophobic sorption sites. Armanious et al.®® found high sorption of bacteriophages GA and QB
at pH 6 on a NOM-coated surface, while MS2 and fr sorption was negligible. GA and Q sorption
decreased significantly from pH 6 to pH 8, likely due to electrostatic repulsion arising from
deprotonation of carboxyl groups on the NOM and capsid surfaces. When ionic strength was
increased from 10 mM to 100 mM to screen electrostatic forces, QB sorption was high even at
pH 8, while MS2 sorption was measurable, though low. These results again illustrate that the
hydrophobic effect predominates only when electrostatic forces are weak. Yuan et al.®! found
that MS2 deposition on silica was greater than on NOM-coated surfaces, even at ionic strengths
high enough to effectively screen electrostatic charges. The team concluded that the results
may be due to steric hindrance, by which NOM surface structures prevent binding in contrast to

the even surface of silica.
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Deposition experiments have shown that cation bridging can significantly increase virion
sorption to like-charged surfaces.®>’%72 |n cation bridging, divalent cations (e.g., Ca?* and Mg?*)
complex with negatively-charged moieties on both the capsid and the solid surface. The
presence of Ca?*and Mg?* ions has been shown to dramatically increase sorption of viruses to
repulsive surfaces in comparison to monovalent ions, beyond the expected increase due to
screening of electrostatic forces.®%’? By contrast, rotavirus adsorption to an oppositely-charged
(non-repulsive) surface was shown to be independent of Ca?* or Mg?* concentrations.®® The
effect of cation bridging can be significant at Ca?* and Mg?* concentrations typical of drinking
water sources.®® For the bacterium Pseudomonas aeruginosa, cation bridging has been shown to
significantly enhance sorption to repulsive surfaces at concentrations as low as 10° M Ca? or
Mg?*.” Interactions between MS2 virions have been shown to transition from repulsive to
attractive between 10 mM Ca®* and 50 mM Ca**.”

Ca*"ions have been shown to have a greater positive influence on virus sorption to
repulsive surfaces than Mg?* ions.®%’2 Ca**ions are large and have weakly bound spheres of
hydration that allow inner-sphere complexation with carboxyl groups on the virus capsid and
the solid surface.®®’2 By contrast, Mg?* ions have tightly-bound spheres of hydration that may
allow only outer-sphere complexation. The mechanism for the relatively weak sorption
observed in the presence of Mg may not be bridging, but rather charge neutralization by
complexation with negatively-charged moieties on either the virion or the surface.”? The ability
to form bonds with carboxyl groups makes cation bridging particularly important in the sorption
of negatively charged viruses to NOM. In an experiment conducted by Pham et al.,”? Ca%
improved deposition of MS2 on a NOM-coated silica surface to a far greater extent than on a
bare silica surface, although the bare silica was more negatively charged than the NOM-coated

surface. For comparison, using NOM from the same source but in a monovalent electrolyte,
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Yuan et al.®! found poorer adsorption of MS2 on a NOM-coated surface than a silica surface.
Mylon et al.”* found that a lower concentration of Ca?* was required to destabilize MS2 in the
presence of NOM (10 mg/L total organic carbon; TOC).

2.2.4.Implications of Electrostatic and Non-Electrostatic Phenomena for Virus
Aggregation

Electrostatic repulsion contributes to virion stability, so aggregation typically occurs at
high ionic strength or pH ranges near the virion pl.** Non-DLVO forces may also impact virus
aggregation. Some investigators have suggested that protein loops extending from the capsid
surface may contribute to the high stability of virions by steric hindrance.®*’! Virus aggregation
has been shown to be higher in the presence of divalent cations, although not in the typical
range of Ca?* and Mg?* concentrations in drinking water.%%27! Hydrodynamic forces may also
influence aggregation. Langlet et al.*® suggest that the low electrophoretic mobility of virion
aggregates may be due to hydrodynamic drag. Aggregates may show greater hydrodynamic drag
due to permeability. Because of this drag, aggregates would tend to stay aggregated once
formed.*® From another perspective, the hydrodynamic drag of individual virions due to capsid
permeability may counteract the repulsive electrostatic forces of surfaces and neighboring
virions, leading to aggregation.

2.2.5.Implications of Electrostatic and Non-electrostatic Phenomena for
Coagulation

While porous media studies provide valuable insights, not all lessons can be assumed to
apply to virus coagulation. Unlike sorption to solid surfaces, coagulation may occur by sorption
to solid flocs and/or complexation of the virion surface by dissolved coagulant (charge

neutralization or inter-particle bridging). In addition, metal oxide flocs differ in structure, charge
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and polarity from porous media. The challenge lies in determining which parameters are
necessary and/or sufficient to describe virion sorption during coagulation/flocculation.

Hydrophobicity is unlikely to have a strong effect on coagulation in many cases, as
aluminum and iron hydroxides are polar.”* However, in the presence of NOM, hydrophobicity
may be an important partitioning factor for some viruses. Tanneru et al.?® found that aluminum
flocs became more hydrophobic following sorption of NOM. Rebhun et al.”> enhanced removal
of hydrophobic (log Kow > 4.5) polyaromatic compounds by adding dissolved humic acid.
Therefore, NOM may actually enhance sorption of very hydrophobic virions. Due to the rough,
fractal structure of aluminum and iron flocs,”® steric hindrance may also play a role in sorption
to flocs.

To the author’s knowledge, conclusive evidence of the effect of divalent cations on virus
sorption to metal hydroxide flocs (as opposed to electrostatically repulsive and/or nonpolar
surfaces) does not exist. In 1958, Chang et al.”” concluded that Ca?* and Mg?* may have inhibited
virus mitigation. However, the comparison was made between tests using synthetic versus raw
water sources, so the difference in virus mitigation cannot be conclusively attributed to divalent
cations, as opposed to, e.g., NOM. Chaudhuri and Engelbrecht’® later showed that alum
coagulation of bacteriophage T4 was not affected by Ca?* and Mg?* concentrations up to 330
mg/L as CaCOs. However, Chaudhuri and Engelbrecht used a synthetic water free of NOM. The
hypothesis of cation bridging between NOM and anionic coagulants/polymers has not been
tested for viruses. Inhibition of coagulation by NOM has been documented for bacteriophages
MS23% and QB2%. However, neither the influence of divalent cations nor the impact of phage
hydrophobicity was tested in these studies. Microbalance experiments of virus deposition on

aluminum or iron hydroxide surfaces, similar to those conducted on silica and NOM coated
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surfaces, could better identify the importance of surface charge, hydrophobicity, and roughness,
as well as divalent cations and NOM concentrations.

2.3.Inactivation During Coagulation Processes

In addition to physical removal by sorption and co-precipitation, some studies have
investigated bacteriophage inactivation by coagulation processes. Viruses may be inactivated by
damage to the virion protein capsid and/or the viral genome. Damage to viral proteins manifests
as an inability of the virus to attach to the host cell and/or inject the genome, while genomic
damage prevents replication and proliferation of the virus in the host.”? Whether viruses are
physically removed or inactivated is not simply a Talmudic question. Coagulation processes
increase sludge production, and sludge must be properly handled. If high levels of virus
inactivation can be achieved, sludge treatment and handling will be safer and more cost-
effective. Safe sludge handling is critical for decentralized water treatment, especially in
developing countries that lack the infrastructure for proper disposal. If people risk contact with
the sludge, we must be sure coagulation does not just concentrate pathogens.

Evidence of inactivation has been documented for both chemical coagulation and
electrocoagulation, as summarized in Table 2-3. In the case of aluminum coagulants, polynuclear
Aliz and Alsg species are thought to chemically oxidize virions.*®3% While soluble, monomeric
aluminum species are predominantly anionic above pH 6 ¢, soluble Aliz and Alsp species are
cationic near neutral pH.*®% Since most virions have negative surface charges,>” the polynuclear
cations may interact with and oxidize virions to a greater extent than monomeric anions. PACls
produce more polynuclear hydrolytes in solution than simple aluminum salts.>3°
Correspondingly, the most evidence for virus inactivation has been observed with PACI
coagulation.®>!917-22 Coagulation with simple aluminum and iron salts (e.g., Al»(SO4)s, AlCls, FeCls

and AI(NOs)3) has shown only limited virus inactivation.?”?>%° Polynuclear iron coagulants have
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also been developed,?*?* but these coagulants have not been evaluated for virus mitigation to

the author’s knowledge.

Table 2-3. Summary of methodology for studies reporting inactivation by coagulation. Virus
inactivation data are rounded to the nearest 0.5 logio. Reported inactivation below 1 logyo is
shown as "< 1," while negligible inactivation is shown as "<< 1."

Dose Logio virus
(mg/L inactivation Inactivation Aggregation
Coagulation  Coag- Alor Bacterio / guantification  determination
Process ulant Fe) -phage  aggregation method method Source
QB 35
PACI T4 2
MS2 2.5
p1 3 plague assay phage
cC 1 (with recovery 2
Qs recovery) efficiency
alum T4 <1
MS2 1.5
P1 1
PACI 10 QB 2
PACI, MS2 <1 plaque assay phage
cc alum, 1 P1 <1 (with recovery e
AICls, Qp 1-15 recovery) efficiency
AlSO4 T4 <1
gRT-PCR (with
MS2 <1 recovery),
cc PACI 1.1 plaque assay DLS 20
with
Qg 4 :
recovery)
MS2 1
alum QB 2 RT-PCR
cc 11 MS2 2 I: ue ass,a DLS ”
PACI plag v
QB 5
PACI 1.9 MS2 3 RT-PCR
cC 2.5 gri-+=n n.r 37
2.2 QB plaque assay
alum <<1
M52 4 RT-PCR
cc PACI 10 QB 6 qrI-FER, DLS 19
plague assay
OX174 <«<1

(continued next page)
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plaque assay

PACI 4 1-2
EnC MS2 (with n.r 12
FeCl3 8 1-2 recovery)
MS2 <1 -
cC+MF PAC 11 IgRIePaCsZ’a mszlr::t:;) nh ”
QB 25 plaq y grapny
MS2 2 RT-PCR
CC+MF  PACI 11 I: o e n.r 10
QB 4 plaq y
. 30 <1
alumin
um e plaque assay phage
EIC 30,4 MS2 (with recovery 2
electro hr -
35 recovery) efficiency
des floccu
lation
iron plaque assay phage
EIC + MF electro 10 MS2 1-2 (with recovery 30
des recovery) efficiency

n.r. = not reported for the given data set
CC = Chemical coagulation, EnC = Enhanced coagulation, EIC = Electrocoagulation, MF = Microfiltration,
UF = Ultrafiltration
DLS = Dynamic light scattering, gRT-PCR = quantitative reverse transcription polymerase chain reaction

As in sorption studies, multiple investigators found that inactivation by chemical
coagulation occurred concurrently to floc formation, with little to no inactivation when viruses
were spiked in a solution with pre-formed flocs.>?2 KreiRel et al.2® found that inactivation was
greatest when viruses were exposed to soluble PACI at pH 4.5, indicating that inactivation may

be related to soluble species rather than insoluble flocs. Other researchers have suggested

alternate mechanisms of inactivation, such as deformation of virions by forces at the interphase

boundary,'® and inhibition of infection by irreversible adsorption of coagulant polymers to the

capsid surface (e.g., at binding sites

).17

Electrocoagulation has been shown to disinfect algae and bacteria, although researchers

often do not discern between physical removal and inactivation in their results.t>%3 Few studies

have investigated virus mitigation by electrocoagulation,

14,28-30

and to date only Tanneru et

al.230 have specifically examined virus inactivation by electrocoagulation. Disinfection occurs in
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electrocoagulation primarily by the oxidation of chloride to free chlorine.?®8 For this reason,
electrocoagulation has only been shown to inactivate viruses in the presence of chloride ions.
Because generation of free chlorine is an oxidative process occurring at the anode,® chlorine
production is a secondary and competing reaction to the oxidative dissolution of the anode
itself. Tanneru et al.? noted that bacteriophage inactivation required a prohibitively long
contact time due to the low concentrations of free chlorine generated in the study (< 0.1 mg/L).
Inclusion in flocs also shields viruses from inactivation by free chlorine.?

Tanneru et al.?® were able to detect damage to both the MS2 genome and proteins after
electrocoagulation with extended flocculation times. The team detected conformational
changes to proteins and an increase in the concentration of protein oxidation byproducts by
attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). Tanneru et al.
also used quantitative reverse transcription polymerase chain reaction (qRT-PCR) amplification
to directly investigate damage to the MS2 genome. A 77 bp section of the maturation protein
coding region® was amplified and compared between treated and initial samples. The short
length of the amplicon likely makes this method a conservative indicator of total RNA damage.
Tanneru et al. found a rapid decline in copy number in the first hour after electrocoagulation,
comparable to the reduction found using a culture-based plaque assay. Tanneru et al. did not
find increased genome inactivation with longer contact time, although overall inactivation
continued to increase. These results suggest that for electrocoagulation, the mechanism of
inactivation may vary over time. Varying mechanisms of inactivation can be at play, even for a
given disinfectant. For example, Wigginton et al.”® found that free chlorine attacked MS2
proteins and genome, and inactivation manifested as an inability to inject the viral genome into
the host cell. The method used by Wigginton et al. may offer a less conservative estimate of RNA

damage because approximately half of the viral genome was analyzed.
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Due to the different hypothesized inactivation mechanisms (i.e., production of free
chlorine during electrocoagulation versus polynuclear cations in chemical coagulation), Tanneru
et al.'s results cannot be extended to chemical coagulation. Wigginton et al.”® established that
different chemical oxidants (i.e., '0,, free chlorine, ClO,) vary in their mechanisms of
inactivation. Likewise, the inactivation mechanism likely differs between free chlorine and the
large, polynuclear cations suggested to be responsible for inactivation due to chemical
coagulation (e.g., Aliz and Alsp). Use of an approach similar to that of Wigginton et al. or Tanneru
et al.”® would help to clarify the mechanism of inactivation by chemical coagulation. As a
preliminary hypothesis, polynuclear aluminum species may predominately attack capsid surface
proteins, because access to the internal structure would be limited by size and charge (especially
as compared to free chlorine).

The following sections discuss difficulties in assessing virus inactivation in the
laboratory. Due to the cost and duration of cultural assays, molecular methods seem to be an
attractive option. However, research is required to prove the validity of molecular methods for
qguantifying inactivation. In addition, a given level of inactivation may be important to treatment
efficiency, yet difficult to quantify due to its relative insignificance compared to other treatment
fates. Virus aggregation also frustrates attempts to quantify inactivation, and no satisfactory
method is available to ensure against aggregation of treated samples.

2.3.1.Quantification of Virus Inactivation

Quantification of virus inactivation presents an experimental challenge. Some
authors?%28 have employed a cultural plague assay to quantify the number of infectious
viruses in solution and those sorbed to solids using a recovery protocol. This method may be
thought of as a "plaque-forming unit (PFU) balance." After gravitational separation, viruses are

both sampled in the supernatant and recovered from the floc. The total virus recovery is



28

compared to the untreated, control sample to determine inactivation. A PFU balance is distinct
from a mass balance in that it is a discrete count of PFUs, not a continuous measure of mass.
Like any plaque assay, the PFU balance can discriminate between infectious and inactive viruses
but not between a single virus and an aggregate.®® Comparison of recovered PFUs to the initial
concentration allows determination of virus inactivation, within the expected method recovery
efficiency.?® However, the PFU balance approach requires twice the number of plaque assays to
analyze the concentrations of viruses in solution and adsorbed to flocs, thereby increasing cost
and time inputs.

Other investigators¥1%1819.21 haye used qPCR (qRT-PCR for RNA viruses) to compare
declines in copy number to declines in PFU counts. Compared to plaque assays, gPCR is
comparatively rapid, and aggregation does not affect qPCR results. In contrast to plaque assays,
gPCR assesses the total number of intact viral genomes in the sample, regardless of infectivity.
This allows a comparison between plaque assay and qPCR results to assess total inactivation.
However, there are several concerns with comparing molecular and cultural techniques. For
one, molecular methods cannot differentiate between physical removal and inactivation due to
genome damage. The copy number of even short amplicons can decrease during inactivation, as
described by Tanneru et al.?® When assessing chemical oxidation by soluble PACI, KreiRel et al.*®
also showed a decline in copy number of approximately 1 logio from the initial concentration.
Whether the depressed recovery is an artifact of the method or indicative of genome
destruction is unclear. In a coagulation study, this reduction in copy number would be
indistinguishable from a reduction due to physical removal, as shown in Figure 2-1. Therefore,
gPCR may overstate the importance of physical removal and understate that of inactivation.

Similarly, some fraction of inactivated viruses is likely removed with the flocs and

therefore counted as physical removal. Inactivated viruses could even be disproportionately
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Figure 2-1. The most detailed theoretical categorization of fate possible using three different
guantification methods independently and in combination. The relative values shown in stacked
columns were chosen only for visual clarity. In practice, resolving many of these quantities may
be impossible, because quantities may differ in value and variability by several orders of

magnitude.

removed. Destruction of viral proteins can dramatically alter virion structure and genome

packing.?” The effect of morphological changes on sorption cannot be assumed to be negligible.

If infectious viruses are more readily removed in flocs, then gPCR analysis of treated water

would provide an appropriate means of quantifying total viruses (infectious + inactive). If

inactive viruses are readily removed in the floc phase, gPCR analysis would again systematically

underreport inactivation.
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In one study, Shirasaki et al.?’ analyzed both the liquid phase and dissolved floc of
treated water by gPCR and plaque assay -- essentially performing both a PFU balance and a copy
number balance. Despite significant reductions in amplicons in the liquid phase, Shirasaki et al.
recovered approximately all MS2 and QB amplicons from the floc (confidence intervals including
100% efficiency). The high recovery indicates that MS2 and Qf inactivation by genome
destruction was below detection in this study. This lack of genome inactivation may reflect the
inactivation mechanism of PACI. However, QB inactivation was evident in both the floc and
liquid phases, indicating the removal of inactivated viruses in flocs. For both bacteriophages,
greater discrepancy between molecular and cultural quantification was observed in the liquid
phase than in the floc phase. The greater discrepancy in the liquid phase could possibly be due
to aggregation, especially considering that the liquid phase was only centrifuged (2000 x g, 10
min), not dissolved and agitated for resuspension like the floc phase. Regardless, Shirasaki et
al.'s results suggest that genome inactivation may not significantly impact qPCR results for some
bacteriophages and treatment processes. However, using qPCR without recovery from flocs may
under-represent inactivation due to sorption of inactivated viruses in the floc, as in the case of
Q. Shirasaki et al. do not report using this same approach in subsequent papers. Application-
specific research is required to establish a firm methodological basis before using gPCR and
plaque assays without recovery from flocs.

Figure 2-1 summarizes the extent of information that could theoretically be learned
using the quantification methods discussed above. The combination of plaque assay with
recovery from flocs provides the most detailed account of virus fate; however, one or more of
these fates are likely to be undetectable in practice. A plaque assay with recovery also provides
more relevant information (i.e., the concentration of infectious viruses in the sludge) than qPCR

and plaque assay without recovery. If some fates could be considered inconsequential for a
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particular application (esp., inactivation due to genome damage), the combination of gPCR and
plague assay without recovery would be comparable to plaque assay with recovery.

2.3.2.Detecting Low Levels of Inactivation

Working with high levels of virus reduction, such that logarithmic representations are
customary, also presents an interesting conundrum. Whether quantified by molecular or
cultural methods, inactivation is determined by subtracting a concentration of recovered PFUs
or amplicons from an initial concentration that may be several orders of magnitude higher.
Since the error of each quantity is relative to the concentration, inactivation can only be
determined to a statistical degree of certainty when inactivation is a primary mechanism of
reduction, as illustrated in Figure 2-2.

In addition, inactivation is usually treated as independent from physical removal, rather
than additive. If inactivation works as a polishing step, small numbers of inactivated viruses
could have a great impact. For example, if an additional 0.09% of the initial virus concentration
is inactivated beyond the 99.9% that can be removed in flocs, that minimal reduction means the
difference between satisfying the EPA’s SWTR requirements or not.*! The limited information
available suggests inactivation might have this polishing effect. As discussed in Section 2.3.1,
Shirasaki et al.?° found greater inactivation of MS2 and QP in the liquid phase than the floc
phase, which indicates that inactivation may contribute to virus reduction beyond the capacity
of physical removal alone. In other words, inactivated viruses would not necessarily have been
physically removed were they not inactivated. The 'polishing' effect of inactivation would

significantly reduce the concentration of viruses remaining in the treated water after physical
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Figure 2-2. Confidence in quantifying decreasing amounts of inactivation. In this theoretical
case, recovery of bacteriophages from the supernatant remains constant for all bars (10*
PFU/mL), while the number of bacteriophages recovered from the floc increases from 10° to 5 x
10° PFU/mL. The standard error of the mean for all measurements is set as 30% (error bars,
inset). The quantity recovered from the supernatant has no significant impact on inactivation.
However, as inactivation decreases to near 0.5 logio reduction, the confidence intervals begin to
overlap, and inactivation cannot be distinguished from the analytical uncertainty.

removal. However, this small virus reduction would be lost on the scale of the original, spiked
concentration. Therefore, the amount of inactivation, although important for disinfection,
would be difficult to discern experimentally. If the inactivation cannot be accurately assessed,
conditions for inactivation cannot be optimized.

2.3.3.Determination of Virus Aggregation

In all methods, aggregation remains quantitatively indistinguishable from at least some
inactivation, as shown in Figure 2-1. Aggregation leads to artificially low plaque counts, because
each plaque originates from many viruses instead of one. Based on aggregate size, Langlet et

al.8® found that aggregation could be responsible for more than 4 logio reduction in PFUs (from
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an initial concentration of approximately 10** PFU/mL). However, an additional control can
provide some 'insurance' against aggregation for the plaque assay with recovery method. The
method recovery efficiency can be tested under conditions of minimal inactivation (e.g.,
adsorbing viruses to pre-formed flocs or quenching oxidants with sodium thiosulfate). The
recovery efficiency shows not only that viruses can be recovered from the flocs, but also that
the viruses in the treated water are no more aggregated than in the initial virus solution. Some
investigators?°2 have also relied on electron micrographs to qualitatively show the presence or
absence of aggregates.

Dynamic Light Scattering (DLS) is a method for determining both electrokinetic response
of colloids and the size distribution of particles in solution. Many studies'®29658 have used DLS
analysis to determine conditions in which virions aggregate. However, DLS analysis requires very
high virus concentrations (greater than 10° PFU/mL)* -- higher than even the typical spiking
concentrations used for testing (usually 107 - 108 PFU/mL). Therefore, researchers cannot
directly assess aggregation in the same samples to be tested by plaque assay and/or qPCR.
Instead, researchers must try to show whether or not aggregation occurs in conditions similar to
those tested.

A significant quantity of virus stock solution is necessary to achieve the required
concentrations for DLS. These stock solutions may have higher ionic strengths and differ greatly
in composition from natural waters. Electrolyte composition can significantly affect
electrokinetic responses like aggregation.>” Aggregation has been shown to be greater in
phosphate-buffered saline (PBS), commonly used for virus stocks, than in deionized water or
bicarbonate solution.®! Preferably, virus stocks should be purified and spiked into the same
water matrix used for coagulation tests. However, the method of virus purification may also

|63

significantly affect virion properties. As previously mentioned, Dika et al.°® compared three
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methods of MS2 purification: polyethylene glycol (PEG) precipitation, successive dialyses in
deionized water and 1 mM NaNOs, and ultracentrifugation in a CsCl gradient. PEG precipitation
resulted in a larger hydrodynamic radius of unaggregated viruses, with aggregation observed at
pH 6. Dialysis resulted in aggregation at pH 4, while viruses separated in a CsCl gradient did not
aggregate at any pH. Dika et al. note that each method has drawbacks: PEG appears to adhere
to the capsid surface, dialysis retains viral and non-viral particles based only on membrane
exclusion, and cesium ions may permanently deform protein structures. The experiment does
not clarify which purification best approximates virus behavior in the environment, however. In
addition, Dika et al. did not use a solvent wash after PEG precipitation to promote
monodispersion, as used by many investigators.2527:8-9 A solvent like chloroform or Vertrel™
may be able to strip adhered PEG from the capsid surface. If not, dialysis may best reproduce
virus behavior in the environment, because foreign compounds are not introduced. To date, the
best course of action is to control against aggregation by testing at pH values and ionic strengths
where virions are likely to be stable. Aggregation may then be measured under similar
conditions using DLS or qualitatively assessed by electron microscopy.

2.4.Inactivation via Ferrous Iron Oxidation

Coagulation processes involving zero-valent or ferrous iron have the added complexity
of redox reactions. Unlike aluminum, iron has multiple stable valence states. The products
formed by mixed-valent iron precipitation are varied, from primarily ferrous minerals like green
rust and magnetite to ferric minerals like ferrihydrite, lepidocrocite, and goethite.3233°1-93 The
particular precipitation products formed depend to some degree on the ions in solution, but the
oxidative conditions ultimately determine the valence state of iron.33°%% The oxidation of iron
via dissolved oxygen has the further potential to catalyze the oxidation of other metals and

organic compounds.”*¥ Ferrous oxidation has recently been investigated for disinfection
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applications as well.®®® Accordingly, one potential mechanism of virus mitigation via ferrous
chloride coagulation/iron electrocoagulation is inactivation due to ferrous iron oxidation.

Kim et al.®®1% demonstrated virus inactivation by iron oxidation, both due to Fenton’s
reagent as well as ferrous/zero-valent iron alone. The team found that disinfection was greatest
at low pH (pH 5.5 to 6), which was likely due to increased contact time with ferrous ions, and/or
greater production of radical oxygen species. Kim et al. found greater MS2 reductions using
zero-valent iron nanoparticles than ferrous ions. In particular, the nanoparticles were less
dependent on dissolved oxygen. The team hypothesized that viruses may have been inactivated
by surface interactions in the absence of oxygen to create hydrogen peroxide, leading to
Fenton-like reactions.®

Using enzyme-linked immunosorbent assay (ELISA) to detect a decrease in antigenicity
and quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) to detect
chromosomal damage, Kim et al.®® determined that capsid damage (lower antigenicity) was a
mechanism of MS2 disinfection for ferrous ions, while gRT-PCR did not reveal genomic damage.
Zero-valent nanoparticles were found to inactivate viruses by both capsid and genome damage.
Though the study used ELISA and gRT-PCR in addition to cultural methods to confirm virus
inactivation, the contribution of virus aggregation to log reduction in PFUs cannot be entirely
ruled out, as the MS2 phages were not eluted after treatment. In addition, though widely
accepted as a surrogate virus for filtration treatment units, MS2 may be more susceptible to
some forms of disinfection than other possible bacteriophage surrogates for human viruses of
interest.'!

2.4.1. Generation of Intermediate Oxidants by Ferrous Iron Oxidation

The mechanisms of virus inactivation by iron oxidation are poorly understood. However,

lessons can be taken from the wealth of research on iron oxidation of chemical species. Iron-
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based oxidation has a long history in the Fenton process. The Fenton process uses ferrous iron
and hydrogen peroxide at acidic pH (pH = 3) to generate oxidants.'2 The evolution of reactive
oxygen species (ROS) using iron via the Fenton process has been well documented.%71% Even
without the addition of hydrogen peroxide, oxidation of zero-valent iron by dissolved oxygen
has been shown to generate Fenton’s reagent (Fe" and H,0,), as well as ROS associated with the
Fenton reaction, such as hydroxyl- (¢OH) and superoxide (¢0,™) radicals.’®* The apparent
similarity of the Fenton reaction and autooxidation of ferrous iron in the absence of hydrogen
peroxide is beneficial, because far more research has been devoted to the former. However,
lessons taken from the Fenton reaction must be applied with caution to the oxidation of iron by
dissolved oxygen, due to the availability of hydrogen peroxide in the Fenton reaction.

The Fenton reaction is generally considered ineffective near neutral pH.?® Nevertheless,
researchers®91% hayve demonstrated the oxidative effects of zero-valent and ferrous iron near
neutral pH. Near neutral pH, oxidant generation arises predominately from the oxidation of
ferrous iron by dissolved oxygen, rather than oxidation of zero-valent iron to ferrous iron.*®
Oxidation at circumneutral pH is commonly attributed to the formation of ferryl ions
(FeV0?*),106107 though the subject continues to be a matter of debate.®”

Ferryl iron is an unstable intermediate of ferrous oxidation,*® with an oxidation potential
of approximately 1.4 V for the Fe3*/Fe* couple.1®® As early as the 1930s, ferryl iron was
hypothesized to degrade hydrogen peroxide in the Fenton process.’?” Because ferryl species are
ephemeral, direct detection of Fe(IV) presents practical challenges. The gold standard of high-
valent detection, Mdssbauer spectroscopy, requires rapid freeze-quenching of samples prior to

109 confirmed by Méssbauer

analysis in liquid nitrogen or helium.19%11° pestovsky et al.
spectroscopy that the oxidation of ferrous ions by ozone produced [(H20)sFe'Y=0]?*in acidic

solutions, and that the primary intermediate oxidant at pH 1 was ¢OH. Because samples must be
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frozen within milliseconds in order to quantify iron (IV) and (V), tests are typically conducted at
very low temperatures not representative of standard conditions.'® Méssbauer spectroscopy is
also prohibitively expensive for labs not specializing in iron speciation.

Attempts have also been made to identify oxidant species generated via the Fenton
reaction or iron autoxidation using specific organic probes. Both the ability of the probe to
guench oxidation and the oxidation byproducts formed can help to identify the presence of
known oxidants. However, the identity of novel oxidants (e.qg., ferryl species) can only be
inferred by these processes. Superoxide dismutase, an ¢O,” scavenger, has been found to
impede the slow phase of the Fenton reaction, in which oxidants are only produced by
regenerating iron (ll) from iron (lll). However, superoxide dismutase does not impede the initial,
rapid reaction caused by the initial oxidation of ferrous ions.1® Therefore, superoxide is not a
relevant oxidant to ferrous oxidation at neutral pH.

At low pH, *OH is the primary oxidant produced, but ¢OH is not a significant
intermediate of iron oxidation above pH 5.95°°8 Using a spin quencher with electron spin
resonance (ESR) spectroscopy, Reinke et al.’% found that «OH degradation products were
formed in the Fenton process at pH 7.4, but not in the autooxidation of ferrous iron (in the
absence of hydrogen peroxide). Oxidation of zero-valent iron shows variable quenching with
selective *OH probe compounds at high and low pH,*7111 providing further evidence of a
switch to an oxidant other than ¢OH.

Bataineh et al.'®

proposed a model by which ferryl iron becomes the primary
intermediate in the Fenton process near neutral pH (pH 6 — 7). This model was based on a pH-
dependent change in dimethylsulfoxide (DMSO) oxidation byproducts, whereby oxidation due to

*OH at low pH was supplanted by a shorter-lived, less reactive oxidant at high pH. However, the

half-life of ferryl species is generally considered to be much longer (on the order of seconds)
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compared to that of *OH (on the order of nanoseconds).!'*113 Pang et al.” came to the opposite
conclusion that ferryl iron is not an intermediate oxidant in the Fenton reaction at neutral pH
based on the failure of zero-valent iron species to produce appropriate byproducts in the
presence of a methyl phenyl sulfoxide probe.

One possible reason for the wide disagreement between studies is that small
experimental perturbations can impact iron oxidation products. Even the type of intermediate
oxidant produced can be influenced by the composition of the water matrix. For example,
Bataineh et al.1® found that *OH was produced via the Fenton process in phosphate buffer from
pH 6.1 to 8, but not in amine buffers over the same pH range. Hug and Leupin!!! found that
arsenic oxidation via the Fenton process increased with the bicarbonate concentration. In the
presence of organic matter, organic radicals can be formed instead of ¢OH.1* In addition,
merely changing the rate of ferrous addition to the system can substantially alter the yield of
103

oxidation byproducts.

2.4.2. Sequential Iron Electrocoagulation — Electrooxidation

Iron electrocoagulation (EC) is one potential technology in which ferrous-based
disinfection might play a role. In iron EC, a sacrificial, zero-valent iron electrode is oxidized by
passing current through the cell. Iron is released into solution as ferrous cations, which then
further oxidize in the presence of dissolved oxygen.3**1> The iron precipitates as solids such as
green rust and magnetite in anoxic conditions or lepidocrocite in oxygenated conditions.3%°! EC
has primarily been considered for physical removal of contaminants, including viruses. However,
oxidation of arsenite via EC has been reported.* Inactivation of bacteriophage MS2 via iron EC
has also been proposed, though the mechanisms and application were not explored.*®

Electrooxidation (EO) uses non-sacrificial electrodes to oxidize contaminants by two

potential mechanisms: generation of oxidants in solution (indirect oxidation) and electron
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exchange at the electrode surface (direct oxidation). Electro-disinfection by EO has been

116123 hut less attention has been paid to virus mitigation

demonstrated extensively for bacteria,
via E0.1*126 viruses may be more recalcitrant to electro-disinfection; bacteriophage MS2 and
recombinant adenovirus demonstrated poorer removal than E. coli and Enterococcus in a toilet-
water electro-disinfection system featuring a semiconductor anode.?® Therefore, virus
mitigation by EO represents a critical gap in the electro-disinfection literature.

Boron-doped diamond (BDD) electrodes are commonly used in EO research as they are
highly resistant to chemical and thermal degradation.?”128 BDD also has a broad solvent
window, meaning that the electrode reacts with solvents only at high positive and negative
electrode potentials. Particularly, BDD has a high oxygen (O,) overpotential. For electroanalytical
methods, the high O, overpotential aids in reversible cyclic voltammetry. For water treatment,
the high O, overpotential means that oxygen generation competes less with anodic oxidation of
contaminants.

Electro-disinfection via BDD EO typically occurs due to the formation of ROS from
dissolved oxygen, or free chlorine and chlorine dioxide from chloride.!?®129130 |n the absence of
chloride, *OH is the primary oxidant species.'*! Many researchers!!’:118129.132 haye found that
chloride improves BDD electro-disinfection, indicating that chlorine generation yields greater
disinfection than ROS alone. The presence of chloride has also been found to increase ROS
generated by BDD EO.*8 Since ROS are short-lived, oxidation takes place predominately at the
electrode surface.'?®13! Therefore, pathogens must be transported to the electrode surface for
effective disinfection. Transport may occur via either electrophoresis or convection/diffusion.
Electrophoresis is the movement of charged species in an applied electric field. While charged
contaminants are subject to both electrophoresis and convection, uncharged contaminants

must be transported from the bulk solution to the electrode surface by diffusion only.33134
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EO and EC have high potential to be complementary technologies. Both technologies
trade a demand for electrical power with compactness and portability. In addition, the presence
of residual iron due to EC may enhance oxidation via EO. Ferrous-catalyzed ozonation has been
found to be more effective than ozonation alone in oxidizing organic pollutants and COD.*3137
Researchers have found that ferric iron has similar, though possibly lesser, catalytic effects for
ozonation of organic pollutants.'**13 Though disinfection studies using iron-enhanced oxidation
are scarce, Sjogren and Sierka®® found that TiO, photocatalysis achieved an additional 2 logio
reduction of MS2 when augmented with 2 uM ferrous sulfate. Using an oxidation method (e.g.,
ozonation) could also regulate iron oxidation to maximize disinfection and minimize soluble iron
residuals. In addition, EC is an effective technology for removal of NOM and turbidity.313%140-142
Therefore, EC could serve as a pretreatment step for EO by removing NOM and turbidity,
thereby reducing the oxidant demand. Acidifying water to pH 4 — 5 prior to EC can also improve
143,144

NOM removal efficiency by promoting charge neutralization.

2.5.Use of Virus Surrogates in Coagulation Studies

Understanding the basis of virion sorption and inactivation is necessary not only for
predicting and explaining virus reduction by coagulation technologies, but also for choosing
appropriate bacteriophage surrogates for evaluating unit processes. Bacteriophage surrogates
are most often used in lab and pilot studies for safety considerations, and because
bacteriophage assays require significantly less time and resources than mammalian virus assays.
In addition, human viruses are often difficult to propagate in large enough concentrations to
show required reductions, e.g., the 4 logi reduction required by the SWTR.*

Very few studies have directly compared the effect of coagulation on both
bacteriophage surrogates and the human viruses of interest, as shown in Table 2-2. Among

those studies, there is no common consensus on the relative performance of bacteriophage
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surrogates and human viruses. For example, Mayer et al.?® found MS2 to be a conservative
surrogate for poliovirus 1, while Shin and Sobsey®* found MS2 reduction to be greater than that
of poliovirus 1. However, too many parameters differ between these studies to draw firm
conclusions. Numerous factors, including the type and dose of coagulant, ionic strength, pH, and
composition of the water matrix, play a significant role in the absolute and relative reduction of
different viruses.

Clear trends in removal and inactivation between bacteriophages are also difficult to
discern, as shown in Table 2-2. MS2 and Qf have been compared in the greatest number of
coagulation studies. MS2 and Q3 are both commonly used as surrogates in water treatment
studies as well. Both bacteriophages infect the F-pilus of E. coli, i.e., they are F-specific.*> MS2
and QP are of similar size (20 - 30 nm),*® with similar pl values (2 - 4) reported in the literature.””
Both bacteriophages have single-stranded RNA genomes, although Qf's genome (4217 nt) is
about 18% longer than that of MS2 (3569 nt).'* Out of 8 direct comparisons of reduction of
MS2 and QP by coagulation (see Table 2-2), MS2 was reduced to a greater extent in 4 studies,
with a negligible overall difference in reduction. However, the mechanism of mitigation was
likely different for each bacteriophage. QB was inactivated to a greater extent than MS2 in a
majority (5 of 7) of direct comparisons, with an average of 1.5 logio greater inactivation. In two
tests using alum as the coagulant, treatment efficiency of MS2 was greater in both, while tests
with PACI showed greater average reduction of Q. Thus, the suitability of MS2 or QB as a
surrogate may depend both on the mechanism of reduction and the coagulant used. The
variability of these well-studied bacteriophages illustrates the great need for additional head-to-
head comparison studies.

Even tests performed using nearly identical conditions can differ significantly. Some

tests comparing MS2 and QB used the same coagulant type and dose (1.1 mg/L PACI) with
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10.20-2240 35 shown in Table 2-2. Similarly, Mayer et al.?® and Abbaszadegan et al.?’

varying results,
used the same methods and source water (though the source water composition varied over
time). Mayer et al. found relative virus reductions following the order of: fr > ®X174 > MS2 2
PRD1. Abbaszadegan et al. found greater reduction for all four bacteriophages with the same
coagulant dose, and bacteriophage reduction followed the order of: fr > MS2 > PRD1 > ®X174.
The only clear difference between the conditions of the two studies was that Mayer et al.'s
source water for bacteriophage tests had a higher NOM concentration, as shown in Table 2-2. In
both tests, the four bacteriophages were considered to be either conservative or representative
surrogates for the human viruses of interest. However, in a third test by Abbaszadegan et al.,®
bacteriophages fr and MS2 were reduced to a greater extent than the target viruses, while PRD1
and ®X174 were conservative surrogates.

When inactivation plays a significant role in virus reduction, the biology of the virus -- its
morphology and infectious pathway -- must be considered in addition to its physical properties.
Sigstam et al.’® explain that the easily-oxidized amino acids cysteine and methionine are
potential indicators of virus capsid degradation, although protein conformation determines the
exposure of those amino acids to disinfectants. Sigstam et al. therefore used a complex model
to explain cleavage at a particular methionine using the thermodynamics of oxidation in relation
to the bonds between capsid proteins, and the "solvent accessible surface area" of that site. The
team found that when genome inactivation was the primary disinfection mechanism,
inactivation of F-specific bacteriophages fr, GA and MS2 was similar. However, when capsid
destruction was the primary disinfection mechanism, subtle variations in the protein coat of the
four bacteriophages led to differing inactivation.

As with pl, even closely related virus strains can differ in susceptibility to inactivation.

| 147

For example, Engelbrecht et a measured significantly different free chlorine inactivation
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rates between serotypes of coxsackievirus (A9 and B5), echovirus (1 and 5), and poliovirus (1
and 2). Virus strains may differ in inactivation depending on the disinfectant as well. In a study
by Cromeans et al.,'*® echoviruses 1 and 11 had similar free chlorine inactivation rates, but the
rate of echovirus 11 inactivation by monochloramine was two orders of magnitude slower than
that of echovirus 1. Cromeans et al. also found significant differences in inactivation between
serotypes of both human adenovirus (2 and 40, 41) and echovirus (1 and 11), although trends
were similar between free chlorine and chloramine. Sigstam et al.}*® suggest that closely-related
viruses may be appropriate surrogates when the primary inactivation mechanism is genome
destruction, but not necessarily for capsid-based inactivation. For chemical coagulation, the
charge and large size of polynuclear cations may restrict oxidation to only the capsid surface. In
this case, conservative surrogates must be chosen by direct comparison with the viruses of
interest. For the generation of free chlorine by electrocoagulation, the inactivation mechanism
is likely less specific, because both the viral proteins and genome are oxidized by free
chlorine.?®7®

Regarding bacteriophage surrogates, KreiRel et al.’® advance the hypothesis that F-
specific bacteriophages may be uniquely susceptible to inactivation. F-specific bacteriophages
have only one copy of the maturation protein responsible for binding to and infecting the F-pilus
structure. The MS2 maturation protein (A protein) is known to be exposed near one of the five-
fold vertices, possibly beneath a pore.** QB maturation protein (A2 protein) is similarly located
near the five-fold vertex, although conformation may be slightly less rigid than in MS2.1* This
orientation may be similar in other F-specific bacteriophages. Kreil3el et al. argue that the single
maturation protein might be easily blocked or damaged, and F-specific bacteriophages would

therefore show greater inactivation than somatic coliphages, which have multiple binding sites.
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Most studies of inactivation by coagulation have used F-specific bacteriophages, as shown in
Table 2-3. Therefore, the use of these surrogates may overstate virus inactivation.

Kreillel et al. recommend using the somatic coliphage ®X174 as a more conservative
surrogate for coagulation studies. In their study, ®X174 was insensitive to inactivation by PACI.
The pl values for ®X174 reported in the literature are higher than the pH 4.5 used in the KreiRel
et al. study. If polyaluminum cations were responsible for virus inactivation, the coagulant
should show little or no attraction to positively charged ®X174 virions. However, KreiRRel et al.
measured a negative electrophoretic mobility for ®X174 by DLS. From a practical perspective,
®X174 forms large, ill-defined plaques if allowed to incubate overnight,'***° so shorter
incubation times are recommended.

If F-specific bacteriophages are more structurally fragile than somatic bacteriophages,
they should also be more susceptible to indiscriminate disinfectants. However, experimental
results are inconclusive. ®X174 may be more sensitive than MS2 to chemical disinfection by
*OH.*® In a study of iodine inactivation,®! MS2 was slightly more sensitive than ®X174, although
neither was nearly as resistant to disinfection as bacteriophage GA, another F-specific
bacteriophage. GA also has a relatively high resistance to temperature and pH.'*? In contrast,
Sigstam et al.1*® found GA to be comparable or more susceptible than MS2 and fr to a range of
disinfectants, including free chlorine. Regardless, GA's low susceptibility to some disinfectants
and high persistence in the environment casts some doubt on the hypothesis that F-specific
bacteriophages are structurally more sensitive to inactivation. In the case of free chlorine
oxidation, Wigginton et al.”® noted that extensive damage to the MS2 A protein did not cause an
inability to bind to host pili. Rather, damage to the capsid protein was likely responsible for

inactivation. Therefore, the A protein may be robust to chemical oxidation. More importantly,
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the case of bacteriophage GA illustrates that a surrogate may be conservative in one application
and overly susceptible in another.

In addition, a conservative surrogate for coagulation must be robust to both physical
removal and disinfection. ®X174 is less hydrophobic than MS2%7%> and may therefore be a more
conservative surrogate for physical removal in the presence of NOM. ®X174 and MS2 reduction
in raw waters due to FeCls coagulation was compared in three studies,?®?”:3> but the results
conflicted as to which bacteriophage was reduced to a greater extent. GA has been shown to
persist to a far greater degree than MS2 and QP in a pilot coagulation/ultrafiltration treatment
plant.’>® Jofre et al.?® found that in three water treatment plants, somatic coliphages were
found in slightly more samples after prechlorination-flocculation-sedimentation and post-
chlorination than F-specific coliphages, but phages of Bacteroides fragilis were yet more
resistant. Suffice it to say that not enough is known about common bacteriophage surrogates,
let alone the countless other possible bacteriophages available for research.

Resistance to inactivation or physical removal does not automatically make for an
excellent surrogate -- the surrogate must be tested alongside the actual virus of interest. A good
surrogate should be conservative compared to the human virus, but more importantly it must
be representative. A 'worst-case scenario' is only valuable insofar as it is remotely possible. By
using a surrogate that is especially insensitive, researchers may over-design treatment systems
at great cost. Insensitive surrogates may also lead researchers to miss a potential treatment
strategy that could be optimized for insensitive targets. This is particularly true in the case of
inactivation due to coagulation. As illustrated in Section 2.3.2, inactivation of less than 1 logio
may be statistically indiscernible when physical removal is dominant. Therefore, the best
surrogate is one tailored to the application. If possible, research should employ more than one

surrogate, with different electrostatic charge, hydrophobicity and/or resistance to inactivation,
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as appropriate. Of course, additional research is required to assess these properties for the
many possible bacteriophage surrogates.

2.6.Conclusions

At this stage in coagulation research, viruses can no longer be assumed to be inert
nanoparticles. Both the complexity of viruses as bioparticles and the phenomenon of virus
inactivation must be embraced. In particular, the role of permeability in virus sorption and
aggregation remains unclear. Virion permeability has been estimated by interpreting empirical
electrophoretic mobility data.>® However, to the author’s knowledge, no empirical measures of
virion permeability exist, and a clear link between permeability and virion composition and
morphology has not been advanced. Furthermore, the direct influence of inner virion structures
on surface charge or sorption has not been conclusively demonstrated.

Non-DLVO forces must also be considered to explain and predict virus sorption
behavior. Research shows that hydrophobicity is an important contributor to sorption, especially
for nonpolar virions. Other forces, such as steric interactions and hydrodynamics, are likely to
play a significant role when electrostatic forces are repulsive or minimal (e.g., at high ionic
strength or near the virus or floc pl). In addition, the composition of the water matrix is also
likely to play a strong role for many viruses. NOM may compete for sorption sites on flocs when
repulsive electrostatic charges govern NOM-virion interactions, or NOM may act as a sorbent to
enhance flocculation of hydrophobic virions. Ca?* and Mg?* enhance sorption of viruses to
similarly-charged species like NOM, either by cation bridging or surface complexation. Most
importantly, current research demonstrates that sorption varies by both virion and
environmental conditions.

The potential for inactivation in coagulation processes is both a source of frustration

and a promising avenue for water treatment research. Inactivation muddles unit treatment
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performance testing with artificially high reduction rates. However, future coagulation systems
could be optimized for inactivation. Coagulation systems using zero-valent or ferrous iron have
the potential to disinfect via iron oxidation, with potential applications in processes like
electrocoagulation and electrooxidation. The evolution of oxidants in the iron oxidation process
has shown initial positive results in the inactivation of bacteriophage MS2, though follow-up
studies using an elution method are required to ensure that bacteriophage removal is truly due
to inactivation rather than sorption. In addition, the process has not yet been tested on other
bacteriophages or human viruses.

Applied research should include at least two bacteriophage surrogates with varying
susceptibility to physical removal and inactivation. To inform surrogate selection, and to enable
design of improved treatment systems, the mechanism of inactivation by chemical coagulation
must be determined. If viruses are inactivated by capsid protein damage, determining a
surrogate by physical similarities may be inappropriate. This highlights the need for basic
research into coagulation that directly compares human viruses of interest and bacteriophages.
More comparisons between bacteriophages are also needed. With more systematic
comparisons of multiple bacteriophages, researchers could begin to hypothesize about the
variability in bacteriophage performance between experiments.

Plaque assays with recovery from flocs remains the gold standard for quantifying
inactivation. More research is required to confirm the validity of using a combination of gRT-PCR
and plaque assay without recovery from flocs. The combination of gRT-PCR and plaque assays
may prove to be both acceptable and cost-saving for some viruses, but only if future research
can show that the method does not underreport inactivation. Furthermore, continued research
is needed to determine how inactivation impacts total virus reduction by coagulation. If

inactivation of viruses acts as a polishing step for coagulation, seemingly insignificant
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inactivation would be critical for meeting treatment goals. Further studies comparing the
recovery of viruses from flocs by both plaque assay and qRT-PCR could help delineate the
relationship between coagulation and inactivation. In addition, inactivation must be separated
from aggregation, but quantitative assessment of virus aggregation in treated samples is
currently not possible.

Ideally, continued research into the physicochemical properties of viruses will allow us
to predict sorption and inactivation behavior. This type of modeling would help to better
identify bacteriophage surrogates as well. Currently, surrogates are often selected based on
qualities like size and pl. Unfortunately, the complexity of virus sorption and inactivation eludes
such simple measures. Therefore, it is essential to begin to draw connections between virus
morphology and physical chemistry. Important strides in this direction have been referenced in
this review, such as Langlet et al.'s model of virus electrokinetics,*® Sigstam et al.'s model of

136 and Armanious et al.'s method for assessing

virus capsid susceptibility to inactivation
hydrophobicity from virion surface structure.®® However, these models are still under
investigation and cannot yet confidently predict behavior of viruses. Through comparisons of
morphologically similar bacteriophages, we can learn more about how minor changes in
structure impact sorption and inactivation properties. In the future, we may be able to predict
virus behavior and identify new bacteriophage surrogates based on subtle aspects like protein
structures or genome size and conformation. The benefits of this work would extend far beyond
use in coagulation -- from filtration systems, to inactivation by nanoparticles, to modeling virus

fate and persistence in the environment.
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3. OBIJECTIVE 1: BACTERIOPHAGE INACTIVATION AS A FUNCTION OF FERROUS IRON

OXIDATION

Abstract

Iron-based disinfection has promise as a low-cost, low-byproduct means of virus
mitigation. This research determined that virus inactivation due to ferrous iron was impacted
both by the extent of iron oxidation (from ferrous to ferric iron) and the rate of iron oxidation.
Log inactivation of bacteriophages increased linearly with ferrous iron concentration at low
doses (< 3 mg/L Fe), but higher doses limited disinfection, likely due to floc formation. Stumm
and Lee’s model of ferrous iron oxidation was adapted to explain the impacts of iron oxidation
on bacteriophage inactivation. Bacteriophage inactivation increased with the inverse of pH and
dissolved oxygen concentration, suggesting that slower iron oxidation rates allow better contact
between viruses and reactive ferrous iron. Ferrous iron showed potential as a means of
disinfection, though engineering controls (e.g., pH adjustment) are necessary to regulate iron

oxidation and precipitation.

3.1. Introduction

Waterborne viruses are a pervasive source of gastric and respiratory illnesses, both
acute and chronic.>? The World Health Organization's (WHO) Guidelines for Drinking Water
Quality? identifies eight enteric viruses of concern for drinking water, all of which have high
infectivity and persistence in the environment relative to other pathogens. Though enteric
viruses in general are classified as “moderately tolerant” to chlorine disinfection by the U.S.
Centers for Disease Control and Prevention,* adenoviruses are particularly resistant to UV
disinfection.® With diameters generally less than 100 nm,® enteric viruses are also less

susceptible to particle separation than other pathogens.’
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Water treatment technologies featuring various iron species have attracted attention in
virus mitigation research. Such technologies include iron oxide-augmented sand filtration,®°
iron-embedded membranes, iron granules in columns or batch reactors,'! iron nanoparticles,*2
and electrocoagulation with iron electrodes.® Iron-based disinfectants contribute less to
disinfection byproducts (DBPs) than conventional disinfectants. Ferrate (Fe") salts are currently
receiving attention as a green oxidant because ferrates do not contribute to chlorinated or
brominated DBPs.** Compared to ferrate salts, ferrous salts and zero-valent iron are inexpensive
and readily available. Ferric salts are often added in water treatment as a coagulant; ferric
hydroxide flocs formed from oxidizing zero-valent iron or ferrous salts could serve the same
function. Therefore, iron-based oxidation could be achieved in traditional water treatment
facilities with a single chemical (e.g., a ferrous salt) for a combined disinfection and coagulation

treatment process.

Several researchers®!71315 have reported irreversible virus reduction —i.e., viruses that
cannot be recovered by elution — as well as damage to viral genomes and capsid proteins using
iron-based technologies.!? These reports suggest that inactivation is a significant mechanism of
virus mitigation in addition to charge neutralization and physical adsorption to iron surfaces.®'
1315 Using an enzyme-linked immunosorbent assay (ELISA) to detect a decrease in antigenicity
and quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) to detect genomic
damage, Kim et al.}? determined that capsid damage (lower antigenicity) was a mechanism of

MS2 inactivation via ferrous iron, while genomic damage was not detected.

In the presence of dissolved oxygen, ferrous iron is oxidized to ferric iron via ferryl iron
(Fe'), an unstable intermediate.'® Ferryl iron is a strong oxidant with an oxidation potential of
1.4 V for the Fe**/Fe3* couple,’ slightly lower than that of hypochlorite (OCl—/Cl—, 1.48 V).18

Other species may be oxidized during the reduction of ferryl to ferric iron, due to either direct
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oxidation by ferryl iron or the production of reactive oxygen species (ROS).1®'’ The evolution of
ROS using iron via the Fenton process has been well documented.'®>?! Even without the addition
of hydrogen peroxide, oxidation of zero-valent iron by dissolved oxygen has been shown to
generate Fenton’s reagent (ferrous iron and H,0,), as well as ROS associated with the Fenton
reaction, such as hydroxyl (*OH) and superoxide (*0,™) radicals.'>?22% The Fenton reaction is
generally considered ineffective near neutral pH.?? Nevertheless, researchers'??22* have
demonstrated the oxidative effects of zero-valent and ferrous iron near neutral pH, commonly

attributed to the formation of ferryl ions (FeV0?*).24%

Despite initial confirmation that iron-based disinfection of viruses does occur, the
process is poorly understood. Near neutral pH, oxidant generation arises predominately from
the oxidation of ferrous iron by dissolved oxygen.?® Accordingly, the oxidation of ferrous iron
seems to be essential to bacteriophage degradation.!? Disinfection of MS2 bacteriophage due to
ferrous/zero-valent iron is greatest at low pH (pH 5.5 to 6),'%%” though generation of ROSs by
iron oxidation have not been observed in this range.?*?® Therefore, rapid iron oxidation may
lead to shorter exposure and therefore poorer contact between the virus and reactive ferrous

iron, and therefore less efficient disinfection.

The goal of this research was to better delineate how the extent and rate of ferrous iron
oxidation impacts bacteriophage inactivation. Bacteriophages are frequently used as surrogates
for human viruses in water treatment process research.?®-32 |rreversible reduction in
bacteriophage concentrations was measured to determine the degree to which the ferrous iron
dose, retention time, chemical quenching, and oxidation rate impacted virus inactivation. The
iron oxidation rate was altered by varying pH and dissolved oxygen. The impact of dose, pH, and
dissolved oxygen on bacteriophage inactivation was used to evaluate an inactivation model

based on iron oxidation kinetics. In addition to advancing a model relating ferrous oxidation and
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inactivation, the results of this study corroborate previous research by using a virus elution
method to verify that bacteriophage reduction is due to inactivation rather than physical

removal via coagulation/filtration.

3.2. Materials and Methods

3.2.1.Preparation of Test Waters

Sodium bicarbonate (2.97 mM) was added to PurelLab ultrapure water (ELGA LabWater,
UK) to provide alkalinity (150 mg/L as CaCOs) and prevent pH from fluctuating with the addition
of varying doses of ferrous chloride. The pH was adjusted using 0.5 N HCl or NaOH as required.
In tests of the effect of pH on bacteriophage inactivation, the test water was adjusted to achieve
pH values between 6 and 8.5; all other tests were performed at pH 7.0. To test the effect of
dissolved oxygen on bacteriophage inactivation, dissolved oxygen was adjusted by degassing the
solution with argon to achieve concentrations of 0.25 to 6.5 mg/L O,. Dissolved oxygen, pH, and

conductivity were measured using a Symphony multiparameter meter (VWR, Batavia, IL).

3.2.2.Virus Propagation and Quantification

Two bacteriophages were used as surrogates for human viruses: MS2 (ATCC 15597-B1)
and P22 (ATCC 19585-B1). MS2 is an F-specific coliphage with a single-stranded RNA genome
(Baltimore group 1V), while P22 is a tailed enterobacteria phage with a double-stranded DNA
genome (Baltimore group 1).3! Escherichia coli C-3000 (ATCC 15597) and Salmonella enterica
subsp. enterica serovar Typhimurium strain LT2 (ATCC 19585) were used as the host bacteria for
MS2 and P22, respectively. Bacteriophages were propagated using the double-agar layer (DAL)
method and purified by two cycles of polyethylene glycol (PEG) precipitation followed by a
Vertrel XF (DuPont, Wilmington, DE) purification, as described by Mayer et al.* Bacteriophages

were quantified using the spot titer plague assay method as described by Beck et al.>* Samples
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containing bacteriophages were diluted in tenfold series, and ten 10-uL drops of each dilution
were plated. Only those sets of plaque counts which did not include zero within the 95%

confidence interval were considered.

Virus inactivation was determined based on infectious virus recovery by elution in beef
broth.3>3® Homogenized solutions were sampled from reactors and vortexed 10 s with an equal
volume of 6% beef broth (pH 9.5) immediately prior to dilution and plating. Recoverable viruses
represented the total infectious viruses present in solution, and the reduction in viruses
between untreated (control) samples and treated samples (ferrous chloride) represented

inactivated viruses. Confirmation of recovery by elution is provided in Appendix A.1.

3.2.3.Batch Reactor Tests

Iron-based inactivation was performed in 200-mL polypropylene batch reactors.
Bacteriophages were spiked at concentrations of approximately 10’ PFU/mL. Ferrous chloride
(FeCl,#4H,0) or ferric chloride (FeCl;#6H,0) was diluted in ultrapure water to a concentration of
9 mM, and then added to individual reactors to achieve target concentrations ranging from 0.25
mg/L Fe to 9.7 mg/L Fe. Reactors were stirred using magnetic stir bars (16 mm length, 8 mm
diameter) at 600 rpm for 30 s after addition of the iron salt to simulate rapid mixing, and then at
a slower stir rate of 60 rpm for the remainder of the retention time (flocculation). Retention
time ranged from 30 s to 120 min for kinetic tests and up to 48 h for tests achieving 99% iron
oxidation. For tests demonstrating bacteriophage inactivation during iron oxidation (i.e., before
total oxidation), an excess of sodium thiosulfate (25 g/L) was added to samples taken after

partial iron oxidation to prevent further oxidation during sample dilution and plating.

Total and ferrous iron concentrations were measured using Hach FerroVer Total Iron

and Ferrous Iron Reagent (Hach, Loveland, CO). Absorbance was measured at 510 nm using a
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Genesys 20 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Ferrous iron
concentrations were measured at the same time the samples were plated for virus
guantification. Total iron concentrations were measured after all samples had been plated for

virus quantification.

3.2.4. Ferrous Oxidation Modeling

To evaluate the correlation between bacteriophage inactivation to ferrous oxidation, a
hypothetical model was developed against which to test the assumptions that the extent and
rate of iron oxidation impact virus mitigation. According to fundamental work by Stumm and
Lee,* the rate of ferrous iron oxidation is directly proportional to the ferrous iron concentration,

dissolved oxygen concentration, and the square of the hydroxide concentration:

— AP = k[Fe(IN][0,1[0H T2 (3-1)

To test the hypothesis that virus mitigation is improved by both a higher dose of ferrous iron (Co)

and a slower rate of ferrous oxidation, the following possible correlations were evaluated:

N d[Fen]]™1 —Co
In (NO) x Co [ dt ] « k[0,][0H™]2 (3-2)

where N is the concentration of bacteriophages after treatment (PFU/mL), Ny is the initial
concentration of bacteriophages, and Gyis the initial ferrous dose. Therefore, log inactivation
would be expected to be directly proportional to the initial ferrous iron dose and inversely
proportional to the concentration of dissolved oxygen ([0.]) and the square of the hydroxide

concentration ([OH]?) if this hypothesis holds true.

However, actual ferrous oxidation rates were found to deviate from this hypothesized
model. Apparent 4™-order rate constant (k’) values for ferrous oxidation were determined by

adding ferrous chloride (2.5 mg/L Fe) to 400 mL batch reactors and measuring ferrous
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concentrations for 60 min. Ferrous oxidation was fit to an exponential curve at each pH tested
(5.99 to 8.06). As shown in Figure 3-1, the apparent rate constant values (k’) calculated from
ferrous oxidation kinetics over this pH range were inversely proportional to the hydroxide
concentration. In terms of the Stumm and Lee model, the k” value decreased as a function of the

hydroxide concentration. Since k'~ k[OH~]™1, Equation 3-2 can be rewritten as:

MY .
in (No) x k'[0,][0H™] (3-3)

(A) Ferrous oxidation (B) apparent k values (k’)

1.0E+00
9.0E-01
8.0E-01
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Figure 3-1. Ferrous oxidation kinetics as a function of pH. Part (A) shows ferrous oxidation over
time as a function of pH, while part (B) shows the corresponding relationship of the inverse
apparent rate constant value (k') to hydroxide concentration. Decrease in ferrous iron
concentration was measured in 3 mM NaHCOs solution at pH 5.99 to 8.02. Over this pH range, k’
was not constant, as predicted by the Stumm and Lee ferrous oxidation model, but was rather
inversely proportional to the hydroxide concentration. The surface shown in part (A) was
interpolated from >100 data points.
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The actual rate of ferrous oxidation over this pH range was therefore proportional to the inverse

of the hydroxide concentration, rather than the square of the inverse. This deviation from
Stumm and Lee’s model is likely due to speciation of ferrous iron and carbonate. In sodium
bicarbonate solutions greater than 2 mM, slower-oxidizing iron carbonate species (esp.,

Fe(C0s),**) increasingly dominate iron oxidation kinetics between pH 6 and 8.3

3.2.5.Rate of Floc Formation

Floc formation over time was measured by dynamic light scattering using a ZetaSizer
Nano-ZS (Malvern Panalytical, Worcestershire, UK). Ferrous chloride was added to 200-mL
reactors in doses ranging from 0.26 to 12.2 mg/L Fe, as in inactivation tests. After vigorous
agitation for 10 s, 4-mL aliquots were transferred to cuvettes for particle size measurement. Floc
formation was measured within the cuvettes in order to collect continuous data during floc
formation and avoid breaking up flocs while transferring samples. Particle size was measured
multiple times (7 — 10) over approximately one hour. Cuvettes were gently inverted between

particle size readings to simulate gentle mixing.

3.2.6.Data Analysis

Bacteriophage inactivation was correlated to parameters of percent iron oxidation,
ferrous iron dose, pH and dissolved oxygen concentration by linear regression. Linear
regressions and data transformations were performed in the R statistical language using the
stats package.® A link for the R script is provided in Appendix A.3. Models were evaluated for
residual distribution, normality, and leverage points (Cook’s distance) using the plot.Im()
function, and significance of variables was evaluated by analysis of variance with the anova()
function.® Linear regression models for mean floc size as a function of time and ferrous iron

dose were developed using the same methods.
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3.3. Results and Discussion

3.3.1.Extent of Iron Oxidation

The effect of iron oxidation was initially tested by evaluating bacteriophage inactivation
over time at a dose of 1 mg/L Fe. Bacteriophage inactivation increased over time and
significantly correlated to the extent of iron oxidation (pums2 = 6.95x1071°, ppz, = 3.60x10°), as
shown in Figure 3-2A and summarized in Appendix A.4. However, inactivation was not linearly
related to the cumulative ferrous exposure (i.e., the ferrous concentration integrated over time,

analogous to Ct), as predicted by Chick-Watson disinfection kinetics:

N t
ln (N_O) = _ACW fO C dt (3'4)

Ferrous iron is an indirect oxidizer, in that it must itself be oxidized to a high-valent state (e.g.,
by dissolved oxygen) before in turn generating an intermediate oxidant, regardless of whether
that oxidant is an ROS or high-valent iron species.'®!° Therefore, ferrous iron would likely not
behave as common, “primary” oxidizers (e.g., free chlorine, chloramines, ozone, etc.), in that
the ambient ferrous concentration has no effect on virus inactivation. Only the ferrous iron that
becomes oxidized has an ability to inactivate viruses; thus the log-linear correlation between
inactivation and ferrous oxidation rather than a log-linear correlation with the cumulative

impact of ferrous exposure.

Based solely on this test of the kinetics of inactivation (Figure 3-2A), the correlation
between inactivation and extent of iron oxidation could indicate that both phenomena are
related to time. For this reason, bacteriophage inactivation was also tested over a constant

retention time (30 min) using doses of sodium thiosulfate from 0.5 to 4 mg/L to retard iron
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Figure 3-2. Increasing bacteriophage inactivation with ferrous iron oxidation. Iron oxidation was
controlled by varying A) time (0.5 to 120 min), and B) sodium thiosulfate dose (0.5 to 4 mg/L).
Iron was added as ferrous chloride (1 mg/L Fe). Over a constant retention time of 30 min,
bacteriophage inactivation correlated with iron oxidation. Each point represents a single
experiment.

oxidation to varying degrees. Iron was again added as ferrous chloride (1 mg/L Fe).
Bacteriophage inactivation still significantly correlated to iron oxidation using constant retention
time, as shown in Figure 3-2B. A summary of all model parameters is given in Appendix A.4. Log
inactivation of the bacteriophages increased with iron oxidation. Since sodium thiosulfate is a
reducing agent, this test did not rule out inactivation by secondary reactions other than ferrous
oxidation. However, test results showed that inactivation correlated to the extent of ferrous
oxidation independent of contact time. In both the variable and constant time tests, P22
inactivation occurred more rapidly and to a far greater extent than MS2, as shown in Figure 3-2.
As a tailed bacteriophage, P22’s physical structure for attachment and penetration to host
bacteria is exposed to the environment,*® which may make P22 more susceptible to chemical

disinfection.

3.3.2.Modeling Inactivation as a Function of Ferrous Iron Oxidation
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Though cumulative ferrous exposure did not have a linear impact on inactivation, the
rate of ferrous oxidation ostensibly played a critical role. The intermediate oxidants (whether
ROS or ferryl species) are short-lived, with half-lives ranging from nanoseconds to seconds.*4?
In addition, the reduction of ferryl iron to ferric iron can oxidize an equivalent of ferrous
iron.'®19 In this way, ferrous iron may itself compete with viruses for oxidants. Therefore, close
proximity between ferrous iron and the virus may be necessary to ensure that virus inactivation
can compete with ferrous autoxidation. Both MS2 and P22 are negatively charged near neutral
pH,%* and would therefore attract positively-charged ferrous species. A slower rate of

oxidation would allow more time for electrostatic accumulation of ferrous ions near the virus

surface.

3.3.3.Ferrous Iron Dose

To test the hypothesized effect of Gy in Equation 3-3, inactivation tests were conducted
at varying doses of ferrous chloride. Whereas the tests described in Section 3.3.1 evaluated the
kinetics of bacteriophage inactivation during the oxidation process, these tests were conducted
to achieve near-total iron oxidation. The duration of the tests was based on the time required to
reach 99% oxidation under the slowest oxidizing conditions (4 h). In this way, retention time was

held constant in each set of experiments.

Below approximately 3 mg/L Fe, ferrous concentration had a linear positive relationship
with log inactivation, as shown in Figure 3-3. The direct linear correlation was significant for
both MS2 (p = 6.5x1077) and P22 (p = 0.000213), as shown in Appendix A.4. This positive linear
relationship supports the hypothesized relationship of ferrous concentration in Equation 3-3.
However, log inactivation did not continue to increase linearly with ferrous doses higher than 3

mg/L Fe. At this dose, floc formation was visibly more evident than at lower doses, as shown in
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Figure 3-3. The effect of ferrous iron dose on bacteriophage inactivation. Below approximately 3
mg/L Fe (indicated by the vertical red line), both phages showed an approximately linear
relationship between ferrous iron concentration and log inactivation, as illustrated by the
regression trendlines. Log inactivation did not linearly increase with higher ferrous doses, likely
due to rapid floc formation inhibiting contact with the ferrous iron disinfectant. Each point
represents a single experiment.

Appendix A.5. When evaluated by dynamic light scattering, both the ultimate particle
size and the rate of floc formation, as indicated by the slope coefficient (B) of the time variable,
increased with ferrous doses from 0.25 to 2 mg/L Fe (Figure 3-4 and summarized in Appendix
A.4). However, floc formation was more rapid and independent of ferrous concentration at

doses above 3 mg/L Fe.

Previous research®** has reported that virus inclusion in flocs can inhibit chlorine
disinfection. The more rapid flocculation at higher ferrous concentration likely prevents contact
between the enmeshed phages and oxidizing iron. The shielding of bacteriophages within flocs
thus inhibits the greater disinfection expected at higher doses. Furthermore, ferrous iron bound
in particles is not available to oxidize viruses. Keenan and Sedlak?®* confirmed that
precipitation of iron species inhibits oxidant generation. Therefore, particle formation poses

another engineering hurdle for design of ferrous iron disinfection systems, as disinfection and
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floc formation happen simultaneously. However, decreasing pH could help to maintain

appropriate disinfection conditions by reducing the rate of particle formation.

3.3.4.Rate of Iron Oxidation

The rate of oxidation was evaluated by varying the factors in Equation 3-3, i.e.,
hydroxide ions (pH), and dissolved oxygen. As in Section 3.3.3, experiments were conducted
until 99% oxidation was achieved under the most limiting conditions. This time varied based on

the conditions of each set of experiments: 4 h for dissolved oxygen tests and 48 h for pH tests.

3.3.4.1. Effect of pH on Virus Inactivation

Given the correlation between virus inactivation and iron oxidation, the role of pH in virus
inactivation is somewhat counterintuitive. At higher pH, iron oxidation is increasingly rapid, yet
bacteriophage inactivation is greater at low pH, as shown in Figure 3-5. Nevertheless, the
inverse relationship between hydroxide concentration and log inactivation is anticipated by
Equation 3-3. Models for both MS2 and P22 showed a very strong correlation (p values = 10 to
107) between log inactivation and the simple inverse that explained over 90% of the variation in
the data (adjusted R? > 0.90). Previous work by Kim et al.’? also showed greater log MS2 removal
at low pH with ferrous iron. However, since this study focused on kinetics rather than carrying
iron oxidation out to an endpoint, slower iron oxidation rates at low pH would lead to lower
effective doses of oxidized iron. Therefore, the relationship between the hydroxide
concentration and log inactivation was less dramatic than the inverse curve shown in Figure 3-5.

To test the hypothesized model in this study, consistent doses were needed.
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Figure 3-4. Floc formation over time for varying ferrous doses. Points represent single particle
diameter readings. The blue surface represents the combined models based on the data points
for low (<3 mg/L Fe) and high (> 3 mg/L Fe) ferrous doses.

At higher pH, particles formed far more rapidly than at low pH, as shown in Appendix A.6.
Oxidation of iron encourages precipitation of ferrous iron as mixed-valent precipitates such as
magnetite.*® In an equilibrium model of iron speciation using MINEQL+, solid magnetite
(Fe"Fe",04) completely replaced ferrous ions (Fe?*) as the dominant species as the
stoichiometric ratio of Fe'" to Fe' increased from 0 to 2 (Appendix A.6). The thermodynamic
favorability of solid magnetite over ferrous ions suggests that the oxidation of ferrous iron has a
negative feedback effect on further oxidation by precipitating mixed-valent particles. Thus,
faster rates of ferrous oxidation also lead to more rapid particle formation, and thereby poorer

oxidant generation/availability, as discussed in Section 3.3.3.

However, the effect of pH cannot be attributed specifically to the rate of ferrous
oxidation alone. As mentioned in Section 3.3.2, speciation of iron in carbonate solutions
undergoes rate-defining changes in the pH range of 6 to 8. Several researchers??2%4” have also
hypothesized that the intermediate oxidizer evolved during iron oxidation shifts from hydroxyl

radicals at low pH to a putative ferryl oxidant near neutral pH. However, hydroxyl radical
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Figure 3-5. Effect of pH on bacteriophage reduction by ferrous iron (0.5 mg/L Fe). Both phages
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showed an approximately inverse relationship between hydroxide ion concentration (reflected

here by plotting pH on the x-axis) and inactivation, as illustrated by the regression trendlines.
Each point represents a single experiment.

generation due to iron oxidation is most relevant at pH 5 and below, whereas hydroxyl radical

formation is minimal near neutral pH.?>%32% |n addition, the Fenton reaction has been shown to

oxidize organic substrates to form organic radicals.®® If ferrous iron is sorbed to the capsid
surface, the formation of organic radicals may suggest an entirely different mechanism of

inactivation.

3.3.4.2.  Effect of Dissolved Oxygen on Virus Inactivation

To confirm that a slower oxidation rate increases bacteriophage inactivation, ferrous iron
disinfection was performed under a range of dissolved oxygen conditions. As shown in Figure
3-6, greater inactivation was observed at lower dissolved oxygen concentrations below
approximately 3 mg/L, whereas inactivation was insensitive to oxygen concentration above 3
mg/L. Earlier work by Kim et al.2?, found overall greater MS2 inactivation by ferrous iron in air

saturated water versus deaerated water (dissolved oxygen concentration below detection).



76

However, Kim et al. found no difference between air saturated and deaerated water at ferrous
doses 0.1 mM and lower, the range investigated in this study. In addition, the previous research
focused on reaction kinetics over the span of 1 h rather than allowing near-total iron oxidation
as in this study. Since ferrous oxidation becomes exponentially slower approaching 0 mg/L
dissolved oxygen, stopping the reaction at 1 h would result in a great difference in the extent of

iron oxidation between the aerated and deaerated samples.

The regression models of the dissolved oxygen tests revealed very significant correlations
between log inactivation and the inverse of the dissolved oxygen concentration for both MS2 (p
=9.65x107*) and P22 (p = 6.0x10™), as shown in Appendix A.4. This confirms the effect of
dissolved oxygen on inactivation to a high degree of confidence. However, the dissolved oxygen
models for MS2 and P22 described less of the variation in the data compared to models for
other parameters in this study. The greater unexplained variation was likely due to difficulty in
maintaining constant dissolved oxygen concentrations throughout the 4-hour test duration. The
argon sparging process also caused a change in pH, requiring pH correction of individual reactors
at very low (< 1 mg/L) dissolved oxygen concentrations. Since small changes in pH can affect
inactivation (see Figure 3-5), pH most likely contributed to variation as well. By adding final pH
and dissolved oxygen concentrations to the regression models, the explanatory power of the
models improved slightly (R%q = 0.788 for MS2 and 0.520 for P22). Regardless, the inverse
dissolved oxygen concentration remained significant in the adjusted models for both

bacteriophages.
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Figure 3-6. Effect of dissolved oxygen on bacteriophage reduction by iron oxidation (0.5 mg/L
Fe). Both phages showed an approximately inverse relationship between dissolved oxygen
concentration and inactivation, as illustrated by the regression trendlines. Each point represents
a single experiment.

3.4. Conclusions

This research demonstrated that bacteriophage inactivation at circumneutral pH relies
not only on the extent, but also the rate, of iron oxidation. Decreases in pH and dissolved
oxygen both led to greater inactivation, therefore supporting the hypothesis that slower
oxidation promotes inactivation. Though inactivation was not correlated to cumulative exposure
to ferrous iron, available reactive ferrous iron was necessary for virus inactivation. Based on the
hypothesized short-lived oxidants generated by iron oxidation, close contact, or even sorption of
ferrous iron, to virus capsids may be necessary for inactivation. In addition, particle formation in
faster ferrous oxidation conditions likely inhibited inactivation by shielding viruses and/or

inhibiting oxidant generation.

If all ferrous iron is eventually oxidized, the slower oxidation rate achieves greater

inactivation. However, for a working treatment process, whether or not all ferrous iron is
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oxidized is an important question. Iron oxidation may be too rapid to offer a practical means of

disinfection in waters above neutral pH or saturated with dissolved oxygen, while iron oxidation
may be impractically slow in groundwater or mildly acidic waters (< pH 6). Pairing iron oxidation
with pH control, as in enhanced coagulation, may allow greater disinfection by retarding ferrous
oxidation. The pH could then be increased for the flocculation stage to encourage particle

formation.
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4. OBJECTIVE 2: DETERMINE THE MECHANISMS OF VIRUS MITIGATION AND SUITABILITY OF
BACTERIOPHAGES AS SURROGATES IN DRINKING WATER TREATMENT BY IRON

ELECTROCOAGULATION

Abstract

Emerging water treatment technologies using ferrous and zero-valent iron show
promising virus mitigation by both inactivation and adsorption. In this study, iron
electrocoagulation was investigated for virus mitigation in drinking water via bench-scale batch
experiments. Relative contributions of physical removal and inactivation were investigated for
three mammalian viruses (adenovirus, echovirus, and feline calicivirus) and four bacteriophage
surrogates (fr, MS2, P22, and ®X174). Though no one bacteriophage exactly represented
mitigation of the mammalian viruses in all water matrices, bacteriophage ®X174 was the only
surrogate that showed overall removal comparable to that of the mammalian viruses.
Bacteriophages fr, MS2, and P22 were all more susceptible to inactivation than the three
mammalian viruses, raising concerns about the suitability of these common surrogates as
indicators of virus mitigation. To determine why some bacteriophages were particularly
susceptible to inactivation, mechanisms of bacteriophage mitigation due to electrocoagulation
were investigated. Physical removal was primarily due to inclusion in flocs, while inactivation
was primarily due to ferrous iron oxidation. Greater electrostatic attraction, virus aggregation,
and capsid durability were proposed as reasons for virus susceptibility to ferrous-based
inactivation. Results suggest that overall treatment claims based on bacteriophage mitigation
for any iron-based technology should be critically considered due to higher susceptibility of

bacteriophages to inactivation via ferrous oxidation.
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4.1.Introduction

From 1993 to 2012, viruses were responsible for at least 24 US drinking water outbreaks
reported to the Centers for Disease Control and Prevention (CDC), or 9% of all reported drinking
water outbreaks in the US.! Viruses may be responsible for many more outbreaks that are
unreported or of unknown etiology.? Most waterborne viruses follow a fecal-oral route of
infection, meaning sewage-impaired waters are a primary cause of infection.? Worldwide, 1.8
billion people rely on sewage-contaminated drinking water.? Viruses are persistent in the
environment and resistant to many water treatment disinfection processes.* In addition, virus’

small size makes them difficult to remove by particle separation.®

Among the viruses identified in the US Environmental Protection Agency’s Contaminant
Candidate List (CCL4) are caliciviruses (including norovirus), adenoviruses, and enteroviruses
(including echovirus).® Norovirus is the leading cause of infectious diarrhea worldwide, causing
as many as half of all gastroenteritis outbreaks.”® Norovirus is characterized by high
contagiousness, effective transmission, and rapid evolution.® Due to difficulty in culturing
human norovirus, surrogates such as feline calicivirus or murine norovirus are often used in
laboratory tests.>!° Adenoviruses can cause gastroenteritis in humans, as well as conjunctivitis
and respiratory disease.’* Adenoviruses are persistent in the environment and resistant to
adverse conditions, as well as ultraviolet (UV) irradiation.” Echoviruses are common pathogens
in human-impacted water systems. Echoviruses cause a range of diseases in humans, including
gastroenteritis, meningitis, fever, and respiratory disease.!* With diameters typically less than 30
nm, echoviruses are also among the smallest viruses.” Therefore, norovirus, adenovirus, and
echovirus provide a representative suite of viruses for evaluating treatment process efficacy,

due to relevance (e.g., CCL4), resistance to inactivation, and resistance to physical separation.
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Electrocoagulation (EC) is a promising technology for small-scale water treatment
systems due to its portability and potential for automation. EC is the in situ production of
coagulant by passing electrical current through a zero-valent sacrificial electrode, typically
consisting of iron or aluminum. Portability and potential for automation make EC a good
candidate for small-scale water treatment in rural or emergency applications. Small-scale
treatment systems are an important market, as more than half of the public water systems in
the US serve fewer than 500 people.!? Recently, EC has been considered for mitigating viruses in
drinking water.>'*"15 EC has shown promising results in treating bacteriophage MS2, surpassing
the Surface Water Treatment Rule of 4-log virus reduction and outperforming conventional

chemical coagulation for MS2 mitigation in some water matrices.>*®

Iniron EC, iron is released in solution as ferrous ions (Fe#").1”*8 Oxidation of ferrous iron
during EC can also inactivate E. coli,*® and steel electrodes have demonstrated higher
effectiveness than aluminum or graphite electrodes for mitigating E. coli.*® Ferrous iron
oxidation also inactivates bacteriophages.??> However, the relative contributions of ferrous iron
inactivation and physical removal have not been determined for virus inactivation during iron

EC.

Bacteriophages are used as surrogates for human viruses in water treatment process
research.>?32* Compared to human viruses, bacteriophage surrogates have simpler
guantification and propagation protocols, propagate rapidly, and are safer to handle. To the
author’s knowledge, bacteriophage MS2 has been the only virus investigated for EC or ferrous
iron inactivation.>*3%2425 MS2 is small (approximately 25 nm diameter) and negatively charged
at neutral pH.2® Therefore, MS2 is a representative surrogate for physical treatment processes,
because its small, charged capsid is difficult to destabilize by charge neutralization or remove by

size exclusion. However, the suitability of any surrogate must be investigated for each novel
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application. In the case of EC, MS2’s negative charge and small size may make the bacteriophage
more susceptible to transport to the anode surface and/or electrostatic attraction to a ferrous

disinfectant in comparison to human viruses.

The goal of this research was to determine the fate of viruses during EC, as well as the
suitability of bacteriophage surrogates to indicate enteric virus mitigation in drinking water due
to EC. Fate of viruses was distinguished as physical removal or inactivation by comparing
physical removal of flocs by microfiltration and elution of the bulk solution for recovery of
infectious viruses. The effect of pH and other water parameters on virus mitigation was also
investigated to assess the suitability of bacteriophage surrogates in a range of water matrices.
To determine the mechanisms of bacteriophage mitigation, log reduction of bacteriophages due
to EC was compared to chemical coagulation with ferrous and ferric chloride, sorption on floc

surfaces, and electrooxidation with insoluble titanium electrodes.

4.2.Materials and Methods

4.2.1.Electrocoagulation

EC tests were conducted in a 500 mL glass beaker with two plate electrodes (60 cm?
submerged area, 1 cm inter-electrode distance) consisting of iron (mild steel), as described by
Maher et al.?” Constant current (100 mA) was supplied by a Sorensen XEL 60-1.5 variable DC
power supply (AMETEK, San Diego, CA) over a retention time of 5 min. This current and
retention time were selected to achieve measurable log reduction of viruses in a range of water
matrices. Current polarity was alternated at regular intervals (30 s) to maintain even electrode
wear and prevent passivation.?” The reactor was stirred with a magnetic stir bar at a rate of 60
rpm. The electrodes and polarity-alternating controller were kindly provided by A.O. Smith

Corporation. Electrodes were polished with 400 Si-C sandpaper, washed with ultrapure water
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and sterilized with UV light 30 minutes on each side in a biological safety cabinet before each
test. All tests were performed in triplicate and compared to a control reactor not receiving

treatment.

All tests were performed in synthetic water matrices by adding constituents to PureLab
ultrapure water (ELGA LabWater, UK). Sodium nitrate (3.3 mM) was chosen as a monovalent
background electrolyte, because multivalent ions can form complexes with protein moieties and
thus impact surface charge.?®? Nitrate was chosen over chloride to avoid inactivation due to
free chlorine, because chloride ions can be oxidized to form free chlorine during EC.%° Sodium
bicarbonate was also added to achieve alkalinity typical of soft to moderately alkaline water (50
mg/L as CaCOs) and prevent dramatic pH fluctuations not representative of natural water

matrices.*

In independent tests, pH, chloride, turbidity and natural organic matter were adjusted to
assess their impact on virus mitigation. Chloride was added as NaCl, while 15 mg/L total organic
carbon and 50 NTU turbidity were added as Suwannee River natural organic matter (NOM) and
A2 test dust, respectively. The water constituents and concentrations for all test waters are

provided in Table 4-1.

Total and ferrous iron generation due to EC was measured using Hach FerroVer Total
Iron and Ferrous Iron Reagent (Hach, Loveland, CO), respectively. After EC, electrodes were
rinsed with a small volume (< 5 mL) of ultrapure water to remove adsorbed flocs. Generation of
free chlorine was measured using Hach DPD Free Chlorine Reagent. After the addition of
reagent, sample absorbance was measured using a Genesys 20 spectrophotometer (Thermo

Fisher Scientific, Waltham, MA) at 510 nm (total and ferrous iron) and 530 nm (free chlorine).
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Table 4-1. Constituents added to ultrapure water to formulate synthetic waters.

Suwanee River
Natural Organic A2 Test

NaNOs3 NaHCO; NacCl Matter Dust
(mg/L) (mg/L)  (mg/L) (mg/LTOC) (NTU) pH
Baseline 283 84 7
Chemical 151 252 7

coagulation

pH 6 283 84 6
pH 8 283 84 8
Chloride 84 190 7
NOM 283 84 15 7
Turbidity 283 84 50 7

4.2.2 Effect of Water Constituents on Virus Mitigation

To determine the effect of water quality on virus mitigation, the background electrolyte
solution was altered as shown in . EC performance under these varying conditions was
compared to EC in the NaNOs/NaHCO; electrolyte. The pH of the test water was adjusted using
0.5 N HNOs or NaOH. A Symphony benchtop multiparameter meter (VWR, Batavia, IL) was used
to measure pH. Chloride (115 mg/L Cl") was added by replacing the background electrolyte
(NaNOs) with NaCl. To assess the impact of natural organic matter (NOM), total organic carbon
was increased by adding Suwannee River NOM (IHSS, St. Paul, MN). For turbidity tests, A2 test
dust (Powder Technology Inc., Arden Hills, MN) was added to achieve approximately 50 NTU.
NOM and turbidity conditions were chosen to represent challenging surface waters for drinking

water treatment.
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Table 4-2. Properties of bacteriophage surrogates and mammalian viruses, adapted from Mayer
et al ?°. except where otherwise cited. Asterisks (*) indicate theoretical rather than measured
isoelectric points.

Baltimore Diameter Isoelectric
Virus ATCC No. Classification (nm) point
Bacteriophage
- *
fr 15767-B1 IV ((+)ssRNA) 19-23 8'93.59 '3? '
MS2 15597-B1 IV ((+)ssRNA) 24-27 3.1-39%
P22 19585-B1 | (dsDNA) 52 - 60 32 3.43
dOX174 13706-B1 Il (ssDNA) 23-27 6.0-7.028
Mammalian Virus
Adenovirus 4 (ADV) VR-1572 | (dsDNA) 70 -100 5.2 %
Echovirus 12 (ECV) VR-1563 IV ((+)ssRNA) 24 - 30 6.2*
Fe"”e(FCC""\'/')C'V'r“s VR-782 IV ((+)sSRNA) 27 - 41% 4.6*

4.2.3.Virus Propagation

Four bacteriophages were used as model viruses: MS2, fr, P22, and ®X174. The
properties of these bacteriophages are summarized in Table 4-2. In addition, three mammalian

viruses were tested in varying water matrices: adenovirus 4 (ADV), echovirus 12 (ECV), and

feline calicivirus (FCV; a surrogate for human norovirus), also summarized in Table 4-2.
Bacteriophages were stored at 4° C, while viruses were stored at -20 °C. Cryopreservant was not
used to prevent adding oxidant demand associated with the virus stock solutions.
Bacteriophages were spiked at concentrations of approximately 10’ PFU/mL, while mammalian

viruses were spiked at approximately 10* TCIDso/mL due to limitations in virus propagation.

Bacteriophages were propagated using the double-agar layer (DAL) method in tryptic
soy agar (BD, Franklin Lakes, NJ).3> Mammalian viruses were propagated in cell cultures (see
Appendix C.1) in sterile, 175 cm? culture flasks until cell monolayers were reduced to

approximately 10 - 20% confluence, then subjected to three freeze-thaw cycles (-20° C/22° C).
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All viruses were purified by two cycles of polyethylene glycol (PEG) precipitation followed by a

Vertrel XF (DuPont, Wilmington, DE) purification, as described by Mayer et al.3®

4.2.4.Virus Sampling and Quantification

Virus samples were taken immediately after EC. Two samples were taken from each
reactor, including the control (untreated) reactor. First, a filtered sample was collected using
sterile, 20-mL syringes and 0.45 um PTFE syringe filters. Some form of physical separation is
required in any coagulation process; microfiltration was chosen for this study to thoroughly
separate flocs without a long flocculation step. The filter was primed with 15 mL of sample
before reserving 4 mL of filtrate. The reactor was then homogenized by rapid stirring (600 rpm
for 15 s), and a 20-mL sample was taken for virus elution to determine the total concentration of
viable viruses in the bulk solution. To dissolve flocs and increase electrostatic repulsion between
coagulant and viruses, elution was performed by adding an equal volume of 6% beef broth to
homogenized samples and vortexing for approximately 10 s. Samples containing bacteriophages
were diluted in tenfold series, and ten 10-pL drops of each dilution were plated using the spot
titer plague assay method, as described by Beck et al.’ Mammalian viruses were quantified
using the Reed & Muench TCIDso method.?® Virus recovery was confirmed in numerous tests,
e.g., at pH 8 (Figure 4-1) and in waters containing turbidity and NOM (Figure 4-2). Confirmation
of bacteriophage recovery by elution was demonstrated using chemical coagulation with ferric

chloride (Figure 4-3).

Virus mitigation was distinguished as inactivation or physical removal based on recovery
of infectious viruses from the filtered and eluted samples. The log reduction in infectious viruses
between the filtered control and filtered treated samples represented total mitigation (Eqn. 4-

1). The log reduction in infectious viruses between the eluted control and eluted treated
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samples represented inactivation, i.e., viruses that could not be recovered from the bulk
solution (including flocs, Eqn. 4-2). Mitigation due to physical removal was therefore the
difference between total mitigation and inactivation, i.e., the fraction of total mitigation that

was recoverable from the bulk solution by elution (Eqn. 4-3).

Total Mitigation = Filtrateconror — Filtrater eqtea (4-1)
Inactivation = Eluateconiro; — Eluateryeqreq (4-2)
Coagulation = Total Mitigation — Inactivation (4-3)

4.2.5.Mechanisms of Virus Mitigation

To establish mechanisms of virus mitigation, log reduction due to EC was compared to
similar physical/chemical processes (chemical coagulation and electrochemical oxidation). These
tests were only performed with bacteriophages due to limited inactivation of mammalian

viruses by EC.

4.2.5.1. Chemical Coagulation

Chemical coagulation using ferrous chloride (FeCl,) and ferric chloride (FeCls) was
compared to EC to help determine the susceptibility of bacteriophages to inactivation/physical
removal (FeCl,) versus physical adsorption alone (FeCls). Doses of 2.3 mg Fe/L were used to
approximate doses achieved by EC batch tests. Test waters were prepared to maintain similar
conductivity to EC tests, while also providing more sodium bicarbonate alkalinity (150 mg/L as

CaCO:s) to prevent pH fluctuation upon addition of coagulant salts, as shown in Table 4-1.

4.2.5.2. Pre-formed Flocs

Viruses were added to pre-formed flocs created by EC to test for the importance of

sorption to the surfaces of flocs. EC reactors were operated as for regular EC tests, except that
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viruses were only added to the solution after the reaction had completed. Viruses were retained

for the same amount of time (5 min) under slow mixing (60 rpm) prior to sampling.

4.2.5.3. Titanium Electrodes

To determine the potential for non-ferrous oxidant generation and oxidation at the
electrode surface, iron electrodes were replaced with non-sacrificial, Grade 2 titanium plate
electrodes (Performance Titanium, San Diego, CA) of the same dimensions (60 cm? submerged
area, 1 cm inter-electrode distance). Titanium is oxidized in air to form a passive, inert electrode
surface.®® Titanium electrooxidation reactors were operated with the same parameters as the

iron EC reactor (100 mA, 5 min, 30 s polarity reversal interval), as described in Section 4.2.1.

4.2.6.Zeta Potential Measurement

The zeta potential of bacteriophage fr and A2 test dust were confirmed by dynamic light
scattering using a Zetasizer Nano-ZS (Malvern Panalytical, Malvern, UK), software version 7.11.
Bacteriophage fr was chosen for zeta potential analysis due to wide discrepancy in isoelectric
point values reported in the literature, as shown in Table 4-2. The buffer demand-free (BDF)
solution used for fr propagation was replaced with “Baseline” electrolyte (Table 4-1) by dialysis.
The fr bacteriophage stock was transferred to Slide-A-Lyzer 20 kDa MWCO dialysis cassettes
(Thermo Scientific, Waltham, MA) and stirred at 4° C for 3 days with daily replacement of
electrolyte solution. A2 test dust was diluted to 0.6 g/L in ultrapure water. The “Baseline”
electrolyte was adjusted to near target pH (pH 1.0 —9.3) with 0.5 M NaOH or HNOs. Samples
were added to pH-adjusted electrolyte in a 1:4 dilution. Final pH was read simultaneously with

zeta potential readings.
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4.2.7. Data Analysis

All statistical analyses were performed in the R statistical language using the stats
package.*® Mean log reduction by physical removal and inactivation was compared between test
conditions using independent, 2-tailed Student’s t-tests with a Bonferroni correction for multiple
comparisons. The effect of pH on bacteriophage inactivation was evaluated by linear regression.
(The mammalian viruses did not show a uniform trend of inactivation, so inactivation at pH 6, 7,
and 8 was compared by t-tests.) Models were evaluated for residual distribution, normality, and
leverage points using the plot.Im() function, and significance of variables was evaluated by
analysis of variance with the anova() function.?® A link for all R scripts is provided in Appendix

C.2.

4.3, Results and Discussion

4.3.1.Effect of Water Constituents on Virus Mitigation

4.3.1.1. Effect of pH

Both mammalian viruses and bacteriophages were inactivated and physically removed
to some degree over the pH range tested (pH 6 — 8), as shown in Figure 4-1. However, whereas
inactivation was the dominant fate for bacteriophages fr, MS2, and P22, mitigation of
bacteriophage ®X174 and mammalian viruses showed the greatest mitigation due to physical

removal.

Inactivation was most pronounced at low pH. All four bacteriophages (including ®X174)
demonstrated a significant exponential relationship between log inactivation and pH
(correlation to pH and pH?), as summarized in Appendix C.3. Similarly, inactivation was greatest
at low pH (pH 6) for all mammalian viruses except FCV, which was not effectively inactivated at

any pH (p > 0.21). Inactivation was significantly greater at pH 6 than pH 7 for ADV (p = 0.0027)
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and ECV (p = 0.00025), though only approximately 0.7 log inactivation was achieved at pH 6 for
either virus. These results support Chapter 3 and previous findings?! that MS2 and P22
inactivation in ferrous iron-based treatment processes is greater at lower pH. However, this
phenomenon has only been demonstrated previously with bacteriophages. These results show
that bacteriophages commonly used in water treatment testing were inactivated to a far greater

degree than the mammalian viruses in this study.
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Figure 4-1. Effect of pH on inactivation and physical removal of A) bacteriophages and B)
mammalian viruses due to electrocoagulation. Upward arrows indicate log reduction beyond
the countable limit, so values shown are the limit of quantification. Error bars represent
standard error of the mean of triplicate tests.
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Bacteriophage ®X174 was far more resistant to inactivation than the other
bacteriophages, with only 0.6 log inactivation at pH 6. Total ®X174 mitigation was greatest at
pH 7. Since the isoelectric point (pl) of ®X174 is near neutral.?® ®X174 would be more likely to
destabilize and aggregate due to van der Waals interactions at pH 7, which likely contributed
togreater physical removal at pH 7. In addition, aggregation can reduce the efficacy of
disinfection.** The impact of pH on physical removal was difficult to interpret for bacteriophages
fr, MS2, and P22, because differences in physical removal may have been an artifact of the

decrease in total mitigation at higher pH.

As with inactivation, physical removal of the mammalian viruses was more similar to
that of ®X174 than the other bacteriophage surrogates. Total mitigation varied slightly with pH
for the mammalian viruses, though no unifying trend was apparent. ECV showed a weak trend
of greater physical removal at low pH. The theoretical pl of ECV is approximately 6.2,% which
could explain greater physical removal by at pH 6. Only FCV showed a significant difference in
physical removal between pH levels, with poorer removal at pH 8 than pH 7 (p = 0.000250).
Conversely, ADV showed a weak trend of greater physical removal with increasing pH. However,
the low mitigation of the mammalian viruses relative to the variance makes it difficult to make
meaningful inferences between means. For the purpose of identifying a representative virus
surrogate, the very fact that mammalian virus removal was consistently low (< 2.5 log) is more
important. Only bacteriophage ®X174 mitigation remained below the bar of 2.5 log total

mitigation over the pH range tested.

4.3.1.2.  Effect of Natural Organic Matter

The presence of NOM was generally inhibitory to both inactivation and physical

removal, as shown in Figure 4-2. Suwannee River NOM consists primarily of fulvic acid (65% by
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weight) with a lesser fraction of humic acid (10%).%? The pKa of fulvic acids found in Suwannee
River NOM is in the range of 2 to 4, indicating a negative charge at neutral pH.** Therefore, NOM
may inhibit physical removal and disinfection by sorbing the iron required for virus
destabilization and disinfection. Once complexed with NOM, ferrous iron is resistant to
oxidation by dissolved oxygen or free chlorine.* Tanneru and Chellam?3 similarly found poor
mitigation of MS2 using iron EC in natural river water and synthetic waters containing humic
acid. Bacteriophage ®X174 mitigation was nearly completely inhibited (< 0.25 log reduction),
indicating that ®X174 continued to be an appropriate surrogate for the mammalian viruses in

high-NOM water matrices.

4.3.1.1. Effect of Turbidity

Turbidity also inhibited inactivation, though the impact of turbidity on physical removal
was mixed, as shown in Figure 4-2. Bacteriophages fr, MS2, and P22 all demonstrated poorer
inactivation in turbid water, while ®X174 showed minimal inactivation even without added
turbidity. A2 test dust consists primarily of silica (69 — 77%) and alumina (8 — 14%), as well as
various metal oxides.* The presence of metal oxides in A2 test dust may scavenge oxidants and

therefore inhibit viral inactivation.

Turbidity also inhibited physical removal of fr, MS2, and ®X174. A2 dust was
demonstrated by dynamic light scattering to have a strong negative zeta potential around
neutral pH, as shown in Appendix C.4. Therefore, the test dust likely had a coagulant demand
that inhibited virus removal at low coagulant doses. Zhu et al.} found that silica increased MS2
reduction by ferric chloride coagulation—microfiltration; however, silica created a coagulant
demand that impaired treatment at low coagulant doses (< 5 mg/L) similar to those used in this

experiment.
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Figure 4-2. Effect of water constituents on inactivation and physical removal of A)
bacteriophages and B) mammalian viruses due to electrocoagulation. Asterisks indicate a
significant difference in log reduction from the baseline condition (pH 7, simple electrolyte) due
to physical removal (blue asterisk) or inactivation (yellow asterisk). Upward arrows indicate log
reduction beyond the countable limit, so values shown are the limit of quantification. Error bars
represent standard error of the mean of triplicate tests.

Both bacteriophage P22 and ADV had greater removal by physical removal with
increased turbidity. As the largest viruses tested (50 — 100 nm diameter), P22 and ADV were
likely retained due to internal fouling or formation of a cake layer during filtration of the turbid
samples. Using the same filtration technique as in EC experiments, filters fouled with EC flocs
and turbidity significantly rejected P22 (1.27 log reduction, p = 2.01x107°) to a greater degree
than MS2 (0.66 log reduction, p = 0.00014), as shown in Appendix C.5. The greater degree of

rejection for large viruses may override the coagulant demand of the A2 dust. Smaller
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bacteriophages like MS2, which saw a small increase in rejection by the fouled filter, may have
been adversely affected to a greater degree by the decrease in available coagulant. In Zhu's
study,** development of a cake layer did not enhance dead-end microfiltration of the smaller

MS2 bacteriophage following ferric chloride coagulation.

4.3.1.2. Effect of Chloride

Chloride was expected to increase inactivation through the production of free chlorine
at the anode.?® However, inactivation significantly increased for P22 and ADV, and decreased
slightly for bacteriophage fr (Figure 4-2). No other viruses showed significant changes in
mitigation with the addition of chloride. In the absence of viruses, the chlorine residual in the
bulk solution during EC remained below the detection limit of 0.02 mg/L Cl,. Most of the
chlorine generated by chloride oxidation would likely be scavenged by ferrous iron, which is also
produced at the anode surface. Tanneru et al.?> similarly found poor inactivation of
bacteriophage MS2 due to free chlorine generation with aluminum EC. Aluminum EC would be
expected to show greater efficiency in producing free chlorine than iron EC, because aluminum
ions are oxidized to a stable form at the electrode and would not exert oxidant demand in

solution.*®

The rate of iron generation by EC increased dramatically in the presence of chloride, as
shown in Appendix C.6. Carbon steel is susceptible to increased corrosion rates and pitting in the
presence of chloride.*” Therefore, the greater iron generation was likely due to chemical
corrosion. The greater iron dose (6.6 mg/L Fe) may have impacted physical removal, increasing
mitigation of P22 and ADV by physical removal but decreasing ®X174 mitigation. Again, the
largest viruses (P22 and ADV) showed increased physical removal, possibly indicating retention

of viruses due to membrane fouling during filtration. In the case of ®X174, lower removal at
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higher doses may seem paradoxical. However, total removal of ®X174 was not significantly
different from total removal without chloride, so the decrease in physical removal represents

only a shift in mechanism of mitigation.

4.3.2. Mechanisms of Virus Mitigation

To determine why some bacteriophages demonstrated inactivation due to EC, the
mechanisms of bacteriophage mitigation were investigated. Understanding the reason why
some bacteriophages are inactivated by ferrous iron may help choose better virus surrogates or
identify more susceptible pathogen targets. As shown in Figure 4-3, ferric chloride coagulation
and ferrous chloride coagulation reasonably predicted whether inactivation or physical removal
was the predominate bacteriophage fate in EC, whereas adsorption to preformed flocs and
electrooxidation were not important mechanisms. Chapter 3 and previous research®?! has
found a correlation between oxidation of ferrous iron (Fe') and bacteriophage inactivation.
Therefore, chemical coagulation with FeCl, was expected to achieve inactivation, whereas the

already oxidized ferric coagulant (FeCls) should achieve only physical removal.

Compared to chemical coagulation with FeCls, EC resulted in significant inactivation for
all bacteriophages (p-values: fr, 3.69x10°; MS2, 1.33x10%; P22, 5.63 x10°%; and ®X174, 1.01 x10°
%), though ®X174 mitigation was predominately due to physical removal. Like EC, chemical
coagulation with FeCl, showed substantial inactivation of fr, MS2, and P22, but only slight
inactivation of ®X174. More importantly, chemical coagulation with FeCl, resulted in an even
greater discrepancy in inactivation between ®X174 and the other bacteriophages than was
observed with EC. Inactivation of fr and P22 was greater with FeCl; than EC, though MS2
inactivation was slightly greater with EC than FeCl,. Greater inactivation with FeCl, might have

occurred because the entire concentration of ferrous iron was added at once and thoroughly
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mixed to provide a higher and more homogenous ferrous concentration throughout the reactor.
Despite differences in the final log inactivation between FeCl, and EC, the effect of ferrous iron
is sufficient to explain inactivation observed in EC. Conversely, chemical coagulation with FeCl;
achieved only physical removal. For fr, MS2, and P22, EC achieved a similar degree of physical

removal as FeCls coagulation, and EC outperformed chemical coagulation for ©X174.
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Figure 4-3. Mechanisms of bacteriophage mitigation due to electrocoagulation, chemical
coagulation, adsorption and electrooxidation. Inactivation and physical removal were compared
between electrocoagulation (EC), chemical coagulation with ferric chloride (FeCls), chemical
coagulation with ferrous chloride (FeCl,), flocs formed by electrocoagulation prior to the
addition of bacteriophages (pre-formed floc), and electrooxidation with inert titanium
electrodes (Titanium). Asterisks indicate a significant difference in log reduction from
electrocoagulation due to physical removal (blue asterisk) or inactivation (yellow asterisk). Error
bars represent standard error of the mean of triplicate tests.
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4.3.2.1. Pre-formed Flocs

No bacteriophages demonstrated mitigation (neither inactivation nor physical removal)
when added to reactors containing flocs pre-formed by EC. Therefore, sorption to flocs was not
a significant mechanism of virus mitigation in simple electrolyte solution. Instead, physical
removal in EC is due to inclusion of viruses within the developing floc. Other researchers*®-°
have similarly found greater virus mitigation during rapid mixing and floc formation. The
importance of inclusion of viruses in the floc may also explain why EC was more effective than
FeCl; chemical coagulation for mitigating ®X174. In EC, coagulant is gradually added to solution,

which typically slows floc formation in comparison to chemical coagulation;! thus EC allows

longer contact time for virus inclusion within the floc.

4.3.2.2. Titanium Electrodes

Uncoated titanium electrodes were used to evaluate the potential for bacteriophage
mitigation due to generation of non-ferrous oxidants (e.g., reactive oxygen species) and/or
oxidation at the anode surface. Air-oxidized titanium anodes are stable in aqueous solutions,
extracting electrons from species in solution rather than dissolving like iron.3*52 Titanium
electrooxidation mitigated both MS2 and fr, though less than one log total reduction was
achieved. No significant mitigation was found for P22 or ®X174. Titanium electrodes are likely
to overestimate the effects of inactivation, because a) ferrous iron may scavenge oxidants, and
b) oxidation of the iron electrode competes with other oxidation reactions at the electrode
surface. Nevertheless, inactivation with titanium electrodes was far less than with iron
electrodes. Therefore, neither anodic oxidation nor generation of non-ferrous oxidants can be

considered important mechanisms of virus mitigation under the conditions investigated in this
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study. This finding further confirms that ferrous oxidation is the primary determiner of

inactivation due to EC.

4.3.3.Virion Properties and Ferrous Susceptibility

4.3.3.1. Isoelectric Point

Of the mechanisms of bacteriophage mitigation discussed in Section 4.3.2, susceptibility
to ferrous inactivation was the primary cause of differences in log reduction between
bacteriophages fr, MS2, and P22 on the one hand, and bacteriophage ®X174 and the
mammalian viruses on the other. Ferrous cations differ from neutrally- or negatively-charged
disinfectants such as free chlorine. Though the positive ferrous charge may enhance disinfection
of negatively-charged pathogens, pathogens with a positive charge near neutral pH may be

repelled.

In addition, aggregation can shield viruses and reduce the efficacy of disinfection.*
Since iron-based inactivation is more effective at lower pH, viruses with pls near pH 6 —7
would therefore tend to aggregate due to charge neutralization and become shielded under the
conditions of greatest disinfection capacity in this study. Thus, electrostatic repulsion and
aggregation may explain the poor inactivation of ®X174 (pl = 6.0 — 7.0) compared to
bacteriophages fr, MS2, and P22, which have low pls (<4, see Table 4-2). Because pl values
reported in the literature varied widely for bacteriophage fr (pl = 3.5 to 9.0), the pl for fr was
experimentally validated in this study at approximately 2.7, as shown in Appendix C.4. Enteric
viruses often enter the water cycle as aggregates,*! and much of the viral load for drinking water
treatment is associated with particles.>® Therefore, the tendency of viruses to aggregate is

similarly an important factor for EC treatment of natural waters.
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Bacteriophage ®X174 may also have been mitigated to a lesser extent than other
bacteriophage surrogates due to structural robustness. Whereas F-specific bacteriophages like fr
and MS2, as well as tailed bacteriophages like P22, have a single locus of attachment and
penetration, ®X174 can attach to and penetrate host cells at any of 12 spikes occurring at the
capsid’s 5-fold vertices.>* However, ®X174 has not been shown to have similarly high resistance
to other disinfectants, and the single maturation protein of F-specific bacteriophages does not

appear to be an Achilles heel for chemical disinfection.®

While experimental values are not available for ADV and ECV isoelectric points, both
viruses are resistant to inactivation and have theoretical isoelectric points close to neutral (5.2
and 6.2, respectively, see Table 4-2). However, FCV is one possible exception to the hypothesis
that electrostatic forces determine ferrous disinfection. FCV has a theoretical pl of 4.6, and
virus-like particles consisting of FCV capsid proteins have a similar reported pl of 3.9.>°
Therefore, the FCV capsid likely has a negative charge at neutral pH, yet FCV remains resistant to

ferrous-based inactivation.

4.3.3.2.  Capsid Structure

A review of capsid structure provides some insight into the resistance of mammalian
viruses. Protein structures for bacteriophages and viruses were accessed from the VIPERdb
database, as summarized in Table 4-3.% Structural files for adenovirus 4 were not available, so
adenovirus serotypes 5 and 26 were used instead. (Both ADV5 and ADV26 shared similar
dimensions, despite representing different species.) Crenulations and protuberances on the
capsid surface can result in outer diameter values not representative of actual capsid thickness,
and the method of structural analysis influences the degree of detail captured on the capsid

surface.”” To minimize the influence of surface features, “adjusted” capsid thickness was
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obtained by subtracting the inside diameter from the average diameter (rather than from the

outside diameter).

Capsid thickness increased from bacteriophages to the mammalian viruses: MS2 = fr <

P22 < ®X174 < FCV < ECV < ADV. The three bacteriophages with the thinnest capsids (fr, MS2,

and P22) were also the most susceptible to inactivation due to EC. Though ®X174 has only a

slightly thicker capsid than P22 (~13%), electrostatic repulsion and aggregation can still explain

the recalcitrance of ®X174 to iron-based disinfection. On the other hand, the recalcitrance of

FCV to iron-based disinfection may be due more to capsid structure, given its theoretically low

pl but thicker (9 nm) capsid. The susceptibility of viruses to inactivation due to iron EC may

therefore be a combination of electrostatic interactions and capsid structure. Capsid thickness

would likely not play as large a role for uncharged disinfectants like hypochlorous acid that could

Table 4-3. Bacteriophage and mammalian virus capsid dimensions based on structural models
acquired from VIPERdb 8, Structural files were not available for adenovirus 4, so adenovirus 5
(ADV 5) and 26 (ADV 26) were compared. Both adenovirus serotypes shared similar dimensions.
Color scale indicates low (red) to high (green) capsid thickness.

Bacteriophage Mammalian Virus
ECV ADV ADV
fr MS2 P22 ©®X174 FCV 12 5 26
. Quter 286 288 686 342 416 404 940 952
Diameter
(A) Inner 210 210 534 192 236 212 632 630
Avg. 276 276 662 336 410 398 906 914
Adjusted capsid
thickness (A) 33 33 64 72 87 93 137 142
PDB-ID | 1FRS 2MS2 5UUS5 2BPA 3MS8L 2C81 6CGV 5TX1
Reso'“t'(‘}\r; 350 2.80 330 3.00 340 140 3.80 3.70
sourceFile 1 thod| XD XD EM XD XD EM XD EM
Primary 58 59 60 61 62 57 63 64
Citation

XD: X-ray diffraction; EM: Electron microscopy
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permeate capsid pores more readily. Though thickness may be a rough indicator of capsid
durability, a more detailed evaluation of capsid structure and function could provide greater

insight into why mammalian viruses are more resistant to inactivation.

4.4, Conclusions

This is the first work to evaluate human virus mitigation and quantitatively assess the
fate of viruses in iron EC. Both inactivation and physical removal were important mechanisms of
mitigation via EC for three of the four bacteriophages evaluated: fr, MS2, and P22. However,
®X174 and the three mammalian viruses (ADV, ECV and FCV) showed the greatest mitigation
due to physical removal and were less susceptible to ferrous inactivation. In representing virus
mitigation, ®X174 was the only bacteriophage surrogate resistant to ferrous inactivation,
possibly due to electrostatic repulsion between ®X174 and ferrous iron at pH 6 and/or shielding
of ®X174 virions in aggregates near neutral pH. Though electrostatic interactions between
ferrous ions and virions likely explains at least some of the differences in inactivation efficacy
between viruses, resistant viruses also had thicker capsids. The lack of experimental isoelectric
point data for human viruses prevents a full analysis of this hypothesis. However, a detailed
theoretical evaluation of capsid structure may provide additional insight where empirical

methods are prohibitive.
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5. OBIJECTIVE 3: SEQUENTIAL ELECTROCOAGULATION-ELECTROOXIDATION FOR VIRUS

MITIGATION IN DRINKING WATER

Abstract

Electrochemical water treatment is a promising alternative for small-scale and remote
water systems that lack operational capacity or convenient access to reagents for chemical
coagulation and disinfection. In this study, the mitigation of viruses was investigated using
electrocoagulation as a pretreatment prior to electrooxidation treatment using boron-doped
diamond electrodes. This research is the first to investigate a sequential electrocoagulation-
electrooxidation treatment system for virus removal. Bench-scale, batch reactors were used to
evaluate mitigation of viruses in variable water quality via: a) electrooxidation, and b) a
sequential electrocoagulation-electrooxidation treatment train. Electrooxidation of two
bacteriophages, MS2 and ®X174, was inhibited by natural organic matter and turbidity,
indicating the probable need for pretreatment. However, the electrocoagulation-
electrooxidation treatment train was beneficial only in the model surface waters employed. In
model ground waters, electrocoagulation alone was as good or better than the combined
electrocoagulation-electrooxidation treatment train. Reduction of human echovirus was
significantly lower than one or both bacteriophages in all model waters, though bacteriophage
®X174 was a more representative surrogate than MS2 in the presence of organic matter and
turbidity. Compared to conventional treatment by ferric salt coagulant and free chlorine
disinfection, the electrocoagulation-electrooxidation system was less effective in model surface
waters but more effective in model groundwaters. Sequential electrocoagulation-
electrooxidation was beneficial for some applications, though practical considerations may

currently outweigh the benefits.

5.1.Introduction
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Electrochemical water treatment holds promise as a portable option for coagulation and
disinfection in small-scale water systems. More than half of the public water systems in the
United States (US) serve fewer than 500 people,! and approximately 15% of individuals in the US
get water from private wells.? Many of these public and private water systems draw from
groundwater and lack disinfection treatment processes. Between 1971 and 2014, over half of
the drinking water outbreaks in the US were due to untreated or inadequately treated

groundwater.3#

Electrooxidation (EQ) uses inert electrodes to directly oxidize contaminants at the electrode
surface and/or generate oxidants in solution. Boron-doped diamond (BDD) electrodes are
commonly used in EO research due to BDD’s high resistance to chemical and thermal
degradation and low tendency to react with solvents.>® BDD EOQ is capable of disinfecting
pathogens through either the production of reactive oxygen species (ROS) from electrochemical
water decomposition or free chlorine and chlorine dioxide produced from oxidation of
chloride.”° In the absence of chloride, hydroxyl radicals at the electrode surface are the
primary oxidant species, and disinfection relies on pathogen transport and sorption to the
electrode surface.>'? In general, the efficacy of BDD disinfection increases with the
concentration of chloride in the water matrix.”2*3'* Increased disinfection in the presence of
chloride may indicate that chlorine species are more important to BDD disinfection compared to
ROS. Alternatively, chlorine may have a synergistic effect on ROS generation, with more ROS

generated in high chloride matrices.”

A combined process using EO with BDD followed by electrocoagulation (EC) was used by
Cotillas et al.’ and Llanos et al.X® for E. coli mitigation. EC is the in situ formation of coagulant in
water due to oxidation of a sacrificial anode, typically aluminum or iron. EC has been considered

as a pretreatment process for removal of turbidity and natural organic matter in a variety of
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17720 EC is also an effective means of virus reduction.?! The primary mechanism of EC

applications.
is often considered to be the same as chemical coagulation, i.e., physical removal by charge
neutralization or sweep flocculation.?! However, EC can also inactivate viruses and bacteria via
generation of free chlorine or Fenton-like reactive intermediates due to ferrous iron

22725 |ron EC generates ferrous ions (Fe?*) in solution by oxidizing a zero-valent iron

oxidation.
electrode.?®?” The oxidation of ferrous ions to ferric can generate intermediate oxidants capable
of inactivating viruses.? In Chapter 4, virus inactivation due to iron EC was found to be more
prevalent in slightly acidic waters (~pH 6), while physical removal is the dominant fate of viruses
in iron EC above pH 7. In a combined EO-EC reactor, Llanos et al.’® found that iron electrodes
were more effective for E. coli reduction compared to aluminum electrodes. The team
attributed the greater removal observed with iron electrodes to the formation of a passivation
layer on aluminum electrodes, though the possibility of E. coli inactivation due to iron oxidation
was not investigated.

Disinfection by means of EO has been extensively investigated for mitigation of
bacteria,”1131>28-31 byt virus mitigation by EO has received comparatively little attention 3234
Both bacteriophage MS2 and recombinant human adenovirus have been found to be more
resistant to electrochemical disinfection compared to E. coli and Enterococcus.®* Since bacteria
may therefore be poor indicators of virus disinfection via EO, the lack of information on virus

mitigation by EO is a critical gap in the literature. Moreover, EC pretreatment ahead of EO may

offer advantages for virus treatment, but has not yet been thoroughly assessed.

The goal of this study was to evaluate iron EC as a pretreatment for disinfection of
waterborne viruses via BDD EO. To accomplish this goal, the effects of pH, natural organic
matter, and turbidity on virus mitigation by EO were first evaluated. The impact of ferrous iron

on EO was also investigated in order to design an effective treatment train using sequential EC
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and EO. Next, a sequential EC-EO treatment train was evaluated for mitigation of two
bacteriophage surrogates and echovirus in four synthetic water matrices representing a range of
source waters. The EC-EO system was then compared to a more conventional treatment train

comprising chemical coagulation and free chlorine disinfection.

Notably, in testing water treatment processes, bacteriophage surrogates are frequently
used in place of human viruses for reasons of cost, ease, and safety.>>3 However, surrogates
should be compared to human viruses of interest in any novel application. Echovirus is a
ubiquitous pathogen in human-impacted water systems and among the smallest viruses, with
diameters typically smaller than 30 nm.394° The results from Chapter 4 determined that
echovirus 12 is resistant to inactivation by EC and is therefore a conservative indicator of virus

mitigation.

5.2.Materials and Methods

5.2.1.Batch Electrocoagulation and Electrooxidation Process Operation

All EC and EO tests were conducted in 200-mL polypropylene batch reactors. EC reactors
utilized four 1020 steel electrodes (VMetals, Milwaukee, WI). EO reactors used a single BDD/Si
anode (NeoCoat SA, La Chaux-de-Fonds, France) and commercially available pure Grade 2
titanium as an inert cathode (Performance Titanium Group, San Diego CA). Similar disinfection
performance may be possible with lower cost electrodes, for example graphite.?®*! However,
BDD electrodes were used in this study as a representative EO treatment because of the
prevalence of BDD usage in electrochemical disinfection research. The BDD coating was 3 um
thick and p-doped with 700 — 800 ppm boron. All electrodes had a submerged working surface

area of 15 cm? (5 cm x 3 cm).
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Prior to use, iron EC electrodes were wet-polished with 400 grit Si-C sandpaper, triple-
rinsed with PurelLab ultrapure water (ELGA LabWater, UK), and then disinfected under UV light
for 30 minutes per side in a biosafety cabinet. EC electrodes were polarized at 100 mA in 3 mM
sodium bicarbonate solution for 10 minutes to mimic conditions of continual use in drinking
water, then thoroughly rinsed with ultrapure water to remove residual iron. The BDD anode and
titanium cathode were polarized at 100 mA for 10 minutes in 0.1 M H;SO4to rehydrogenize the

electrode surface before each test in order to provide consistent electrode conditions.®*?

5.2.2.Virus Propagation and Quantification

Two bacteriophages were used as human virus surrogates: MS2 (ATCC #15597-B1) and
OX174 (ATCC #13706-B1). MS2 is an F-specific coliphage with a single-stranded RNA genome
(Baltimore group 1V), while ®X174 is a somatic coliphage with a single-stranded DNA genome
(Baltimore group 11).38 These bacteriophages are standard laboratory surrogates for enteric
viruses.?! To evaluate the suitability of these bacteriophage surrogates for indicating human
virus mitigation during electrochemical treatment, human echovirus 12 (ATCC #VR-1563) was

used to verify a subset of tests.

Bacteriophages were propagated using the double-agar layer (DAL) method. E. coli ATCC
#15597 and #13706 were used to propagate and quantify MS2 and ®X174, respectively.
Echovirus was propagated in Buffalo Green Monkey Kidney cell culture (ATCC CCL-161) until cell
monolayers were reduced to approximately 10 - 20% confluence, then subjected to three
freeze-thaw cycles at -20°C. All viruses were purified by two cycles of polyethylene glycol (PEG)
precipitation followed by a Vertrel XF (DuPont, Wilmington, DE) purification, as described by
Mayer et al.*? Bacteriophages were quantified using the spot titer plaque assay method, as

described by Beck et al.** Echovirus was quantified using the Reed & Muench TCIDso method.*
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Bacteriophages were stored at 4° C. Even at low concentrations, dimethyl sulfoxide (DMSO)
inhibited bacteriophage inactivation due to EO, as shown in Appendix E.1. DMSO exerts a high
demand for hydroxyl radicals at concentrations as low as 0.25 mM.* For this reason, echovirus

was stored at -20° C without cryopreservant and was used within 2 months of propagation.

Bacteriophages were spiked at concentrations of approximately 107 PFU/mL, while
echovirus was spiked at approximately 10* TCIDso/mL due to limitations in virus propagation.
After treatment, the reactor was briefly homogenized by rapid stirring (600 rpm for 15 s), and a
20-mL sample was taken for virus elution. Elution was performed 15 minutes after EO treatment
to allow the same reaction time as EC. Elution was performed by adding an equal volume of 6%
beef broth to homogenized samples and vortexing for approximately 10 s. Samples containing
bacteriophages were diluted in tenfold series in pH 7.0 buffered demand free (BDF) water, and
ten 10-pL drops of each dilution were plated. Samples containing echovirus were also diluted in
BDF. Aliquots of 100 pL from each echovirus dilution series were added to 6 wells in a 24-well
tray of 1-day-old BGM cells. BGM cultures were observed under magnification for the
appearance of cytopathic effects over the following 10 days, and were quantified using the Reed

& Muench TCIDsg method.*

5.2.3.Impact of Water Constituents on Electrooxidation

To test the impact of NOM, turbidity, pH, and ferrous iron on EO with BDD electrodes,
batch EO tests were performed at a constant current of 20 mA (i = 1.3 mA/cm?) for 5 minutes.
Sodium bicarbonate (2.1 mM) was added to ultrapure water for a background electrolyte
solution, and pH was adjusted with 1 M H,SO4 or NaOH. NOM, turbidity, and ferrous iron tests
were conducted at pH 7; pH tests were conducted at pH 6, 7, and 8. NOM was added as humic

acid sodium salt (Sigma Aldrich, St. Louis, MO) at concentrations of 0.1 to 15 mg/L total organic
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carbon (TOC). Turbidity was increased by adding A2 test dust (Powder Technology Inc., Arden
Hills, MN) to approximately 1 to 30 NTU. Contributions of NOM to TOC were measured using a
TOC-V CSN total organic carbon analyser (Shimadzu, Kyoto, Japan) following sample acidification
with analytical grade hydrochloric acid. Though NOM contributes to turbidity, tests were
performed by adding enough A2 dust to provide the target turbidity (see Appendix E.2)
independent of NOM. Turbidity was measured using a Hach 2100AN Turbidimeter (Hach,

Loveland, CO).

5.2.4.Sequential Electrocoagulation-Electrooxidation Process Operation

A treatment train schematic for sequential EC-EO treatment is shown in Figure 5-1.
Preliminary testing determined that a particle separation step between the EC and EO stages
provided greater bacteriophage reduction, as shown in Appendix E.3. For this reason, the entire
volume of the reactor was filtered before EO treatment with a Whatman 114 filter to remove
coarse precipitates (> 25 um) without affecting turbidity or NOM. Due to potential formation of
iron flocs from dissolved iron during EO treatment, an additional filtration step was performed
after EO as well. After final filtration, 5-mL samples were diluted into 5 mL 6% beef broth (pH

9.5) to elute viruses from any remaining floc and promote monodispersion.

Untreated controls were performed along with every EC-EO treatment test. All
untreated controls were retained in reactors for the same amount of time as treated replicates
(but without electrochemical treatment) and underwent the same filtration and elution

procedures. Log reduction of viruses was calculated by comparing eluted virus concentrations
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Figure 5-1. Schematic of electrocoagulation-electrooxidation treatment train and hypothesized
treatment effects for each stage.

after EC-EO to these untreated controls. Therefore, these controls accounted for any minor
losses of virus due to sorption to the coarse filters or elution. The data indicated that virus
concentrations remained at approximately the spiked concentration in the untreated controls
(107 PFU/mL for bacteriophages and 10* TCIDso/mL for echovirus), indicating that any virus loss
due to experimental artifact was minor. In combination with floc formation, some fraction of
viruses was expected to be retained with the floc on the coarse filter. In any coagulation
process, some method of floc separation is required, whether settling, centrifugation or
filtration. In this case, a coarse filter was used for expediency compared to gravitational
separation and to provide a more conservative account of physical separation compared to

microfiltration.

A constant charge loading of 150 C/L was divided between the EC and EO processes by
varying current over a constant retention time of 5 minutes per treatment process. The charge
loading of 150 C/L (50 mA applied over 10 minutes total reaction time in a 200-mL reactor, jgc =

1.1 mA/cm?, iro = 3.3 mA/cm?) was chosen in order to establish a curve that demonstrated
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differences between charge allocations and virus log reduction without exceeding the
measurable limit of virus reduction (~5 log reduction), as explained in Appendix E.4. Total and
ferrous iron concentrations were measured using Hach FerroVer Total Iron and Ferrous Iron
Reagent (Hach, Loveland, CO). Absorbance was measured at 510 nm using a Genesys 20

spectrophotometer (Thermo Fisher Scientific, Waltham, MA).

5.2.5.Preparation of Synthetic Waters for Sequential EC-EO Process

Removal of the two bacteriophage surrogates (MS2 and ®X174) and echovirus was
evaluated in synthetic waters modeled after a range of environmental source waters. Four
model waters were synthesized by adding reagent-grade chemicals to ultrapure water and
adjusting pH, NOM, and turbidity, as shown in Table 5-1. Model water parameters were based
on water quality data for the Mississippi River at Brooklyn Park, MN, Lake Michigan at
Milwaukee, WI, and shallow (dolomite), and deep (sandstone) aquifers near Lincoln township
and Waukesha, WI, as detailed in Appendix E.2. To represent the anoxic conditions of
groundwater, Dolomite and Sandstone Aquifer model waters were degassed using argon for 15

minutes prior to pH adjustment and virus addition.

5.2.6.Comparison of Sequential EC-EO to Conventional
Coagulation/Disinfection

Ferric chloride was added to match the iron dose achieved by 50 mA EC with a 5-minute
retention time (22 mg Fe/L) to represent a 50/50 allocation of charge for EC-EQ. Reactors were

rapidly stirred (600 rpm) for 30 s, followed by a slower stir rate (200 rpm, as used in EC) for 270 s

(total reaction time of 5 minutes). Consistent with EC-EO treatment tests, reactors were allowed
to settle for 15 minutes without stirring, and then the total volume was passed through a

Whatman 114 filter. Sodium hypochlorite was added (1.2 mg/L as Cl,, 5 min retention) to meet



Table 5-1. Model water parameters

Total

Alkalinity Added Organic Dissolved

(mg/Las Chloride Turbidity Carbon Conductivity Oxygen

CaCOs)  (mg/L) (NTU)  (mg/L) pH (uS/cm) (mg/L)
Lake

Michigan 118 13 0 2 83 340 9
Mississippi

River 162 11 30 8.7 8.1 400 9
Sandstone
(deep)

Aquifer 220 4 0 0 75 550 0.3
Dolomite
(shallow)

Aquifer 320 70 10 0 75 1000 0.4

the recommended 6 mg-min/L chlorine dose for small water treatment systems.* After 5
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minutes retention time, an excess of sodium thiosulfate (0.03 mM) was added to the reactor to

qguench residual chlorine.

5.2.7.Data Analysis

All statistical analyses were performed in the R statistical language using the stats

package.*’ Bacteriophage inactivation was correlated to charge allocation between EC and EO by

linear regression. Models were evaluated for residual distribution, normality, and leverage

points (Cook’s distance) using the plot.Im() function, and significance of variables was evaluated

by analysis of variance with the anova() function.*” Akaike's ‘An Information Criterion’ was used

to evaluate the goodness-of-fit and parsimony of competing linear models.

47,48

Echovirus tests were performed in triplicate at 0, 50, and 100% charge allocations to EC

and compared to MS2 and ®X174 reduction in the same waters at all charge allocations. One-

way ANOVA was performed to assess differences in mean removal between viruses within each
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model water. Post-hoc comparison of means was performed using Tukey’s HSD using the aov()

and TukeyHSD()functions.*

The electrical energy per order of magnitude (EEO) *° virus reduction was calculated for
the sequential EC-EO treatment in the four model waters. This parameter provides a benchmark

for comparing the energy costs of virus mitigation in different treatment scenarios.

5.3.Results and Discussion

5.3.1.Effect of Water Constituents on BDD Electrooxidation

To evaluate the impact of water quality on virus inactivation via EO, BDD EO was
performed under conditions of varying NOM, turbidity, and pH. Both NOM and turbidity
impeded EO, as shown in Figure 5-2. NOM increases oxidant demand, resulting in poorer
disinfection of target pathogens.”® NOM is particularly effective at quenching hydroxyl radicals,
with a rate constant near 108 Ms1.5! Hydrophobic virions may also sorb to, and be shielded by,
NOM. The A2 test dust used to increase turbidity consists of silica, alumina, and various metal
oxides.> The presence of metal oxides in A2 test dust likely provides oxidant demand, leading to
the poor inactivation shown in Figure 5-2B. Therefore, a pretreatment stage prior to EO is

needed to mitigate the negative influence of NOM and turbidity on virus inactivation during EO.

Reduction of both MS2 and ®X174 was greater at pH 6 and 7 compared to pH 8, as
shown in Figure 5-2C. Generation of ROS (primarily hydroxyl radicals) due to EO is greater at
lower pH.*? Inactivation of either bacteriophage was not statistically different between triplicate
tests at pH 6 and 7. Therefore, virus reduction above pH 7 should be a conservative indicator of
reduction in slightly acidic waters as well. For this reason, model waters below pH 7 were not
investigated in later experiments. In all tests, pH increased slightly during the EO process by an

average of 0.20 + 0.05 pH units.
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Figure 5-2. Impact of water quality, (A) natural organic matter, (B) turbidity, and (C) pH, on
bacteriophage MS2 and ®X174 reduction by electrooxidation using boron-doped diamond
(BDD) electrodes (20 mA, 5 min). Tests were conducted in 2.1 mM NaHCOs;. Both NOM and
turbidity inhibited inactivation, and inactivation was significantly lower at pH 8. Points in (A) and
(B) represent single tests (mean of 10 counts). Points in (C) represent mean values of triplicate
tests with +1 standard error shown by the error bars.
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5.3.2.Impact of Ferrous Iron on BDD Electrooxidation

In addition to directly oxidizing contaminants, ferrous iron can enhance other oxidation
treatment processes. Iron-enhanced oxidation has been demonstrated for many contaminants.
Ferrous-catalyzed ozonation has been found to be more effective than ozonation alone in
oxidizing organic pollutants and COD.>*"> Researchers have found that ferric iron has similar,
albeit possibly lesser, catalytic effects for ozonation of organic pollutants.>**® Though
disinfection studies using iron-enhanced oxidation are scarce, Sjogren and Sierka®’ found that 2
UM ferrous sulfate-augmented TiO, photocatalysis achieved an additional 2 logi reduction of
MS2 over TiO; photocatalysis alone. Although the mechanisms for enhancing oxidation are likely
different between these treatment processes and BDD EO, iron enhancement is common among
these processes. To the author’s knowledge, iron-enhanced BDD EO has not previously been
investigated. Using an oxidation method like EO could also regulate iron oxidation to maximize
disinfection and minimize soluble iron residuals. Conversely, EO may benefit EC by further

oxidizing iron species to form more floc.

For this reason, the possible synergistic effects of ferrous iron generated by EC and EO
performance was investigated. As shown in Appendix E.3, inclusion of a filtration step between
EC and EO improved virus reduction beyond EC alone. Thus, ferrous iron from EC likely created
an oxidant demand rather than enhancing EO. To confirm the effect of ferrous iron as an oxidant
scavenger, a follow up experiment was performed using ferrous chloride to demonstrate the
effect of ferrous iron dose on EQ inactivation. Samples of the bulk solution after EO were
homogenized and eluted (6% beef broth, pH 9.5) to show the effect of inactivation only, without
considering removal due to coagulation/destabilization. As shown in Figure 5-3, the oxidant
demand of ferrous iron inhibited virus inactivation at low doses. At higher doses of ferrous iron,

virus inactivation eventually met or exceeded the level achieved by EO without ferrous addition.
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Figure 5-3. Combined effect of ferrous chloride coagulation and subsequent boron-doped
diamond electrooxidation on the reduction of bacteriophages MS2 and ®X174. Inactivation was
inhibited by low doses of ferrous iron and returned to iron-free inactivation levels only at very
high doses (~ 30 mg/L Fe). Tests were conducted in 2.1 mM NaHCQOs, pH 7. Points represent
single tests (mean of 10 counts).

Therefore, ferrous iron may catalyze virus inactivation, but the concentration of iron needed (>

30 mg/L Fe) to do so may be cost-prohibitive and introduce high concentrations of residual iron.

5.3.3.Sequential EC-EO Treatment of Model Waters

5.3.3.1. Charge Allocation for Optimal EC-EQ Virus Mitigation

The impact of energy allocation between EC and EO in the EC-EO treatment train was

evaluated to determine how the two processes might be balanced for enhanced virus reduction.

The total charge loading of 150 C/L for EC-EO treatment and retention time of 5 minutes per
process were held constant while current allocated to each treatment varied. Increased charge
allocation to EC from 0% to 100% (0 to 100 mA) was approximately equal to the increase in
energy density (kJ/L, or energy normalized to the reactor volume) for EC and EO, as shown in

Appendix E.5. Here, virus mitigation was related to charge allocation so that the results could be
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generalized to other EC and EO reactors. These charge allocation tests were conducted in each
of the four model waters representing a wide range of environmental source waters

(summarized in Table 5-1).

The effect of charge allocation on MS2 and ®X174 bacteriophage removal is shown in
Figure 5-4 for the four model waters. Charge allocation was arbitrarily represented as a
percentage of the total charge loading allocated to EC. Regression models expressing log
reduction in terms of percent charge allocated to EC are summarized in Table 5-2, including
estimated optimal charge allocation in each source water. Both surface waters (Lake Michigan
and Mississippi River) tended to favor the dual process of EC-EQO, with optimal charge allocated
to EC of 47% (both MS2 and ®X174) in Lake Michigan model water and 60% (MS2) or 26%
(®X174) in Mississippi River model water. Sandstone Aquifer model groundwater favored EC
alone, while Dolomite Aquifer model groundwater showed no significant trend, with similar
removal across the charge allocation range. The main difference in formulation between these
two waters was the chloride concentration (see Table 5-1), with Sandstone Aquifer comprising
very little chloride (4 mg/L CI") and Dolomite an excess of chloride (70 mg/L CI). Evolution of
free chlorine was therefore likely to have improved disinfection by EO, as previous researchers
have also reported.”®31* Nevertheless, EO still did not surpass EC in Dolomite Aquifer model

water.

This trend was somewhat surprising, because model groundwaters had a lower pH (pH
7.5) than surface waters (pH 8.1 — 8.25). During the EC-EO process, pH increased slightly in all

model waters but did not increase disproportionately for surface waters, as shown in Appendix
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diamond electrooxidation on the reduction of bacteriophages MS2 and ®X174 and human
echovirus 12 (ECV) in four model waters. Poorest removal occurred in Mississippi River water
(the highest in NOM and turbidity), while greatest average removal occurred in Dolomite
Aquifer (the highest in conductivity and chloride). Points represent single tests (mean of 10
counts for bacteriophages, single well plates for ECV); lines represent predicted values based on
regression models. ECV data was insufficient to characterize over the entire range of charge

allocation.
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E.5. Therefore, EO was expected to be more effective in groundwaters than surface waters. In

fact, log reduction was overall greater in groundwaters. This indicates that low pH improved

virus mitigation via EC to an even greater extent than EO. The results from Chapter 4

demonstrated that inactivation via iron EC increases at lower pH levels and may even become

the dominant fate of viruses. In Chapter 3, bacteriophage inactivation was found to be a
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Table 5-2. Summary of linear regression models for log reduction of bacteriophage MS2 and
®X174 as a function of the percent of the total charge used in the EC-EO treatment process (150
C/L) that was allocated to EC (“% EC”). Estimated optimal charge allocation based on the
regression models ranged from 26% to 100% EC. A single model described log reduction of both
MS2 and ®X174 for all waters except Mississippi River. Log reduction in the Dolomite Aquifer
model water was independent of charge allocation, so there was no optimal % EC.

Sandstone Dolomite
Lake Michigan Mississippi River Aquifer Aquifer
MS2 OX174 MS2 OX174 MS2 OX174 MS2 OX174
B 1.46 0.584 0.584 2.28 3.53
Intercept  alue 2.04E-05 1.50E- 1.50E- 2.24E-13 <2e-16
07 07
B 0.0557 0.0313 0.00438 0.0329 n.s
% EC 1.49E- 5.72E-
p-value 5.21E-03 05 04 1.39E-03 n.s
B -5.96E-04 2638 -7.62E- -1.74E-04 n.s
R 04 05
(% EC) 2.00E 2.39E
~ _ . = . = _ *

p-value 2.24E-03 04 02 6.32E-02 n.s
Esti imal

stimated optima 47% 60%  26% 100% N/A
% EC
F statistic (degrees

of freedom) 6.047 (2,29) 14.28 (4, 27) 20.15 (2,31) N/A

R%adj 0.25 0.63 0.54 N/A

n.s: Not significant
* Variable was not strictly significant (a = 0.05) but was determined to be beneficial to the
model by Aikake’s An Information Criterion (AIC).

function of both the amount of iron oxidation and the iron oxidation rate. Because the
groundwaters had low initial pH and dissolved oxygen concentrations, greater ferrous
concentrations were maintained in solution, as shown in Appendix E.6. In low-oxygen
conditions, ferrous iron requires a longer time to oxidize.>® Therefore, model groundwaters

offered a more favorable environment for virus inactivation due to ferrous iron.

As anticipated, the high NOM, high turbidity, and high pH Mississippi River water was the most
challenging for virus reduction. Ferrous iron binds with NOM, thereby becoming resistant to

oxidation.*® Accordingly, ferrous iron residual remained high after EO only in the high-NOM
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Mississippi River water (see Appendix E.6). Therefore, NOM impairs not only the EO stage
(Figure 5-3), but also EC. The failure of EC to dramatically improve virus mitigation in Mississippi
River water is testament to the fact that EC did not substantially improve water quality prior to
EO (in contrast to the original hypothesis). In Mississippi River water, total organic carbon did
not significantly change between the initial concentration and post-EO filtration (p = 0.175).
Decreasing pH prior to EC to achieve enhanced coagulation can improve NOM removal.*

However, the tendency of EC to increase solution pH could counteract enhanced coagulation.

The electrical energy per order (EEO) for virus reduction further highlighted the efficacy
of the overall treatment in model groundwaters over model surface waters, as shown in Figure
5-5. In a sequential treatment evenly divided between EC and EO (50 mA for 5 min in each
stage), log virus reduction required approximately 2 to 10 times greater energy input in model
surface waters compared to groundwaters. The greater energy density requirements are due
not only to poorer virus mitigation in surface waters, but also the higher potentials needed to
overcome resistance due to low conductivity (see Table 5-1). Though EEO provides a benchmark
for comparing virus mitigation in the different model water matrices used in this study, using
EEO to compare to other technologies is potentially problematic. The batch EC and EO reactors
used in this study were not optimized for energy efficiency, so comparisons to established
technologies are not possible. In addition, a lack of standard experimental conditions for
assessing EEO makes comparisons between even studies using the same technology
problematic.®® With these caveats in mind, it is still possible to compare the order of magnitude
of EEOs in this study to other values. An EEO of <0.265 kW/m?3 is generally recommended,
although higher values have been used in cases where there are no treatment alternatives.>
Figure 5-5 shows that groundwater treatment using EC-EO for virus mitigation falls within the

recommended range, even without any attempt to optimize the process for power efficiency.
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Figure 5-5. Electrical energy per order (EEO) for sequential electrocoagulation — electrooxidation
treatment train in four model waters. Though the batch reactors used in this study were not
optimized for energy efficiency, EEO provides a benchmark for comparing the energy cost of
virus mitigation between different water matrices. Log reduction was estimated in each water
for an even distribution of charge between electrocoagulation and electrooxidation (50 mA for 5
min, or 75 C/L, per process) using the regression models shown in Table 5-2. LM = Lake
Michigan, MR = Mississippi River, SA = Sandstone Aquifer , and DO = Dolomite Aquifer model
waters. Each column represents the mean values of replicate tests (n shown above bars) with +1
standard error shown by the error bars.

Though the trends modeled in Figure 5-4 were significant, triplicate tests of virus
mitigation did not significantly differ between a balance of EC-EO and EC alone. These results
indicated that EC alone was nearly as effective as the sequential EC-EO treatment. Ferrous iron
concentrations entering the EO stage were low (0.02 — 0.17 mg/L Fe, see Appendix E.6), but still
in the inhibitory range for EO (Figure 5-3). Therefore, a more effective particle separation stage,
e.g., microfiltration, could lead to greater disinfection in the EO stage. Given the relative cost of

iron and BDD electrodes, a one-stage EC treatment would be far preferable for virus mitigation
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from a practical standpoint. In addition, the combination of ROS and chlorine species formed by
BDD electrodes can give rise to disinfection byproducts (DBPs) like chlorate and perchlorate
unless operating conditions are carefully controlled.”® However, EO may still offer benefits for
oxidizing other contaminants, such as organic micropollutants. EO also oxidized residual ferrous
iron after EC for most waters (see Appendix E.6). EO can therefore act as a polishing step to
oxidize residual iron for improved precipitation and removal in order to meet aesthetic

standards for iron in drinking water.

5.3.3.2. Comparison of Bacteriophage Surrogates to Human Echovirus

Reduction of echovirus by the EC-EO treatment train was also evaluated in the four
model waters, as shown in Figure 5-4. Echovirus mitigation followed the same pattern as
bacteriophages, in order of increasing reduction: Mississippi River < Lake Michigan < Sandstone
Aquifer = Dolomite Aquifer (as summarized in Appendix E.2). However, the mean reduction of
echovirus was significantly less than one or both bacteriophage surrogates in all model waters
by a factor of 0.9 to 1.5 logs, as summarized in Table 5-3. By contrast, the two bacteriophages
significantly differed only in Mississippi River model water, where removal followed the pattern

of echovirus = ®X174 < MS2.

Mitigation of bacteriophage MS2 was significantly higher in Mississippi River model
water than either ®X174 or echovirus, which indicates that bacteriophage ®X174 mitigation is
impaired to a greater degree by NOM and turbidity. As discussed in Section 5.3.1, NOM and
turbidity can dramatically impact the efficacy of EO. As seen in Chapter 4 and previous research,
1 NOM also impairs virus mitigation by iron EC. Though neither phage was a conservative
surrogate, the lack of a significant difference in echovirus and ®X174 mitigation in Mississippi

River model water indicates that ®X174 should be considered the more conservative surrogate
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Table 5-3. Comparison of bacteriophage surrogates MS2 and ®X174 and human echovirus 12
(ECV) reduction due to sequential electrocoagulation-electrooxidation treatment. Mean
reduction from all tests in each model water was compared by Tukey’s HSD. Cells in gray
indicate non-significant differences (a = 0.05).

Lake Michigan

Mississippi
River
Sandstone
Aquifer
Dolomite
Aquifer

Mean Difference in Log Reduction and Significance

MS2 - ECV ®X174 - ECV MS2 - OX174

0.660 1.266 -0.606

p =2.53E-01 p =9.73E-03 p =1.69E-01
0.876 0.420 0.457

p =1.76E-05 p =4.59E-02 p =4.72E-03
1.503 1.334 0.169

p =2.58E-05 p =1.64E-04 p =7.57E-01
1.092 1.213 -0.122

p =2.27E-02 p =1.02E-02 p =9.20E-01

for human viruses across a range of waters. In addition, the difference in mean log reduction

between bacteriophage ®X174 and echovirus was consistent across model waters (between 2 —

3 times greater log reduction). Until a better surrogate is identified, correcting bacteriophage

®X174 inactivation results by a safety factor of 2-log reduction could provide a reasonable

indicator of echovirus mitigation.

5.3.3.3.

Comparison to Conventional Coagulation/Disinfection

The EC-EO treatment train was compared to a conventional treatment train of chemical

coagulation with ferric chloride salt (22 mg Fe/L, equivalent to the iron generated by EC at 50

mA for 5 min) and free chlorine (1.2 mg/L Cl,). The purpose of this comparison was to evaluate

the relative efficacy of EC-EO compared to typical treatment processes under identical water

quality conditions. Although the iron dose was equivalent to the EC dose for Dolomite Aquifer

and Sandstone Aquifer model groundwaters, these tests did not provide a mechanistic

comparison to the conventional treatment train as they did not account for ferrous oxidation,

generation of ROS, or anodic oxidation.
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In the Lake Michigan and Mississippi River model surface waters, the conventional
treatment system outperformed the EC-EO system, as shown in Figure 5-6. However, in the
model Sandstone and Dolomite Aquifer groundwaters, EC-EO dramatically outperformed the
conventional system. This discrepancy may be due to iron-based disinfection in low-oxygen
waters, as discussed in Section 5.3.3.1. In addition, the two surface waters were above pH 8,

leading to poor conditions for disinfection by either free chlorine or hydroxyl radicals. Addition

ms2 phix174
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Figure 5-6. Comparison of conventional coagulation/chlorination treatment train to the
electrocoagulation-electrooxidation (EC-EQ) treatment train for the reduction of bacteriophages
MS2 and ®X174. “Conventional” treatment consisted of FeCl; chemical coagulation (22 mg/L Fe)
followed by NaOCI disinfection (6 mg-min/L Cl,). EC-EO was conducted near the optimal division
of 150 C/L in the EC-EO treatment train (25% EC for LM and MR, 50% EC for DO and SA). LM =
Lake Michigan, MR = Mississippi River, SA = Sandstone Aquifer , and DO = Dolomite Aquifer
model waters. Each column represents the mean values of triplicate tests with +1 standard error
shown by the error bars.
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of chemical coagulant decreased the pH to 7.0 or less in all waters, which likely improved
disinfection by ensuring free chlorine was predominately in the hypochlorous acid, rather than

the hypochlorite, form.

5.4. Conclusions

Few studies have assessed at EC and EO individually for virus mitigation, and no

previous research has investigated an EC-EO process for virus mitigation. Previous attempts to

combine EC and EO processes have used a simultaneous EC/EO reactor that would likely be

inhibited by the oxidant demand of ferrous iron (Cotillas et al., 2013; Llanos et al., 2014). This
study both establishes a basis for using a novel, sequential EC-EO treatment train for drinking
water and thoroughly evaluates treatment performance for two bacteriophages and a human

waterborne virus.

The improved virus mitigation achieved by the EC-EO treatment system proposed in this
study warrants further attention. In model surface waters, the EC-EO treatment train exhibited
removal greater than either technology operated alone. However, EC alone achieved
comparable or greater virus removal in model groundwaters. Experiments evaluating the effect
of ferrous iron on EO indicated that the benefit of EC-EO was probably not due to iron-enhanced

oxidation. Instead, greater virus reduction observed in the EC-EO treatment train was likely

achieved not by a synergistic mechanism, but rather the additive effects of physical removal via
coagulation/filtration, ferrous iron-based disinfection, and EO disinfection. In evaluating

mitigation via EC-EO, neither bacteriophage was a conservative surrogate for human echovirus
12. However, ®X174 mitigation was impaired in the high-NOM, high-turbidity model water to a

similar degree as echovirus and was therefore a better predictor of echovirus mitigation.
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The cost of BDD electrodes is a major hurdle to implementing an EC-EO treatment
process. The comparable removal found by EC alone under many conditions in this study make
EC an attractive alternative to a two-step treatment train. However, EO may provide other
benefits not considered here, e.g., the oxidation of organic micropollutants or residual iron from
EC treatment. As new, more cost-effective EO electrodes are developed, the combined EC-EO

process will become more attractive as an alternative to conventional drinking water treatment.
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6. CONCLUSIONS

Waterborne viruses are a pervasive threat to public health. Their low infectious doses
and high persistence in the environment make viruses particularly relevant in small-scale public
and private water systems lacking disinfection and/or particle separation.>? A trend in virus
mitigation research has emerged of treatment technologies featuring zero- or mixed-valent iron,
such as iron-amended sand and membrane filters, iron particles and iron electrocoagulation.
Much of this research has relied on bacteriophages as virus surrogates for reasons of ease, cost
and safety. Bacteriophage inactivation due to iron oxidation has recently been demonstrated,
suggesting a novel mechanism for virus mitigation by zero-valent and ferrous iron. However, the
relevance of ferrous inactivation to human viruses in actual water treatment processes has yet
to be established.

The goal of this research was to explore the mechanisms and applications of iron-based
virus mitigation. This goal was accomplished by first elucidating the relationship of iron
oxidation and virus inactivation in ferrous chloride jar tests. Then the importance of ferrous
inactivation in relation to physical removal was evaluated for iron EC. Finally, an electrochemical
water treatment process, sequential EC-EO, was evaluated for enhanced iron-based mitigation.
Bacteriophage inactivation strongly correlated to ferrous oxidation. However, these promising
initial results of ferrous inactivation were not borne out with human viruses, raising concerns for
the use of bacteriophage surrogates in research of any water treatment technology featuring
zero-valent or ferrous iron. Iron-enhanced oxidation was also not observed in the EC-EO
treatment train. Nevertheless, both EC and sequential EC-EO were effective means of mitigating

viruses in drinking water.
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6.1. Key Findings

The first objective of this research was to establish the relationship between ferrous
iron and bacteriophage inactivation. Inactivation was determined to be proportional to the
extent of iron oxidation, but did not follow classical disinfection kinetics. Inactivation was
inversely proportional to the hydroxide and dissolved oxygen concentrations, which was
interpreted in terms of ferrous iron oxidation kinetics. This finding predicts that a slower rate of
iron oxidation leads to greater chance of contact between reactive ferrous iron and viruses.
However, iron oxidation becomes a self-limiting process because the oxidation responsible for
inactivation also leads to enmeshment of viruses in floc and precipitation of ferrous iron.

The second objective was to determine the mechanisms of virus mitigation via EC, as
well as the suitability of bacteriophages as surrogates. Bacteriophages fr, MS2, and P22 were far
more susceptible to inactivation than bacteriophage ®X174 and the three mammalian viruses.
For the latter group, physical removal was the dominant fate. The difference in inactivation was
determined to be due to ferrous iron, rather than anodic oxidation, and physical removal was
determined to be primarily due to inclusion in flocs. Susceptibility to ferrous-based inactivation
was correlated to electrostatic attraction and thin capsid structure.

The third objective was to evaluate sequential EC-EO for virus mitigation. As expected,
both NOM and turbidity inhibited EO. Iron-enhanced oxidation was not observed; ferrous iron
impaired, rather than enhanced, electrooxidation. Nevertheless, sequential EC-EO was
beneficial for virus mitigation of surface waters. EC alone was preferable for groundwaters. High
chloride concentrations increased the effectiveness of EO. Lower pH/DO improved the
effectiveness of both EC and EO. In assessing virus mitigation via the EC-EO treatment train,

mitigation of both bacteriophage MS2 and ®X174 was significantly greater than mitigation of
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echovirus. ®X174 was slightly preferable as a surrogate for echovirus, because ®X174
mitigation remained proportional to that of echovirus in high-NOM, high-turbidity water.

6.2. Recommendations for Future Research

The most evident lesson for future research is that bacteriophages have the potential to
behave radically differently than the viruses they are intended to mimic. This lesson applies
especially, but not exclusively, to treatment processes using some form of zero- or mixed-valent
iron. Only one bacteriophage (0X174) was a conservative estimator of virus mitigation due to
EC. Three of the four bacteriophages (fr, MS2, and P22) showed dramatic susceptibility to
ferrous-based inactivation, whereas physical removal far surpassed inactivation for mammalian
viruses in EC. In the sequential EC-EO process, even ®X174 overestimated human virus
mitigation — though in an apparently predictable way, unlike bacteriophage MS2. Therefore,
researchers must continue to compare human viruses and their surrogates in any new

application.

However, this research is not merely a cautionary tale about inappropriate surrogates,
nor is it the death knell for iron-based inactivation. Inactivation was observed, though to a small
degree, for bacteriophage ®X174 and two human viruses at the lowest pH tested (pH 6).
Therefore, iron-based inactivation is not a quirk of some bacteriophages. However, since the
ferrous inactivation step is self-limiting, engineering controls are needed to ensure optimal
conditions. Acidifying pH to an even greater degree prior to iron-based inactivation, as is
common in enhanced coagulation, could enhance inactivation by decreasing the oxidation rate
of ferrous oxidation. In addition, though a synergistic relationship between EC and EO was not

determined, the sequential EC-EO process showed greater efficacy for treating surface waters
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than either process alone. Considering the inhibition of EO by NOM, enhanced EC for NOM

removal could also dramatically improve disinfection by EO.

Further research into how capsids interact with the environment outside the host could
lead to important advances in water treatment and virus transport. A better understanding of
how capsid structure, surface charge, and hydrophobicity contribute to susceptibility could
better identify both resistant surrogates and potential targets for ferrous-based disinfection.
Furthermore, the high variation in virus susceptibility to ferrous iron suggests a potentially novel
aspect of virus capsid function. Much attention has been justly paid to capsid function in the
context of the infectious cycle, but research into capsid function in the environment could also
be productive. Iron and other transition metals are ubiquitous in the environment, so it is not
unreasonable to suggest that such oxidizers have exerted a selective influence on viruses. Even a
virus’ isoelectric point has likely been selected for by both its replication cycle and the external

environment.
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APPENDICES

SUPPORTING INFORMATION FOR CHAPTER 3

Al Verification of Phage Recovery Using the Beef Broth Elution Method

Virus recovery was compared after coagulation with ferric chloride and ferrous chloride
(8.5 mg/L Fe). After coagulation, bacteriophage concentration was compared in filtered (0.45
pum PTFE filter) water (indicating the sum of physical removal and inactivation) and in a sample
eluted with an equal volume of 6% beef broth (pH 9.5) (indicting the degree of inactivation). As
shown in Figure B-1, the majority of the spiked MS2 and P22 (~107 PFU/mL) were recovered by

beef broth elution after ferric chloride coagulation, demonstrating the validity of this recovery
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Figure B-1. Confirmation of the beef broth elution method using ferric and ferrous chloride (8.5
mg/L Fe) for bacteriophages (A) MS2, and (B) P22. Error bars represent standard error of

triplicate experiments. Asterisks (*) indicate removal beyond the detection limit (plaques were
too few to quantify at the lowest dilution).
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method. However, no recovery was observed in the ferrous chloride test, demonstrating virus
inactivation.

A2 Calculation of Apparent k Values
Ferrous concentration was measured after addition of FeCl, (2.5 mg/L Fe) to 3 mM

bicarbonate solution at pH levels ranging from 5.99 to 8.06. An exponential trendline was fitted

in Excel using the following formula:
Cferrous = Co exp[—pt] (A-1)

To calculate apparent rate constant values (k’), the Stumm and Lee model for ferrous oxidation

(Equation 3-1) was first integrated:

foo Ehee = [y —k[02]1OH Pde (-2
In(Crerrous) — In(Co) = —k[0][0H71? ¢ (A-3)
Cferrous = (o eXp[_k[OZ] [OH_]Z t] (A-4)

Then k” was calculated based on empirical B values from Equation A-1:

. B .
k T [02][0H"1? (A-5)



Table B-1. Calculated k’ values based on iron oxidation rates from pH 6 to 8

pH B [OH] [02] k' 1/k'
5.99 0.005 9.77E-09 2.71E-04 1.93E+17 5.17E-18
6.31 0.003 2.04E-08 2.61E-04 2.76E+16 3.62E-17
6.46 0.023 2.88E-08  2.71E-04 1.02E+17 9.80E-18
6.54 0.013  3.47E-08 2.61E-04 4.15E+16 2.41E-17
6.82 0.036 6.61E-08 2.61E-04 3.16E+16 3.16E-17
6.96 0.099 9.12E-08 2.71E-04 4.39E+16 2.28E-17

7.2 0.11 1.58E-07 2.61E-04 1.68E+16 5.95E-17
7.47 0.52 2.95E-07 2.71E-04 2.20E+16 4.54E-17
7.66 0.297 4.57E-07 2.61E-04 5.45E+15 1.83E-16
7.75 0.363 5.62E-07 2.61E-04 4,40E+15 2.27E-16
7.96 0.821  9.12E-07 2.61E-04 3.79E+15 2.64E-16
8.06 1.192 1.15E-06  2.71E-04 3.34E+15 3.00E-16

A3 R Script for Linear Regression Analyses

The R scripts used for linear regression analyses are provided at:

github.com/JoeHeffron/BacteriophageFerrousOxidation
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Summary of Regression Models
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Table B-2. Summary of regression model variables and statistics for bacteriophage inactivation
as a function of iron oxidation (controlled by time or sodium thiosulfate addition), ferrous iron
dose, hydroxide concentration, and dissolved oxygen concentration. Independent variable
transformations were used to test the hypothetical relation between log inactivation and
ferrous iron oxidation. Models were evaluated by goodness-of-fit and distribution of residuals,
in addition to using ANOVA to identify significant variables.

Independent
variable
transform

p-value

B
coefficient/
slope

F statistic
(degrees of
freedom)

Rzadj

Percent iron

Percent iron oxidation Hydroxide
oxidation (sodium Ferrous dose concentration Dissolved oxygen
(timed test) thiosulfate test) (mg/L Fe) ([OH1, mol/L) (mg/L)
MS2 P22 MS2 P22 MS2 P22 MS2 P22 MS2 P22
None None None None | None None Inverse Inverse | Inverse Inverse
6.95 3.60 1.15E- 5.64 6.49 2.13 1.93 3.42 9.58 5.98
E-10 E-09 02 E-07 E-07 E-04 E-07 E-06 E-04 E-04
1.34 1.73
0.0104 0.0463 | 0.00847 0.378 | 0.228 1.14 £.07 £.07 0.719 0.894
128 104.8 10.65 294 965 91.3 130 101 213 16.03
(1,19)  (1,19) (1,8) (1,7) | (1,5) (1,5) (1,11) (1,9 | (1,100 (1,22)
0.864 0.839 0.517 0.973 | 0.994 0.938 0.915 0.909 0.649 0.395
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Table B-3. Summary of regression model variables and statistics for floc size as a function of
flocculation time and ferrous dose. Separate models were developed for low ferrous doses (< 3
mg/L Fe) and high ferrous doses (> 3 mg/L Fe). Beyond 3 mg/L Fe, floc size was not significantly
affected by increasing the ferrous dose. The estimated slope of the time variable () was also
nearly twice as great at higher ferrous doses, indicating that flocs form more slowly at low doses
than at high doses.

Flocculation time (min) Ferrous dose (mg/L Fe)
F F
statistic statistic
- - 2.
transform B value (degrees | transform B value (degrees R*adj
of of
freedom) freedom)
<3
Square < 2E- 415 < 2E- 167
L 1 N 1 921
mFge/ root % 16 (1,28 one 310 .o (148 |©°
>3 | square <26 1656 1.40
mg/L Cr‘(‘)‘ot 370 . @ 30) None 16.8  0.246 . ' 30) 0.981
Fe ’ !
A.5 Floc Formation at Varying Ferrous Iron Doses

SXAMIA
Jlampi

Figure B-2. Floc formation at varying ferrous iron doses. Iron was spiked as FeCl,#4H,0 and
allowed to form at slow mixing (60 rpm) for 90 min. By visual evaluation, abundant, large flocs
formed at 3 mg/L Fe and above, while few settleable flocs formed at lower concentrations.
These results support the floc formation trends observed via dynamic light scattering.
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A.6 Impact of Ferrous Iron Oxidation on Floc Formation

Floc formation was measured after addition of FeCl, (2.5 mg/L Fe) to 3 mM bicarbonate
solution at pH levels ranging from 5.99 to 8.06. Ferrous concentration was measured using Hach
Ferrous Iron Reagent (Hach, Loveland, CO) and a Genesys 20 spectrophotometer (510 nm,
Thermo Fisher Scientific, Waltham, MA). Particle size was measured by dynamic light scattering.

Both ferrous oxidation and floc growth was far more rapid at higher pH. Maximum floc size also

increased with pH.
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Figure B-3. Ferrous oxidation (A) and growth of iron flocs (B) over time as a function of pH.
Ferrous oxidation (A) is presented here in addition to Error! Reference source not found. for the s
ake of easy comparison. Note that x- and y-axes are reversed in (A) and (B) in order to show the

contour of each plot. Iron was spiked as FeCl, (2.5 mg/L Fe) into 3 mM NaHCOs. Surfaces were
interpolated from more than 100 data measurements across the ranges shown.
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An equilibrium model of ferrous iron speciation over a range of ferric iron
concentrations was developed using MINEQL+ software (Environmental Research Software,
Hallowell, ME). Experimental conditions were replicated in the model (pH 7, 3 mM bicarbonate

solution, 9x10°® M Fe", 1.8x10° M CI"). Results are shown in Figure B-4.
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90 So P
80 o P
70 \‘\ Ea -
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Percent Total Fe!

0.00 0.50 1.00 1.50 2.00
Fe! : Fe!' Molar Ratio

Figure B-4. Theoretical ferrous iron speciation as a function of ferric iron concentration. As ferric
iron concentration approached the stoichiometric ratio for magnetite (Fe'"Fe'",0,), magnetite
replaced ferrous ions as the dominant species.
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APPENDIXB  DETERMINATION OF ELECTROCOAGULATION OPERATING PARAMETERS

To determine operational parameters for electrocoagulation (EC) experiments for the
experiments described in Chapters 4 and 5, a screening test was performed to evaluate the
effect of basic operational parameters on MS2 bacteriophage reduction. Parameters considered
included electrode material, current density, retention time, stir rate, and rate of current
alteration. In EC, electrode material determines the type of coagulant ions released into
solution. By Faraday's laws of electrolysis, the coagulant dose is proportional to the charge, i.e.,
the current integrated over time. Here, current is held constant, so the coagulant dose is
therefore proportional to the product of current and time. Because batch EC reactors do not
necessarily have separate stages for rapid mixing (coagulation) and slow mixing (flocculation),
the stir rate has the potential to both accelerate coagulant dispersion and increase shear forces,
preventing floc formation. Finally, the direction of the current was alternated at regular intervals
to prevent the accumulation of oxidized species on the surface of the anode (passivation). The
rate of current alternation may also affect the concentration of reactive species within the

diffusion layer around each electrode.

B.1 Materials and Methods

EC tests were conducted in a 500 mL glass beaker with two plate electrodes (60 cm?
submerged facial area, 1 cm inter-electrode distance) consisting of either aluminum (6061 alloy)
or iron (mild steel). The reactor was stirred with a magnetic stir bar. Constant current was
supplied by a Sorensen XEL 60-1.5 variable DC power supply (AMETEK, San Diego, CA). Current
polarity was alternated at regular intervals to prevent passivation. The electrodes and polarity-
alternating controller were kindly provided by A.O. Smith Corporation. Electrodes were polished

with 400 Si-C sandpaper, washed with Milli-Q water and sterilized with UV light in a biological
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safety cabinet before each test. The effects of electrode material, current density, retention
time, stir rate, and current alternation were tested using a % factorial experimental design, as
shown in Table B-1. Neither of the confounded variables (stir rate and current alternation

period) proved to have significant main effects.

MS2 bacteriophage (ATCC 15597-B1) was used as a model virus. Bacteriophages were
propagated using the double-agar layer (DAL) method and purified by polyethylene glycol (PEG)
precipitation followed by a Vertrel XF (DuPont, Wilmington, DE) purification, as described by
Mavyer et al.! E. coli C-3000 (ATCC 15597) was used as the host bacterium. MS2 bacteriophage
was spiked at a concentration of approximately 107 PFU/mL into Milli-Q water with ACS-grade
Na,SO,as a background electrolyte (pH = 6.5, conductivity = 1000 uS/cm). Conductivity was
measured using a "Pure H,0" conductivity meter (VWR, Radnor, PA), and pH was measured
using an Orion 4-star pH meter (Thermo Scientific, Waltham, MA). Bulk pH did not change
significantly during the EC process. After EC treatment, a 25-mL sample was taken from the full
height of the water column while the reactor continued to stir. Samples were centrifuged at
1700xg, 4° C, for 20 minutes. The supernatant was then serially diluted in 0.01 M buffered-
demand-free (BDF) Milli-Q water for quantification. Bacteriophages were quantified using the
spot titer plaque assay method, as described by Beck et al.2 At least 2 viable replicates were
performed for each test, with a minimum of 8 countable, 10 uL 'spots' per replicate. Logio
reduction efficiencies were analyzed by multiple linear regression to identify significant main

effects and interactions using the stats package in R.3

B.2 Results and Discussion

Virus mitigation results for the experiment are shown in Table B-1. Maximum reduction

was observed during tests with iron electrodes, 10-minute retention time and 60 rpm stir rate.
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The plaques observed in these tests were below the countable range and were recorded as a

minimum 5.1 logio reduction. Significant parameters are summarized in

Table B-2. Retention time was a significant parameter, with greater reduction after 10 minutes
than after 5 minutes. A long retention time not only increases the coagulant dose (current being
constant), but also allows more time for sweep flocculation and diffusion. In addition, a lower
stir rate (60 rpm) was preferable when using iron electrodes. The significance of stir rate for iron
but not aluminum may indicate that iron flocs have a greater tendency to shear at high stir
rates. Xiao et al.* also found that iron hydroxide flocs have a greater tendency to decrease in
size than aluminum hydroxide flocs when mixing rates are increased. However, reduction with
aluminum electrodes was in all cases less than 2 logio reduction and may have been too low to
distinguish the effect of stir rate given experimental variability.

Of the conditions tested, electrode material had the greatest effect. Virus reduction
with iron electrodes was far greater than with aluminum electrodes. Though both aluminum and
iron electrodes have been used in virus mitigation studies,”™® the effectiveness of the two

materials for virus mitigation has never been directly compared.
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Table B-1. Experimental design and results for logio reduction in bacteriophage MS2
concentrations. Variables are labelled A through E, with confounded variables D and E. Shading
is used to differentiate between the two conditions tested for each variable (SD = standard
deviation).

A B C D=AB E=BC Logio reduction
S:IZ:]rsei:t Retention time Electrode Stir rate aI'(c::rrrEEZn Mean D n
yz (s) material (rpm) .
(mA/cm?) period (s)
1.25 300 Al 120 120 1.1 0.07 3
2.50 300 Al 60 120 1.1 0.18 3
1.25 600 Al 60 30 0.94 0.07 2
1.25 300 Fe 120 30 3.2 0.96 3
2.50 600 Al 120 30 1.8 0.66 3
2.50 300 Fe 60 30 4.1 0.21 2
1.25 600 Fe 60 120 >5.1 - 2
2.50 600 Fe 120 120 3.9 0.49 3

Table B-2. Summary of linear regression of significant (a = 0.05) operational parameters
(adjusted R2=0.89).

B (logio reduction) t value p value
(Intercept) 2.6 23.5 5.9E-15
Electrode material (Iron) 14 12.3 3.6E-10
Time (s) 0.25 2.26 0.037

Electrode material (Iron) x
-0.33 -2.91 0.0093

stir rate (rpm)

Some researchers prefer aluminum to iron electrodes, because soluble ferrous ions
released at the anode may not be fully oxidized to form insoluble coagulant.>® In light of these

results, the tendency to form soluble iron may be inconsequential given the far greater virus
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mitigation achieved using iron electrodes. The superior performance of iron may be due to
greater affinity of the virions to iron flocs near neutral pH or virus inactivation. With longer
contact times, zero-valent iron has also been shown to mitigate viruses through the slow
formation of iron oxy-hydroxides.’ In addition, studies evaluating EC for arsenite removal have
found that the process of iron oxidation can also oxidize other species in solution,® though the
same has not been found for aluminum. The oxidants generated during iron EC could potentially

result in virus inactivation.

Surprisingly, current density did not affect virus reduction. Charge loading, the product
of current and time, is directly proportional to the coagulant dose. However, analyzing the data
based on charge loading rather than time and current independently did not better explain the
data than time alone (data not shown). The insignificance of current density and charge loading
indicates that virus reduction was not limited by coagulant concentration under the tested

conditions, but instead by a kinetic process like diffusion, disinfection or flocculation.

As expected, the rate of current alternation also did not significantly directly affect virus
reduction. The longer current alternation period (120 s) maintained a more constant voltage
over time with slightly greater energy consumption, as shown in Figure B-1. While the current
alternation rate could affect passivation and the corrosion patterns on the electrode, the higher
power consumption between current alternations likely indicates a higher concentration
overpotential as charge carrying species are depleted near the electrode surface. For this

reason, shorter current alternation periods may be preferable to reduce power consumption.
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Figure B-1. Applied voltage profile for 30 s and 120 s current alternation periods (I = 150 mA).

B.3 Conclusions

Operational parameters can have a dramatic effect on virus mitigation during
electrocoagulation. In this study, electrode material was the greatest determining factor for
virus reduction efficiency. Iron electrodes were more effective for virus mitigation than
aluminum. However, future research is required to determine if iron continues to be beneficial
in more complex water matrices. For the values tested in this experiment, retention time had a
comparatively minor impact on virus reductions, while current density had no significant effect.

The rate of current alternation affected applied voltage, but not virus reduction efficiency.
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APPENDIXC  SUPPORTING INFORMATION FOR CHAPTER 4

C1 Virus Propagation and Quantification Cultures

The hosts and cell culture media used for virus propagation and quantification are given
in Table C-1. In addition to minimal essential medium and the sera listed, cell culture media also
contained 25 mM HEPES buffer, 18 mM sodium bicarbonate, 0.1 mM non-essential amino acids,
2 mM L-glutamate, 1x antimycotic-antibiotic, and 100 mg/L kanamycin sulfate (Thermo Fisher,

Waltham, MA). 10% serum solutions also contained 1 mM sodium pyruvate.

Table C-1. Host and culture medium for viruses in this study

Virus Host/Cell Culture Culture Medium
fr Escherichia coli  (ATCC 19853) Tryptic Soy Agar
MS2 Escherichia coli  (ATCC 15597) Tryptic Soy Agar

Salmonella enterica subsp. typhimurium

P22 LT2 (ATCC 19585) Tryptic Soy Agar

dX174 Escherichia coli  (ATCC 13706) Tryptic Soy Agar

Adenovirus 4 MEM + 10% Fetal
i i L-802

(ADV) Primary liver cancer (ATCC CRL-8024) Bovine Serum

Echovirus 12 | Buffalo green monkey kidney (ATCC CCL- MEM + 5% Fetal Bovine

(ECV) 161) Serum
Feline . . .
. Crandall-Reese feline kidney  (ATCC MEM +10% Equine
calicivirus ccL-o4) Serum
(FCV)

MEM: Minimal Essential Medium

C.2 R Script for Data Visualization and Analysis

The R scripts used for linear regression analyses are provided at:

http://github.com/JoeHeffron/MechanismVirusEC



http://github.com/JoeHeffron/MechanismVirusEC
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C.3 Summary of Regression Models for Log Inactivation as a Function of pH

Log inactivation was significantly correlated to pH and pH? for all bacteriophages. This
relationship confirms the impact of pH on log inactivation. However, the model is not predictive,
as MS2 and P22 inactivation was greater than the quantifiable limit of approximately 5 — 6 logs

(depending on initial titer), as shown in Figure 4-1.

Table C-2. Summary of regression model variables and statistics for log inactivation as a function
of pH.

Bacteriophage

Variable fr MS2 P22 OX147

oH B -4.66 -14.0 -15.8 -1.61
p-value | 0.000577 <2e-16 <2e-16 0.00250

oH? B 0.224 0.894 0.960 0.104
p-value 0.01811 <2e-16 <2e-16 0.00569

F statistic 404 5000 1380 27.3

(degrees of freedom) (2,87) (2,87) (2,87) (2,87)
R%.q 0.901 0.991 0.965 0.371

c4 Zeta Potential of Bacteriophage fr and A2 Test Dust

Isoelectric point values for bacteriophage fr vary widely in the literature,? though
experimental validation of pl values of 8.9 — 9.0 could not be found by the author. For this
reason, bacteriophage fr zeta potential was analyzed by dynamic light scattering. Evaluation of
zeta potential showed that fr zeta potential was strongly negative (-35 + 10 mV) over the range
of pH 6 to 8, and that fr had an experimentally determined isoelectric point of approximately

2.7, as shown in Figure C-1.

The zeta potential for A2 test dust (used to increase turbidity in this study) was also

determined, as shown in Figure C-2. A2 test dust was negatively charged at all pH values tested
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(pH 1.0 —8.2). This data trend agrees with literature values for the surface charge of silica (the

primary constituent of A2 test dust).
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Figure C-1. Zeta potential of bacteriophage fr measured by dynamic light scattering.
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Figure C-2. Zeta potential of A2 test dust measured by dynamic light scattering.
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C5 Phage Rejection on Fouled Microfilters

Phage rejection from 0.45 um filters fouled with turbid water and ferric iron flocs was
significantly greater for both P22 (p = 2.01x10-5) and MS2 (p = 0.00014), as shown in Figure C-3.
Filters fouled with turbid water alone did not reject either bacteriophage. Log removal of P22
(1.27 log) due to rejection in filters with floc and turbidity was approximately double that of

MS2 (0.66 log).

1.4

HH

1.2 m \VIS2

1.0 oP22
0.8

0.6

0.4

log Reduction

0.2

0.0 ﬁ —

-0.2 No floc Floc

Figure C-3. Phage rejection on fouled microfilters. Bacteriophage MS2 and P22 were filtered
through 0.45 um syringe filters fouled with 15 mL of turbid (110 mg/L A2 dust, ~50 NTU) water
with and without preformed electrocoagulation floc (2.3 mg/L Fe). Neither phage was removed
by filters fouled with A2 dust alone. In water containing preformed floc, both phages were
rejected by the filter. However, P22, the larger phage, exhibited log removal approximately
double that of MS2.

C.6 Iron generation with and without chloride

The generation of iron via EC was measured in “baseline” electrolyte (3.3 mM NaNO3, 1
mM HCO3) and an electrolyte with chloride (3.2 mM NaCl, 1 mM HCO3). As shown in Figure C-4,
iron generation was approximately twice as efficient in electrolyte with chloride.
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Figure C-4. Iron generation with and without chloride added. The presence of chloride
dramatically increased iron corrosion to near the predicted concentration based on Faraday's
Laws of Electrolysis.
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APPENDIXD  SUPPORTING INFORMATION FOR CHAPTER 5

D.1 Effect of DMSO Cryopreservant on Electrooxidation

As shown in Figure D-1, dimethyl sulfoxide (DMSO) inhibited bacteriophage inactivation
due to boron-doped diamond (BDD) electrooxidation (EQ). For this reason, viruses were not
stored with cryopreservant. Viruses were stored at -20° C and used within 2 months of

propagation to prevent significant loss of titer.
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Figure D-1. Effect of DMSO on removal of bacteriophages MS2 and ®X174 due to
electrooxidation (100 mA, 5 min) in 2.1 mM NaHCOs. Error bars represent standard error of
mean plagque count (n = 10) for single tests.

D.2 Basis for Model Water Matrices

The four model waters used in this study (Table D-1) were based on empirical values for
water at four sites. Lake Michigan model water was based on median water parameters of
Milwaukee Water Works source water in 2016 1. For Mississippi River model water, water

quality data for United States Geological Survey (USGS) site 05288500 (Mississippi River at Hwy.
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610 in Brooklyn Park, MN), was accessed via the USGS (United States Geological Survey)
National Water Information System (NWIS) web interface 2. This sampling site was chosen based
on breadth of water quality data and location in the upper Midwest US, similar to the other
waters evaluated. Median values of water quality data ranging from 1996 to 2006 were used as
the basis for Mississippi River model water. Dolomite Aquifer model water was a composite of
shallow aquifer data from Kewaunee and Waukesha Counties, WI 34, Sandstone Aquifer model

water was based on deep aquifer data from Waukesha, Wi 3.

Reagent-grade KCl was added to achieve target chloride levels. Reagent-grade NaHCO;
was then added to achieve target conductivity and approximate alkalinity. Test water pH was
adjusted with H,SO, to add sulfates found at the ppm level in environmental waters. A2 test
dust and humic acid sodium salt were added to increase turbidity and natural organic matter
(NOM), respectively. Hardness was not included in test water formulations because adding
soluble CaCl; or MgCl; salt would often result in chloride concentrations many times greater

than target levels.
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Table D-1. Empirical water quality data used to formulate model waters used in this study. Mississippi River data represents the median
of water quality measurements between 1996 and 2006. Kewaunee groundwater data represents the median of water quality
measurements in 10 wells in Lincoln Township, Kewaunee County.

Total
Associated Alkalinity Hardness Organic
Water Model Conductivity (mg/Las (mg/Las Carbon Chloride Sodium Turbidity Sulfate
Source Water (uS/cm) CaCO3) CaCOs) (mg/L) (mg/L)  (mg/L) pH (NTU) (mg/L) Source
Lake Lake
Michigan Michigan 303 118 137 1.9 12.6 8.65 8.25 1 21.9 !
Mississippi  Mississippi
River River 359 162 180 8.65 11 7.7 8.1 30 13 2
484
Waukesha Sandstone (300 mg/L
groundwater Aquifer TDS) 220 250 4.1 40 75 3
Kewaunee Dolomite
groundwater Aquifer 774.5 323 413 28.25 7.82 28.25 &
871-758

Waukesha Dolomite (540 -470
groundwater Aquifer mg/L TDS) 320 420 115 41.5 7.3 3


http://city.milwaukee.gov/ImageLibrary/Groups/WaterWorks/files/LakeMichiganSourceWaterQuality2015.pdf
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D.3 Contribution of Particle Separation to the EC-EO Treatment Train

Figure D-2 shows the contribution of three different treatment processes on the
reduction of the bacteriophages using boron-doped diamond (BDD) electrodes for
electrooxidation (EO): EO only without electrocoagulation (EC) pretreatment, EC with a post-

particle filtration step, and 3) EC pretreatment without particle separation.

(A) Ms2 (B) ®X174
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Figure D-2. The effect of three treatment processes on the reduction of bacteriophages (A) MS2
and (B) ®X174 by boron-doped diamond (BDD) electrooxidation: EO only (No EC), iron
electrocoagulation followed by particle separation using a Whatman 114 filter (EC with
Separation), and iron electrocoagulation with no particle separation (EC only). Particle
separation after electrocoagulation improved overall virus reduction compared to
electrocoagulation alone. Tests were conducted in 2.1 mM NaHCO;, pH 7. Each data point
represents the mean values of triplicate tests with +1 standard error shown by the error bars.
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D.4 Effect of Total Charge Loading on Bacteriophage Removal

Three charge loadings (300, 150, and 90 C/L) were tested in Lake Michigan model water to
determine an appropriate operating current for charge distribution tests in various model
waters (Figure D-3). Bacteriophage reduction using the 300 C/L electrocoagulation-
electrooxidation (EC-EO) process exceeded the 4-log removal requirement set by the U.S.
Environmental Protection Agency’s (EPA) Surface Water Treatment Rule, and was thus used for
all subsequent tests.
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Figure D-3. Reduction of bacteriophages (A) MS2 and (B) ®X174 showing the effect of total
charge on charge distribution between electrocoagulation (EC) and electrooxidation. Tests were
performed in the Lake Michigan model water. The * symbol indicates virus removal beyond the
countable limit.
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D.5 Reactor Performance During the EC-EO Process

During sequential EC-EO treatment, pH increased on average 0.41 + 0.25 pH units, as
shown in Figure D-4. For Lake Michigan and Mississippi River model surface waters, the change
in pH was positively correlated (p = 8.2x10; p = 1.9x107, respectively) with increasing charge
allocation to EC rather than EO. EC can increase the pH of solution due to the reduction of water
at the cathode producing more hydroxide ions than are incorporated into iron precipitates °.
Sandstone Aquifer and Dolomite Aquifer model groundwaters were not significantly correlated

with charge allocation to one process over another.
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Figure D-4. Increase in pH as a function of the percent of a constant charge loading (150 C/L)
allocated between electrocoagulation (EC) and electrooxidation (EO). LM = Lake Michigan, MR =
Mississippi River, SA = Sandstone Aquifer, and DO = Dolomite Aquifer model waters.
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Figure D-5 shows the energy density (kWh/m?3, or energy input normalized to the
reactor volume) required by each of the individual processes in the EC-EO treatment train. For
the batch reactors used in this study, the energy required at a given current was approximately
the same for EC and EO. Therefore, the percent of charge allocated to each process roughly
mapped to the percent energy allocated. However, virus mitigation was related to charge
allocation so that the results could be generalized to other EC and EO reactors. At 50% charge
allocation, applied potentials were lowest due to even distribution of current; greater allocation
to either EC or EO resulted in greater energy density due to exponentially increasing potential
with increased current. Energy density at 50% charge allocation ranged from 0.12 to 0.41
kWh/m? per process (or 0.31 to 0.79 kWh/m? for the entire train). For perspective, most
conventional drinking water treatment processes operate at < 0.1 kWh/m? (for example, the
energy consumption to provide a typical UV dose of 40 mJ/cm? ranges from approximately

0.003 to 0.025 kWh/m3, Crittenden et al., 2012; Howe et al., 2012).
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Figure D-5. Energy required for electrocoagulation (filled circles) and electrooxidation (hollow
circles) in a sequential electrocoagulation-electrooxidation treatment train. Energy usage was
approximately symmetrical as a constant charge loading (150 C/L) was allocated from 100%
electrooxidation (0% electrocoagulation) to 100% electrocoagulation. Energy requirements were
inversely related to the conductivity of the model water, with decreasing energy from LM < MR
< SA < DO. LM = Lake Michigan, MR = Mississippi River, SA = Sandstone Aquifer , and DO =
Dolomite Aquifer model waters.
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Iron Generation and Residuals Through the EC-EO Process
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Figure D-6. Total and ferrous iron generation by electrocoagulation (EC) as a function of current.
Iron was generated by EC for 5 minutes in low-chloride, high-dissolved oxygen (DO) Lake
Michigan model water and high-chloride, low-DO Dolomite Aquifer model water. In both model
waters, total iron was generated at high (94-99%) Faraday efficiency. Ferrous iron residual
increased with current and was greater in the low-DO Dolomite Aquifer water. The rate of
ferrous iron oxidation is proportional to the DO concentration.®
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Figure D-7. Total (A) and ferrous (B) iron residuals before and after electrooxidation (EO). Note
the different scales of the y-axes. Iron concentrations were measured after coarse filtration with
Whatman 114 filters. Pre-EO ferrous iron residuals were in the inhibitory range for EOQ, as shown
in Figure 5-4. While total iron residuals remained high (~12 — 16 mg/L Fe) after final filtration
(post-EQ), post-EO ferrous iron concentrations were less than 0.02 mg/L Fe in all model waters
except Mississippi River water. Natural organic matter binds ferrous iron and prevents oxidation
to the ferric state. These results indicate that a post-treatment stage is required for decreasing
iron residuals, and EO may increase the effectiveness of iron removal by oxidizing ferrous iron to
less soluble ferric iron.
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