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Bacteriophage inactivation as a function of
ferrous iron oxidation

Joe Heffron

Department of Civil, Construction and Environmental Engineering, Marquette University, Milwaukee, WI
Brad McDermid

Department of Civil, Construction and Environmental Engineering, Marquette University, Milwaukee, WI
Brooke K. Mayer
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Abstract

Iron-based disinfection has been promoted as a potential low-cost, low-byproduct means of virus mitigation.
This research is the first to establish that virus inactivation due to ferrous iron is 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. The rate of iron oxidation was controlled by independently varying pH
and dissolved oxygen concentration. Bacteriophage inactivation increased with the inverse of ferrous oxidation
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rate, suggesting that slower iron oxidation rates allow better contact between viruses and reactive ferrous iron.
Ferrous iron showed potential for disinfection in conditions of low pH and dissolved oxygen, though these
conditions preclude effective iron coagulation/flocculation.

Keywords:
virus, disinfection, ferrous iron, drinking water, coagulation

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.’

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,*? and electrocoagulation with iron electrodes.®®
Ferrate (FeVI) salts are currently receiving attention as a green oxidant because ferrates do not contribute to
chlorinated or brominated disinfection byproducts.’* 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.

46 Several researchers®'11315 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 ofvirus mitigation in addition to charge
neutralization and physical 49 adsorption to iron surfaces.®#1¥*¥15 Using an enzyme-linked immunosorbent assay
(ELISA) to detect a decrease in antigenicity and quantitative reverse transcriptase polymerase chain reaction
(gRT-PCR) to detect genomic damage, Kim et al.1? 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 (FelV), an unstable
intermediate.®!” Ferryl iron is a strong oxidant with an oxidation potential of 1.4 V for the Fe**/Fe® couple,’’
slightly lower than that of hypochlorite (OCI'/CI,, 1.48 V).X® The reduction of ferryl to ferric iron can further
oxidize either ferrous iron or contaminants in solution, due to either direct 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.'®2! 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 (*027) radicals.'>?22% The Fenton
reaction is generally considered ineffective near neutral pH.?> Nevertheless, researchers'>?224 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 predominantly from the oxidation of ferrous iron by dissolved
oxygen.?® Accordingly, the oxidation of ferrous iron seems to be essential to bacteriophage inactivation in iron-
based treatment.!? Disinfection of MS2 bacteriophage due to ferrous/zero-valent iron is greatest at low pH (pH
5.5 to 6),%%” though generation of ROS by iron oxidation has 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, resulting in less efficient disinfection.

74 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.?®732 |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 impacts
of dose, pH, and dissolved oxygen on bacteriophage inactivation were used to propose an inactivation model
based on iron oxidation kinetics. In addition to advancing a model relating ferrous oxidation and 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.

2. Materials and Methods

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 benchtop multiparameter meter (VWR, Batavia, IL).

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 IV), 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.33 Bacteriophages were quantified using the spot titer
plaque assay method as described by Beck et al.3* Samples containing bacteriophages were diluted in tenfold
series, and ten 10-uL drops of each dilution were plated. Only those sets of plaque counts that 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 Electronic
Supplementary Information (ESI) 1.

2.3. Batch reactor tests

Iron-based inactivation was performed in 200-mL polypropylene batch reactors. Bacteriophages were spiked at
concentrations of approximately 107 PFU/mL. Ferrous chloride (FeCl,*4H2o) or ferric chloride (FeCls*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 Genesys 20 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). Ferrous iron concentrations were measured at the same time the samples were
plated for virus quantification. Total iron concentrations were measured after all samples had been plated for
virus quantification.

2.4. Ferrous oxidation rates

To determine the rate of ferrous oxidation with varying pH and dissolved oxygen, the change in ferrous
concentration over time was measured after addition of FeCl2 (2.5 mg/L Fe) to 3 mM bicarbonate solution with
pH ranging from 5.99 to 8.06 and dissolved oxygen from 0.47 to 4.77 mg/138 L. Tests of varying pH were
conducted with constant dissolved oxygen (8.5 + 0.2 mg/L O,); tests of varying dissolved oxygen were conducted
at constant pH (6.92 = 0.07). First-order rate constants were determined under each experimental condition by
fitting exponential curves to the data, as described in ESI 2.

2.5. Rate of floc formation

Floc formation over time was measured by dynamic light scattering (DLS) using a ZetaSizer Nano-ZS (Malvern
Panalytical, Worcestershire, UK). Tests of flocculation with varying ferrous doses were conducted at constant pH
and dissolved oxygen (pH 6.95 + 0.10, 8.73 mg/L 02). Ferrous chloride was added to 200-mL reactors in doses
ranging from 0.26 to 12.2 mg/L Fe, as in inactivation tests. Tests of flocculation with varying pH were conducted
at constant ferrous dose and dissolved oxygen (2.5 mg/L Fe, 8.5 + 0.2 mg/L DO). Low dissolved oxygen
concentrations could not be accurately measured or maintained in the DLS cuvettes, so flocculation tests were
not performed with sparged water.

After addition of ferrous chloride, reactors were agitated vigorously for 10 s, and 4-mL aliquots were transferred
to cuvettes for particle size measurement. Floc formation was tested within the cuvettes, by measuring particle
size multiple times (7 — 10) over approximately one hour. Cuvettes were gently inverted between particle size
readings to simulate gentle mixing and resuspend particles for DLS analysis. In the absence of constant stirring,
the primary mechanism of macroscale flocculation in the cuvettes was likely differential settling.3” These mixing
conditions were necessary in order to collect continuous data during floc formation and avoid breaking up flocs
while transferring samples. Flocculation conditions in the stirred batch reactors may have differed due to
velocity gradients (G). However, differential settling is a far more important factor in macroscale flocculation



than 160 fluid shear according to curvilinear models of flocculation.®® Moreover, these tests were not intended
to exactly replicate flocculation under the conditions of the batch reactors, but rather to determine the impact
of ferrous dose and pH on flocculation rates.

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 were performed in the R statistical
language using the stats package.>® A link for the R script is provided in ESI 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.

3. Results and Discussion

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 for both MS2 (p = 6.95x10%°) and P22 (p
=3.60x107%), as shown in Figure 1A and summarized in ESI 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:

In (Nﬁo) = —Agw J, Cdt(1)

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 a 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 (Figure 1) rather than a log-linear correlation with the
cumulative impact of ferrous exposure.

Based solely on this test of the kinetics of inactivation (Fig. 1A), 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 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 1B. A summary of all model parameters is given in ESI 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 inhibiting oxidants in
solution led to poorer inactivation, 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 1. We are not aware of any previous disinfection study comparing these two
bacteriophages, so it is unclear if P22 is more susceptible to all oxidants than MS2, or if P22 is particularly
susceptible to ferrous iron. P22 (52 — 60 nm diameter) is a larger phage than MS2 (24 — 27 nm diameter),*>*! and
may therefore have a larger exposed surface area during combined coagulation/disinfection. As a tailed



bacteriophage, P22’s physical structure for attachment and penetration to host bacteria is also exposed to the
environment.*> However, we did not find any evidence in the literature as to whether or not tailed
bacteriophages are more susceptible to oxidative disinfection than icosahedral phages. Beyond comparing P22
and MS2 specifically, the general relationship between virion structure and susceptibility to disinfectants is a
topic requiring further research.

3.2. Ferrous iron dose

To test the impact of ferrous iron concentration on bacteriophage inactivation, inactivation tests were
conducted at varying doses of ferrous chloride. Whereas the tests described in Section 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 2. The direct linear correlation was significant for both MS2 (p = 6.5x107) and P22 (p =
0.000213), as shown in ESI 4. 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 ESI
5. When evaluated by dynamic light scattering, both the ultimate particle size and the rate of floc formation
increased with ferrous doses from 0.25 to 2 mg/L Fe at pH 6.95 + 0.10, 8.73 mg/L dissolved oxygen (summarized
in ESI 4). A two-part regression of 226 particle size as a function of time and ferrous dose determined that above
3 mg/L Fe, floc formation was more rapid and independent of ferrous concentration (see ESI 4 and 5).

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 floc formation happen

simultaneously.

3.3. Rate of iron oxidation

The effect of the ferrous iron oxidation rate on inactivation was evaluated by varying the
concentration of hydroxide ions (pH) and dissolved oxygen. To evaluate the effect of pH and
dissolved oxygen on ferrous oxidation under our experimental conditions, ferrous iron was dosed
as ferrous chloride (2.5 mg/L Fe) into 3 mM sodium bicarbonate solution under conditions of
varying pH (pH 5.99 to 8.06) and dissolved oxygen (0.47 to 4.77 mg/L O,). The decrease in
ferrous iron concentration was measured over time, and an empirical, first-order oxidation rate
constant, k’, was calculated for each experimental condition, as detailed in ESI 2. When
determining the effect of pH on k’, tests were conducted at a constant dissolved oxygen
concentration of 8.5 + 0.2 mg/L. Tests determining the effect of dissolved oxygen on ferrous
oxidation rate were conducted at a constant pH of 6.92 £ 0.07. As shown in Figure 3, k showed a
second-order correlation to the hydroxide concentration and a first-order correlation to the
dissolved oxygen concentration. These correlations are consistent with Stumm and Lee’s model
for ferrous oxidation:*

— 2P = J{Fe(1n)][0;][0H? (2)



While researchers have continued to refine models of ferrous oxidation kinetics,**™*° ferrous oxidation in low
ionic strength solutions conforms well to the Stumm and Lee model between approximately pH 5 and pH 8.°
Outside this pH range, iron oxidation rates become independent of pH.%%!

The relationship between log inactivation and iron oxidation rate was determined by altering either pH or
dissolved oxygen concentration. Ferrous oxidation rate constants were predicted for each experimental
condition using the relationships to hydroxide and dissolved oxygen concentration shown in Figure 3. Log
inactivation was then modeled as a function of the ferrous oxidation rate constant. As in Section 3.2,
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.

3.3.1. 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 4. Models for both MS2 and P22 showed a very strong correlation
between log inactivation and the inverse of the rate constant, as predicted by pH (p values =1.92 and 2.38 x10%,
respectively). Previous work by Kim et al.? also showed increasing log MS2 reduction at low pH with ferrous
iron. Our study provides important confirmation of the MS2 inactivation observed in this earlier work, because
Kim et al. did not use an elution method to ensure that bacteriophage mitigation was due to inactivation rather
than virus aggregation due to charge neutralization. Kim et al. did verify inactivation qualitatively via enzyme-
linked immunosorbent assay (ELISA) and gPCR. The results of our study corroborated Kim et al.’s results, and
actually found a more dramatic inverse relationship between log inactivation and hydroxide concentration
(Figure 4). This minor difference in results is likely due to a fundamental difference in experimental design. Since
Kim’s 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. In our study, a consistent extent of iron
oxidation was used, so inactivation at lower pH was not kinetically limited.

At higher pH, particles formed far more rapidly than at low pH, as shown in ESI 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",0; () completely replaced ferrous ions (Fe?* .q) as the
dominant species as the stoichiometric ratio of Fe'" to Fe' increased from 0 to 2 (ESI 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. Though thermodynamic equilibrium
models cannot predict the kinetics of speciation, magnetite is a common mixed-valent product of iron
electrocoagulation and can form within seconds.> Therefore, competition between ferrous oxidation and co-
precipitation with ferric iron is likely. Thus, faster rates of ferrous oxidation also lead to more rapid particle
formation, and thereby poorer oxidant generation/availability, as discussed in Section 3.2.

Several researchers 2225%3 have hypothesized that the intermediate oxidant evolved during iron oxidation shifts
from hydroxyl radicals at low pH to a putative ferryl oxidant near neutral pH. However, hydroxyl radical
generation due to iron oxidation is only relevant at pH 5 and below,?*%2?% so0 no change in oxidant is anticipated
in the circumneutral pH range in this study. In 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. Further research is required to determine
which intermediate oxidants are responsible for virus inactivation.



3.3.2. 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 5, 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. This seeming paradox of lower dissolved oxygen resulting in
greater inactivation requires special attention. Though a total lack of oxygen will inhibit ferrous oxidation, low
(non-zero) concentrations of dissolved oxygen only limit ferrous oxidation kinetically. In order to isolate the
impact of the rate of ferrous oxidation in this study, it was important to ensure the same extent of iron
oxidation. The extent of iron oxidation was controlled by allowing sufficient time for near-total iron oxidation in
all conditions. Therefore, iron oxidation was not limited under conditions of low oxygen.

For this reason, earlier work by Kim et al.?? found overall greater MS2 inactivation by ferrous iron in air-
saturated water versus deaerated water (dissolved oxygen concentration below detection), while extended
reactions in our study resulted in greater inactivation at low (but measurable) dissolved oxygen. As with pH, the
difference between our results and those of Kim et al. is a result of different experimental design addressing a
fundamentally different objective. Kim et al. evaluated bacteriophage inactivation kinetics over the span of 1 h,
rather than allowing near-total iron oxidation as in our study. Since ferrous oxidation becomes exponentially
slower approaching 0 mg/L dissolved oxygen, stopping the reaction at 1 h would result in a far greater extent of
iron oxidation in the aerated samples compared to the deaerated samples. In Kim et al.’s experiment, there was
no difference between air-saturated and deaerated water at ferrous doses 0.1 mM and lower, the range
investigated in this study, indicating that even oxygen levels below detection were sufficient to oxidize low
concentrations of iron at circumneutral pH.

The regression models of the dissolved oxygen tests revealed very significant correlations between log
inactivation and the inverse of the predicted ferrous oxidation rate constants for both MS2 (p = 5.04x10%) and
P22 (p = 2.00x10%), as shown in ESI 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 4), pH
most likely contributed to variation as well. Regression models accounting for final pH and dissolved oxygen
concentrations had slightly better explanatory power (Rﬁdj = 0.788 for MS2 and 0.520 for P22). Regardless,
the inverse relationship to ferrous oxidation rate remained significant in the adjusted models for both
bacteriophages.

3.4. Proposed model for bacteriophage inactivation via iron oxidation

As shown in Figures 4 and 5, the transition from a highly concentration-dependent inactivation to condition-
independent (low) inactivation occurred at approximately pH 7.25 and 2 mg/L dissolved oxygen. Regardless of
which parameter was varied, this transition corresponded to a rate constant of approximately 0.04 — 0.1 min-1.
Therefore, the dependence of bacteriophage inactivation on pH and dissolved oxygen can be powerfully
described using ferrous oxidation rate as the only predictor. The intermediate oxidants (whether ROS or ferryl
species) are short-lived, with half-lives ranging from nanoseconds to seconds.>>® In addition, the reduction of
ferryl iron to ferric iron can oxidize an equivalent of ferrous iron. ! 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 contact between virions and ferrous ions prior to inclusion of both species in flocs.
Based on these results and those in Sections 3.1 and 3.2 relating bacteriophage inactivation to the extent of
ferrous iron oxidation, the following relationship describes bacteriophage inactivation under the conditions of
this study (i.e., ferrous dose < 3 mg/L Fe, circumneutral pH, dissolved oxygen >0 mg/L).

N ACFe(u) __ACreqn
In () o — I (3)

This model predicts that greater bacteriophage inactivation can be achieved by either a greater extent of ferrous
oxidation or a slower rate of ferrous oxidation. This relationship is analogous to Chick-Watson disinfection
kinetics (Egn. 1), in which cumulative exposure to a slowly degrading oxidant achieves greater inactivation than
a quickly degrading oxidant. However, log bacteriophage inactivation was not linearly related to cumulative
ferrous exposure (see Section 3.1), but was rather likely inhibited by competition and/or shielding of viruses
from oxidation due to iron precipitation. This relationship presents an unavoidable paradox for ferrous iron in
drinking water treatment, because achieving a high extent of iron oxidation is limited by the slow rate at which
the oxidation must take place. High doses of iron are also self-limiting due to more rapid floc formation.
Moreover, one promise of ferrous iron for drinking water treatment has been combined disinfection and
coagulation/flocculation. However, the results of this study suggest that these goals, if not mutually exclusive,
would require finely-tuned control of oxidation conditions to maximize disinfection before allowing flocculation
to occur.

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. This research used synthetic waters to minimize variables influencing iron speciation and
bacteriophage fate. However, further research must evaluate inactivation of multiple pathogens, including
human viruses, in natural water conditions before ferrous oxidation can be considered relevant for drinking
water.

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 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. However, the pH must then be increased after disinfection for the flocculation stage to
encourage particle formation.
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Figure 1. 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.
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Figure 2. 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.
Each point represents a single experiment.
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Figure 3. 552 First-order ferrous oxidation rate constants as a function of (A) pH/hydroxide concentration and (B) dissolved

oxygen. The second-order correlation to hydroxide concentration and first-order correlation to dissolved oxygen
concentration are in accordance with established kinetic models for ferrous oxidation.
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Figure 4. Effect of pH 0 559 n bacteriophage reduction by ferrous iron (0.5 mg/L Fe). Both phages showed an approximately
inverse relationship between greater ferrous oxidation rate (achieved here by increasing pH/hydroxide concentration) and
bacteriophage inactivation, as illustrated by the regression trendlines. Each point represents a single experiment.
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Figure 5. Effect of dissolved oxygen on bacteriophage inactivation by iron oxidation (0.5 mg/L Fe). Both phages showed an
approximately inverse relationship between greater ferrous oxidation rate (achieved here by increasing dissolved oxygen
concentration) and bacteriophage inactivation, as illustrated by the regression trendlines. Each point represents a single
experiment.
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