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Abstract

Novel (Advanced) Oxidation and Disinfection Processes based on Reactions of Free Available
Chlorine or Hydrogen Peroxide with Unconventional Activating Agents: Superoxide Radical and
Non-Ferrous/Non-Cuprous Metal(loid) Oxide Catalysts
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Chair of the Supervisory Committee:
Michael Dodd
Civil and Environmental Engineering

Advanced oxidation processes (AOPs) are a suite of physical/chemical treatment
processes that are increasingly investigated and applied to enhance attenuation of trace organic
contaminants in water and wastewater treatment and reuse, through in situ generation of
hydroxyl radical (HO") and various other radical or reactive oxidant species. The most prevalent
AOPs are typically driven by using UV light and/or ozone (Os) to convert (or “activate”)
hydrogen peroxide (H20-) or free available chlorine (FAC) to HO" and other more reactive
oxidants, and often require specialized capital- and energy-intensive infrastructure (e.g., arrays of
low- or medium-pressure Hg vapor lamps, or ozone generators), or are constrained by mass-
transfer, hydrodynamics, and/or spatial heterogeneity in light transmission. As potential

alternatives to such “conventional” AOP approaches, several novel reaction systems were



investigated in this work, in which FAC or H202 were “activated” using several unconventional
agents, including the superoxide radical (O2™) and a suite of non-ferrous/non-cuprous metal(loid)
oxides (MeOx). MeOx minerals studied in this work included amorphous zirconium oxide (a-
ZrO3), monoclinic zirconium oxide (m-ZrO), cerium oxide (CeO>), titanium oxide (TiO>),
aluminum oxide (Al203), and silicon oxide (SiO2). The reaction of O2™ with FAC (02" /FAC)
was found capable of effectively generating HO" as well as various reactive chlorine species
(RCYS), including chlorine monoxide radical (ClO"), chlorine radical (CI%), and dichloride radical
(Cl>™) with exposure levels comparable to many commonly applied AOPs such as UV/H203,
03/H20., and UV/FAC under representative water treatment and reuse conditions. Direct
formation of halogen-containing disinfection byproducts (DBPs) during O>"/FAC treatment was
found to be minimal. The reactions of MeOx species with H,0, (MeOx/H20>) or FAC
(MeOx/FAC) were (tentatively) found to be capable of (catalytically) generating the reactive
oxidant species singlet oxygen (*O2) and/or superoxide (O") in aqueous phase and/or on the
MeOx mineral surfaces, and limited amounts of HO" radical, as identified by multiple radical
probes and radical scavengers. FAC-containing systems also appear to generate reactive chlorine
species (potentially including CI" and CIO"). Due to their tendency to generate more selective
oxidants (102, ClO") in favor of less selective/stronger oxidants (HO", CI°), the MeOx/H.0; and
MeOXx/FAC reactions appear less useful as advanced oxidation processes, but could be quite
effective as targeted oxidation processes (consistent with observations obtained using the 102
probe furfuryl alcohol). Several MeOx/H20, and MeOx/FAC reactions were also investigated as
the basis for potential (advanced) disinfection processes, using two commonly-employed
surrogates of water-borne pathogens, Bacillus subtilis endospores and MS2 bacteriophage.

Limited effectiveness was observed toward the highly disinfection-resistant B. subtilis



endospores, whereas the CeO./H>0 and m-ZrO,/H.O: reactions were each found to be quite
effective toward MS2, which is known to be sensitive to 02 (where MS2 was stable toward
MeOx or H20O; alone). In addition to contaminant oxidation and disinfection, several of the
MeOx minerals could provide substantial ancillary benefits as (i) adsorbents (e.g., a-ZrOz is
highly effective for adsorption of phosphate, as well as of MS2), or (ii) oxidant quenchers, where
a-ZrO, and CeO in particular were found to be especially capable of rapidly and catalytically
decomposing H>O> and FAC. This latter benefit could prove especially advantageous in post-
processing of waters treated using conventional AOPs (which frequently require removal of
H20,) or of chlorinated (waste)waters from which removal of FAC is desired prior to use or
discharge (e.g., point-of-use consumption or discharge of wastewater to natural receiving
waters). Findings reported in this study provide a promising foundation for further examination
of a wide array of potential applications of O>"/FAC, MeOx/H20,, and MeOx/FAC treatment for
mitigating organic contaminants and microbial pathogens (via inactivation and/or adsorption), as
well as for rapid, sustained removal of residual H.O or FAC during or following (waste)water

treatment when desirable.
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Chapter 1. INTRODUCTION



1.1 Overview

In recent decades, tremendous attention has been directed towards the development and
application of advanced oxidation processes (AOPSs) for degradation of trace organic
contaminants during (waste)water treatment and reuse (Lee et al., 2020; Miklos et al., 2018;
O’Shea and Dionysiou, 2012; von Gunten, 2018). Such AOPs comprise a wide variety of
approaches, including UV irradiation+hydrogen peroxide (UV/H202), UV+free available
chlorine (UV/FAC, with FAC comprising predominantly hypochlorous acid, HOCI, and its
conjugate base hypochlorite, OCI"), UV+monochloramine (UV/NH.CI), UV+ozone (UV/O3),
O3+H20:> (03/H203), (photo-)Fenton and (photo-)Fenton-like processes, radiolysis, sonolysis,
various semiconductor photocatalysis processes, and an array of persulfate-based processes (Lee
et al., 2020; Li et al., 2020; Miklos et al., 2018; O’Shea and Dionysiou, 2012; von Gunten,
2018). In all of these approaches, hydroxyl radical (HO") is a key (and often the key) oxidant
responsible for contaminant oxidation, with HO" reacting non-selectively and having high

second-order rate constants for reactions with most organic and many inorganic contaminants.

While many of the AOPs noted can yield highly effective contaminant degradation, they
often require specialized capital- and energy-intensive infrastructure; for example, arrays of low-
or medium-pressure Hg vapor lamps for UV-driven processes, or — in the case of Osz-driven
processes — high-capacity Oz generators — often accompanied by extensive equipment for liquid-
or gas-phase Oz handling and/or purification and post-treatment O3 destruction (Miklos et al.,
2018; Oturan and Aaron, 2014; Rakness, 2005; Stefan, 2017). Many such AOPs are also subject
to various physical-chemical constraints on process efficiency; for example, hydrodynamics and
spatial heterogeneity in light intensity in the case of UV-driven processes, hydrodynamics and

mass-transfer limitations on gas-phase Oz dissolution into solution for Oz-driven processes,
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mass-transfer limitations on contaminant transport to interfacial reactive sites for heterogeneous
photocatalysis processes, and low pH requirements in the case of many (photo)Fenton and

(photo)Fenton-like approaches (Oturan and Aaron, 2014; Rakness, 2005; Stefan, 2017).

For a process to improve upon the suite of available AOP options, desirable attributes
would include the potential to operate with minimal additional infrastructure, low cost and
energy consumption, homogeneous reaction chemistry or at least minimal mass-transfer
limitations, and high efficiency at circumneutral pH. In light of the discussion above, this study
is dedicated to developing several innovative AOPs that could fulfill these desirable traits or deal

with some of the challenges.

1.2 Scientific Background

1.2.1 Advanced Oxidation Processes (AOPs)

In recent decades, trace organic contaminants (TrOCs), including pharmaceuticals,
herbicides, pesticides, industrial chemicals, nanomaterials, etc., have been widely detected in
aquatic environments (Huerta-Fontela et al., 2010). Since conventional physical and biological
treatment procedures oftentimes, can only partially remove these substances, making them
remain in the drinking water supplies or wastewater treatment plant effluents, and thus there are

raising concerns of these TrOCs in (waster)water treatments nowadays.

Advanced oxidation processes (AOPs) are technologies that have been widely applied as
an effective attenuation option for TrOCs removal due to their effective abilities of oxidation.
AOPs are chemical procedures that can generate in situ strongly oxidizing species, in which

hydroxyl radical (HO") is the one constitute the majority of AOPs. There are also processes



favoring some other oxidizing species, such as sulfate- and chlorine-based radicals. Common
classification of AOPs include ozone-based (e.g., Os/H20>, Os/catalyst), UV-based (e.g.,
UV/H20., UV/Os, UV/peroxydisulfate, UV/chlorine), electrochemical, catalytic (e.g., Fenton,
photo-Fenton, UV/catalyst) and physical processes (e.g., ultrasound, microwave, plasma,
electron beam) (Miklos et al., 2018; Oturan and Aaron, 2014; von Sonntag and von Gunten,

2012).

(i) Oz-based AOPs

Ozone has long been used as an oxidant and disinfectant in water treatment. As an
oxidant, it is very selective and attacks primarily electron-rich functional groups like double
bonds, amines, and activated aromatic rings. HO" can be formed from the direct reaction of O3
with hydroxide ions, and from side reactions with organic matter (mainly phenol and amine
functional groups) (Buffle and von Gunten, 2006). Many Os-based AOPs have been widely
investigated (Merényi et al., 2010a; Merényi et al., 2010b), among which Os/H20; is a well-
established process in drinking water treatment and water reuse applications (Pisarenko et al.,

2012).

(if) UV-based AOPs

UV-based AOPs comprise processes based on UV irradiation and the combination of UV
with different radical promoters. The UV sources usually consist of either low- or medium-
pressure mercury lamps with mono- or polychromatic emission spectra. UV light emitting diode
(LED) light sources with specific wavelength distributions have also been proposed recently
(Song et al., 2016). The most frequently applied UV-based AOP is the combinations with H.O>

(to form HO"), persulfate (to form HO™ and SO4™) and chlorine (to form HO" and reactive



chlorine species) (Miklos et al., 2018; Oturan and Aaron, 2014). Full scale of such applications
have been established for potable water reuse and surface water treatment (Audenaert et al.,

2011; Kruithof et al., 2007).

(iii) Other AOPs (electrochemical, catalytic and physical)

Electrochemical AOPs, despite are relatively new technologies, have been considerably
performed at both the bench-scale and pilot-scale studies. In recent years, development of
various stable electrode materials allows efficient generation of high yields of OH" (Chaplin,

2014).

Catalytic AOPs, including the Fenton process and processes involved photo-active
catalysts (typically irradiated by UV and visible light from 180 to 400 nm), were intensively
studied over the last decades (Dong et al., 2015). The Fenton process has been established in
several industrial full-scale applications (Bae et al., 2015). Other commonly applied processes
are the homogeneous photo-Fenton reaction and the heterogeneous photocatalysis of

semiconductor TiO, (Oturan and Aaron, 2014; Simonsen et al., 2010).

Electrical discharge and plasma reactors can generate major reactive species of OH",
atomic hydrogen, and O3z (Hijosa-Valsero et al., 2014; Jiang et al., 2014; Locke et al., 2006).
Sonication of water by ultrasound (20-500 kHz) can lead to destruction of water contaminants
due to the formation of highly reactive radicals and thermal decomposition (Pétrier et al., 2007;
Torres et al., 2008). The application of highly energetic radiation in the microwave range (300
MH-300 GHz) has also been investigated for the oxidation of micropollutants in water treatment,
while usually applied in combination with H2O or catalysts to assist in TrOCs destruction (Han

et al., 2004; Zhihui et al., 2005).



1.2.2 Free Available Chorine (FAC)

Free available chlorine (FAC), also known as free chlorine, is the sum of hypochlorous
acid (HOCI) and its conjugated base hypochlorite (OCI"). It is the most widely utilized drinking
water disinfectant worldwide. Nowadays, ~99% and 75% of drinking water and wastewater
treatment facilities in the United States are using some type of chlorine disinfection process
(Jacangelo and Trussell, 2002; Leong et al., 2008; USEPA, 2009; 1999). Free chlorine is
typically introduced to water as chlorine gas (Cl.), sodium hypochlorite solution (NaOCIl), or
solid calcium hypochlorite (Ca(OCl),); each will ultimately form HOCI/OCI in aqueous
solution. HOCI is a weak acid that can dissociates into OCI~ and hydrogen ion (H") according to

the following equation:
HOCI < H* + OCI- pKa = 7.5 (Morris, 1966) (1.2)
(i) Chlorination versus microorganism inactivation

Commercial available sodium hypochlorite solution normally sits at a alkaline pH around
11 to 13, in which all available chlorine is in a form of OCI~. The OCI ion is a relatively poor
disinfectant because of its inability to diffuse through the cell wall of microorganisms. Since it is
negatively charged, it is electrostatically repelled from the cell walls which are also negatively
charged. Conversely, HOCI is the more effective one in terms of disinfection than OCI",
primarily because the uncharged HOCI is more easy to penetrate cell walls. Chlorine usually can
cause significant injury to harmful pathogens during water treatment via cell permeability
dislocation, nucleic acid damage and enzyme injury. In brief, HOCI oxidizes sulfhydryl groups,
harms iron-sulfur centers, deactivates nutrient transport, hinders cell respiration, and deteriorates

the capacity of cells to keep a sufficient adenylate energy charge to stay viable. However, there



are still microorganisms that are resistant to chlorination and cannot be inactivated effectively,
such as some protozoan cysts (G. lamblia, E. histolytica, Naegleria gruberi) and parasite oocysts

(Cryptosporidium parvum) (Ghernaout, 2017).
(ii) Chlorination versus organic and inorganic contaminants

Chlorine can oxidize organic contaminants via three pathways: (i) oxidation reactions, (ii)
addition reactions to unsaturated bonds, (iii) electrophilic substitution reactions at nucleophilic
sites. However, from a kinetic point of view, usually only electrophilic attack is considered
significant. Although it has been shown that numerous organic micropollutants can be
transformed by chlorine during water treatment processes, its reactivity sometimes is low to
certain compounds, and can only make minor modifications in the parent compound structure.
As a result, second-order rate constants for chlorination can vary over 10 orders of magnitude
(i.e., 0.1-10° MsY). This is because that chlorine reactivity is limited to particular sites (mainly
amines, reduced sulfur moieties or activated aromatic systems). In the case of inorganic
compounds, fast reactions with ammonia, halides (Br-and I7), SOs?>-, CN-, NO2", As(l1) and
Fe(11) with chlorine are reported (10° —10° Ms™), whereas low chlorine reaction rates with

Mn(I1) were shown (Deborde and VVon Gunten, 2008).

1.2.3 Superoxide (0,™)

The superoxide radical anion (O2™) is involved in a variety of biochemical reactions in
living systems. The generation of O>™ has been reported in many enzyme-catalyzed reactions
involved in respiration and biological oxidation. O2™ can act both as a reductant and as an
oxidant. Biologically, O>" can be generated from two major sources, the mitochondrial

respiratory chain and phagocytic nicotinamide adenine dinucleotide phosphate oxidase (NADPH



oxidase) (Babior, 1984; Klebanoff, 1975; Segal, 2008). It has a acid-base dissociation constant
(pKa) of 4.8 (eq 1.2), so it is mainly exist in the form of O, under most environmental

conditions.

HO2 <& H" + O pKa = 4.8 (Bielski et al., 1985) (1.2)

From an engineering perspective, O™ has seldom been studied because of the difficulty
of generating and maintaining O."" in a stable state. This is perhaps mainly due to the instability
of O2" and HOy" under circumneutral pH conditions, on account of their rapid disproportionation

to H20- and its conjugate base hydroperoxide (HO2") in aqueous solution (egs 1.3-1.5).

HO2" + HO2" — H202 + O ki3 = 8.3x10° Mis? (Bielski et al., 1985) (1.3)
HO; + O, — HOz + O k14 =9.7x10" M1s! (Bielski et al., 1985) (1.4)
02+ 02 — 0% + 02 kis < 3.5x10" Ms? (Bielski, 1978) (1.5)

As evident from egs 1.3-1.5, the apparent kinetics of HO.'/O," disproportionation depend

strongly on pH, where this pH dependence can be described by eq 1.6,

2
2 + + )
[H'] [H] K v
Kopo 03 /0 o» = Kio (aHO'z ) Kty & =k {[Hj Koo +kyy [H+ ] Ko [Hj :;woa (1.6)

with k representing the pH-dependent apparent second-order rate constant for the

app,HO3 /0, DP

overall disproportionation reaction.

Numerous options for O2™ preparation have been reported, including electrochemical,
enzymatic, sonolytic, radiolytic, and photochemical methods, as well as dissolution of O™ salts

(typically potassium superoxide, KO>) (Hayyan et al., 2016). Although many of these require



specialized equipment and/or organic solvents or additives that would hinder use of the resulting
stock solutions in an AOP, certain photochemical approaches and KO3 dissolution can yield
high-uM to mM O™ concentrations in fully aqueous solution at pH>11 (Heller and Croot, 2011,

Holroyd and Bielski, 1978).
1.2.4 Superoxide/Hypochlorous Acid Reactions

The O2"/FAC reaction has long been recognized as a potential source of HO" in
biological systems (Candeias et al., 1993; Long and Bielski, 1980), and has recently been
identified as an important driver of radical pathways in the oxidation of phenols and
hydroquinones by FAC (Rodriguez and von Gunten, 2020) and in a newly-reported approach to
photocatalytic FAC activation (Cheng et al., 2020), it has otherwise received relatively little
attention as a possible basis for an AOP. The reaction involves generation of HO" from the
homogeneous, aqueous-phase reaction of superoxide radical (O2™) with hypochlorous acid

(HOCI) (eq 1.7) (Candeias et al., 1993; Long and Bielski, 1980).
HOCI + O;" — CI" + HO" + Oy ki7 = 7.5x10% M%s? (Long and Bielski, 1980) (1.7)

As indicated by eq 1.7, the reaction occurs specifically between HOCI and O™, while the
reactions of HO." with HOCI and OCI-, and of Oz~ with OCI, are negligible in comparison to eq
1.7) (Long and Bielski, 1980). The apparent kinetics for the reaction of HO,'/O,"~ (comprising
the sum of O™ and its conjugate acid, hydroperoxyl, HO2") with FAC (hereafter referred to as
the O>"/FAC reaction for convenience) therefore depend strongly on pH. This pH dependence

can be described by eq 1.8,



k =ka o, =k e [H+ (1.8)
app,0y /FAC ~ 1oy HOCI T L [H*] + Ka,HO'Z [H+ ] + K, Hoa

where k represents the pH-dependent apparent second-order rate constant for the O>™

app,O’z’/FAC
IFAC reaction, and at 25°C, and Ka o2 = 1078 (Bielski et al., 1985) and Kanoci = 107" (Morris,
1966) represent the acid-base dissociation constants for the equilibria HO," 2 H* + O™ and

HOCI 2 H* + OCI-, respectively. As shown in Figure 1.1, the theoretical kapp . increases

05 [FA
from 2.4 M%st at pH 14 to a maximum of 6.9x10° M1s™* at pH 6.2, with rate constants in

excess of 10 M s from pH 6-8 (Long and Bielski, 1980).

Optimal pH region for O or

Optimal pH region for O;~/FAC reaction mixed O;-/FAC stock solution stabilities

v
HOCI

ko; IFAC

IR R L TR YN kHoz'.l’Oz'.DP

Mole fraction
log (rate constant) (M's™)

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
Figure 1.1. Acid-base speciation of HO2'/O." and HOCI/OCI-, and theoretical apparent rate
constants (kapp) for the O /FAC reaction and the HO2' /O™ disproportionation reaction (based
on Kanoz- = 1048, Kanoci = 1077, eq 1.6, and eq 1.8, respectively). Adopted from (Liou and
Dodd, 2021).

As shown in Figure 1.1, egs 1.3-1.5 lead to extremely rapid decay of HO2"/O,™ at

circumneutral pH (Bielski et al., 1985). However, as apparent from egs 1.5-1.6, stability of
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HO2/O2™ increases significantly with increasing pH (Figure 1.1), so that aqueous O™ stock
solutions with lifetimes of several minutes or longer can be prepared at pH>12 and then dosed to
FAC-containing waters at lower pH — opening the door to their use in harnessing eq 1.7 for

contaminant oxidation. The low value of k at pH>12 (Figure 1.1) affords the added

app,0; /FAC
possibility of premixing alkaline O2"/FAC solutions that can then be “activated” by dosing to

lower-pH waters (effectively providing “stock solutions” of HO" and RCS).

In addition to HO", the O /FAC reaction may lead to the formation of various reactive
chlorine species (RCS), including chlorine monoxide radical (ClO"), hydroxidochlorate radical
(HOCI™), chlorine radical (CI%), and dichloride radical (Cl>™) (egs 1.9-1.15). These RCS can also
contribute substantially to degradation of organic contaminants, especially those containing

electron-rich functional groups (Fang et al., 2014; Kong et al., 2018; Lei et al., 2019; Sun et al.,

2016).

HOCI + HO® — CIO" + H.0 k1o = 1.2x10° M1s! (Bulman et al., 2019) (1.9)

OCI" + HO" — ClO" + OH~ k110 = 6.4x10° Mst (Bulman et al., 2019) (1.10)

HO® + CI- 2 HOCI™ K111 = 4.3x10° M1s (Jayson et al., 1973) (1.11)
ki11r = 6.1x10° s (Jayson et al., 1973)

HOCI~ + H* 2 CI' + H,0 Ki.12¢ = 2.1x10%° M5 (Jayson et al., 1973) (1.12)

Ki12r = 4.5x10% M1s (Buxton et al., 2000)
CI'+ HOCl - H* +ClI + CIO"  ku13 = 3.0x10° MIs! (Klaning and Wolff, 1985)  (1.13)
ClI'+CIO” — CI + ClO’ k114 = 8.2x10° Ms? (Klaning and Wolff, 1985) (1.14)
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Cl'+Cl-2Cly k1.1sf = 6.5x10° M1s? (Klaning and Wolff, 1985)  (1.15)
kiisr = 1.1x10° s (Jayson et al., 1973)
1.2.5 Metal(loid) Oxides for Reactive Radical/Species Generation

Photogenerated reactive oxygen species (ROS), including HO®, O2™, and singlet oxygen
(*0y), were found to be produced during the UV irradiation of various metal or metalloid oxides,
including TiOz, CuQ, Zn0O, ZrO2, V203, Ce0,, Fe 03, Al203 and SiO- (Bedilo et al., 2005; Li et
al., 2012; Nosaka and Nosaka, 2016; Wang et al., 2017). It has also been reported that various
organic contaminants in water can be oxidized effectively by HO" radical produced during the
photolysis of H.O: in the presence of aqueous iron species or Fe oxides (Emilio et al., 2002; He
et al., 2002; Kwan and Voelker, 2002; Ravikumar and Gurol, 1994). Destruction of harmful

organic compounds by these oxidation techniques is gaining widespread attention as an AOP.

Formation of ROS on crystalline zirconia (ZrOz) and many other metal oxides via
reactions with H,O> has been studied in recent years. The surface-catalyzed decomposition of
H>0O> basically follows the mechanism depicted in eqs 1.16-1.18. The initial step of the catalytic
decomposition of H2O2 on metal oxide surfaces has been proposed to be the homolytic cleavage
of the O—O bond in H20> to form two HO", or can be expressed by its reactions on the surface
catalytically active site (Sca) as shown in egs. 1.19-1.22 (Fidalgo et al., 2016; Lousada et al.,
2015; Lousada et al., 2012; Lousada et al., 2013a; Lousada et al., 2013b; Yang and Jonsson,
2015). Formation of HO" was confirmed by using radical scavengers like
tris(hydroxymethyl)aminomethane (Tris) and methanol (MeOH) with both scavengers yield
formaldehyde upon hydrogen abstraction, or by using probe that can yield detectable HO'-

mediated fluorescent product (Fidalgo et al., 2016; Lousada et al., 2013a; Maier et al., 2019;
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Yang and Jonsson, 2014). EPR/ESR measurements also revealed the presence of HO2", O™, and
peroxyl radical species on the surface of different oxides. These normally short-lived and

reactive species had become long-lived due to the stabilization imparted by their adsorption onto
the oxide surface by means of interactions of the formed radicals with the oxide lattice (Anpo et

al., 1999; Bahnemann and Hoffmann, 1987).

H202 ags) + — 2HO" (ags) (Fidalgo et al., 2016) (1.16)
H202 (ads) + HO" (ads) — H20 (ads) + HO2" (ags) (Fidalgo et al., 2016) (1.17)
2HO?" (ags) — H202 + O (Fidalgo et al., 2016) (1.18)
H202 (ads) + Sca — H20 (ads) + HO" (ads) + Sca” (Lousada et al., 2013a) (1.19)
H202 (ads) + HO™ (ads) — H20 (ads) + HO2" (ags) (LOusada et al., 2013a) (1.20)
H202 (ads) + Sca” — HO2" (ags) + ScaH (Lousada et al., 2013a) (1.21)

where SCAH represents H* bound onto the Sca” site. Another possible reaction pathway for H.O>

at the surface is:
2H202 (sca) — 2HO?" (sca) + 2H' (sca) — 2HO?" (sca) + H2 () (Lousada et al., 2013a) (1.22)

where the state Sca denotes that the corresponding species is adsorbed onto the surface

catalytically active site.

Sobanska et al. examined the formation of ROS (HO", O,", and O2%") via reactions of
amorphous ZrO2 with H.O». Decomposition of H>O- can go through two basic pathways,
referred to as peroxidase-like activity and catalase-like activity (similar to enzymatic abatement

of H2O: in biological systems), as described in eqs 1.23-1.25. The former has the characteristic

13



feature of ROS formation as intermediate. A plausible mechanism of this reaction, =Zr*—HO,"
(surf) + H202 (aq) — HO" (aq) + =Zr* -0, (surf) + H,O, was proposed. In contrast, the latter
does not involve explicit ROS formation with H2O> directly decomposed to O (Sobanska et al.,
2017). Peroxidase-like activity, forming HO® and O.", was dominant at low pH < 5.3, while
catalase-like activity dominant at higher pH ranges (Sobanska et al., 2017). They concluded that
unlike the amorphous gel, crystalline zirconia exhibits only weak activity in the production of the

HO® and O, radicals, and a different mechanism is involved.

Activity of peroxidase (Sobanska et al., 2017):

H,02 + & + H* — HO" + H,0, followed by (1.23)

HO' +e + H* — H,0 (1.24)

Activity of catalase (Sobanska et al., 2017):

H20, — H,0 + 1/20, (1.25)

These kind of reactions occur both on oxides in their highest oxidation state, or on oxides
that can be oxidized to higher oxidation states. In the latter case, oxidation and catalytic
decomposition are competing reactions. Therefore, there are a wide variety of reaction pathways
possible because of the differences in the properties of the oxides. For example, the oxidation of
ferrous oxide by H>O> occurs with the formation of the ferric cation, which is also highly
reactive toward H,O, leading to a chain process (Lin and Gurol, 1998). However, no higher
oxidation states exist for the cations in oxides such as CeO, or ZrO>, and thus other mechanisms
for H20O, decomposition must occur in these systems. It was also demonstrated that the possible

existence of such chemical species is a factor that depends on the solution pH. Kinetic studies on
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these systems have shown that for the catalytic decomposition of H20- on different metal oxide
surfaces similar activation energies are involved, while the pre-exponential factors differ widely.
Consequently, the rate constants differ substantially depending on the types of oxides (Hiroki
and LaVerne, 2005). This indicates that different surface processes might be involved in the

reactions of H»O» with the different metal oxides.
1.2.6 Microorganism Inactivation by MeOx and MeOx/H,0,

The use of metal and metal oxide nanoparticles has been widely studied for their
antimicrobial effects against pathogens, including bacteria, fungi parasites and viruses via
generation of ROS (Abo-zeid and Williams, 2020; Gold et al., 2018; Khezerlou et al., 2018;
Pachaiappan et al., 2021). UV irradiation of some MeOx like TiO, and ZnO was also found to
generate O, HO" and H20O, causing cell membrane damage and in turn inhibiting the growth of
cells or leading to their death. H.O> can subsequently transformed into more HO" for killing
microorganisms (Khezerlou et al., 2018). Giannakis and Fernandez et al. reported efficient
inactivation of MS2 bacteriophage and E. coli (more than 2-log of inactivation within 1 hour)
under treatments of various Fe oxide-mediated photo-Fenton processes in the presence of H20,
including FeO, Fe203, Fez04, FeSO4 and Fe2(S04)s (Fernandez et al., 2020; Giannakis et al.,
2017). Similar MS2 inactivation was also proposed by Nieto-Juarez et al. in Fe/H,0; and
Cu/H20> systems. The inactivation involves (1) the adsorption of Cu ions or Fe colloids onto the
virus, and (2) the production of OH" from virus-associated Cu, or of ferryl species (major) and
OH" (minor) from virus-associated iron colloids. These reactive species generated can cause
MS?2 inactivation. However, in the Fe/H202 system under sunlight, OH" become a more
dominant contributor than ferryl ions (Nieto-Juarez et al., 2010). Kohn et al. reported that MS2

bacteriophage can be inactivated primarily by singlet oxygen (*O2) produced via sunlight-
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mediated excitation of natural organic matter (NOM) in surface waters (Kohn et al., 2007; Kohn

and Nelson, 2007).

1.3 Objectives

Advanced oxidation processes (AOPs) are a suite of technology that have been widely
applied for effective attenuation of trace organic contaminants due to their abilities of driving
efficient chemical oxidation since traditional chemical disinfection approaches may not always
be effective to micropollutant removal. However, the most prevalent AOPs are typically driven
by using UV light and/or ozone (O3) to convert (or “activate’) hydrogen peroxide (H20.) or free
available chlorine (FAC) to HO" and other more reactive oxidants, and often require specialized
capital- and energy-intensive infrastructure (e.g., arrays of low- or medium-pressure Hg vapor
lamps, or ozone generators), or are constrained by mass-transfer, hydrodynamics, and/or spatial
heterogeneity in light transmission. On the basis of earlier reports suggesting potential for radical
generation, three non-photochemical/non-ozone based reaction systems using novel FAC and
H>0; activating agents, including (a) superoxide with free available chlorine (O2/FAC), (b)
metal(loid) oxides with hydrogen peroxide (MeOx/H20>), and (c) metal(loid) oxides with free
available chlorine (MeOx/FAC) were investigated systematically and comprehensively. MeOx
minerals studied in this work include amorphous zirconium oxide (a-ZrO2), monoclinic
zirconium oxide (m-ZrOy), cerium oxide (CeQ,), titanium oxide (TiO2), aluminum oxide

(Al203), and silicon oxide (SiOy).

Primary goals of this research are to (i) elucidate the reaction mechanisms and reaction
kinetics, and to identify reactive/radical species generated in each of the reaction system, (ii)

examine the treatment effectiveness of these novel processes in organic contaminant removal and
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microorganism inactivation under different reaction conditions, and finally (iii) evaluate
potential of implementation of these processes as novel AOPs or of other applications in

(waste)water treatment.
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Chapter 2. SUPEROXIDE/HYPOCHLOROUS ACID REACTION,
FORMATION OF REACTIVE RADICAL SPECIES,
DEGRADATION OF ORGANIC CONTAMINANTS, AND

FORMATION OF DISINFECTION BYPRODUCTS

Reproduced with permission from Liou, S.-Y. and Dodd, M. C., Evaluation of hydroxyl radical and
reactive chlorine species generation from the superoxide/hypochlorous acid reaction as the basis for a
novel advanced oxidation process. Water Research, 2021, 117142
(https://doi.org/10.1016/j.watres.2021.117142). Copyright 2021.
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2.1 Introduction

The present work aims to examine O /FAC reaction chemistry and highlights the
potential for its application in (waste)water treatment by: (i) developing experimental procedures
enabling manipulation of the O."/FAC reaction via controlled blending of aqueous O, and FAC

stock solutions, (ii) quantifying molar yields of HO® and cumulative in situ exposures
(I;[radical]dt) for HO" and RCS from the O2/FAC reaction, (iii) evaluating approaches for

optimizing organic contaminant degradation via the O /FAC reaction under various conditions
and in various water matrixes (including natural waters), and (iv) quantifying impacts of O™

[FAC treatment on formation of regulated organic and inorganic disinfection byproducts (DBPs).

2.2 Materials and Methods

2.2.1 Chemicals

All stock solutions of general reagents were prepared in Milli-Q ultrapure water with
resistivity > 18.2 MQecm. FAC stock solutions were prepared by diluting a commercial aqueous
NaOClI stock (available chlorine, 4.00-4.99% w/w, Sigma-Aldrich) in Milli-Q water, and
standardized spectrophotometrically at 292 nm (eoci- = 350 M*cm™) (Hand and Margerum,
1983). H20- stock solutions were prepared by diluting a commercial aqueous H20- stock (31.7%
wi/w, Fisher) in Milli-Q water, and standardized spectrophotometrically at 240 nm (en202/Ho2- =
38 Mlcm™) (Morgan et al., 1988). The reverse osmosis isolate of Suwannee River natural
organic matter (SRNOM) was obtained from the International Humic Substance Society (IHSS).
SRNOM aqueous stock solutions were prepared by dissolving 20 mg of SRNOM isolate in 100

mL of ImM NaOH with mixing for 30 min. A sufficient amount of sulfuric acid was then added
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to lower the pH to 7, and the solution was filtered through a 400°C-baked Whatman GF/F glass
fiber filter (nominal pore size ~0.7 um). The resulting SRNOM stock solution was stored in the
dark at 4 °C prior to use. Natural surface waters samples were collected from (i) a Local
Reservoir that serves as a regional drinking water source, and (ii) the exit of Lake Washington at
the Montlake Cut near the University of Washington. The water samples were collected in glass
bottles and stored at 4 °C prior to vacuum filtration through a 0.45 pm polyethersulfone
membrane (SterliTech). Dissolved organic carbon (DOC) concentrations in SRNOM stock
solutions and natural water samples were determined using a Shimadzu TOC-L high-temperature
catalytic combustion analyzer. Additional details on natural water characteristics are provided in

Table Al. Prior to use in experiments, all natural water samples were buffered with 50mM

phosphate at pH 7. Chemicals obtained from commercial suppliers were typically of >98%

purity, and were used without further purification (see Table 2.1 for a list of chemicals with

suppliers and purities).

Table 2.1. Chemical suppliers and purities?

Chemical Manufacturer Purity/Specification Purpose

NaOH (high-purity) Alfa Aesar >99.99% 02" stability tests

EDTA Sigma-Aldrich >99% O, stability tests

FAC Sigma-Aldrich 4.00-4.99% wi/w O2"/FAC treatment

H,0, Fisher 31.7% O, /FAC treatment

KO, Sigma-Aldrich 42.4-47.4% O, O2"/FAC treatment

NaOH (regular) Sigma-Aldrich >98% O2"/FAC treatment

H2S04 Sigma-Aldrich 95-98% O2"/FAC treatment

NB Sigma-Aldrich >99% probe compound

BA Alfa Aesar 99% probe compound

DMB Sigma-Aldrich 99% probe compound

pCBA Sigma-Aldrich 99% probe compound

NaH2PO4 Sigma-Aldrich >99% buffer

Na;HPO4 Sigma-Aldrich >99% buffer

H3;BO3 Sigma-Aldrich >99.5% buffer

NazS203 Sigma-Aldrich >99.99% quenching reagent for FAC
catalase from bovine Sigma-Aldrich 10,000-40,000 units/mL  quenching reagent for H,O;

liver
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KI

(NH4)sM07024 + 4H,0
KHP

ABTS

formaldehyde

t-BuOH

acetylacetone
CH;COONH4
CH>COOH
TPA

NaCl

NaBr
NaBrOs;
NaClO;
NaClOs
NaClO4

Ba(OH), + 8H,0

Na,SOq4

MTBE

CF

MCAA

DCAA

TCAA

H3PO4

MeOH
Acetonitrile (LC-MS)
Acetonitrile
Water (LC-MS)
methylamine

35C|l8o4—
35C|18O3—
81Br18o3—

1,2,3-TCP
2,3-DBP

Sigma-Aldrich
Alfa Aesar
Alfa Aesar
Fluka
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
EMD

Fisher

TCI
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
EMD

Sigma-Aldrich

Fisher
Sigma-Aldrich
EMD

Supelco
Supelco
Supelco
Macron
Sigma-Aldrich

Thermo Scientific

Fisher

Merk
Sigma-Aldrich
ICON stable
isotopes
EURL-SRM
ICON stable
isotopes
Sigma-Aldrich
Sigma-Aldrich

>99%
99%
99%
>99%
37%

>99%

>99%

> 98%
100%
>99%
>99.5%
>99%
>99%
80%
>99%
98-102%

>98%

100.2%
99.9%
99.8%
99.9%
97.9%
99.9%
85%
>99.9%
99.9%
>99.9%
100%
40%

95 Atom% 180
n.a.
95 Atom% 180

99%
98%

Allen reagent
Allen reagent

Allen reagent, DOC standard

ClO; measurement

formaldehyde experiments
formaldehyde experiments,

radical scavenger
Hantzsch reagent
Hantzsch reagent
Hantzsch reagent
HO" indicator
halide analyses
halide analyses
oxyhalide analyses
oxyhalide analyses
oxyhalide analyses
oxyhalide analyses

halide/oxyhalide sample

pretreatment

THM/HAA analyses
THM/HAA analyses
THM/HAA analyses
THM/HAA analyses
THM/HAA analyses
THM/HAA analyses
HPLC mobile phase
HPLC mobile phase
HPLC mobile phase
HPLC mobile phase
HPLC mobile phase
HPLC mobile phase

internal standard
internal standard
internal standard

internal standard
internal standard

2 Adopted from (Liou and Dodd, 2021).
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2.2.2 Superoxide Stock Preparation

All Oy stock solutions were prepared in Milli-Q ultrapure water with resistivity 18.2
MQecm, with the exception of a limited number of KO> stock solutions prepared in molecular
grade water (Corning, molecular grade water, MT-46-000-CM). Stock solutions were prepared
by three methods: (a) Dissolution of KO- solids, (b) UV irradiation of alkaline H>O2/HO>", or (c)
O3 treatment of alkaline H2O2/HO;". Most aqueous O™ stock solutions used in this work were
prepared by dissolution of potassium dioxide (KO>) solids (powder form) in aqueous NaOH

solutions.
(i) KOz dissolution in 0.1 and 1M NaOH (NaOH solutions added to KO- solids)

Desired masses of KO, were weighed and placed in 20 mL amber borosilicate glass vials,
NaOH solution (0.1 or 1 M) was rapidly poured into the vials, and the vials were shaken
immediately after NaOH addition to ensure full dissolution of KO> solids. The pH values of 0.1
and 1M NaOH solutions were 13.0 and 13.9, respectively, at room temperature (2212 °C), as
confirmed by direct measurement for 0.1M NaOH, and calculated using Visual MINTEQ with
correction for ionic strength/activity via the Brgnsted-Guggenheim-Scatchard implementation of
specific ion interaction theory for 1M NaOH (direct pH measurement at the latter NaOH
concentration proved problematic due to apparent elevated sensitivity of the electrode to sodium

error at >0.1M NaOH).

KO- was dissolved in NaOH solutions prepared in Milli-Q water at initial concentrations
ranging from 0.5 to 10 mM, yielding HO>'/O>™ concentrations ranging from ~0.07-2.1 mM (as
well as H,O2/HO>™ at similar levels) in the resulting stock solutions (Figure 2.1). As expected,

higher initial KO, concentrations led to higher initial [HO2/O2"]o in stock solutions. However,
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[HO2/02" o was always markedly lower than the concentrations of KO- dissolved (Figure 2.1),
presumably due to the presence of very high localized concentrations of HO2"/O2™ (with
concomitant rapid disproportionation to H2O2/HO; via eqs 1.3-1.5, and/or direct reactions with

H202/HO; via eqs 2.1-2.3) during dissolution of the KO solids, even with rapid mixing.

HO,;" + H202, — HO® + H20 + Oy ko1 =102to 5 M1s?t (Ross et al., 1998) (2.2)
02" + H02 —» HO" + OH + O2 ko2 =10"t0 2.3 Ms? (Ross et al., 1998) (2.2)
0, + HOy — O3 + Ho05 ko3 <2 M7s (Ross et al., 1998) (2.3)
2323-(5‘) E 10 m KO a000 { (P)
1750-; E A SmMKog onp D oo 0a0n o
~ 1500 g v 1mMKOz . 3000 | - O
Z 1250 - ™| = O osmMKoz| =
,'_'1000-AA Eiiai :2000—..........22
S ] A A L o A A A A
750 A o A DN A A A
.QN 500 | A A AAAL A %N 1000 A
o ~ 400
L. 200 T 300 -
1ggivvv77vav'vv 2oo,vvvvvvvvvvvv
NP OCOCOCOOO000000 HMROCOOO00O00 000
0 20 40 80 80 100 0 20 40 60 80 100
Time (sec) Time (sec)

Figure 2.1. (a) [HO2'/02] and (b) [H202/HO2] in O™ stock solutions prepared from dissolution
of KOz in 1M NaOH at pH 13.9, using Milli-Q water and NaOH (>98%, Sigma-Aldrich).
Adopted from (Liou and Dodd, 2021).

(i) UV irradiation of alkaline H,O2/HO2~

The photolysis of H.0, (pKa = 11.6 (Black and Hayon, 1970)) and its conjugate base,
hydroperoxide (HO2") proceeds via egs 2.4-2.5 (Baxendale and Wilson, 1957; Glaze et al.,

1987),

h
Hy0; —— HO" + HO" (2.4)
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h
HO; ——— HO" + O™ (2.5)

where in the presence of excess H.O2/HO2~ (comprising the sum of H>O, and HO>"), subsequent
reactions of HO" and its conjugate base, oxide radical (O™) (pKa = 11.9 (Buxton et al., 1988)),

with H202/HO;™ can lead to formation of O, (eqs 2.6-2.9).

HO" + H,02 — H,0 + O + H* ks = 2.7 x 10” Ms (Christensen et al., 1982) (2.6)
O™ +H0; —» OH + Oy + H* ka7 <5 x 108 M1s? (Christensen et al., 1982) (2.7)
HO® + HO2” — H20 + O™ kzs = 7.5 x 10° Mis! (Christensen et al., 1982) (2.8)
O~ +HO; — OH + 07" koo = 4 x 108 Mst (Buxton et al., 1988) (2.9)

Under circumneutral pH conditions, rapid disproportionation of HO2" and O2" (egs 1.3-
1.4) prevents their buildup in solution; however, under strongly alkaline conditions (pH > 12),
0> can accumulate. Consistent with this, O>™ has been reported as a product in the photolysis of
HO2 (Allen and Bielski, 1980; Behar and Czapski, 1970; Bielski and Cabelli, 1995; Lunak and
Sedlak, 1992). In this work, O>™ was in turn generated by using a 5W low-pressure (LP) Hg
lamp (Pen-Ray 11SC-1, UVP) equipped with an 18mA AC power supply (Pen-Ray 11SC-1,
UVP) to irradiate alkaline solutions of H.0./HO,". The Hg lamp, which emits monochromatic
ultraviolet (UV) light (A = 254 nm), was housed in a metal shield with a rectangular opening of
0.48 cm x 3.81 cm (see Figure 2.2). Irradiations were initiated by placing a 1-cm quartz cuvette
containing 0.05M or 0.0316M NaOH and H20./HO-™ at various initial concentrations in the path
of the emitted light. The cuvette was place ~4 mm away from the outer surface of the lamp for

irradiations, with the contents continuously stirred by a magnetic stir bar at 200 rpm. At pre-
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defined times, the quartz cuvette was removed from the light and samples were collected for

spectrophotometric analyses of [HO2/0."] and [H202/HO>].

Irradiation at initial concentrations of H,O2/HO>™ ranging from 5-20 mM resulted in the
buildup of HO2"/O;™ over 3-5 minutes to maximal HO2"/O;™ concentrations of ~1mM and
~0.5mM in 0.1M NaOH (pH13.0), 0.05M NaOH (pH 12.7) and 0.0316M NaOH (pH 12.5)
solutions, respectively (Figure 2.3), with higher [H202/HO: ]o yielding higher [HO2"/O"]
(consistent with eqs 2.4-2.9). These values are comparable to or in excess of the highest O™
concentrations (~400 uM) reported when using vacuum-UV photolysis of oxygenated aqueous
ethanol and/or formate solutions, or UV photolysis of mixture of ketones with alcohols (Bielski
and Gebicki, 1982; Holroyd and Bielski, 1978; McDowell et al., 1983). O, /FAC treatments

using UV-derived O™ stocks were described later in Chapter 3.

Figure 2.2. Setup for UV photolysis of alkaline H202/HO>™ solutions for O>™ stock preparation.
(a) Low-pressure Hg lamp housed in metal shield. (b) UV reactor setup with quartz cuvette in
place on a magnetic stirrer. Adopted from (Liou and Dodd, 2021).
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Figure 2.3. Evolution of (a) [HO2/02] and (b) [H202/HO2] during continuous photolysis of
H202/HO2™ in 0.1, 0.05 or 0.0316M NaOH solutions at pH 13.0, 12.7 or 12.5, using a 5W low-
pressure Hg vapor lamp. H.O2/HO;™ solutions were prepared using Milli-Q water and NaOH
(>98%, Sigma-Aldrich). Adopted from (Liou and Dodd, 2021).
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Figure 2.4. Decay of HO2'/O,™, following removal of irradiated solutions of H,O2/HO2 in
0.05M or 0.0316M NaOH (pH 12.7 or 12.5) from the UV light source (a 5W low-pressure Hg
vapor lamp). H.0./HO,™ solutions were prepared using Milli-Q water and NaOH (>98%, Sigma-
Aldrich). Adopted from (Liou and Dodd, 2021).

(iii) O3 treatment of alkaline H202/HO2~

Under conditions of excess H.O2/HO;™ at alkaline pH, Oz is rapidly consumed by HO™ to

yield O2" and HO" by way of a multi-step reaction now understood to proceed through an adduct

HOs™ (eq 2.10) (von Sonntag and von Gunten, 2012), with scavenging of HO™ by H2O2/HO2™

leading to further O2™ (egs 2.6-2.9). In this process, rapid reaction of Oz with O2™ to yield O3™

3

3



(and subsequently, O, which in equilibrium with HO", will in turn be scavenged by H202/HO,~

through egs 2.6-2.9) will to some extent self-limit O>" accumulation (eqs 2.11-2.12).

O3+HO; »— 0, +HO + 02 k210 = 2.8 x 10° M1s? (Staehelin and Hoigne, 1982) (2.10)
O3+ 02" — 02+ 03~ ko211 = 1.6 x10° M1s? (Buehler et al., 1984) (2.11)
O3 - 0" +02 k212 = 2.8 x 10 s’ (Elliot and McCracken, 1989) (2.12)

In this work, aqueous Os stock solutions were prepared by bubbling gas-phase O3
produced by a high-output, air-cooled, corona-discharge ozone generator (IN USA) through an
ice-chilled Erlenmeyer flask of Milli-Q water until stable concentrations were reached (typically
after 1 hr). Oz concentrations obtained in the stock solutions typically reached ~1.1-1.2 mM, and
were measured spectrophotometrically at 260 nm (e = 3150 Mlcm™ (Hoigné, 1998)). Four mL
volumes of O3 stock solution were transferred by gas-tight glass syringe (either manually or with
a syringe pump) into amber borosilicate glass vessels containing 4 mL of 1M NaOH amended
with [H202/HO2Jo = 1.2 mM under constant stirring, allowed to react for 40 s, and then sampled

for analyses of HO, /O™ and H202/HO-™.

O3 treatment of alkaline H2O2/HO2™ under in situ conditions of pH ~13.6, [H202/HO2]o =
0.6 mM, and [Os]o = 0.575 mM resulted in the buildup of HO2"/O,™ over 30 s to maximal
concentrations ranging from 0.02-0.06 mM (Figure 2.5). Higher HO2"/O™ levels were observed
when using a syringe pump to slowly meter the rate of Oz addition to alkaline H2O2/HO2™
solutions instead of dosing rapidly by manual injection. This effect was likely due to a lowering
of Oz concentrations present in solution at a given instant, with consequent minimization of the

consumption of O2" generated in eq 2.10 by subsequent reaction with Oz (eq 2.11). O2™ stocks
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generated by Oz treatment of alkaline H202/HO2™ were not used for O."/FAC treatment due to

the relatively low [HO2 /02" ]stock levels resulting from this approach (Figure 2.5).

[O.], = 575 uM, [H,0,], = 600 uM [O.], = 575 uM, [H,0,], = 600 uM
70 800
(a) (b) O rapid dosing
601 & & 0.267 mL/sec
) ® ¥ O 0.133 mLisec
g 50 1 ¥ ¥ E 600 4 ¥ 0.067 mL/sec
— 40{ ® -
S 5. . Q s &8 8 & 8
I - 2 Slao{ W ¥ v v v
L 20 ¢ * Z
10 |
ofg O 0 O O 0 | . - : ; ; . : ; |
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Figure 2.5. Evolution of (a) [HO2'/02"]o and (b) [H202/HO2 ]o following reaction of [O3]o = 575
UM with [H202/HO2 ]o = 600 M, in 0.5M NaOH at a calculated pH of 13.6 (obtained using
VisualMINTEQ to correct for ionic strength, with activity coefficients determined from the
Bransted-Guggenheim-Scatchard implementation of specific ion interaction theory). As noted in
the legend, Oz was dosed to the alkaline H.O2/HO>™ solutions either manually in a single, rapid
injection, or by syringe pump at flow rates of 0.067, 0.133, or 0.267 mL/min. Alkaline
H202/HO>™ solutions were prepared using Milli-Q water and high-purity NaOH (99.99%, metals
basis, Alfa Aesar). Adopted from (Liou and Dodd, 2021).

2.2.3 O, /FAC Treatment Procedures

(i) KO2-derived Oy stocks used for treatment

KO2-derived Oz stocks in 1M NaOH were typically prepared to contain [HO2/O2" Jstock
~ 1000 uM at the time of dosing to receiving solutions. Due to HO2/O>™ disproportionation (eqs
1.3-1.4), such stocks inevitably also contained H20./HO™, typically at concentrations of
[H202/HO2 Jstock ~ 3500 M. The stocks were dosed to receiving solutions at dilution factors
ranging from 1:50 to 1:5 (stock volume added : final receiving solution volume) yielding in situ

[HO2' /02 ~ 20-200 uM, and [H202/HO27] ~ 70-700 uM in the O2"/FAC-treated receiving
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solutions. KO»-derived O2™ stocks in 0.05M NaOH were typically prepared to contain
[HO2'/02" Jstock ~ 2000 uM and [H202/HO2 ]stock ~ 6000 M, and dosed to receiving solutions at
dilution factors from 1:40 to 1:10 — yielding in situ [HO2'/O2""] ~ 50-200 uM and [H202/HO2] ~

150-600 uM in the O /FAC-treated receiving solutions.

(if) Oz /FAC treatment experiments

O, /FAC treatment experiments were undertaken by either (i) dosing various volumes of
alkaline O2™ stocks to 5mM or 50mM, phosphate- or borate-buffered solutions (pH 7-10)
containing FAC and radical probes or in some cases tert-butanol (t-BuOH) (hereafter referred to
as postmix treatment), or (ii) premixing alkaline O™ with alkaline FAC, and then dosing various
volumes of premixed alkaline O>"/FAC stocks to 5mM or 50mM pH 7 phosphate-buffered
solutions or natural waters containing radical probes or other additives (e.g., H2O2, Suwannee
River natural organic matter (SRNOM), or bromide) (hereafter referred to as premix treatment).
O™ stocks for postmix-dosing and O>"/FAC stocks for premix-dosing were generally prepared
in 0.1M or 1M NaOH to stabilize O, and FAC, in accord with the slow kinetics of O2™
disproportionation and the O>"/FAC reaction at pH>13 (Figure 1.1). O™ and premixed O>™
/FAC stocks were utilized as soon as possible after preparation (typically within 0.5-5 minutes)

to minimize reactant losses before dosing to receiving solutions.

02" or O /FAC stocks were dosed into receiving solutions simultaneously with a
stoichiometric amount of HoSO4 to neutralize OH™ and ensure the desired in situ pH (typically 7,
with selected experiments at 8, 9, and 10) in receiving solutions. All Oz, O /FAC, and H2SO4
additions were conducted under rapid mixing, with receiving solutions agitated using PTFE-

coated magnetic stir bars. All initial concentrations of t-BuOH, radical probes, HO>'/O,™,
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H>02/HO>", FAC, or other solution constituents reported herein were the initial values in solution
after dosing all reactants (accounting for dilution due to blending reactants). Many experiments
were conducted using a single dose of O>™ or premixed O>"/FAC stocks (henceforth referred to

as single-dose or single-dosing experiments). In a number of experiments, a given receiving

solution was repeatedly dosed with O2™ or premixed O2"/FAC stocks at fixed concentrations and
stoichiometric ratios, with samples collected for analyses of probe compounds and other analytes

after each dosing step (henceforth referred to as multiple-dose or multiple-dosing experiments).

(iii) H202/HO2™ removal

Following addition of O2™ or premixed O2/FAC stocks to receiving solutions, solutions
were allowed to sit for at least 10 minutes to ensure completion of reactions. Any FAC not
consumed directly by O, was consumed subsequently by excess H202/HO, ™ originating from

the O™ stock solution, via eq 2.13,

HOCI + HO; — H,0 + CI" +10;  ko13 = 4.4 x 107 Mis? (Held et al., 1978) (2.13)

with an apparent Ko, o) frac

= 8.4 x 10> M%st at pH 7 (corresponding to t,

2,(H202/Ho;)/FAc N

12 s at [H202/HO2 ]o = 100 uM) (Figure S2.1b), as confirmed using DPD colorimetry (see

Section 2.2.4).

Note that the reaction of FAC with H202/HO: is too slow to compete directly with the
02" /FAC reaction upon O2™ or O2"/FAC dosing to receiving solutions at circumneutral pH
(Figure S2.1b). Residual H>O-/HO-™ in treated solutions was typically quenched using purified
catalase from bovine liver (with thymol removed by repeated washing and centrifugation in

phosphate buffer) prior to analyses of probe compounds and/or oxyhalides, and prior to
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subsequent re-dosing with O2™ or premixed O2"/FAC stocks in multiple-dosing experiments. A
catalase concentration of >5 units/mL was selected for H202/HO>™ quenching (based on
measurements of catalase-driven H2O, decay here) to ensure complete H,O2/HO,™ removal
within 15 min. In selected experiments, residual H.O2/HO>™ concentrations after O, /FAC
treatment were quenched by addition of excess FAC instead of catalase. Dosed FAC
concentrations were selected to yield residual [FAC] values (after H,O2/HO2~ consumption)
based on stoichiometric requirements for re-dosing with O™ stocks (for use in multiple-dosing

experiments).
(iv) THM/HAA experiments

In experiments undertaken to examine THM and HAA formation during O2"/FAC
treatment and post-chlorination of O>"/FAC treated samples, catalase was used to remove
H20./HO,™ from solutions following O2/FAC dosing (or after each O, /FAC dosing step in
multiple-dosing experiments), with sub-samples collected directly afterward for THM, HAA,
and probe compound analyses. Then, the solutions were dosed with a target [FAC]o = 8 mgCI2/L,
to assess impacts of O /FAC treatment on formation of THMs and HAAs from SRNOM during

post-chlorination. After FAC dosing, samples were allowed to react in the dark for times
sufficient to reach a cumulative FAC exposure ((‘);[FAC]dz, hereafter referred to as CTrac) of

400 mgCly/Lemin, and finally quenched with Na>S>O3 to prepare samples for subsequent THM
and HAA analyses. Dosed Na>S203 concentrations were selected to be in >10-fold molar excess
of [FAC]. Catalase addition after O, /FAC treatment was estimated to introduce no more than

~0.06 mgC/L of DOC into solutions, and was included in controls subjected to treatment with
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FAC alone at the same levels as used in O /FAC treatment experiments, to ensure that THM

and HAA measurements were not biased by the presence of catalase.
2.2.4 Analytical Methods

Full details of methods used for measurements of pH, HO>"/O>™, H20./HO>", oxyhalides,
trihalomethanes (THMSs), and haloacetic acids (HAAS); and for identification and quantification

of HO" and RCS during O /FAC treatment are provided below.
(1) pH measurements

All pH measurements were performed using an Orion 5 Star meter with Orion ROSS
Ultra pH electrode, with pH adjustment using NaOH or H2SO4. Unless otherwise specified,

solutions were prepared and experiments conducted at room temperature (22+2 °C).
(if) Measurement of HO2*/O," and/or H202/HO> in stock and reaction (receiving) solutions
(@) UV spectrophotometry (HO2"/02" and H202/HO>")

The molar absorption coefficients of HO', 02", and H20- at 240 and 260 nm have been

reported as e =1260 M*cmtand ¢ =540 Mtcm?, o = 2345 M*cm™ and
HO;,240nm HO;,260nm 05 ,240nm
— -1 -1 — -1 -1 — -1 -1 H
N 1940 M~“cm™, and €40, 2a0mm 38 M~“cm™ and €410, 260mm 13 M~cm™, respectively

(Bielski and Allen, 1977; Bielski et al., 1985; Czapski and Bielski, 1993; Morgan et al., 1988).
Because some uncertainty exists as to the corresponding coefficients for HO,™ (Czapski and
Bielski, 1993; Morgan et al., 1988), they were determined here by measurement of HO>~
absorbance in 1M NaOH solutions dosed with [H202/HO.] = 0.5, 1, 2, 3 and 5 mM and

corrected by subtraction of background OH™ absorbance (as measured in 1M NaOH solutions
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lacking H20,/HO;"), yielding e =346 M*cm™ and e, =188 M*cm™. These values

HO; ,240nm 5,260nm

are in general agreement with those reported in several studies by Bielski et al. (Bielski and

Allen, 1977; Bielski and Cabelli, 1995; Czapski and Bielski, 1993).

From the preceding, effective molar absorption coefficients e for HO2"/O2™ and

HO; /05, 1

e , for H202/HO;™ were calculated at A= 240 and 260 nm for a given pH by eqs 2.14-

H,0,/HO3,

2.15,

(w0 [ K,
€h05/05. 1 ~ Aoy Crioy, 1 + Ay 05 1= L':HJr]_l_—KHOJ €ho;. 1 + LI:Hi'-I-—KHoJ €o;.1 (2.14)

(W] ) (K., )
EHZOZ/HO"Z, / = aHZOZEHZOZ, / + aHO_zeHO'Z, / = LwJ eHzoz, / + L|:I_|++—KJ eHO'z, / (215)

a,H,0, a,H0,

The resulting values of e and e were then used in combination with

HO; /05, 1 H,0,/HO5, /

real-time 240 and 260 nm absorbances, Abs and Abs (measured simultaneously

total,240nm total,260nm

with a Shimadzu UV-2700 spectrophotometer) to calculate HO,'/O2"~ and H202/HO;~
concentrations in stock solutions by simultaneously solving eqs 2.16-2.17 via Cramer’s Rule

(with I =1 cm) (Schreiber and Mitch, 2005; Shores, 2018).

Abst0t3'240nm = eHo'z/o;, 240nm [HO; /O; :I <1+ eHzoz/Hog, 240nm I:HZOZ/HOQ :' x1 (2'16)

Abstotal260nm = eHo;/o;, 2600m < [HO.Z/O.Z_ :I X1+ eHzoz/Hog, 2600m [HZOZ/HOQ :I x1 (2'17)
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(b) Allen reagent (H202/HO;")

The potassium iodide/potassium hydrogen phthalate/molybdate reagent described by
Allen et al. (Allen et al., 1952) was used to measure H,O2/HO>™ concentrations in selected stock
solutions as a check on the accuracy of the Cramer’s rule method (Figure 2.6), as well as in

reaction solutions during multiple-dosing experiments.

500
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Figure 2.6. Comparison of [H.02/HO>"] measurements obtained using the Allen reagent method

with [H202/HO2"] measurements obtained using the UV spectrophotometry/Cramer’s rule
method (eqs 2.16-2.17) for the same solutions. Adopted from (Liou and Dodd, 2021).

(iii) Identification and quantification of HO* and RCS
(a) Probe compound methods (HO®™ and RCS exposures)

Because of the extremely rapid kinetics of the O /FAC reaction and associated
secondary radical reactions at circumneutral pH, radical generation and consequent degradation
of probe compounds occur in a brief pulse, within 0.1-0.4 s of mixing O2" and FAC stock
solutions at circumneutral pH in either postmix or premix experiments (Figure 1.1, egs 1.7-1.15).

As a consequence of the non-steady state nature of this process (with concomitant HO»"/O™ and

41



FAC decay resulting in continuous variation in radical levels over the course of the O>" and
FAC reaction), it is not possible to determine steady-state radical concentrations applicable over
the entire course of the reaction timescale, as one might in a UV/H20; or UV/FAC process.

Instead, the probe compounds nitrobenzene (NB), benzoic acid (BA), and 1,4-dimethoxybenzene
(DMB) were utilized together to quantify cumulative in situ exposures ((‘)Ot[radical]dt) for HO",

CI, CIO’, and/or Cl> during O2" /FAC treatment (see Section 2.2.5 for details). Exposures for
CIO™ and/or Cl> could not be separated, due to the lack of an available probe selective for only
one of these species, and so are considered here in terms of a single aggregate term for CIO*/Cl,™
exposure. para-Chlorobenzoic acid (pCBA) was used for semi-quantitative assessment of
variations in radical exposures with varying O>"/FAC treatment conditions.

Concentrations of NB, BA, DMB, and pCBA in samples were all analyzed (after
quenching residual H2O./HO>~ with catalase, or residual FAC with Na»>S,03 in 10-fold molar
excess of [FAC]) using a Dionex UltiMate 3000 HPLC coupled with a diode array detector. NB,
BA, and DMB separations were performed together on a Supelco Ascentis C18 column (150 x
2.1 mm, 3 um), using an isocratic mobile phase comprising 50% 100mM H3PO4 (A) and 50%
methanol (B), while pCBA was analyzed in separate experiments using an isocratic mobile phase
comprising 65% 100mM HsPO4 (A) and 35% acetonitrile (B). In all cases, a 20uL injection

volume and 0.25 mL/min flow rate were used.
(b) Terephthalate (HO" identification)

Reaction of terephthalate (TPA) with HO" (k = (3.3-4.4)x10° M1s1) produces

HO',TPA
highly fluorescent hydroxyterephthalate (hnTPA), which exhibits two excitation/emission maxima

at 240 nm/425 nm and 310 nm/425 nm (Charbouillot et al., 2011; Fang et al., 1996; Page et al.,
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2010). Formation of hTPA was used as a qualitative and semi-quantitative diagnostic
measurement for confirmation of HO" generation in O>"/FAC treated solutions. Excitation-
emission matrixes (EEM) were collected for samples (after quenching residual H.O2/HO;~ with
catalase, or residual FAC with Na,S>03 in 10-fold molar excess of [FAC]) at excitation
wavelengths from 200-400 nm (5 nm increments) and emission wavelengths from 247.0-824.6
nm (~4.5 nm increments), using a 1 x 1 cm quartz cuvette on a Horiba Aqualog Fluorometer.
The EEM data were post-processed using Aqualog software to correct for inner filter effects, and

for Raman and Rayleigh-scattering, with blanks collected for Milli-Q water.
(c) Hantzsch reagent (HO" yields)

t-BuOH reacts with HO" (k = 6.0x10® M1s1) to generate formaldehyde as a

HO" t-BuOH
predominant stable product (Buxton et al., 1988; Schuchmann and Von Sonntag, 1979).
Formation of formaldehyde was used as a qualitative and quantitative diagnostic measurement of
HO" yields in O2/FAC treated solutions. Formaldehyde was quantified in samples (after
quenching residual H.O2/HO>™ with catalase) by means of the Hantzsch reaction,(Nash, 1953)
wherein the product diacetyldihydrolutidine (DDL) was detected at 412 nm (s = 8,000 M-tcm™)
using the Shimadzu UV-2700 spectrophotometer noted above. Calibrations were performed

using formaldehyde standards prepared in Milli-Q water (Figure 2.7).
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Figure 2.7. Calibration curve obtained by derivatization of formaldehyde standards with the
Hantzsch reagent. Calibration standards were prepared by adding [formaldehyde]o = 0.5-50 uM
into Milli-Q water, allowing 2 h at 22+2 °C for reaction to form the product
diacetyldihydrolutidine, and measurement of absorbance at 412 nm. Adopted from (Liou and
Dodd, 2021).

(iv) DPD and ABTS colorimetry

Colorimetric methods employing N,N-diethyl-p-phenylenediamine (DPD) and 2,2-azino-
bis(3-ethylvenzothiazoline-6-sulfonate (ABTS) were used to quantify FAC and chlorine dioxide
(CIO2) concentrations, respectively, in selected samples following O, /FAC treatment

(APHA/AWWA/WEF, 2005; Pinkernell et al., 2000).
(v) Measurement of oxyhalides, chloride, THMs, and HAAs

(a) Non-suppressed ion chromatography with electrospray ionization and tandem mass

spectrometry (NS-IC-MS/MS) (oxyhalides)

Chlorite (ClO2"), chlorate (ClO3"), perchlorate (ClO47), and bromate (BrOs") were

analyzed using a Shimadzu LC-20 HPLC coupled with an APl 4000 QTRAP linear ion trap with
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hybrid triple-quadrupole mass spectrometer (AB Sciex), with quantification using *0-labelled
internal standards (*°CI*®0;, 35CI'®03", and &'Br'®03"). Separations were performed on a 2x250
nm Dionex IonPac AS16 column (9 pm particle size, 2000 A pore size), using a 100 pL injection
volume and isocratic mobile phase comprising 20% 1 M aqueous methylamine (A) and 80%
acetonitrile (B) at a flow rate of 0.25 mL/min. Full method details are available elsewhere

(Young et al., 2020).

Immediately after experiments, phosphate and sulfate in treated samples were removed
by Ba(OH). treatment and sedimentation of Bas(PO4). and BaSQO4 precipitates via centrifugation
at 14000 rpm for 10 min (to avoid interference in NS-IC-MS/MS analyses (Young et al., 2020)).
Supernatants were collected and diluted 7-fold for analyses. Recoveries of 95-105% were

achieved for all oxyhalides. Samples were stored at 4 C until analyses within 24 h.
(b) lon chromatography with conductivity detection (chloride)

Background chloride concentrations in FAC stocks and chloride concentrations formed
during O2"/FAC treatment were measured using a Dionex ICS-3000 ion chromatograph
equipped with a conductivity detector, with 100 pL injection volumes. Separations were
performed with the AS16 column noted above, using a gradient method with varying

concentrations of aqueous potassium hydroxide at a flow rate of 0.25 mL/min.

(c) Liquid-liquid extraction/esterification with gas chromatography-electron capture detection

(GC-ECD) (THMs and HAAS)

Ten mL of Na2S»0s-treated samples were acidified to pH < 2 by 98% H,SO4. Then ~4 ¢
of sodium sulfate was added to samples to increase ionic strength, and THMs and protonated
HAAs were extracted into 2 mL of MTBE amended with internal standards (100 pg/L 1,2,3-
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trichloropropane and 2,3-dibromopropanoic acid) via vortex. Then 2 mL of the supernatant
MTBE layer containing THMs and HAAs was transferred into a conical-bottom borosilicate
glass vial, and amended with 0.5 mL of methanol acidified with 10% H2SO4. The MTBE extract
was then heated at 50 °C for 2 h in order to esterify the HAAs. After cooling, 2 mL of saturated
aqueous sodium bicarbonate was added into the esterified extract to neutralize excess acid, and
the MTBE supernatant was transferred into autosampler vials for analysis by GC-ECD on a
Shimadzu GC-2010 system, with separation on a 30 m x 0.25 mm x 1.0 um HP-1MS column, in

accord with EPA Method 552.2 (Hodgeson, 1995).
2.2.5 Determination of Cumulative in situ Radical Exposures

Nitrobenzene (NB) is reported to react rapidly only with hydroxyl radical (HO") (of the
radicals relevant to the O>"/FAC reaction) (Buxton et al., 1988; Nowell and Hoigné, 1992; Watts
and Linden, 2007), while benzoic acid (BA) reacts rapidly with HO" and chlorine radical (CI°)
(Buxton et al., 1988; Martire et al., 2001), and 1,4-dimethoxybenzene (DMB) reacts rapidly with
HO", CI°, chlorine monoxide radical (CIO"), and likely also dichloride radical (Cl.™) (Alfassi et
al., 1988; Alfassi et al., 1989; O'Neill et al., 1975). The rate constants for reactions of CIO" and
Cly™ with BA are each at least three orders of magnitude smaller than reported or predicted for
their reaction with DMB (Alfassi et al., 1988; Hasegawa and Neta, 1978), and thus are neglected
here. In situ exposures for HO" and CI°, and an aggregate exposure value for CIO" and Cl,™, were
calculated from probe compound losses measured during O>" /FAC treatment according to the

following sets of equations (eqgs 2.18-2.26):
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HO* exposure

_dINB]_, [NB][HO" ]

dt HO",NB

Cl* exposure

_d[BALy  [BAJ[HO' 4k, ., [BA][CI]

dt HO’ BA

e RN A a1
o).,
In[ Ky ga [ [HO ot
Cl'exposure = J: [CI]dt= [BAL .
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Aqggregate ClIO*/Cly*~ exposure

OB s [OMBI[HO™ ]+ iy [PMBI[CI Ty o [PMBI[ €107, [OMB] 1] (224)
«d[DmB] _ [ [DMB]
k [DMB] | [DMB],
= Ko e Jo | HO" Jdt =k oo [ [CF Jdt—k . o,e [ IO Jat =k, oo [ CE; 2.25)

:_kHO"DMBJ‘[ ]dt kC' DMBIO[CI.}dt_kuo',omsr[CIO.]dt_0'41k0|0’ DMB,[otl:CI.Z_:Idt

= Ko owa o | HO" Jdt =K, oo L[ CF ]t~k DMB(j [clo"]dt+0.41] [ Cly )

(JTClO']dt + 0.41'[t[CI'2‘]dt) = Aggregate CIO"/CI;; exposure, orj;[CIO'/CI'Z‘]dt =

& [ ] t t (2.26)
" [ow] ) *Fome Lo+ kel [
- ClO*,.DMB
where K, .., K., Ko ;»and k. . represent the second-order rate constants for reactions of

HO', CI', CIO’, and ClI with probe compound i; and [i]o and [i] represent the concentrations of i
before and after O, /FAC treatment, respectively.

K K and k_ . have been reported as 3.9x10° M1s™? (Buxton et al., 1988),

HO",NB '’ HO™ ,BA HO",DMB
5.9x10° Ms? (for the benzoate ion) (Buxton et al., 1988), and 7.0x10° Ms™ (O'Neill et al.,

1975), respectively. k_. ., and k. . have each been reported as 1.8x10"° M's™ (Alfassi et

al., 1989; Martire et al., 2001), and k has been reported as 2.1x10° Ms (Alfassi et al.,

ClO* ,DMB
1988). The second-order rate constant for reaction of Cl," with DMB was not found in the

literature; therefore, it was estimated as described in Text S2.1, yielding a value of Ko oms =

8.6x10% M1s™,
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Because values of J’;[CIO‘]dt and 0.41 J';[CI‘Z‘}dt could not be independently
determined, their sums (_[;[CIO']dt +0.41_[;[CI'2‘]dt) are reported together here as aggregate

values abbreviated as J';[CIO'/CI'Z‘] dt, and were calculated by means of eq 2.26.

2.3 Results and Discussion

2.3.1 Preparation and Stabilities of Superoxide Stock Solutions

Rates of HO2/O," decay in aqueous stock solutions were proportional to [HO2' /02" o,
consistent with the second-order kinetics of HO.' /O™ disproportionation (egs 1.3-1.4 and 1.6)
(Table 2.2), with slower decay kinetics (i.e., higher HO2/O." stability) observed in solutions at
lower [HO2'/O2"Jo. Overall, HO2'/O>™ decay kinetics were much faster than predicted based on

theoretical values of &

2opHOL /O, P calculated using eq 1.6 (Figure 1.1, Table 2.2). For instance at

pH 13 and 13.9, £

o3 /0:-,pp Values of 0.61 and 0.077 M-1s were calculated from eq 1.6,
,10,/0,

corresponding to theoretical half-times, ¢ of 14 and 110 min, respectively, at a

1/2,HO; /05, DP?
representative concentration of [HO2"/O2"]o = 2 mM. In comparison, typical values of

t

oobsHO 05 15 and 60 s were measured here in 10 mM KO stocks prepared at pH 13 and 13.9,

respectively.
Our empirical half-life for O™ stock is much shorter than theoretical value, which might
be due to unideal mixing during stock preparation, impurities, trace metals, high background

H20- concentrations, and/or high background carbonate concentrations. Trace transition metals

(e.g., Fe, Cu) and various organic substances (e.g., quinones, ascorbate) are known to directly
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scavenge HO,'/O," and/or catalyze Fenton-type reactions that contribute to decreased O™
stability in aqueous solution (Bielski and Cabelli, 1995; Bielski et al., 1985). To investigate
whether the presence of such impurities may have been responsible for the decreased 02"
stabilities, and to assess options for improving O™ stabilities, KO2 stocks were also prepared by:
(i) amending NaOH solutions used for stock preparation with 0.1-10 mM of
ethylenediaminetetraacetate (EDTA) as a chelating agent (Oviedo and Rodriguez, 2003), (ii)
using higher-purity NaOH (99.99%, metals basis), (iii) using molecular grade water in place of
Milli-Q water, (iv) acid-washing glassware used for experiments, (v) using plastic
(polypropylene) instead of glass vessels, and (vi) thermostating at 5 °C. A summary of

experimental ¢ values determined under these conditions is provided in Table 2.3. No

1/2,0bs,HO; /O
consistent positive or negative effects on HO, /O™ stabilities were observed for usage of high-
purity NaOH, acid-washing of glassware, or usage of polypropylene vessels. Moderate (up to ~2-
fold) improvements in HO2'/O" stability were observed when lowering stock solution
temperatures to 5 °C, or when adding EDTA or using molecular grade water. The effects of
EDTA and molecular grade water indicate that the presence of trace metals and/or organic
impurities in the Milli-Q water used for stock solutions may have been partly responsible for
discrepancies in theoretical and experimental HO2'/O>™ decay kinetics. Although use of EDTA
would be undesirable for AOPs, use of chelating agents with low HO-reactivities (e.g.,
polyphosphates) and/or higher-purity water (e.g., molecular grade or distilled water) for O2™

stock preparation could provide options for improving O." yields and/or stabilities.

As shown in Tables 2.2 and 2.3, preparation of O," stocks by addition of KO- solids to
0.05M NaOH solutions (pH212.7) under rapid stirring led to considerable improvements in
HO2/O;™ stability — likely by suppressing disproportionation of HO2'/O2™ (egs 1.3-1.4) through
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a reduction in the localized concentrations of KO solids during dissolution. However, kinetics of
HO,'/O," decay in stock solutions prepared in this manner were still faster than expected based

and ¢

on theoretical values of & 2HO; [0 DP

app,HO; /05", DP

(Table 2.2).

HO2/O2" may also be consumed in direct reactions with H,O2/HO2™ (egs 2.1-2.3), where
a range of values have been reported for the relevant rate constants (Ross et al., 1998). Although
the Kkinetics of these reactions are slow, levels of H>O2/HO,™ present in stock solutions (up to ~5
mM) are high enough to yield estimated half-times from egs 2.1-2.3 near those observed
experimentally. For example, at pH 13.9 —assuming [H202/HO2]o =5 mM (present as HO2"), a
maximum value of ko3=2 Ms?, and that HO, /O, is present as O2" — the t1» for second-order

decay of O>" would be ~100 s, compared to experimental ¢ values ~60 s. Thus, the

1/2,0bs,HO5 /0
proportion of HO"/O™ decay not attributable to trace metals or organic impurities may have
been due to the presence of high levels of H>O2/HO>™ in stock solutions. This highlights that
approaches for suppressing formation of H,O2/HO,™ may represent an additional route to

improving yields and stabilities of O2™ in stock solutions.
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Table 2.2. Comparison of observed and theoretical HO,' /O,

decay kinetics in KO stocks?

Experimental

Theoretical®

Condition [HO2/02]o  [H202/HOz o

kapp,Ho‘2 /oy, DP t1/2,HO'2 /oy, DP

(mM) (mM) 1/2,0b5,HO} /05
(s) (M-s™) (s)

pH13.9 (adding NaOH solutions to KO; solids; see Section 2.2.2)
10 mM KO, 2.10+£0.11 3.35+0.14 55 6.18x103
8 mM KO, 1.84 £ 0.17 2.27+0.34 72 7.05x103
5 mM KO, 0.92 +0.05 1.62+0.13 107 ?5%7173.9) 1.41x10%
1 mM KO 0.14 £ 0.02 0.35+0.04 244 9.27x10%
0.5mM KO,  0.07+0.01 0.11 +0.02 286 1.85x10°
pH13.0 (adding NaOH solutions to KO; solids; Section 2.2.2)
10 mM KO 3.21+0.31 3.36+£0.12 15 5.09x10?
8MMKO,  237+052  253+011 21 ?5?41123.0) 6.80x 102
5 mM KO, 1.39+0.20 1.45 £ 0.05 33 1.22x103
pH12.7 (refined preparation procedure; adding KO, solids to NaOH solutions; see Section 3.2.1)
20 mM KO, 2.72+0.11 6.07 £ 0.44 86 a‘j_'zfz.?) 3.62x10?

a Error bars represent one standard deviation about the mean of duplicate measurements. ® Theoretical

apparent rate constants ( kap ) and half-times (t

p,HO; /0y , DP

1/2,HO; /0y, DP

) for HO2"/O,"~ disproportionation

were calculated according to eq 1.13 (Bielski et al., 1985). Adopted from (Liou and Dodd, 2021).
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Table 2.3. Summary of observed HO.'/O>™ decay Kinetics in KO stocks prepared under various conditions?

[KOz2]o  [[O2"]o t .
Container Temp.b Solvent Note® pH 112,005,103/ 0}
(mM)  |(mM) (s)
Glass Room 1 M NaOH (> 98 %) Milli-Q 13.9 10 2.10+£0.11 55
Glass Room 1 M NaOH (> 98 %) Milli-Q 13.9 8 1.84 +0.17 72
Glass Room 1 M NaOH (= 98 %) Milli-Q 13.9 5 0.92 +0.05 107
Glass Room 1 M NaOH (= 98 %) Milli-Q 13.9 1 0.14 £ 0.02 244
Glass Room 1 M NaOH (= 98 %) Milli-Q 13.9 0.5 0.07£0.01 286
Glass Room 0.1 M NaOH (> 98 %) Milli-Q 13.0 10 3.21+£0.31 15
Glass Room 0.1 M NaOH (= 98 %) Milli-Q 130 |8 237+052 21
Glass Room 0.1 M NaOH (> 98 %) Milli-Q 13.0 5 1.39+0.20 33
0.05 M NaOH (= 98 %)
Glass Room (refined preparation Milli-Q 12.7 20 2.72+0.11 86
procedure; see Text S2)
Glass Room 1 M NaOH (> 98 %) Milli-Q 13.9 10 2.50 68
\?vgasfeg’;dd' Room 1 M NaOH (> 98 %) Milli-Q 139 |10 217 71
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Polypropylene |Room 1 M NaOH (> 98 %) Milli-Q 13.9 10 2.31 69

Glass Room 1 M NaOH (> 99.99 %) Milli-Q 13.9 10 1.96 82

Glass (acid- o o 1 M NaOH (> 99.99 %) Milli-Q 139 |10 213 66

washed)

Polypropylene |Room 1 M NaOH (> 99.99 %) Milli-Q 13.9 10 2.39 62
1 M NaOH (> 99.99 %)

Glass Room Milli-Q 13.9 10 241 80
0.1 mM EDTA
1 M NaOH (= 99.99 %)

Glass Room Milli-Q 13.9 10 2.67 75
0.5mM EDTA
1 M NaOH (> 99.99 %)

Glass Room Milli-Q 13.9 10 2.38 86
1 mMEDTA
1 M NaOH (> 99.99 %)

Glass Room Milli-Q 13.9 10 2.34 89
5mM EDTA
1 M NaOH (> 99.99 %)

Glass Room Milli-Q 13.9 10 1.96 105
10 mM EDTA

. 1 M NaOH (> 99.99 %)
G'af fjac'd Room Milli-Q 139 |10 2.14 03
washed) 10 mM EDTA
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1 M NaOH (> 99.99 %)

Polypropylene |Room Milli-Q 13.9 10 2.71 81
10 mM EDTA
Glass Room 1 M NaOH (> 99.99 %) MG water 13.9 10 1.87 94
Gl id-
ass (acl Room 1 M NaOH (> 99.99 %) MG water 139 |10 1.78 66
washed)
Polypropylene |Room 1 M NaOH (> 99.99 %) MG water 13.9 10 2.27 71
1 M NaOH (= 99.99 %)
Glass Room MG water 13.9 10 2.58 81
1 mMEDTA
1 M NaOH (> 99.99 %)
Glass Room MG water 13.9 10 2.29 101
10 mM EDTA
- 1 M NaOH (> 99.99 %)
G'ashs g"c'd Room MG water 139 |10 2.03 110
washed) 10 mM EDTA
1 M NaOH (> 99.99 %)
Polypropylene |Room MG water 13.9 10 2.40 93
10 mM EDTA
Glass 5°C 1 M NaOH (> 99.99 %) Milli-Q 14.5¢ 10 2.11 104
1 M NaOH (> 99.99 %)
Glass 5°C Milli-Q 1459 10 2.27 131

1 mM EDTA
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1 M NaOH (> 99.99 %)
Glass 5°C Milli-Q 145¢ |10 2.54 133
10 mM EDTA

Glass 5°C 1 M NaOH (> 99.99 %) MG water 14.5¢ 10 2.02 115

1 M NaOH (> 99.99 %)
Glass 5°C MG water 14 5¢ 10 2.47 131
1 mMEDTA

1 M NaOH (> 99.99 %)
Glass 5°C MG water 14 .54 10 2.13 174
10 mM EDTA

3 Error bars represent one standard deviation about the mean of duplicate measurements. ® “Room” represents room temperature (22+2 °C) without specific
control; “5°C” experiments were conducted with thermostating at 5 °C via refrigerated circulating bath. ¢ MG = molecular grade. ¢ pH values for “5°C”
experiments were calculated using VisualMINTEQ to correct for ionic strength and temperature, with activity coefficients determined using the Bransted-
Guggenheim-Scatchard implementation of specific ion interaction theory, consistent with room temperature experiments. Adopted from (Liou and Dodd, 2021).
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2.3.2 Confirmation of Radical Formation from the O, /FAC Reaction

(i) Probe compound degradation

pH 7, 50mM phosphate buffer solutions containing 1 1M nitrobenzene (NB), benzoic
acid (BA), 1,4-dimethoxybenzene (DMB), and/or para-chlorobenzoic acid (pCBA) were
subjected to single-dose postmix O /FAC treatment with increasing [HO2' /02" ]o (20, 50, 100,
200 uM) and [FAC]o (10, 25, 50, 100 uM) at a fixed 2:1 molar [HO2' /02" Jo/[FAC]o ratio. NB
reacts rapidly only with HO" (of the radicals relevant to the O, /FAC reaction) (Buxton et al.,
1988; Nowell and Hoigné, 1992; Watts and Linden, 2007), while BA reacts rapidly with HO"
and CI" (Buxton et al., 1988; Martire et al., 2001), and DMB reacts rapidly with HO", CI°, CIO",
and likely also Cl>™~ (Alfassi et al., 1988; Alfassi et al., 1989; O'Neill et al., 1975). HO" exposures
were measured based on NB degradation during treatment, and RCS exposures estimated based
on degradation of BA and DMB, according to procedures described in Section 2.2.5. pCBA —
which reacts rapidly with HO® (Neta and Dorfman, 1968) and presumably also CI°, considering
its structural similarity to BA (though no rate constant appears to be available for this reaction) —

was used as a non-specific radical probe in some preliminary experiments.

As shown in Figure 2.8, increasing probe losses were observed when jointly increasing
[HO2' /02" o and [FAC]o. In contrast, none of the probes were degraded in solutions treated
separately with HO>'/O>™~ or FAC, confirming that probe degradation was not due to direct
reactions with HO2"/O." or FAC. Direct reactions with H202/HO; could also be ruled out on the
basis of the treatments with HO2"/O." in the absence of FAC, as O™ stocks also contained
H202/HO;™ at levels yielding [H202/HO2]o = 70-700 M in the receiving solutions (Figure 2.8).

Furthermore, no probe losses were observed in the presence of FAC dosed with [H202/HO2 ]o =
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250 uM (Figure 2.8), confirming probe degradation during O>"/FAC treatment was not due to
singlet oxygen (*O2) generated from reaction of FAC with H202/HO2™ (eq 2.13) . Finally, no
probe losses were observed during postmix O2"/FAC treatment in the presence of 50mM t-
BuOH — which was sufficient to yield >93% scavenging of HO" and, as a consequence, block the
formation of RCS (since in this system RCS are secondary radicals generated from HO" via eqs
1.9-1.15, which would have been precluded due to scavenging of HO™ by t-BuOH) (Figure 2.8,
Text S2.2). Thus, probe degradation during O /FAC treatment could be attributed to HO" and/or

RCS.
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Figure 2.8. Effects of various control treatments and O, /FAC treatments on probe compound
concentrations in pH 7, 50mM phosphate buffer containing [NB, BA, DMB]o =1 uM or
[PCBA]o = 1 uM. Solutions were subjected to (from left to right on graph): (i) HO2"/O2"~ and
H202/HO™ only treatment (by single-dose addition of [HO.' /02" Jo = 20-200 puM; noting that O2™
stocks also contained H.02/HO2", due to HO2'/O>"™ disproportionation), (ii) FAC only treatment
(by single-dose addition of [FAC]o = 10-100 uM), (iii) FAC and H202/HO>™ only treatment (by
single-dose addition first of [FAC]o = 10-100 uM and then of [H202/HO, Jo = 250 uM), (iv) 02"
/FAC treatment with t-BuOH (by single-dose, postmix addition of [HO2'/O2""]o = 20-200 uM to
[FAC]o = 10-100 uM in the presence of [t-BuOH]o = 50 mM), or (v) O2"/FAC treatment (by
single-dose, postmix addition of [HO2/O2"]o = 20-200 uM to [FAC]o = 10-100 uM). HO2'/O2™
and H20./HOz™ only, FAC only, and FAC and H.O2/HO™ only control treatments were
evaluated in single experiments, whereas O, /FAC treatment experiments (with and without t-
BuOH) were conducted in duplicate. Error bars represent one standard deviation about the mean
of duplicate measurements. Adopted from (Liou and Dodd, 2021).
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Degradation of the HO"-selective probe NB during Oz /FAC treatment, in conjunction
with the lack of NB or other probe degradation during O."/FAC treatment in the presence of t-
BuOH, point to HO" as a key driver of probe degradation under the conditions evaluated,
consistent with eq 1.1. However, trends in NB, BA, and DMB degradation indicate that RCS also
play an important role (as discussed in Section 2.3.4 and Section 2.2.5 and Text S2.3), consistent

with egs 1.9-1.15.

(ii) hydroxy-Terephthalate (hnTPA) formation from terephthalate (TPA)

TPA is well known to yield hTPA upon reaction with HO" (Page et al., 2010). When
dosed with increasing [HO2"/O2""]o during single-dose postmix treatment, solutions containing
[TPA]o =10 uM and [FAC]o = 100 uM at pH 7 yielded increasing hTPA levels (Figure 2.9). In
contrast, hTPA formation was not observed in such solutions without HO2"/O™ addition (Figure
2.9), or in FAC-free controls treated with [HO2/02"Jo = 25 uM (also including [H202/HOz2 ]o =
200 uM) (data not shown). These observations further highlight the role of HO" as a key oxidant

during O2" /FAC treatment.
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Figure 2.9. Fluorescence excitation-emission matrixes obtained for solutions of pH 7, 50mM
phosphate buffer containing [TPA]o = 10 uM and [FAC]o = 50 uM following single-dose
postmix O /FAC treatment at (a) [HO2/02"Jo = 0 uM, (b) [HO2' /02" o = 3 uM, (c) [HO2 /02" ]o
=8 uM, and (d) [HO2'/O2"]o = 25 uM. FAC only control treatments were conducted with
exposure times of 30 minutes following addition of FAC, whereas O /FAC treatment
experiments were conducted as described in Section 2.2. Adopted from (Liou and Dodd, 2021).
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(iii) Formaldehyde generation from t-BuOH

The reaction of t-BuOH with HO" to yield formaldehyde can be used as a means of
quantifying HO" yields in various oxidation processes (Flyunt et al., 2003; Schuchmann and VVon
Sonntag, 1979). When dosed with increasing [HO2"/02""]o during single-dose postmix treatment,
solutions containing [t-BuOH]o = 50 mM and [FAC]o = 50, 100, or 250 uM at pH 7 yielded
increasing formaldehyde levels at [HO,/O2""]o/[FAC]o below 1, with formaldehyde levels
plateauing as [HO.'/O>""]o/[FAC]o exceeded 1 (Figure 2.10). This likely reflects increasing
conversion of [FAC]o to HO" at sub-stoichiometric [HO2'/O2"Jo, with full conversion of [FAC]o
(and maximum HO" yield) reached at stoichiometric or higher concentrations of [HO2' /02" o
(i.e., at [HO2"/O2" Jo/[FAC]o > 1). Note that contributions of RCS to formaldehyde formation can
be neglected, as HO" is the precursor of the RCS, and its scavenging by t-BuOH would have

precluded RCS formation via eqs 1.9-1.15.
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W [FAC],=250uM
0

0 : 2 3 4 5

[HO,"/O,* 1,/[FAC],
Figure 2.10. Formaldehyde concentrations formed in solutions of pH 7, 50mM phosphate buffer
containing [t-BuOH]o = 50 mM and [FAC]o = 50, 100, or 250 uM following single-dose postmix
O2/FAC treatment with increasing concentrations of [HO2/02" Jo. All concentrations were
background-corrected for low formaldehyde concentrations (<2 uM) observed in controls
subjected to HO.'/O>"~ and H20./HO2~ only, FAC only, and H202/HO>™ only treatments —
apparently arising as impurities from t-BuOH stocks, phosphate salts, and/or Hantzsch method
reagents. Error bars represent one standard deviation about the mean of duplicate measurements.
Adopted from (Liou and Dodd, 2021).
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In these experiments, [t-BuOH]o = 50 mM would have been sufficient to scavenge >90%
of HO', except at the highest [HO2"/O>"]o applied (at which f(HO") — the fraction of total
generated HO" scavenged by t-BuOH — would have been equal to 0.88) (Figure 2.10, Text S2.2).
Based on a reported molar yield of ~25% for formaldehyde formation from reaction of HO" with
t-BuOH (Flyunt et al., 2003; Schuchmann and VVon Sonntag, 1979), and an apparent plateau
value of ~0.2 mol formaldehyde formed/mol FAC consumed in Figure 2.10, an estimated yield
of ~0.8 mol HO" formed/mol FAC consumed was obtained for the O>"/FAC reaction under the
conditions applied here. This is lower than the theoretical yield of 1 mol HO*/mol FAC (eq 1.7),
and may represent an underestimate due to (a) uncertainties in formaldehyde yield from t-BuOH
in the presence of oxidants other than HO" (Flyunt et al., 2003), and/or (b) inhibition of
formaldehyde formation by reaction of excess HO.'/O>™ with the primary peroxyl radical formed

in reaction of HO" with t-BuOH (Schuchmann and VVon Sonntag, 1979).

2.3.3 Effects of pH

Little variation in pCBA degradation was observed during O /FAC treatment at pH 7, 8,
9, and 10 (Figure 2.11). The small apparent decrease in pCBA degradation at pH>7 may have

relative to &

been attributable to (a) an increase in k w00 05 [FAC
2

. — leading to increased
app,HO; /05, DP

loss of HO,'/O," via disproportionation (egs 1.3-1.4), and/or (b) a shift in speciation from HOCI
to OCI™ (pKa = 7.5 (Morris, 1966)) — leading to increased scavenging of HO™ by the latter (egs
1.9-1.10). Although subsequent discussion focuses on O, /FAC treatment at pH 7, these findings

indicate comparable effectiveness could be achievable at other pH values.
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Figure 2.11. pCBA concentrations resulting from single-dose postmix O, /FAC treatment of
solutions containing [pPCBA]o = 1 uM and [FAC]o = 200 uM with [HO27/O2"]o = 50-160 pM at
pH 7, 8, 9, and 10, with pH buffering provided by 50mM phosphate (pH 7 and 8) or borate (pH 9
and 10). Error bars represent one standard deviation about the mean of duplicate measurements.
Adopted from (Liou and Dodd, 2021).

2.3.4 Effects of [HO,' /O, Jo/[FAC]o and Absolute Values of [HO,' /O, ]o and
[FAC]o

Due to (a) the dependence of HO" yield on [HO2/0O2"]o and [FAC]o, and (b) the rapid

reactions of HO" with FAC and HO2/O>" (egs 1.9-1.10 and 2.27-2.28, respectively),
HO" + HOy" — H,0 + O3 koo7 = 7.1x10° M1s? (Sehested et al., 1968) (2.27)
HO"+ O, — OH + O ko.2s = 1.0x10'° Ms? (Sehested et al., 1968) (2.28)

both relative and absolute concentrations of [HO.'/O2""]o and [FAC]o may influence probe
degradation and radical exposures, j;[radical]dt , during O, /FAC treatment. NB, BA, DMB,

and pCBA degradation were in turn evaluated over a range of [HO2 /02" ]o and [FAC]po at
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[HO2'/O2 Jo/[FAC]o ranging from 0.2-7.5, in order to evaluate resulting variations in

J'Ot[radical]dt and identify optimal O2"/FAC treatment conditions.

As shown in Figures 2.12 and 2.13, in single-dose postmix experiments, the extents of
NB, BA, DMB, and pCBA degradation, expressed here as change in probe compound
concentration normalized to initial probe compound concentration, or A[probe]/[probe]o (where
probe = NB, BA, DMB, or pCBA), increased with increasing [HO2'/O2" Jo/[FAC]o up to maxima
at [HO2 /02" Jo/[FAC]o ~ 2, beyond which A[probe]/[probe]o decreased with increasing
[HO2' /02 ]o/[FAC]o. Furthermore, when holding [HO2"/02" Jo/[FAC]o fixed at 2,
A[probe]/[probe]o generally increased as [HO2"/0O>"Jo and [FAC]o were increased in tandem up to
~200 and 100 pM, respectively, beyond which further increases in [HO2/02"]o and [FAC]o
appeared to yield diminishing improvement. The observed maximal levels of A[probe]/[probe]o

for single-dosing of [HO2"/O2" Jo = 200 uM and [FAC]o = 100 uM translated to calculated

exposures of ~2-3x101° Mxs for both I;[HO']dt and .[;[CIO'/CI‘Z‘ |dt, and ~101* Mxs for

j;[CI']dt, though with wider ranges apparent for CIO*/Cl>"~ and CI" — due in part to greater
uncertainties in the small changes in probe concentrations from which these latter exposures
were determined. Furthermore, it is important to note that the values of j:[radical]dt

determined here do not account for uncertainties associated with the rate constants used in their
determination (see Section 2.2.5 for rate constants), as the lack of reported error bounds for most

of the associated rate constants precludes quantification of such uncertainties. They are thus most

appropriately interpreted as estimates, rather than exact values of I;[radical]dt . Details
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regarding uncertainties in calculating radical exposures are discussed thoroughly in the

Supporting Information Text S2.4.
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Figure 2.12. Effects of [HO2'/O2" ]o, [FAC]o, and [HO2' /02" ]o/[FAC]o ratio on (a) extent of
probe compound degradation (A[probe]/[probe]o), and (b) in situ radical exposures

(J.;[radicaI]dt), during single-dose, post-mix O2"/FAC treatment of pH 7, 50mM phosphate

buffer containing [NB, BA, DMB]o = 1 uM. Solutions were treated with variable concentrations
of [HO2/02"]o = 5-300 uM and [FAC]o = 10-100 uM. Error bars represent one standard
deviation about the mean of duplicate measurements. Adopted from (Liou and Dodd, 2021).
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Figure 2.13. Effects of [HO27/02" Jo, [FAC]o, and [HO2/02" Jo/[FAC]o ratio on extent of pCBA
degradation (A[pCBA]/[pCBA]o) during single-dose, postmix O>/FAC treatment of pH 7,
50mM phosphate buffer containing [pCBA]o = 1 uM. Solutions were treated with variable
concentrations of [HO2' /02" o = 25-160 uM and [FAC]o = 10-500 uM. Error bars represent one
standard deviation about the mean of duplicate measurements. Adopted from (Liou and Dodd,
2021).

Similar to HO" yields, HO" exposures (and A[probe]/[probe]o) increased with increasing
[HO2 /02 ]o/[FAC]o up to a maximum. However, maximal HO® exposures and A[probe]/[probe]o
were observed at [HO2' /02" ]o/[FAC]o ~ 2, rather than at [HO2/O>"]o/[FAC]o ~ 1 as in the case
HO’ yields. This likely reflects a combination of increasing FAC conversion to HO" viaeq 1.7 as
[HO2' /02" Jo is increased, coupled with consumption of HO,' /O, by HO" (eqgs 2.27-2.28).
Without the presence of 50mM t-BuOH to block eqgs 2.27-2.28 (as in the yield measurements),
they would divert available HO,'/O," away from eq 1.7 — in turn raising the [HO2/O2" Jo/[FAC]o
ratio required for full conversion of FAC by HO,'/O>". The observed decrease in HO" exposures
and A[probe]/[probe]o at [HO2' /02" ]o/[FAC]o > 2 likely reflects increasing scavenging of HO® by
excess HO2' /O, via eqs 2.27-2.28 as [HO2"/O2" Jo/[FAC]o is further increased beyond the
optimum ratio. The observed trends in CIO*/Cl>™ and CI" exposures vs [HO2"/02""]Jo/[FAC]o

(Figure 2.12) can be similarly explained, as each RCS ultimately originates from HO", via eqs
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1.9-1.15. Based on these findings, a ratio of [HO2'/O2""Jo/[FAC]o = 2 was selected for use in most

subsequent experiments.

In addition to the HO" and RCS exposure optimum at [HO2"/O2" Jo/[FAC]o ~ 2, and the
general increase in HO® exposure with increasing [HO2'/O2" Jo and [FAC]o at fixed
[HO2' /02 Jo/[FAC]o, it is noteworthy that CIO*/Cl," exposures and their relative contributions to
degradation of the CIO*/Cl>—reactive probe DMB generally increased with increasing [FAC]o
up to an apparent maximum at [FAC]o ~ 75 uM (Figures 2.12 and 2.14). This is likely
attributable to increasing formation of CIO" and/or Cl>™ via eqgs 1.9-1.15 with increasing [FAC]o
(and associated background [Cl]o in FAC stocks) up to ~75 uM, beyond which

disproportionation of CIO" and/or Cl>™ (egs 2.29-2.30) may predominate.

CIO" + ClO° —2 CIO; + OCI + 2H* ka0 = 2.5x10° M5 (Klning and Wolff, 1985)
(2.29)

Cly" + Cly" — Cl + 2CI k.30 = 3.5%x10° Mis* (Yu, 2004) (2.30)

The increasing importance of CIO*/Cl>™ relative to HO" at higher [FAC]o, and potential
formation of CIO2™ (a regulated DBP) via eq 2.29, suggest that there may be benefit to

implementing O /FAC treatment at lower [FAC]o if possible (as discussed in Section 2.3.6).
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Figure 2.14. Effects of [HO.'/O2"]o, [FAC]Jo, and [HO2/O2"]o/[FAC]o ratios on fractional
contributions of HO"™ and CI" to BA degradation, and of HO", CI°, CIO*/Cl>" to DMB degradation,
during single-dose postmix O>"/FAC treatment of pH 7 phosphate-buffered solutions containing
[NB, BA, DMB]o = 1 uM. Solutions were treated with variable concentrations of [HO2"/O2" o =
5-300 uM and [FAC]o = 10-100 uM. Error bars represent one standard deviation about the mean
of duplicate measurements. Adopted from (Liou and Dodd, 2021).

2.3.5 Postmix versus Premix Dosing of O, and FAC

All results discussed to this point were obtained by adding alkaline O>™ stocks to
buffered receiving solutions containing probes and FAC (postmix dosing). As noted in Section
2.2.3, itis also possible to prepare relatively stable (ti2,02--Fac > 60 s) premixed O and FAC
stocks at pH>12. This can simplify O>"/FAC treatment by enabling addition of premixed O>™
/FAC to receiving solutions as a single stock, with rapid conversion of the stock to HO® and RCS
at the lower pH of the receiving solution (premix dosing). This has the added benefit of
preventing heterogeneities in [HO2' /02" Jo/[FAC]o that may result from non-ideal mixing of

separate O™ and FAC solutions during postmix dosing. A comparison of results for postmix and
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premix dosing at [HO2"/O2" Jo/[FAC]o = (200 uM)/(100 puM) is shown in Figure 2.15 (see the
two groups of measurements designated by red 1x100 uM labels). As apparent from the figure,
postmix and premix dosing yielded similar radical exposures and A[probe]/[probe]o, confirming
the utility of the premix dosing approach.
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Figure 2.15. Probe compound concentrations and in situ radical exposures (JZ[radical]dt)

resulting from multiple-dose postmix and premix O2/FAC treatment of pH 7, 50mM phosphate
buffer containing [NB, BA, DMB]o = 1 uM, with or without removal of residual H.O./HO-",
where H>02/HO, removal was achieved by either catalase or FAC treatment after each O, or
O2"/FAC dose. When using FAC to remove H20,/HO>", residual H202/HO2~ concentrations
were first measured by the Allen reagent method, after which sufficient FAC was added to
scavenge all H,02/HO;™ and leave the desired [FAC] residual in solution for the following O™
dose. Experiments were undertaken by dosing [HO2"/02"Jo/[FAC]o = (50 uM)/(25 uM) four

times (4x25 uM). Error bars represent one standard deviation about the mean of duplicate
measurements. Adopted from (Liou and Dodd, 2021).

2.3.6 Single-dose versus Multiple-dose O, /FAC Treatment

As noted in Section 2.3.4, increased radical exposures and contaminant degradation may
be achievable by implementing O /FAC treatment at lower [FAC]o and [HO2"/O2"]o, due to
consequent decreases in HO® scavenging by FAC (egs 1.9-1.10) and by H.02/HO; (egs 2.6-2.9)
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associated with O2" stocks. This may also lead to decreased HO® scavenging by HO.' /02" (eqs
2.27-2.28). One means of undertaking such an approach is to dose O, and FAC repeatedly (or
continuously) at lower concentrations (multiple-dosing), rather than once at higher
concentrations (single-dosing). To investigate this, A[probe]/[probe]o and radical exposures were
measured when applying O~ and FAC via several multiple-dose postmix treatment approaches:
(@) twice at [HO2' /02" Jo/[FAC]o = (100 uM)/(50 uM) (henceforth designated as 2x50 uM, with
the 50 uM referring to applied [FAC]o), (b) four times at [HO2"/O2" ]o/[FAC]o = (50 uM)/(25
uM) (i.e., 4x25 uM), and (c) ten times at [HO2'/O2"]o/[FAC]o = (20 uM)/(10 uM) (i.e., 10x10
uM). Receiving solutions were treated with catalase after each O™ dosing step to completely
remove H>O,/HO,™ derived from O™ stocks, and FAC was then added into the receiving
solutions for the subsequent step. Without H202/HO:™ quenching beforehand, FAC added to the
receiving solutions would have first been consumed via the direct reaction with H.O2/HO2™ (eq
2.13). The removal of residual H2O2/HO>™ between O™ dosing steps was thus necessary to
enable the use of postmix O>™ dosing, which requires the presence of FAC in receiving solutions

prior to O, addition.

Measurements obtained from these multiple-dose postmix treatments were then
compared to measurements obtained when applying O™ and FAC via single-dose postmix
treatment at [HO2'/O2" ]o/[FAC]o = (200 uM)/(100 uM) (i.e., 1x100 uM). In all four cases, the
total (cumulative) levels of [HO2' /02" Jo,tot and [FAC]o ot applied summed to 200 uM and 100

uM, respectively.

As shown in Figure 2.16, increased J:[HO']dt and A[probe]/[probe]o were observed

when applying lower [HO,'/O2""]o and [FAC]o in multiple doses to achieve the same cumulative
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[HO2 /02" Jotot and [FAC]o ot levels as in a single dose. In general, higher IQ[HO']dz and

Alprobe]/[probe]o were observed at lower [HO2/0,"Jo and [FAC]o, with j;[HO’]dt and

A[probe]/[probe]o for the single- and multiple-dosing approaches ranked in the order 10x10 uM

~ 4x25 uM > 2x50 uM > 1x100 uM (Figures 16 and 17). The effects of multiple-dosing on
j;[CIO'/CI'Z‘ ]dt and I;[CI']dt were less clear, due to higher uncertainties associated with

these values (Figure 2.16).
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Figure 2.16. Probe compound concentrations and in situ radical exposures (I;[radical]dt)

resulting from single- and multiple-dose postmix and premix O2/FAC treatment of pH 7, 50mM
phosphate buffer containing [NB, BA, DMB]o = 1 uM, with removal of residual H.O./HO>™ by
catalase after each dosing step in multiple-dose experiments. Single-dose experiments were
undertaken by dosing [HO2' /02" ]o/[FAC]Jo = (200 uM)/(100 uM) once (1x100 uM), and
multiple-dose experiments by dosing [HO2' /02" Jo/[FAC]o = (100 uM)/(50 uM) twice (2x50
uM), [HO2' /02 Jo/[FAC]o = (50 uM)/(25 puM) four times (4x25 puM), or [HO2/O2" Jo/[FAC]o =
(20 uM)/(10 puM) ten times (10x10 uM). Error bars represent one standard deviation about the
mean of duplicate measurements. Adopted from (Liou and Dodd, 2021).

It is important to note that the use of catalase as a H.O>/HO,™ quenching agent is not

likely to be practical for water/wastewater treatment. As a more practical alternative, the removal

72



of H202/HO>™ can also be achieved simply by reaction with excess FAC. To investigate this,
further multiple-dose postmix experiments were undertaken in which FAC was added to
receiving solutions between O, dosing steps at concentration sufficient to consume all
H20./HO>", while also leaving a desired level of FAC residual for subsequent reactions with
O.". Analogous results were obtained when applying 4x25 uM multiple-dose postmix treatment

with H.02/HO;™ quenched by FAC instead of catalase after each dosing step (eq 2.13), though
j;[HO'] dt and A[probe]/[probe]o levels were somewhat lower than when using catalase for

H202/HO>™ quenching (Figure 2.16). This may reflect the presence of higher levels of
background HO" scavengers (e.g., Cl7; egs 1.11-1.15) originating from FAC stocks — due to use
of elevated FAC concentrations to quench H2O2/HO2™. Experiments using pCBA as a probe and

FAC to quench H202/HO;™ yielded similar results (Figure 2.17).
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Figure 2.17. pCBA concentrations resulting from single- and multiple-dose postmix O2"/FAC
treatment of pH 7, 50mM phosphate buffer containing [pCBA]o = 1 uM, with removal of
residual H202/HO,~ by FAC treatment after each O, dose. For removal of H,O2/HO;", residual
H2>0./HO>™ concentrations were first measured by the Allen reagent method, after which
sufficient FAC was added to scavenge all H.O; and leave the desired [FAC] residual in solution
for the following O, dose. Single-dose experiments were undertaken by dosing
[HO2'/O2" Jo/[FAC]o = (200 uM)/(100 puM) once (1x100 uM), and multiple-dose experiments by
dosing [HO2/02" Jo/[FAC]o = (100 uM)/(50 uM) twice (2x50 uM), [HO2/O2" Jo/[FAC]o = (50
uM)/(25 uM) four times (4x25 pM), or [HO2 /02" Jo/[FAC]o = (20 uM)/(10 uM) ten times
(10x10 uM). Error bars represent one standard deviation about the mean of duplicate
measurements. Adopted from (Liou and Dodd, 2021).

Additional experiments were undertaken to investigate the use of premixed Oz /FAC

stocks in multiple-dosing approaches. As observed for postmix treatment, 4x25 uM multiple-
dose premix treatment yielded increased J;[Hoidt and A[probe]/[probe]o compared to 1x100
uM single-dose premix treatment when H,O2/HO>~ was quenched with catalase after each dosing
step (Figure 2.16). However, lower J;[HO']dt and A[probe]/[probe]o were observed when

H>02/HO>™ was not quenched after each dosing step (Figure 2.16), likely due to HO" scavenging

by H.02/HO,™, as discussed in more detail below.
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2.3.7 Effects of [HzOz/HOzf]o

Due to HO,'/O,™ disproportionation (eqs 1.3-1.4), [H202/HO;7] was always present in
02" stocks. As H202/HO;™ can scavenge HO" (egs 2.6-2.9) and RCS (egs 2.31-2.32), it may in

turn lower HO" and RCS exposures during Oz /FAC treatment.

CI'+ H,O2 — HO2" + CI- + H* ka1 =2 x 10° Mis (Yu, 2004) (2.31)
Cly" + H.02 — HO2' + 2CI + HY k232 ~ 10°-10° M1st ('Yu, 2004) (2.32)

To investigate this, probe degradation was examined during premix dosing of
[HO2'/O2" Jo/[FAC]o = (200 uM)/(100 puM) to phosphate buffer pre-amended with varying
[H202/HO2 Jo. Measured HO" and CIO*/Cl,"™ exposures were then examined versus total in situ
concentrations, [H202/HO2 Jo tot, cOMprising the sum of pre-amended [H202/HO2]o plus
[H202/HO2 o derived from the O, /FAC stock (CI" exposures were not included in this
comparison, due to their large uncertainties). As shown in Figure 2.18, HO" and CIO*/Cl,™

exposures decreased linearly with increasing [H202/HO2 o tot, With a nearly constant ratio of

I;[HO']dt/_[;[CIO'/CI'Z’]dt ~ 3.6-3.7 maintained over the range of [H202/HO2 Jo,tot

investigated. Extrapolation of the regression lines for J';[HO‘]dt and J.;[CIO'/CI'Z‘]dt to

[H202/HO2 Jotot = O indicates that in the absence of H.O2/HO;~, the HO" and CIO*/Cly™
exposures would be ~10-20% higher than at the lowest [H202/HO2 Jo 1t investigated (i.e.,
[H202/HO2 Jo,tot ~ 700 puM, which represents H.O2/HO2™ originating solely from the O, stock).
These findings suggest that (a) minimizing H.02/HO,™ formation within O™ stocks (which

could also lead to improved stability of O,™), and/or (b) undertaking O /FAC treatment at lower
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total [HO2/O2""]o, may enable further increases in HO® and RCS exposures and contaminant

degradation.
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Figure 2.18. In situ HO" and CIO*/Cl," exposures (J';[HO']dt and I;[CIO/CI;}dt) resulting

from single-dose premix O>"/FAC treatment of pH 7, 50mM phosphate-buffered solutions pre-
amended with [H202/HO; o = 0-2100 uM and [NB, BA, DMB]o = 1 uM, at [HO2"/O2" ]o/[FAC]o
= (200 uM)/(100 uM). Error bars represent one standard deviation about the mean of duplicate
measurements. The x-axis represents [H202/HO2 ]o tot, Which is the sum of pre-amended
[H202/HO2]o and [H202/HO2 ]o from the KO3 stock. The solid lines were obtained by linear

least squares regressions of the .[;[HO']dt and I;[CIO/CI;‘]dt values obtained for each sample
versus [H202/HO; Jo,tot. Adopted from (Liou and Dodd, 2021).

2.3.8 Effects of Dissolved Organic Matter (DOM) and Application to Natural

Waters

To investigate the influence of DOM on HO™ and RCS exposures, probe degradation was
examined by premix dosing of O /FAC to (a) phosphate buffer amended with varying
concentrations of SRNOM, and (b) two natural water samples collected from a Local Reservoir

and Lake Washington (see Table S2.4 for key water quality parameters). As shown in Figure
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2.19, radical exposures and A[probe]/[probe]o were greater at higher [HO2"/O2"Jo and [FAC]po,
but inhibited by increasing DOC concentrations. This is consistent with the anticipated
scavenging of HO", CI, CIO’, and Cl>~ by DOM (Brigante et al., 2014; Fang et al., 2014; Lei et
al., 2019; Rosario-Ortiz et al., 2008; Westerhoff et al., 2007; Wu et al., 2017). Contributions of
phosphate species to scavenging were negligible (Text S2.5). Nevertheless, these findings
demonstrate that relatively high HO" and RCS exposures and contaminant degradation can still
be achieved over DOC concentration ranges representative of drinking waters and potable reuse.
Wastewaters usually contain more DOM and transition metals, which can scavenge radicals and

lower the treatment efficiency.
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Figure 2.19. Probe compound concentrations and in situ radical exposures (_[;[radical]dt)

resulting from single-dose premix O>"/FAC treatment of SRNOM-amended pH 7, 50mM
phosphate buffer or 50mM phosphate-buffered natural water samples containing [NB, BA,
DMB]Jo =1 uM at (a) [HO27/02"1o/[FAC]o = (20 uM)/(10 uM) or (b) [HO2/02"]o/[FAC]o = (75
uM)/(37.5 uM). Error bars represent one standard deviation about the mean of duplicate
measurements. Note: Concentrations of DOC and other solution constituents listed here are the
values in solution after dilution with all reagents. Adopted from (Liou and Dodd, 2021).
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2.3.9 Disinfection Byproduct Formation

(i) Oxyhalides

ClO2, CIOs7, ClO47, and BrOs~ were monitored in solutions containing 200 ugBr7/L
during single- and multiple-dose postmix and premix O2"/FAC treatment. As shown in Figure
2.20, only ClO2 and ClOs™ were formed in treated samples at concentrations above limits of
quantification, and at no more than ~25 ug/L — far below the maximum contaminant levels
(MCLs) and health reference levels (HRLs) for CIO2™ and CIOs™ (note that concentrations in
Figure 2.20a have been corrected for background levels in FAC stocks) (USEPA, 2016; 2020).
Relatively little difference was observed whether using postmix or premix treatment. Mass
balances on concentrations of CI~ formed in these samples confirmed that nearly all (>99.6%) of
the FAC applied during O>"/FAC treatment under these conditions reacts to Cl~, and that only
traces of FAC are consumed via oxidation to higher oxidation states. This is further supported by
the absence of detectable CIO2 in O /FAC treated solutions, which would be expected if

substantial proportions of FAC were oxidized to ClIO2™ or higher states (Alfassi et al., 1988).
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Figure 2.20. Concentrations of (a) oxyhalides and (b) THMs and HAAs resulting from single- and multiple-dose postmix and/or
premix O2/FAC treatment. Oxyhalide formation experiments used alkaline O, stocks prepared from KO in 0.1M NaOH (pH 13.0),
with O."/FAC treatment either by adding O>™ to 5-mM, pH 7 phosphate buffer containing [FAC]o = 25 or 100 uM and [Br]o = 200
ug/L (postmix), or by premixing alkaline O>™ with alkaline FAC (pH 13.0) and then adding the premixed O, /FAC stock to 5-mM,
pH 7 phosphate buffer containing [Br-]o = 200 pg/L (premix). AConcentration = Concentrationmeas. — Concentrationstck, Where
Concentrationmeas. represents measured in situ concentration, and Concentrationsick represents background in situ concentration
attributable to FAC stock (determined from controls prepared without O /FAC treatment). THM/HAA formation experiments used
alkaline O™ stocks prepared from KOz in 1M NaOH (pH 13.9), with O2"/FAC treatment by premixing alkaline O, with alkaline
FAC (pH 13.9) and then adding the premixed O."/FAC stock to 50-mM, pH 7 phosphate buffer solutions containing 2 mgC/L of
DOC (from SRNOM) and [Br]o = 200 pg/L. O /FAC-treated solutions were post-chlorinated at [FAC]o = 8 mgCl./L and allowed to
react to CTrac = 400 mgCly/Lemin. Single-dose experiments were undertaken by dosing [HO2"/02"]o/[FAC]o = (200 uM)/(100 uM)
once (1x100 puM), and multiple-dose experiments by dosing [HO27/02"]o/[FAC]o = (50 uM)/(25 uM) four times (4x25 uM). Residual
H20./HO>™ was removed by catalase after each O>™ or O2"/FAC dose, and residual FAC removed by excess Na,S,03 following post-
chlorination. Error bars represent one std. dev. about the mean of duplicate measurements. HRL (health reference level) and MCL
(maximum contaminant level) values are from the USEPA (USEPA, 2016; 2020). Samples for organic DBPs were collected before
and after post-chlorination. “(post)” in the legend for (b) indicates that samples were post-chlorinated after O, /FAC treatment.
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(i) THMs and HAAs

Formation of THMs and HAAs was monitored in solutions containing 2 mgC/L of
SRNOM and 200 pgBr /L during (a) single- and multiple-dose premix O /FAC treatment, and
(b) following post-chlorination of the O, /FAC-treated samples to CTrac = 400 mgCly/Lemin.
All O /FAC-treated samples were separated into two sub-volumes: one for direct THM/HAA
analyses, and the other for THM/HAA analyses after post-chlorination. Results from these
experiments, in addition to a control sample subjected to chlorination alone for comparison, are
shown in Figure 2.20. Single- and multiple-dose O."/FAC treatment led to limited direct

formation of TTHM or HAAS (no more than ~5-15 pg/L in either case).

Following post-chlorination of O, /FAC-treated samples, concentrations reached ~60-70
ug/L for TTHMs, and ~25-35 ng/L for HAAS; compared to 52(x7) pg/L for TTHMs and 24(+2)
ug/L for HAAS in control samples subjected to chlorination alone (Figure 2.20). Notably,
THM/HAA levels generated during multiple-dose O™ /FAC treatment were higher than
observed during single-dose treatment, with increasing levels formed during each dosing step in
the multiple-dose experiments. This is consistent with the higher overall HO" and RCS exposures
observed during multiple- versus single-dose treatment (Figures 2.15 and 2.16), and may be due
in part to direct DOM halogenation by RCS, as reported in prior work on FAC-based AOPs
(Bulman and Remucal, 2020; Young et al., 2018). In contrast, higher TTHM levels following
post-chlorination were observed in samples initially subjected to single-dose O."/FAC
treatment. This latter observation may reflect a net increase of FAC-reactive THM precursor
moieties in DOM (e.g., via HO'- and/or RCS-driven hydroxylation of aromatic moieties) when
subjected to the HO™ and RCS exposures prevailing during single-dose treatment; whereas the
higher HO" and RCS exposures prevailing during multiple-dose treatment may have led to more
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extensive DOM processing and a net decrease in FAC-reactive precursor moieties (e.g., via HO'-
and/or RCS-driven degradation of aromatic moieties via ring opening), as reported for various
AOPs (Ike et al., 2019a; Ike et al., 2019b). Although neither TTHM nor HAAGS levels exceeded
USEPA MCLs (USEPA, 2020), these findings indicate the potential for increased THM/HAA
formation in O /FAC treatment, particularly following post-chlorination, and should be
investigated further as part of continued research into potential applications of this approach for

advanced oxidation.

Measurements of oxyhalide, THM, and HAA formation show that direct production of
regulated DBPs is likely to be minimal during O>"/FAC treatment. Although O2/FAC treatment
does appear to lead to increased THM and HAA formation during post-chlorination (as might be
the case if O /FAC treatment is applied for pre-oxidation of water that is then subjected to FAC
treatment for disinfection or distribution system residual maintenance), this appears to be a trait
shared by nearly all AOPs (Ike et al., 2019a; Ike et al., 2019b), and may be manageable by
minimizing post-treatment FAC exposures, or by limiting treatment applications to waters
containing low DOC concentrations. Future investigations will be needed to evaluate potential
impacts of O."/FAC treatment on unregulated DBPs (in particular, certain classes of nitrogenous
and carbonaceous DBPs now increasingly recognized for their potential health risk) (Prasse et

al., 2018; Richardson and Plewa, 2020).

2.3.10 Potential of O, /FAC Application as an AOP

This work highlights the potential for applying the O>"/FAC reaction (eq 1.7) as the basis
for a novel, non-photochemical approach to advanced oxidation, with the capability to rapidly

generate high HO™ and RCS levels for organic contaminant degradation at circumneutral pH and

81



under homogenous conditions. The HO® and RCS exposures achieved during O, /FAC treatment
(up to ~5x1071° Mxs for HO", ~10°° Mxs for CIO"/Cl,", and ~10"** Mxs for CI°) are comparable
to or higher than those observed in several of the AOPs most commonly applied in (waste)water
treatment and reuse, including UV/H,0; (~102-101° Mxs for HO") (Miklos et al., 2018a;
Rosario-Ortiz et al., 2010; Rosenfeldt and Linden, 2007; Rosenfeldt et al., 2006), O3/H20 (~10
12 107° Mxs for HO") (Acero and Von Gunten, 2001; Bourgin et al., 2017; Lee et al., 2017;
Rosenfeldt et al., 2006), and UV/FAC (~101-10%°, ~10%°, ~10*2, and ~10! Mxs for HO",

CIO, ClI>™, and CI', respectively) (Bulman et al., 2019; Chuang et al., 2017; Kong et al., 2018).

By preparing and standardizing aqueous O>" stocks under conditions of enhanced
HO2/O;™ stability (pH>12), they can be easily handled and dosed to receiving solutions already
containing FAC. This provides the option of utilizing O /FAC treatment as a means of
generating a nearly instantaneous pulse (or multiple pulses) of HO® and RCS in a post-oxidation
process following pre-exposure to FAC for disinfection or pre-oxidation, in much the same way
that O3/H20> can be used to convert residual Os to HO" following a prior period of O3 exposure
for disinfection or pre-oxidation. Alternatively, pre-mixing of alkaline O, and FAC provides a
unique option in which a combined O>"/FAC stock can be added directly to a water at
circumneutral pH to generate a pulse of HO" and RCS for advanced oxidation; with the pre-
mixed O, /FAC stock effectively serving as a ready-made HO" and RCS stock. The use of such
a pre-mixing approach also presents the opportunity to apply O /FAC treatment without
subjecting a water to pre-chlorination (with potential benefits for minimizing halogenated
organic DBP formation), and may enable application to waters containing high levels of matrix

constituents that would normally prevent maintenance of an FAC residual (e.g., NH4*/NHs).
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2.4 Summary and Potential Practical Implications

This work shows that moderately stable aqueous O>" stocks (ti2 ~ minutes) prepared by
several approaches at pH>12 can be either (i) directly added to aqueous FAC at
circumneutral pH, or (ii) premixed with alkaline FAC and acidified to pH 7, to effectively
degrade various organic probe compounds (NB, BA, DMB, and pCBA) via in situ generated
HO® and RCS (including CIO®, CI°, and/or CI2™).

02" /FAC treatment results in the production of ~0.8 mol HO*/mol FAC consumed and can
generate HO" and RCS exposures reaching ~5x1071° and ~10° Mxs, respectively, at pH 7 —
on par with or higher than for many of the AOPs currently in use in (waste)water treatment
(including UV/H202, O3/H202, and UV/FAC).

O, /FAC treatment can be applied effectively in natural waters and SRNOM-amended
phosphate buffer containing up to 5 mgC/L of DOC, though efficiency decreases with
increasing DOC, due to scavenging of HO® and RCS by DOM.

Direct formation of halogen-containing DBPs — including chlorite, chlorate, bromate,
perchlorate, THMs, and HAAs during O2"/FAC treatment is minimal, though THM and
HAA formation was found to be moderately enhanced during post-chlorination of O, /FAC-
treated solutions.

The findings reported here provide a foundation for further examining potential applications
of O /FAC treatment. Additional work is needed to more fully evaluate opportunities for
optimizing various aspects of this process — in particular, with respect to approaches for
producing and stabilizing O>™ stocks, chemical usage and costs, implementation at scale, and

predicting and monitoring process performance.
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e This process could provide a beneficial addition to the range of available AOPs due to its
high radical exposures, simplicity, rapid time-scales, potential for on-site O>™ generation, and

widespread accessibility of FAC and other reagents.
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Figure S2.1. (a) Acid-base speciation of HO2'/O;"™, H202/HO>~, and HOCI/OCI", and theoretical
apparent rate constants (Kapp) and half-times (t12) for the (b) O>/FAC reaction, (c) HO2/O>™
disproportionation reaction, and (d) HO2/FAC reaction (based, respectively on egs 1.6, 1.8, and

K +
aH,0, J[ [H ] }). Values of t1/2 no2-/02--,op Were

k/kk(u ] Ko

calculated for [HO2"/02"Jo= 8 mM (a typical concentration of O>™ stock solutions) and

[HO2' /02" Jo= 100 uM (a typical in situ concentration in O /FAC treatment experiments),
values of t12,02-/rac Were calculated for [HO2' /02" ]o = [FAC]o = 1 mM (typical of concentrations
in premixed Oz /FAC stock solutions) and [HO27/02"]o = [FAC]o = 100 uM (near typical in situ
concentrations in O /FAC treatment experiments), and values of ti2 Ho2-/Fac Were calculated for
[H202/HO2Jo= [FAC]o = 1 mM (typical of concentrations in premixed Oz /FAC stock
solutions) and [H202/HO2]o = [FAC]o = 100 uM (near typical in situ concentrations in O /FAC
treatment experiments). Equimolar [HO2'/02"]Jo, [H202/HO:]o, and [FAC]o values were assumed
to simplify calculation and graphical depiction of ti2,02.-/Fac and ti2 Ho2-Fac Values. Adopted
from (Liou and Dodd, 2021).
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Text S2.1. Estimation of reaction rate constant for kCI - oMB

The second-order rate constant for reaction of Cl," with DMB, kCI - oug Was estimated

using a quantitative structure-activity relationship (QSAR) model reported by Lei et al. (2019),

based upon Cl>™ reactions with a wide range of alkoxybenzenes (eq S2.1) (Lei et al., 2019),

log k.| =825-088Y 07, R*= 0.95 (s2.1)

om,p’
where k. | represents the estimated second-order rate constant for reaction of Cl>™ with

compound i (DMB in this case); the Hammett, or Brown-Okamoto, constants, ¢*, are substituent
constants including a field/inductive component and a resonance component which quantitatively

express the electronic effects of substituents on electrophilic substitution reactions (Hansch et al.,

1991); and o, , o, and a; represent constants for ortho-, meta-, and para-substituents,

0 )
respectively. As 1,4-DMB has one para-methoxy group (o, = -0.78) on the benzene ring with

respect to the 1-methoxy group of the unsubstituted reference compound anisole (or

methoxybenzene) on which eq S2.1 is based, ___ can in turn be estimated as 8.6 x 108 M1sL,

Text S2.2. Calculation of HO scavenging efficiency of t-BuOH in solutions amended with t-

BuOH

Concentrations of t-BuOH required to scavenge HO® during selected O, /FAC treatment

experiments were determined by eq S2.2,

k.. t-BuOH
f (HO-) _ _HO ,t-BuOf—I [ ]0 (52.2)

HO" total
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which jointly considers the reactivity of HO® towards the predominant scavengers in solution,
including HOCI/OCI-, HOZ'/O2™, H202/HO; ", HoPO4 /HPO4%*/PO4*, and t-BuOH itself,

where f(HO") is the fraction of total generated HO" scavenged by t-BuOH; k . is the

HO" t-BuOH
second-order rate constant for reaction of HO" with t-BuOH (6.0x108 Ms!) (Buxton et al.,
1988); and the overall, first-order scavenging rate constant for the solution composition of

interest, on- o N units of s'1), can be calculated according to eq S2.3 (Rodriguez and von
Gunten, 2020),

=k [+-BUOH | +k

HO" total HO" ¢-BuOH

HO" HOCI [HOCI]O + kHO',OCI' |:.OCI_ }0

HO H,0, [ J HO" HO; [HO; ]o ¥ kHO',HO'Z [HO.Z }o ¥ kHO',o; [OZ ]o (52.3)
+h o | HoPOG |+ HPO; | +k PO |

HO'" H,PO; HO",HPOZ" [ HO" PO [
Egs S2.2-S2.3 were in turn applied with the objective of selecting a t-BuOH

concentration that would ensure >90% scavenging of HO" by t-BuOH, or f(HO") > 0.90, under

the investigated experimental conditions. The second-order rate constants for reactions of HO"

with HOCI, OCI, HO,", 02", H20,, HO2", H,PO4~, and HPO4% have been reported as k

HO" HOCI —

9 nN-le-l — 9\l — 9 \-le-l — 10 png-1le-l
12x10° M5, ko =6.4x10° M K = TAx10° M K o = 1.0x1010 MTs
— 7 N1l — 9 n-le-l — 4 n-lel - 5
Koo, = 2T¥107 M ko = 75x10° M2, K = 2x 104 Ms K L = 15x10

M?s?, and kHO',Poj' < 1.0x10” M's%, respectively (Black and Hayon, 1970; Bulman et al., 2019;

Buxton et al., 1988; Buxton and Subhani, 1972; Christensen et al., 1989; Christensen et al., 1982;
Elliot and Buxton, 1992; Maruthamuthu and Neta, 1978; Sehested et al., 1968). Under the
conditions of the experiments in which t-BuOH was used, the concentrations of each of the

preceding reactants (calculated at pH 7) were [HOCI]o = 38-190 uM, [OClJo = 12-60 uM,
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[HO270 = 0.03-3 uM, [O2"Jo = 4.97-397 uM, [H202]o = 150-700 uM, [HO2]o = negligible,
[H2PO4] = 31 mM, [HPO4*] = 19 mM, and [PO+*] = 91 nM. Based on the maximum values of
these ranges, a concentration of [t-BuOH] = 50 mM was selected to ensure >90% of HO"
scavenging under nearly all conditions. For example, this concentration of t-BuOH was sufficient
to ensure f(HO") > 0.93 over the range of [HO2'/O2"]o values applied when [FAC]o = 50 pM,
f(HO") > 0.90 when [FAC]o = 100 uM (except at the highest [HO2'/O2""]o of 400 uM, at which

f(HO") = 0.88), and f(HO") > 0.96 when [FAC]Jo = 250 puM.
Text S2.3. Estimating contributions of HO®, CI°, and CIO*/Cl,™ to probe compound degradation

By assuming NB only reacts with HO", the fractional relative contributions of HO", CI’
and CIO*/CI,™ to the overall degradation of BA and DMB could be calculated according to the

following expressions (eqs S2.4-S2.6):

‘[Hojdt
f . =-k . x '[0 (S2.4)
HO",BA or DMB HO",BA or DMB In [BA or DMB]
[BA or DMB]O
t
I |dt
_ y JoLer]d (S2.5)

fcl',BAorDMB ~ " ™crBaorbmB n [BA or DMB]
[BA or DMB],

fCIO'/CI" DMB _kCIO' oms ¥ (J‘;[CIO-]dt - 0.41.‘-;[(-:';] dt) - _kCIO' ome J.;[CIO./CI;] - (82-6)
) | In [[DNB]] | In ([DNB]J
[DMB], [DMB],

where the exposure terms, MHO'Jdt, E[CI']dt, and I;[C|O’/C|}_}dt are calculated as

described in Section 2.2.5; values of kHO, y k : and k _are as noted in Section 2.2.5,

cr cloricly”, i
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and [BA or DMB]o and [BA or DMB] represent the concentrations of BA or DMB before and

after O /FAC treatment, respectively.
Text S2.4. Uncertainties in calculation of radical exposures

Estimation of radical exposures was based on the extents of organic probe compound

degradation (NB, BA and DMB) and their reaction rate constants with each radical species (HO",

.
CI', CIO" and Cl,™). It is important to note that the values of Io[radlCaﬂdt determined here do not

account for uncertainties associated with the rate constants used in their determination, due to the

lack of reported error bounds for most of the associated rate constants. These radical exposures

.
are thus most appropriately interpreted as estimates, rather than exact values of JO [radical]dt .

Furthermore, exposures of CI" and CIO*/Cl>™ have greater uncertainties than HO™ exposure due to
greater uncertainties in the small changes in probe concentrations from which CI* and CIO*/Cl,™
exposures were determined.

We performed a series of propagation of uncertainty (or error propagation) to examine
the effect of uncertainties of probes’ reaction rate constants on the calculation of radical
exposures. Error propagation, in short, is a statistical method to investigate variables'
uncertainties on the uncertainty of a function based on them. When the variables are the values
of experimental measurements that have uncertainties due to measurement limitations or data
standard error, the uncertainties will propagate due to the combination of variables in the
function (Clifford, 1973). Estimation of uncertainties for each of the radical exposures were

calculated as following expressions (eqgs 2.7-2.9):
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HO* exposure

In(
HOexposure = J: [HO'] dt=—— 7

" o' NB

Uncertainty of HO" exposure = o . = 1 |>< TNl where O i the standard deviation of
_kHO',NB‘ [NB
NB
1 o 1 o, Loy
o, .= |>< (NE] =‘ g|>< NB] — 2 56x10710 x —NBL (S2.7)
" | Kuome| [NB] [-3.9x10°| [NB] [NB]

Cl* exposure

. t .
cl exposure:IO[CI Jdt=
| 2 2
_ 1 Olga O[ng]
o_.. - X + X
“ {_kCI'BA‘ [BA]} { [NB] }
2 2
1 Oga] 5.9x10° O|ng]
= X + X
1.8x10" [BA] (1.8x10%) x(3.9x10°) [NB]

2 2
= [15.56x10M x AL | Jg 40x10 x 1ML
[BA] [NB]

k

HO" ,BA

—k

CI',.BA

1
—k

HO" ,NB

x(

(S2.8)

Aggreqgate ClIO*/Cl>*~ exposure
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(ITCIO'}# + O.41I;[CI;‘ }dt) = Aggregate CIO"/CI; exposure, orI;[CIO'/CI;‘ ]dt =

[ [omB]) . o
L[ B] J HO' 'DMBJ-OI:HO :|dt+kCI',DMBIO|:CI }dt

2
‘ 1 ‘ Opwms } { HO',DMB ‘ ‘ ‘ Ong) }2 ‘ cI',DMB ‘ { ‘ G[BA]} { HO' BA ‘ ‘ ‘ Oneg) }2
\/{kCO'DMBX[DMB] : ‘ clo’ DMB‘ (‘ Ko NB‘X[NB]) ’ ‘ clo’ DMB‘ ‘ cr BA‘ [BA : ‘ cr BA‘ ‘ Ho' NB‘ [NB])
_ 1 Opwme] ‘ 7.0x10° 2.56x1071° x Ong] ‘ 1.8 Xlog 5.56x10° Olgal i +18.40x101 Ong d
“\|zaa0 “Toms][ |z #*00 e] [ T|2a0 “Ba]] 1T YIng]

(S2.9)

where kHO,‘i, kcr, O kCIO‘,i , and kCIZ,,’i represent the second-order rate constants for reactions

of HO", CI', CIO’, and Cl,™ with probe compound i; and [i]o and [i] represent the concentrations
of i before and after O>"/FAC treatment, respectively.

k k and k have been reported as 3.9x10° M-1s? (Buxton et al., 1988),

HO",NB '’ HO® ,BA HO®,DMB
5.9x10° M1st (for the benzoate ion) (Buxton et al., 1988), and 7.0x10° M?s™ (O'Neill et al.,

1975), respectively. k_. ., and k., . have each been reported as 1.8x10' M"'s™* (Alfassi et al.,

1989; Martire et al., 2001), and k has been reported as 2.1x10° Ms (Alfassi et al.,

ClO*,DMB
1988). The second-order rate constant for reaction of Cl>™~ with DMB was not found in the

literature; therefore, it was estimated as described in Text S2.1, yielding a value of k . _ - =

8.6x108 M!st, Because values of _[ [C|O }dt and 0. 41J [C| }dt could not be independently
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determined, their sums (I;[CIO']dt + 0.41];[CI'2‘]dt) are reported together here as aggregate

t
values abbreviated as IO [C|0’/C|°2_} dt.

Uncertainty estimation of radical exposure from O2/FAC treatment data:

Initial concentrations of the three radical probes for O /FAC treatment were at 1 uM.

Uncertainties of reaction rate constants were not considered here as error ranges not available

from literature. Selecting single-dose data shown in Table S2.1 with [HO.' /O™ ]/[FAC]o = (a)

200 uM/100 M, (b) 100 uM/50 uM, (c) 50 uM/25 uM, and (d) 20 uM/10 UM, respectively, the

calculated radical exposures (based on extend of probe compound degradation) and estimated

uncertainties were compared in Table S2.2.

Table S2.1. Experimental probe compound degradation after O, /FAC treatment under different

[HO2'/02)/[FAC]o

[N B]after treatment [BA] after treatment [D M B]after treatment

TALe Average Average Average
[HO' /02" /[FAC]o M) STD (M) STD M) STD
200 uM/100 uM 0.367 0.019 0.218 0.006 0.098 0.009
100 uM/50 uM 0.439 0.002 0.286 0.025 0.088 0.018
50 uM/25 uM 0.564 0.003 0.398 0.006 0.304 0.008
20 uM/10 uM 0.802 0.006 0.644 0.004 0.657 0.013

Table S2.2. Calculated exposure vs. estimated uncertainty

HO'" exposure ClI" exposure CIO*/Cly"~ exposure

Calculated Estimated Calculated Estimated Calculated Estimated

[HO2/O2)/[FAC]o | exposure? | uncertainty® | exposure® | uncertainty’? | exposure? uncertainty®

(Mxs) (Mxs) (Mxs) (Mxs) (Mxs) (Mx5s)

200 uM/100 uM 2.67x1010 1.33x101 -1.74x101! 4.61x101? 2.00x1010 6.23x101
100 uM/50 uM 2.10x1010 1.17x10%2 4.14x10%? 4.88x101? 4.94x101° 9.76x101
50 uM/25 uM 1.48x100 1.36x1012 2.29x107%? 9.50x1012 4.79x101! 1.34x101
20 uM/10 uM 5.54x10! 1.92x1012 6.52x1071? 7.17x1013 -3.43x10! 1.14x101

2 Calculated exposure: directly calculated based on experimental results in Table S2.1.° Estimated uncertainty:
estimated based on experimental results in Table S2.1 and the error propagation equations expressed in eqs 2.7-2.9.
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Estimated uncertainties based on results from the LOD tests:

The LODs of NB, BA, DMB were determined by repeated ten analyses of the three
probe compounds at 0.05 uM for NB and DMB, and 0.1 uM for BA on the HPLC. Uncertainty
propagation was then calculated according to the LOD test results with a summary shown in
Table S2.3. Estimated uncertainties in Table S2.2 and S2.3 indicate that the uncertainty of HO"
exposure was at least one order of magnitude lower than its calculated exposure, meaning that
HO" exposures reported in this study are reliable. On the contrary, uncertainties for CI" and
CIO’/CI>™ have the same order of magnitude as their calculated exposures, indicating that RCS

exposures reported in this study can only be regarded as “estimations”.

Table S2.3. Uncertainties estimated based on LOD tests

[NB] [BA] [DMB]
Measured Measured Measured
Compound concentration STD concentration STD concentration STD
(1LM) 1M) LM)
Conc(ﬁrl‘\;r)a“o” 0.05 0.0051 0.1 0.0072 0.05 0.0050
LOD
(= STDx3) 0.015 0.022 0.015
LOQ
(= STDx10) 0.051 0.072 0.050
Estimated . . . . . - .
uncertainty® HO" exposure: CI" exposure: CIO*/CI2™ exposure:
(Mxs) 2.62x101! 9.46x10% 9.95x10M

2 Estimated uncertainty: estimated based on results from the LOD tests in Table S2.3 and the error propagation
equations expressed in egs 2.7-2.9

93



Text S2.5. Calculation of HO" scavenging efficiency of phosphate and borate buffers

The OH" scavenging efficiency due to buffer species during O>"/FAC treatment

experiments in this study can in general be determined by the following equation (eq S2.10):

Z kHo‘,buffer species i [bUﬁer SpECIGS I]O

k
HO’ total (82 . 10)

f(HO")=

where f(HO") is the fraction of total generated HO" scavenged by the buffer species of interest;

HO" buffer speciesi (13 ynits of M™s™?) is the second-order rate constant for reaction of HO® with

specific phosphate or borate species; and the overall, first-order HO" scavenging rate constant for

the solution composition of interest, Ho"tl (in units of s), can be calculated according to

equation below (eq S2.11):

= [HOCI] + kHO',OCl’ I:OCI_ j|0

HO',tOtaI HO ,HOCI
+kHO' H,0, [H ] kHO' HO; ':HO; ]0 + kHO',HO'Z [HO.Z :|0 + kHO',O'Z' [OZ_ ]O SZ 11
HO HPO, I:H PO :' kHO H,PO; |:H2PO:1 :|0 + kHo',HPOi' |:HPO§_ :|0 + kHO',POi' I:POi_ :|0 (in case of phosphate buffer) ( ' )

or
+ HO" H ,BO, I:H BO :| kHO B(OH); |:B(OH);1 :|0 (in case of borate buffer)

The second-order rate constants for reactions of OH" with borate species are reported as

kOH',H3803 <5x10*Ms?, and kOH B0H; < 1x10°M*s (Buxton and Sellers, 1987; Janovsky,

1980). All other rate constants are as listed in Text S2.2. The calculated HO" scavenging
fractions, f(HO"), by 50 mM of total phosphate or total borate were calculated to be less than 3%
within the pH range from 6 to 9 at the typical [HOCI/OCI], [HO2'/O2"], and [H202/HO2 ]
concentrations present in O2"/FAC treatment experiments. Therefore, the contributions of

buffers to HO® scavenging in this study were minimal.
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Table S2.4. Native water quality parameters for natural water samples?

Parameter Local Reservoir Lake Washington
pH 8.15 8.10

DOC (mgC/L) 0.4 1.9

Chloride (mg/L) 3 3

Bromide (ug/L) 25 24

Alkalinity (mg/L as CaCO3) 31 38

SUV Az (L/mg-m) 1.4 2.4

2 Chloride and bromide concentrations were as reported previously for the same samples (Young et al., 2020).
Carbonate alkalinities were calculated from measurements of dissolved inorganic carbon (DIC) on the same
Shimadzu analyzer used for DOC measurements, based on (bi)carbonate speciation at native sample pH. Specific
254 nm UV absorbance (SUVAzs4) values were determined based on 254 nm UV absorbance measurements
obtained at native sample pH, using a 1-cm optical path length. Adopted from (Liou and Dodd, 2021).
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Chapter 3. POTENTIAL FOR PRACTICAL APPLICATION OF
SUPEROXIDE/HYPOCHLOROUS ACID REACTION AS A NOVEL
ADVANCED OXIDATION PROCESS AND

SUPEROXIDE/HYPOCHLOROUS ACID REACTION MODELING

Reproduced with permission from Liou, S.-Y. and Dodd, M. C., Evaluation of hydroxyl radical
and reactive chlorine species generation from the superoxide/hypochlorous acid reaction as the
basis for a novel advanced oxidation process. Water Research, 2021, 117142
(https://doi.org/10.1016/j.watres.2021.117142). Copyright 2021.
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3.1 Introduction

Current application conditions for the O."/FAC treatment were not ideal as the high pH
of the O>™ stocks (pH 13.9) required higher dosage of sulfuric acid for acidification to
circumneutral pH in order to initiate the reactions. There was estimated to be ~10 g/L of sulfate
remaining in the treated water under such condition, which was way higher than the secondary
MCL of sulfate proposed by the USEPA for drinking water at only 250 mg/L. In addition, use of
large amount of NaOH also elevate the chemical cost. This work first focused on modification
and evaluation of current treatment designs in order to minimize sulfate residual. Cost estimation
was then performed based on the modified version of treatment approach, and the potential of
practical application and procedure of the O /FAC process were suggested. Model simulation
for the O>"/FAC process can be important to help provide better understanding in the reaction
chemistries and identify those critical reactions that govern the radical production and
scavenging. The model may also be used for prediction of contaminant removal after treatment.

Therefore, a model was built in this work based on reactions involved in the O /FAC process.

3.2 Materials and Methods

3.2.1 Refined O, Stock Generation

(i) KOz dissolution in 0.05M NaOH (KO- solids added to NaOH solutions)

10 mL of 0.05 M NaOH (pH 12.7) at room temperature (22+2 °C) was placed ina 20 mL
amber borosilicate glass vial, and stirred by a magnetic stirrer at high enough mixing speed to
generate a visible vortex in the liquid. Desired masses of KO, were weighed and immediately

added into the vial. This approach of adding KO solids to vigorously mixed NaOH solutions
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appears to more effectively decrease localized concentrations of HO2"/O™ during preparation of
O™ stock solutions compared to addition of NaOH solutions to KO3 solids, and can in turn

improve O." yields and stability. An initial KOz concentration of 20 mM was selected for use in
preparing O2" stocks for O /FAC treatment with this approach. Note that we have changed the
KO.-derived O2" stock preparation to a solid-to-liquid method. This helped increase the mixing

efficiency and yield higher initial O>™ concentration in the stocks.
(if) UV irradiation of alkaline H,O2/HO2~

UV-derived O™ stock was prepared by UV irradiation of alkaline H2O solutions at
pH12.7 or pH12.5 using the same method and conditions described in Section 2.2.2. UV-derived
O," stocks in 0.05 M NaOH were typically prepared to contain [HO2"/O2" ]stock = 900 uM and
[H202/HO2 Jstock = 11 mM at the time of dosing to receiving solutions, while those in 0.0316M
NaOH were prepared to contain [HO2 /02" Jstock = 500 uM and [H202/HO2 Jstock = 5 MM. Figures
2.3 and 2.4 show respective profiles for O2™ generation during UV-irradiation of H20,, and O™
decay following removal of irradiated H2O> solutions from the UV light source. The stocks were
dosed to receiving solutions at dilution factors ranging from (a) 1:36 to 1:9 or (b) 1:20 to 1:5,
yielding in situ [HO27/02"] ~ 25-100 and [H202/HO27] ~ 0.25-1.2 mM in the Oz /FAC-treated

final solutions.

3.2.2 Modeling of O, /FAC Reaction

Kinetic models of AOPs often consist of hundreds of reactions depending on the systems.
The O2/FAC process was simulated using the Kintecus kinetics software in this study (lanni,
James C., Kintecus , Windows Version 6.01, 2017, www.kintecus.com). It involves very

complicated reaction mechanisms, some of which may cause violations of the principle of
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detailed balancing. There are three ways such violations can occur: (1) reversible reaction loops
where the rate constants do not attain closure, (2) illegal loops in which reactions never reach
equilibrium (Wegscheider’s condition), and (3) reversible steps having rate equations in the
forward and reverse directions that are inconsistent with the equilibrium expressions (Lee et al.,
2020; Stanbury, 2020; Stanbury and Harshman, 2019; Stanbury and Hoffman, 2019). However,
the last one is usually hard to identify because the independent equilibrium constants (not
calculated based on the forward and reverse rate constants) are usually not available. Therefore,
this type of disagreement was ignored. A brief graphic summary of these three types of
violations was provided in Figure 3.1. Stanbury et al. has developed a computer program called
“DETBAL” to facilitate the identification of both the illegal loops and the violations using the
programming language R (Stanbury, 2020; Stanbury and Harshman, 2019; Stanbury and
Hoffman, 2019). The program can be run by simply downloading the Rmd file from the authors’
Github page (https://github.com/jordanharshman/DETBAL), and opening it in the R studio
software. Once the file is open, click the “Run Document” button to activate the user interface of
the program, where one can input the chemical reactions and see the detailed analysis results.
Detailed balancing analysis was also applied to the O /FAC kinetic model to identify reversible
and illegal reaction loops using DETBAL. Lee et al. has already identified a couple of illegal
loops in kinetic models for UV/chlorine (similar system as O."/FAC process) established by
some previous studies (Bulman et al., 2019; Lee et al., 2020; Sun et al., 2016). Those reactions

with violations occurred were therefore removed from the model built in this work.
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Figure 3.1. Three types of detailed balancing violations: (1) illegal loops, (2) violation of the
Wegscheider’s condition, and (3) disagreement of the ratio of the forward to reverse rate constants
with the equilibrium constant, obtained from (Lee et al., 2020; Stanbury, 2020; Stanbury and
Harshman, 2019; Stanbury and Hoffman, 2019).

3.3 Refinement of O, /FAC Treatment

A potential barrier to implementation of O /FAC treatment derives from the high pH
needed for O," stock solutions, and the consequent levels of acid necessary to neutralize the OH~
derived from the stock solutions upon dosing to receiving waters. Under the exploratory
conditions used in many of the experiments described to this point, the use of high H.SO4
concentrations for NaOH neutralization would lead to levels of residual SO4% in substantial
excess of the USEPA secondary (non-enforceable) drinking water MCL of 250 mg/L as SO4% in
treated waters, potentially leading to negative aesthetic and/or gastrointestinal effects (USEPA,
2003a; b), or to enhanced risks of corrosion in materials in contact with treated waters (USEPA,
2016; Yang et al., 2014). This issue can potentially be addressed by (1) preparing O2" stocks in
less alkaline NaOH solutions to decrease the H2SO4 concentration needed for neutralization,
and/or (2) increasing the concentrations of O™ in the stocks to enable the use of smaller stock

volumes and higher dilution factors — also resulting in decreased H2SOa4 requirements.
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A series of additional experiments was therefore undertaken in which O2" stocks were
prepared from KO- or UV irradiation of H,O./HO2 under conditions selected to achieve elevated
[HO2'/0O2™] concentrations at lower pH, and used to degrade NB, BA, and DMB using single-
and multiple-dose postmix Oz /FAC treatment (with H202 quenched using FAC in multiple-
dosing). In so doing, it was found that for KO2-derived O2" stocks, the O, yield and stability
could be significantly improved by adding KO: solids slowly to NaOH solutions under rapid
mixing, rather than by addition of NaOH to KO- solids, as was the case for most of the stocks
prepared in this work (see Section 2.2.2). KO,-derived stocks were in turn prepared from 20-mM
KO2 in 0.05M NaOH (pH 12.7) — yielding concentrations of [HO2'/O2" Jstock ~ 2000 uM and
[H202/HO2 Jstock ~ 6000 uM. UV-derived O™ stocks were prepared using irradiation of 20 mM
[H202/HO2 Jo in 0.05M NaOH (pH 12.7) — yielding [HO2'/O2" Jstock ~ 900 uM and
[H202/HO2 Jstock ~ 11 mM, or irradiation of 10 mM [H202/HO27]o in 0.0316M NaOH (pH 12.5) —
yielding [HO2 /02" Jstock ~ 500 uM and [H202/HO2 Jstock ~ 5000 uM (Section 2.2.2 and Figure

2.4).

The KO»-derived stocks were dosed to receiving solutions at [HO2/O2" Jo/[FAC]o = 2,
with dilution factors ranging from 1:40 to 1:10, whereas the UV-derived stocks were dosed to
receiving solutions at [HO2"/O2"]o/[FAC]o = 1 due to their lower [HO2'/O2" ]stock CONCeNtrations,
with dilution factors ranging from 1:40 to 1:5. As shown in Figure 3.2, these experiments yielded
levels of probe degradation comparable to those obtained using O2" stocks prepared from KO; at
higher pH (Figure 2.16), with only moderately diminished effectiveness for the UV-derived
stocks dosed at the lower [HO2/O2" Jo/[FAC]o. At the same time, the use of the KO> stocks
required only 2.5 mM of H2SO4 to neutralize OH™ — resulting in residual SO4%~ concentrations of

240 mg/L (below the secondary MCL); and the use of the UV-derived stocks required only 2.8
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and 3.2 mM of H,SO4 to neutralize OH™ — resulting in residual SO4%~ concentrations of 260 mg/L
and 300 mg/L, respectively (just above the secondary MCL). Continued optimization of O2™
stock preparation and handling at lower pH values will be needed to enable further decreases in
residual H2SO4 dosing requirements and consequent residual SO4%~ concentrations. Residual
[H202/HO-] levels in receiving solutions did not exceed ~600 uM or ~1200 uM when using
either KO2-derived or UV-derived stocks, respectively. At these [H202/HO27] levels, the use of
excess FAC to quench H202/HO>™ in either single- or multiple-dosing approaches would be
expected to contribute no more than ~50 mg/L of total residual CI™ to treated waters (assuming
equimolar [CI] and [FAC] in FAC stocks and 100% conversion of FAC to CI~ upon reaction

with HO2'/O2™ or H202/HO>") — well below the secondary MCL of 250 mg/L as CI~.
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Figure 3.2. Modified O /FAC treatment approaches using O>™ stock solutions generated at
pH<13 by KO3 dissolution or UV irradiation of H,02/HO,™ solutions, and dosed at
[HO2' /02 Jo/[FAC]o ratios of 1 or 2. Probe compound concentrations and in situ radical

tr .
exposures (L [radlca|]dt) resulting from multiple-dose postmix O>"/FAC treatment of pH 7,

5mM phosphate buffer containing [NB, BA, DMB]o = 1 uM. In multiple-dose treatment, residual
[H202/HO,7] present after each O2™ dose (typically 150-300 mM) was first measured by the
Allen reagent method, after which sufficient FAC was added to scavenge all H20O,/HO,™ and
leave the desired [FAC] residual in solution for the following O2™ dose. O," stocks for dosing
were prepared by (i) dissolution of KOz in 0.05M NaOH at pH 12.7, (ii) photolysis of
H202/HO2™ in 0.05M NaOH solutions at 12.7, or (iii) photolysis of H2O2/HO,™ in 0.0316M
NaOH solutions at 12.5 (see text for corresponding [HO2'/O2" Jstock and [H202/HO2 Jstock
concentrations). For (i), experiments were undertaken by dosing [HO2' /02" ]o/[FAC]o = (200
uM)/(100 uM) once (1x100 uM) or by dosing [HO2 /02" ]o/[FAC]o = (50 uM)/(25 uM) four
times (4x25 puM). For (ii) and (iii), experiments were undertaken by dosing [HO2"/O2""]o/[FAC]o
= (100 pM)/(100 uM) once (1x100 puM) or by dosing [HO27/02" Jo/[FAC]o = (25 uM)/(25 uM)
four times (4x25 puM). Error bars represent one standard deviation about the mean of duplicate
measurements. Adopted from (Liou and Dodd, 2021).
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3.4 Cost Estimation of O, /FAC Treatment

The high cost of commercially-available KO2 solids likely precludes their use as a means
of preparing O™ stocks in large-scale treatment applications. However, UV-derived O™ stocks
may present a more practical option for implementing O /FAC treatment at scale. For example,
such stocks could be continuously generated on-site by using LP Hg or UV LED irradiation of
alkaline H202/HO:™ in a flow-through cell for online infusion into process waters. With this in
mind, a preliminary estimate of the electrical and chemical costs for implementing such an
approach was performed using data from the bench-scale experiments undertaken here with UV-
derived O2" stocks, with 90% degradation of BA in phosphate buffer during single-dose postmix
treatment selected as a reference condition (with costs determined in units of $ per m? of treated

water per order of magnitude BA degradation, or $-morder™) (see Text S3.2 for details). The

resulting calculations yield a cost estimate of ~$1.0-1.1-m™-order for O."/FAC treatment
(including costs for UV lamp output, H.O2, NaOH, H2SO4, and FAC) (Table 3.1 and 3.2). By
comparison, the costs for Os/H20: (including costs for Oz generation and H20>) and UV/H20;
(including costs for UV lamp output and H20>) to yield 90% degradation of the very similar
PCBA in various natural waters were estimated as $0.0043-0.008 -m-order* and $0.075-
0.192-m3-order, respectively (based on previously reported findings (Katsoyiannis et al.,
2011)) (Table 3.2). It should be noted that these estimates do not account for variations in capital

costs.
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Table 3.1. Prices and estimated Cost/Ocnremical Values for specific chemicals®

mol of chemical

. COSt/Ochemical
Chemical ~ $/mol® for treatment of 3 1 References
volume V © ($'m3-order™)
H.0, 0.031 2.2x10° 0.17 (Rosenfeldt et al., 2006)
NaOH 0.04 5.6x10° 0.56 (USEPA, 2005)
NaOCI 0.71 1x10° 0.18 (USEPA, 1999; 2005; 2006)
H,SO, 0.01 2.8x10° 0.070 (USEPA, 2005; 2006)

a Adopted from (Liou and Dodd, 2021). °Data are corrected for inflation of currency from their published date to
Dec. 2020 using the CPI Inflation Calculator from U.S. Bureau of Labor Statistics
(https://www.bls.gov/data/inflation_calculator.htm). Average prices are provided if based on more than one source.

¢V =10 mL treated receiving solution volume

Table 3.2. Comparison of Cost/O values for O /FAC with O3z/H20, and UV/H20?

ch ical COSt/OUV COSt/Ochemical COSt/Ototal Ref
emica ($m3ordert)  ($'m3order?)  ($:morder?) elerences
0.137° 0.98° 1.12°
Oz /FAC This stud
i 0.069¢ 0.90¢ 0.97¢ 19 Stucy
03/H202 n.a. n.a. 0.0043-0.008 (Katsoyiannis et al., 2011)
UV/H,0; n.a. n.a. 0.075-0.19 (Katsoyiannis et al., 2011)

a Adopted from (Liou and Dodd, 2021). ® Calculated based on O," stock generated with 4.5 min UV irradiation of
20mM alkaline H,O; solution in 0.05M NaOH (pH12.7), ¢ Calculated based on O™ stock generated with 2.5 min
UV irradiation of 20mM alkaline H20- solution in 0.05M NaOH (pH12.7)
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The >5-fold higher cost estimate for O>"/FAC treatment primarily reflects costs of NaOH
(~50% of the total) and to a lesser extent H2O2 and FAC (~31% of the total combined), followed
by H.SO. (~6% of the total); the costs for UV lamp output (~13% of the total) are similar to
those for UV/H20, (Tables 3.1 and 3.2). Further improvements in O," /FAC treatment
performance and cost can likely be realized through continued refinement of approaches for O™
stock preparation to improve HO>'/O>™ yield and stability at lower pH values. For example, if
O™ stock solution pH could be lowered by one unit (from 12.7 to 11.7) while still maintaining
equivalent O2™ concentrations, NaOH and H2SO4 requirements could in turn be lowered by 10-
fold, with a corresponding reduction of $0.57-m-order? (or ~50-60%) in overall costs.
Alternatively, improvements in O, stability and/or yield from UV irradiation of alkaline
H2>0./HO> solutions at pH 12.7 (e.g., through the use of higher-intensity lamps or more efficient
lamp geometries) could allow the accumulation of higher O2™ concentrations in stocks. This
could in turn enable decreases in the required volumes of O™ stock solutions to implement O>™
[FAC treatment at a given [HO2'/O2" Jo/[FAC]o ratio, which would lead to lower NaOH,
H20./HO>", and H.SO4 requirements. For example, a 2-fold increase in peak O, concentrations
achievable in stocks could lead to a commensurate 2-fold decrease in O2™ stock volume
requirements, in turn cutting NaOH, H202/HO:", and H2SO4 requirements in half and lowering
the associated costs by $0.28-m3-order, $0.085-m-order?, and $0.035-m-order respectively

(for a decrease of ~35-45% in overall costs).

It is also worthwhile to note that even if $-m=-order? costs for O2"/FAC treatment
remain higher than for more conventional AOPs, its simplicity, rapid operational time-scales
(and as a consequence, its low required reactor volume and footprint), potential for on-site O>™

generation, and widespread accessibility of FAC (also including potential for on-site generation)
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and other reagents could make this process uniquely advantageous for certain applications; in

particular smaller-scale decentralized and/or point-of-use (waste)water treatment.

As the first investigation exploring the possibility of directly applying O /FAC
treatment for advanced oxidation, this work is principally intended to elucidate process
chemistry and to provide a foundation from which to explore future applications. More definitive
assessments of costs and implementation strategies will require studies dedicated to these aims
and conducted at pilot- and/or full-scale. Future research on these topics is therefore highly
encouraged, and will be needed to more fully evaluate the potential of the O /FAC process for

applications in (waste)water treatment and reuse.
3.5 Potential Practical Implementation

The O2/FAC process could be useful in smaller-scale decentralized and point-of-use
water treatments by generating O™ stocks with small UV lamp array. Figure 3.3 shows the

potential schematic for implementation of the O /FAC process in water treatment. Note that the
use of UV/H20- approach for O2™ stock preparation would be at smaller scale and off-line, so

that the whole volume of water passing through a water treatment facility would not need to be
irradiated, and thus, that a large, expensive online array of UV lamps would not be required. In
another word, only relatively small volumes of stock solutions to be injected into the main flow
of the water treatment plant would need to be irradiated. This requires a much smaller lamp array
and associated capital costs, and have less concern regarding UV light transmission limitation as

compared to a typical UV/H20- treatment process.

Alkaline H20; solution for stock generation can be prepared by the mixture of H20, with
NaOH or Ca(OH)2. The resulted O™ stocks can than be applied in three different scenarios,
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depending on the needs, including the premix dosing (blue pathway) and postmix dosing (red
pathway). If the feed water already contains chlorine, then no chlorine or less amount of chlorine

would be required for the postmix dosing treatment (black pathway).

+ smaller-scale decentralized treatment

small UV lamp arra
* point-of-use treatment P y

NaOH, Ca(OH), H,0,
| |

==axauns Premix dosing 1

= === Postmix dosing alkaline HO,~

Postmix dosing (if the feed water
already contains FAC)

offline flow-through UV cell

NaOCI (FAC) fe==sseua==eenne|  alkaline O, stock
I

|
first |
|
|

(a) Water without FAC ‘
(b) FAC-containing water

| :> WATER TREATMENT >

H,SO0,

<lllllllllllll

Figure 3.3. Schematic for potential implementation of the O2"/FAC process in water treatment

In this study, most of the experiments were conducted in batch reactors. Since batch
reaction Kinetics are equivalent to reaction kinetics in a PFR under ideal conditions, the batch
kinetics should theoretically be applicable to a PFR with appropriate mass balance consideration.

However, it should be noted that the time scale of O /FAC reactions is so fast that it could be
similar to the time scale of mixing among the O2" stock, the FAC solution and the acid for
neutralization. Therefore, most of the reactions involved in the O."/FAC process would

complete at the point of mixing. Little additional reactions would proceed after that time frame.

114



In another word, little reactions would occur in the subsequent length of a PFR. As a result, using

a PFR following a CSTR (as a flash mixer for O>™, FAC and acid) may not provide more

benefits than directly using a CSTR. One possibility could be using multiple CSTRs in series,
which can be applied for multiple-dosing treatment. Another way to address this could be using
static mixers or venturi mixers inside a pipe to ensure effective mixing, and the reaction reagents
can be infused at different locations of a pipeline for multiple-dosing application. Pilot-scale or

larger-scale tests would be needed to fully evaluate these approaches.

3.6 Other Superoxide Production Approaches

3.6.1 KrCI* Lamp (222 nm) for O, Stock Generation

Improving O2"~ concentration and its stability in the stocks can help reduce stocks needed
for dosing during O2"/FAC treatment and minimize the chemical cost. One possibility could be
producing O2" stocks through photochemical irradiation of alkaline H2O; solution but with
higher-intensity lamps. It is expected to achieve higher O, yield in the stocks with more
powerful UV254 lamps than the one (a 5W low-pressure Hg lamp, fluence rate = 39.5 mW/cm?)
used in the preceding experiments; however, more intensive UV254 lamp could also self-limit
02"~ accumulation in the stock as it also facilitates O." photo-decomposition. One way to address
this is switch to a wavelength which maximize H>O> photolysis while minimizing O>™
decomposition during irradiation. Emerging far-UVC devices (emitting UVC irradiation in the
wavelength range of 220 to 225 nm) like the krypton chloride (KrCI*) excimer lamp could be a
good candidate for this purpose. Spectra KrCl* lamp emission and adsorption of H,O and O™

are shown in Figure 3.4. At pH > 13, extinction coefficients of HO2/HO> (¢ ) have been

H,0, /HO;
reported as 539.4, 277.7, 194.8 Mtcm™ at 220, 250 and 260 nm (Morgan et al., 1988), and
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) of 1920, 2260, and 1940 M-cm™, respectively

HO2' /02" has extinction coefficients (¢, 0,10
(Bielski, 1978). Absorbance ratio of H2O2/HO.™ over HO2"/O>™ can then be calculated as 0.281,
0.123, 0.100 in order under these three wavelengths. Therefore, one could expect irradiation at

220 nm to more effectively photolyze H.O> while causing slower O>" photolysis. Interestingly,
far-UVC light has been reported to have low adverse effect on skin and eyes as well as no DNA
damage in animals due to its very limited penetration into biological materials (Buonanno et al.,

2017; Buonanno et al., 2020; Kaidzu et al., 2021; Narita and Asano, 2018), and thus it causes

less biosafety concern than those commonly applied UV254 devices.

= KrCI lamp emission
- == H,0,in 1M NaOH

=== 0,"in 1M NaOH (w/ presence of H,0,)
—— 1M NaCH

Increasing UV adsorption with
decreasing wavelength for H,0,

Max. UV adsorption for O, at 245 nm

Relative emmission / absorbance

rrrr-ror o1 r T T T Tt
210 220 230 240 250 260 270 280 290 300 310 320 330 340 350

Wavelength (nm)

Figure 3.4. Relative emission spectrum of the KrCI* lamp and relative adsorption spectra of 1M
NaOH, alkaline H2O; (in 1M NaOH), and O2" /H,02 mixture (in 1M NaOH).

A KrCI* lamp emitting 222 nm UVC equipped with a 222-nm bandpass filter was
therefore used to generate O," stock from alkaline H20- solution. The configuration and setup

were as shown in Figure 3.5. From the top to bottom in order are a KrCIl* lamp, a piece of
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cardboard with a circle cutout that matches diameter of the beneath lens, a plano convex lens
(LA4464-ML, Thorlabs), a UV-resistant PTFE reactor with alkaline H.O> solution and a micro
magnetic stir bar, a magnetic stir plate, and a lab jack for adjusting the distance between the
reactor and the light source. The convex lens can enhance the light intensity by around 15%
compared to that without the lens installed. The fluence rate at the surface of the lens (the point

where the reactors receive irradiation) was measured to be 5.56 mW/cm?.

Figure 3.5. KrCI* lamp setup for generating O, stock

Irradiations were initiated by placing a reactor containing 1, 0.1 or 0.05M NaOH and
H2>0./HO> at various initial concentrations in the path of the emitted light. The reactor was place
at the surface of the lens below the KrCI* lamp (222 nm, fluence rate = 5.56 mW/cm?) for
irradiations, with the contents continuously stirred by a magnetic stir bar at 200 rpm (Figure 3.5).
At pre-defined times, the reactor was removed from the light and samples were collected for
spectrophotometric analyses of [HO2/O>™] and [H20./HO2]. As comparison, a few tests using a
low-pressure Hg lamp (254 nm, fluence rate = 39.5 mW/cm?) were conducted by placing a

quartz cuvette containing alkaline H2O> solutions at the surface of the Hg lamp.

Irradiation at initial concentrations of H,O2/HO-™ ranging from 1-20 mM resulted in the

buildup of HO2"/O>™ over 2-5 minutes to maximal HO2"/O™ concentrations in 1, 0.1 and 0.05M
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NaOH solutions, respectively (Figure 3.6), with higher [H202/HO; ]o yielding higher [HO2'/O2"]
(consistent with eqs 2.4-2.9). These values are in excess of the highest O2™ concentrations (~400
uM) reported when using vacuum-UV photolysis of oxygenated aqueous ethanol and/or formate
solutions, or UV photolysis of mixture of ketones with alcohols (Bielski and Gebicki, 1982;
Holroyd and Bielski, 1978; McDowell et al., 1983). Although the LP Hg lamp was able to
generate a bit higher maximal HO,'/O." concentration of ~1.3mM from initial [H202/HO> ]o =
20 mM than that from the KrCI* lamp of ~1.0 mM, HO>"/O>™ were less stable under the LP Hg
lamp irradiation due to its higher emission intensity and higher UV2s4 absorption ratio of
superoxide over H2O. Interestingly, this could also explain another finding that we were able to
generate nearly “pure” O2"~ under extended irradiation when H2O2/HO2~ were completely
photolyzed while O™ still remained in the stock. For example, 222-nm, 5.56 mW/cm? irradiation
of a pH13.9, [H202/HO>] = 1 mM solution by the KrCI* lamp for 6 min generated a pure
200 M O™ stock; whereas 254-nm, 39.5 mW/cm? irradiation of the same solution by the LP Hg
lamp for 3 min produced a pure 100uM O™ stock. Therefore, KrCI* lamp could potentially
provide some benefits over the 254 nm lamp during O>™ stock generation in regard to (i) higher
stability of O™ in the stock, and (ii) lower operation energy required, (iii) higher yield of pure

O™ stock in absence of H20./HO,~, and (iv) less biosafety concern.
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Figure 3.6. Evolution of (a) [HO2'/02"] and (b) [H202/HO27] during continuous photolysis of
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H202/HO2 " in 1, 0.1, or 0.05M NaOH solutions at pH 13.9, 13.0 or 12.7, using a KrCI* lamp
(222 nm, fluence rate = 5.56 mw/cm?); (c) [HO'/O2"] and (d) [H202/HO,] during continuous
photolysis of H,02/HO,™ by a low-pressure Hg lamp (254 nm, fluence rate = 39.5 mW/cm?).
H202/HO; solutions were prepared using Milli-Q water and NaOH (>98%, Sigma-Aldrich).
Filled symbols are results by the KrCI* lamp, and unfilled symbols are results by the LP Hg

lamp.

3.6.2 Electrochemical Approaches

The mechanism of the electrochemical O reduction reaction (ORR) can be quite

complicated and involves many intermediates, primarily depending on the natures of the

electrode material, catalyst, and electrolyte. Egs 3.1 to 3.7 below lists several typical ORR

processes in alkaline aqueous solution with their corresponding thermodynamic electrode
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potentials at standard conditions (Anastasijevic et al., 1987; Horsman et al., 2012; Yeager, 1986;

1976).

Direct 4-electron transfer pathway:

0,+2H,0+4e —40H Eo=0.401V

2-electron transfer pathway (peroxide pathway):

O,+H0+2e — HO; +OH™ Eo=—-0.065V

followed by either the further reduction reaction,

HO; +H0+2e — 3 0OH Eo=0.867 V

or the decomposition reaction,

2HO; - 20H + 0O

1-electron transfer pathway (superoxide pathway):

O2+e — 0 Eo =0.286 V

followed by dismutation reaction,

2 OZ._ + HZO PN 02 + HOZ_ + OH_ pK = '751 at ZOOC

or further reduction,

20" +HOH+e — OHz + OH"

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

ORR can be improved significantly through employing an electrolyte with low viscosity,

high O solubility, and weak adsorption species (Jin et al., 2010). There have been a bunch of
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electrochemical methods reported to generate O," by single electron transfer to electrode-
adsorbed O, while the majority of them need to use aprotic solvents or organic substances as the
bases because O is unstable in protic solvent like water (Maricle and Hodgson, 1965; Sawyer
and Roberts Jr, 1966; Singh and Misra, 1989; Wadhawan et al., 2003). However, these may not
be beneficial for O, application in water treatments as aprotic solvents and organic additives
may cause additional contamination and organic substances can cause undesirable radical
scavenging. Nevertheless, some studies of O,™ generation in protic aqueous solution have been
proposed (Forman and Fridovich, 1972; Shao et al., 2006; Spendelow and Wieckowski, 2007).
There is also possibility to produce O, and FAC simultaneously on each of the electrode with
the cathode accepting electron to generate O™, and the anode where releases electron to yield
free chlorine (Czarnetzki and Janssen, 1992; Hubler et al., 2014; Kraft et al., 1999). If so, this
will create great advantages of applying the O>/FAC process as the two key reactants can be

generated in situ at the same time.

We have tested using platinum (Pt) wires and platinum sheets as the electrodes and with
different concentrations of NaOH/Na>SO4 mixtures containing [NaOH] = 0.01, 0.1 or 1 M, and
[Na.SO4] = 0.1 or 0.5 M as the electrolytes. Nafion membrane was used to separate the cathode
and the anode solutions. Scheme and photo of the experimental setup are shown in Figure 3.7.
The reactions were operated at voltages of 1.0-1.5V. Unfortunately, none of these conditions
generated noticeable level of O™ based on TNM analyses and UV spectrum measurements.
Some possibilities for modification or means to improve O™ yield include: (1) increasing the
electrode surface area contacting the electrolytes (i.e., reducing the ratio of fluid
volume/electrode surface area), (2) trying O»-saturated electrolytes, (3) testing out different

compositions and types of electrolyte and electrode (e.g., glassy carbon, graphite, or other metal-
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based electrodes), (4) adding chelating agent such as EDTA or phosphate-based chelators to
stabilize trace metals in the electrolytes, (5) improving the mixing efficiency, (6) testing higher

reaction voltage, and (7) using high-purity chemicals to prepare the electrolytes.

e + Power | e
p— supply —_—
Pt wire Pt wire
Nafion membrane
Pt sheet Pt sheet
() (+)
Anode Cathode

Figure 3.7. Experimental setup for electrochemical generation of Q2™

Transition metals like Fe, Mn or Cu are likely strong O™ scavengers and can rapidly
consume O™, or cause additional contamination. Inert metal-based or carbon-based electrodes
would be preferable in terms of O,™ stock preparation. Ideally, we want to find electrode
materials (and appropriate electrolytes) that can cause fast O reduction reaction (to generate
0O2") but slow reduction of O>™ to H20./HO-™ at the cathode, so that O>™ can accumulate in the
electrolytes. Using electrode materials that do not strongly adsorb charged species (like O2™)
could be one way to prevent fast reduction of O2 to H.02/HO2™. Alternatively, it may also be

possible to generate O, at the anode through H>O, oxidation with appropriate design.
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3.7 Modeling of O, /FAC Treatment

3.7.1 Development of Model

The reaction mechanisms in AOPs are usually complex as the reactions between reactive
species and organic contaminants generate many intermediates/products, which can further react
with the reactive species, causing complicated chain reactions. Kinetic modeling is a powerful
approach to gain mechanistic understanding of these systems and can help formulate strategies
for improving AOP treatment efficiency. Therefore, building a simulation model for the O2™
/FAC can be beneficial. Ultimately, the goal was to accurately estimate the removal of trace
organic contaminants (TrOCs) during the O>/FAC treatment and predict radical exposures as
long as their reaction rate constants with HO® and RCS are available. Details in chemicals and
individual reactions used in the Kintecus model in this study can be found in the Supporting
Information Table S3.1. The model was developed based on over two hundreds of reactions
describing radical generation, radical scavenging, acid-base speciation, probe compound
degradation, etc. Reactions with violations of detailed balancing were removed from the model.
In addition, some reactions that were identified not critical to radical formation or scavenging
and may complicate the calculations, were deactivated (muted) in the model. Such reactions,
though still listed in Table S3.1 in the Supporting Information, were marked with symbol # in
front of their reaction rate constant values. The performance of developed model were verified
by comparing the model-predicted contaminant degradation (for NB, BA, and DMB) and radical

exposures (for HO", CI', and CIO*/Cl>™) with experimental results in Figure 3.8 below.
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Figure 3.8. Model prediction and empirical data using batch reactions for (a)(b)(c) probe

compound degradation and (d)(e)(f) radical exposures. Experiments were conducted using O™
stock solutions generated at pH13.9 by KO- dissolution, during single-dose, post-mix O2"/FAC

treatment of pH 7, 45mM phosphate buffer containing [NB, BA, DMB]o = 1 uM. [sulfate]
derived from addition of sulfuric acid in the final solution was 0.0493 M. The empirical and
Kintecus model simulation results were expressed by the symbols and dash lines, respectively.
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Simulation seems to underestimate probe degradation at high [O2"]/[FAC] ratios above 1
to 1.5. Some potential explanations may include: (a) unrecognized reactions leading to higher
than anticipated radical generation or lower than anticipated radical scavenging at high
[O2J/[FAC] ratios; (b) uncertainties in and/or lack of error ranges for reaction rate constants
reported in literature; (c) unknown reaction rate constants for some reactions; and (d) mixing
limitation during batch reactions. O>" and sulfuric acid were manually added into waters for
treatment, while the reaction time scale of O>"/FAC process (<1 sec) was much smaller than the
time of mixing. Therefore, at the moment when O™ stock was dosed, certain amount of O>™ was
gone in local region due to unideal mixing through O>™ disproportionation or scavenging by
other species in waters. Note that O," disproportionation is a second-order reaction. Unperfect
mixing may lead to high concentrations of O2" at a certain region and result in quick O2™
disappearance. As a result, the actual [O."]/[FAC] during treatment may be lower than expected,
which could be an explanation for higher than anticipated probe compound degradation and

radicals at high [O2"]/[FAC] ratios.

To verify this hypothesis, the O>"/FAC treatments were also examined using a
continuous flow reaction system that provided better mixing efficiency (Figure 3.9). Reactions
were initiated by pre-mixing two solutions of (a) KO»-derived O™ stocks at varying desired
O, concentrations in 1M NaOH, and (b) 0.4M sulfuric acid, at the same flow rate of 5 mL/min.
The (a)(b) mixture was then mixed with another two solutions each at flow rate of 10 mL/min
with (c) mixture of radical probes ([NB, BA and DMB] = 3 uM) with FAC solution at varying
concentrations in 75mM phosphate buffer, and (d) 0.05M sulfuric acid. These solutions were
passed through 15-cm, 1/32 inch (inner diameter) PTFE reaction tubes, and polyether ether

ketone (PEEK) or Tefzel™ ethylene-tetrafluoroethylene (ETFE) mixing tees (IDEX), using dual-
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channel syringe pumps (Harvard Apparatus). Upon exiting the first mixing tee, the O™ stock
(originally in pH13.9, 1M NaOH) was partially acidified by sufficient H,SO4 to a pH13.0 O2™
stock. At the final mixing cross, where another stream of phosphate buffer solution containing
FAC and radical probes was introduced, H.SO4 was injected by another syringe pump to
completely neutralize the reaction solution and initiate O." /FAC treatment at pH7. Pre-
acidifying the O™ stock to pH13.0 at the first mixing tee was to ensure a better control on the
final reaction pH as we found it could be very tricky to obtain a pH7 final solution if a pH13.9
O, stock was directly neutralized by H>SO4. The final solutions were collected, and prior to the
HPLC analyses of probe compounds, sufficient catalase or equal amount of FAC were added to
completely quench residual H20.. Experiments at different [O2" Jo/[FAC]o ratios and various
absolute [O2>"]o and [FAC]o were conducted, and the results were also compared with those from
the Kintecus model simulation in Figure 3.10. It was observed that the “optimal” [O2" Jo/[FAC]o
ratio shifted to the right in Figure 3.10 using continuous-flow reactions when compared with
Figure 3.8 using batch reactions. The batch experiments were likely to underestimate reaction
[O2"]o/[FAC]o when dosing O>™ stock into the receiving solution containing FAC, due to higher

than anticipated local O>™ concentration caused by unideal mixing.
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Continuous flow reaction design for O,"/FAC process

0, stock
in 1 M NaOH ]

0.4 M (0.8N) H,50, }T/mﬁ[

FAC solution
[NB, BA, DMB] =3 uM

in 75 mM, pH7 phosphate buffer

S mL/min
i O, stock
!‘-_h__ in 0.1 M NaOH
10 mL/min
10 mL/min
10 mUY/min

Initial condition:

pH=7

[FAC], =10, 25, or 50 uM

[0, 1, = desired concentration
[NB, BA, DMB], =1 uM
[phosphate buffer] = 25 mM
[sulfate] =0.0833 M

Collect sample
& quench residual
H,0, by catalase

30 mL/min

[ 0.05M (0.1 N) H,SO, |

Figure 3.9. Continuous flow reaction design for O, /FAC process
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Figure 3.10. Model prediction and empirical data using continuous flow reactions for (a)(b)(c)
probe compound degradation and (d)(e)(f) radical exposures. Experiments were conducted using
O™ stock solutions generated at pH13.9 by KO dissolution, during single-dose, continuos-flow
02" /FAC treatment of pH 7, 25mM phosphate buffer containing [NB, BA, DMB]o = 1 uM.
[sulfate] derived from addition of sulfuric acid in the final solution was 0.0833 M. The empirical
and Kintecus model simulation results were expressed by the symbols and dash lines,
respectively.
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3.7.2 Limitation and Challenge for Modeling

(i) Numbers of reactions not available or with uncertainties

The Kintecus model was established based on over two hundreds of reactions describing
radical generation, radical scavenging, acid-base speciation, probe compound degradation, etc.
As discussed previously, plausible explanations for the discrepancy between the modeling and
empirical results may include: (a) unrecognized reactions leading to higher than anticipated
radical generation or lower than anticipated radical scavenging at high [O2"]/[FAC] ratios; (b)
uncertainties in and/or lack of error ranges for reaction rate constants reported in literature; (c)
unknown reaction rate constants for some reactions; and (d) unideal mixing. A matrix was
created showing a summary of reactions input in the Kintecus model for O, /FAC process
(Figure 3.11). The red “No” blocks indicate no reaction in between the associated two species,
the pink “On” blocks represent active reactions, and the yellow “Off” blocks represent unactive
(muted) reactions in the model. A few active reactions were labled “Est”, indicating the reactions
are likely to occur, while the reaction rate constants were estimated since they were not available
in literature. Some reactions were not activated (muted) in the Kintecus model due to the
following reasons: (1) reaction is published in literature, but its chemical equation is not
balanced, (2) reaction not significant in the O." /FAC process, (3) duplicate reaction equation,
and (4) reaction that causes illegal loop. A bunch of reactions in white “?”” marks are those
without known reaction rate constants. These question-marked reactions account for over half of
the total reaction pairs, implying it can be very challenging to build a kinetic model properly in

lack of information.
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(ii) Effect of chemical protonation and deprotonation on the reaction chemistries

The time scale for the O, /FAC process is less than 1 sec. The reaction rate constants for
the O, /FAC reactions involved are 10°~10%° Ms™. The acid-base protonation reactions usually
have rate constants of 10°~10%° M-s? (close to diffusion limit) (Eigen, 1963; 1964; von Sonntag,
2006), and the deprotonation rate constants can be calculated from the protonation rate constants
and the pKa values of each species of interest. Therefore, protonation (or sometimes
deprotonation) reactions for chemical species are at similar time scale as some of the radical
generation/scavenging reactions in the O." /FAC system, leading to some uncertainties.

Using the current Kintecus model, we can estimate this effect by setting the protonation
rate constants at values between 10° and 10'° M-s? and their corresponding deprotonation rate
constants for constituents including HOCI/OCI~, HO/O™, HO2'/O2"", H202/HO ", carbonate
species and phosphate species. As the protonation rate constants decrease, the estimated organic
probe compound degradations also slightly decrease according to the modeling results. This
proves that the effects of protonation/deprotonation rates of species involved in the O, /FAC
process may not be ignored. As future works, further refinement of the model is needed since we
are now using assumed values for those protonation/deprotonation rates (see the Table S3.1).
More certain values, if available from literature, can help obtain more accurate predications. In
addition, non-ideal mixing of the reactants (O.", FAC, and acid) can cause pH gradients
(different local pHs) throughout the reaction solutions. This can further affect the chemical
protonation/deprotonation, leading to the discrepancies between the modeling and the empirical
results. It would be better to perform the O." /FAC treatments in a continuous flow setup with

improved mixing to evaluate the importance of mixing efficiencies as suggested.
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(iii) Effect of carbonate/decarbonate during O2'"/FAC treatment (at neutral pH) and Oz stock

preparation (at high pH)

For O2" stock with consideration of the presence of carbonate, Bielski and Richter
reported a reaction rate constant of HO,"/O2"~ with H,CO3s/HCO3 /CO3% to be < 0.04 M1s at
pH 10.1, and Schmidt reported a rate constant of ~1x10% M-%st at pH 5.5 (Bielski and Richter,
1977; Schmidt, 1972). Second-order reaction rate constant of O~ with CO3?~ (or total
carbonate) seems to be very slow at high pH. However, the CO3? (or total carbonate)
concentration can be extremely high at higher pHs, leading to large first-order reaction rate
constants. Theoretically, COs?>” (~TOTCO3, total carbonate, when pH>11) in an open system can
reach ~102, 10%, and 10° M at pH12, pH13 and pH14, respectively, by assuming the NaOH
solutions we used for O, stock preparation had reached equilibrium with the atmosphere
(regarded as an open system). However, solubility limits of CO3?™ salts, including NaCO3 and
K.COs, may control the upper bound of CO3?~ dissolving in the O, stock. The water solubility
of K,COz is ~8 M (111 g/100 g water at room temperature), and the solubility of Na,COgz is ~3M
(30.7 g/100 g water at room temperature) (Haynes, 2014). The KO used for stock preparation
was no more than 20 mM, so the maximum concentration of K.CO3 should be no more than 10
mM. The NaOH used for stock preparation was no more than 1 M, so the maximum
concentration of Na,COsz should be no more than 0.5 M. These show that K* and Na* ion
concentrations in our typical O>™ stocks were not high enough to achieve saturation for KoCOs
and Na>COs. In addition to the salt solubilities, we also tried to take their solubility products into
account to further examine whether the presence of these K* and Na* could limit dissolved CO3?
concentration. Unfortunately, we were not able to locate solubility products (Ksp) for K.CO3 and

Na,COs in the literature. Therefore, we assume that the highest possible COs?~ concentrations
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(~TOTCO3 at high pHs) in the O>" stocks may be the theoretical concentrations as discussed
above.

Unfortunately, we were not able to calculate O2"/ CO3?™ reaction rate constant based on
the two research articles from Bielski and Schmidt as they are not providing certain values but
ranges for rate constants, and that we don’t know details regarding how they conducted the
experiments (e.g., in open or close system, carbonate concentrations during the experiments,
etc.). We can still briefly simulate the effect of carbonate on pH12~14 O, stock solutions using
the Kintecus model. Bielski and Richter reported a reaction rate constant of HO,'/O,™ with
H2CO3/HCO3/COs% to be < 0.04 M1st at pH 10.1, and Schmidt reported a rate constant of
~1x10° Mst at pH 5.5 (Bielski and Richter, 1977; Schmidt, 1972). By assuming a highest
possible CO32~ concentration of 102, 104, and 10° M at pH12, pH13 and pH14, respectively (see
discussion above), the modeling results show significant decrease of O™ stability due to
carbonate regardless of assuming rate constants of 0.04 M*s or 1x10° M-1s™ (with same values
assumed for all reaction combinations, including HO2"+H2CQ3, HO2"+HCO3 ", HO2"+CO3%,

02" +H,CO3, O, +HCO;™ and O2" +COs% since individual reaction rate constants are not
available).

It is also worthwhile to note that HO>"/O," reactions with carbonate species may generate
CO3" radical as the product (Bielski and Richter, 1977; Schmidt, 1972). CO3™ may further react
with O, with reaction rate constants of (4~6.5)x108 Ms™ (Behar et al., 1970; Eriksen et al.,
1985). To sum up, for high-pH O™ stocks, effect of carbonate and carbonate radical on Oy™
stability may be important, while it is hard to make a conclusion or proper estimation based on

information currently available.
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For O2" /FAC treatment in the presence of carbonate species, we simulated the reaction
system using the Kintecus model. First, by assuming the NaOH solutions we used for O," stock
preparation have reached theoretical equilibrium with the atmosphere (open system), 1M NaOH
solution (pH~14) may contain up to 10 M of TOTCO3 as an extreme upper bound (though
again, this does not take into account solubility limits of K2CO3 or Na,CO3). At the moment
when acidifying the reaction solution to pH7 by dosed with a ratio of 1:4 for O, stock to the
receiving solution, the TOTCO3 in the reaction solution should still be around 10° M. We can
expect the rate constants of CO32™ and HCO3™ protonation (~10%° M?s™) to be much higher than
02" /FAC reaction (10°~10" M1s), so all carbonate species should be in the forms of HCO3~
(80%) or H2CO3” (20%) when the O," /FAC reactions take place at pH7. Through simulation by
the Kintecus model (see individual reactions in the Appendix), generation of HO and RCS
radicals are almost quenched in the presence of 10° M of TOTCO3 at pH7. However, this
assumed TOTCO3 concentration may not reflect the real conditions when we performed the
experiments because the NaOH solutions may not have reached equilibrium with the atmosphere
as we stored them in close bottles (though with some head spaces) before using them for O,
stock preparation. That is, we do not know the exact TOTCO3 derived from the O2" stocks when
the experiments were conducted. Nevertheless, the model simulation results still suggest that
carbonate species may significantly affect the O, /FAC treatment efficiency and radical

production if the dosed TOTCO3 derived from the O>™ stock is high.

3.8 Summary and Potential Practical Implications

o Several refined versions of O /FAC treatments were conducted by (1) preparing O>™ stocks
in less alkaline NaOH solutions to decrease the H,SO4 concentration needed for

neutralization, and/or (2) increasing the concentrations of O2™ in the stocks to enable the use
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of smaller stock volumes and higher dilution factors — also resulting in decreased H2SO4
requirements.

Cost evaluation for the O /FAC process was performed based on current lab-scale treatment
condition and setup. Although its chemical/operating costs seem to be higher than those more
conventional AOPs. There is possibility to reduce the costs further by appropriate treatment
method modification, using higher concentration of O>™ stock for dosing, or established
more cost-effective approaches in generating O2™ stock.

The O2/FAC process has several benefits over some current commercially-applied AOPs in
light of its simplicity, low required reactor volume, potential for on-site O>™ generation, and
widespread accessibility of required chemicals. It could be a promising novel AOP in
particular for smaller-scale decentralized and/or point-of-use (waste)water treatment.

O™ stock preparation was conducted using a high-output mercury lamp (254 nm) and a
lower-output KrCI* lamp (222 nm) from alkaline H.O./HO>™ at different pH from 12.5 to
13.9. The former yielded higher maximal O, stock concentration but with lower stock
stability, while the latter generated only a bit less maximal concentration but with higher O>™
stability.

Electrochemical generation of O, stock using Pt electrodes was tested under different setups
and reaction conditions; however, it still requires further method development and
modification.

The kinetics-based model required further refinement. The discrepancies between the
empirical data and the modeling results may be resulted from (a) unrecognized reactions
leading to higher than anticipated radical generation or lower than anticipated radical

scavenging at high [O2]/[FAC] ratios; (b) uncertainties in and/or lack of error ranges for
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reaction rate constants reported in literature; (c) unknown reaction rate constants for some

reactions; and (d) mixing limitation during batch reactions.
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Supporting Information for Chapter 3

Text S3.1. Measurement of fluence rate for UV irradiation

The fluence rate at 254 nm (1, in mW/cm?) for irradiations undertaken using the 5W, low-

pressure Hg lamp was determined by atrazine actinometry (Canonica et al., 2008), under

<0.02). I was calculated as

atrazine

optically dilute conditions (With &g, yaine X1 XC

k , . N
I =( 24 aurazine YU,s, , Where &, (= 3860 M cm?) is the molar extinction

2.303x 8254,atrazine x ¢254,atrazine

coefficient of atrazine solution at 254 nm (Nick et al., 1992), | is the pathlength (= 1.0 cm) of the

quartz cuvette used for irradiations, C =5x10° M (buffered with 5mM, pH7 phosphate),

254 atrazine
Kys avacive 1 the first-order rate constant (s*) measured for atrazine photolysis in solutions
irradiated at 254 nm, Uzss (= 4.72x10° J/Einstein) is the molar photon energy at 254 nm (Rahn,
1997), and s ,asine (= 0.046 mol/Einstein at 254 nm) is the quantum yield for atrazine photolysis

at 254 nm (Hessler et al., 1993). | was determined here as 39.5 mW/cm?.
Text S3.2. Cost estimation for the O, /FAC process

Calculation of EE/O associated to UV. The cost for UV irradiation has been estimated

here in terms of electrical energy per order (EE/O, kWh-m=order?) (Bolton et al., 2001). The

EE/O (kWh-m=-order?) is defined as the electrical energy necessary to decrease the
concentration of a contaminant by one order of magnitude (i.e., 90 % loss) per m? of treated

water, and can be calculated by the following equation (eq S3.1):
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EE/O,, = (S3.1)

where P represent the electric power output of the UV device (kW); V is the total volume of the
treated receiving solution (m?); v is the volume of O, stock used here for dosing to the receiving
solution (m®), n is the dilution factor for addition of stock volume (v) to total volume (V) (or
VIv); tis photolysis time (h); log(Co/Cy) is the logarithm of the ratio of the contaminant’s initial
concentration and its concentration at time t; A is the irradiated surface area (m?); # is the energy

efficiency of the UV lamp (dimensionless); and 1 is fluence rate (kW/m?).

Assumptions for cost estimation. (1) The total volume of the treated receiving solution (V)
=10 mL = 10> m?; (ii) O™ stock was prepared by UV irradiation of [H202/HOz Jstocko = 20 mM
in 0.05M NaOH, and dosed into the receiving solution containing FAC when [HO2' /02" Jstock =
900 pM; (iii) Oz stock dosing volume (v) = 1.11 mL = 1.11x10°® m3, resulting in a dilution
factor of n =V/v=9; (iv) UV irradiation time (t) to generate 900 uM of O™ stock = 4.5 min =

0.075 h; (v) irradiation area (4) = 0.5 cm x 1.0 cm = 5x107 m?; (vi) log(Co/C) = 0.4 for benzoic

acid (BA) decreasing from 1 uM to 0.4 uM after treatment via single-dosing postmix O>"/FAC
treatment — using the results in Figure 3.2(ii) as a reference; (vii) energy efficiency () of lamp is
30% (Rosenfeldt et al., 2006); (viii) the fluence rate (1) determined by atrazine actinometry is

39.5 mW/cm? = 0.395 kW/m? (see Text S3.1).

Calculation of total cost. EE/O can be calculated as 1.37 kWh-m-order? based on the
assumptions above. For treatment per m® of water, the cost in $ associated with the UV lamp
output needed for 1 order of magnitude of removal, Cost/Ouy, can be calculated by using the

average energy cost in the U.S. (~$0.1/kWh) as $0.137 m-order™ (Energy Information
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Administration; Sharma et al., 2013; Sun et al., 2016b). We can then define the total cost for 1-
order treatment per m® as Cost/Orotal (in units of $-m=-order?) using eq S3.2, with the latter four

terms in eq S3.2 determined using eq S3.3,

Cost/O, ., = Cost/O,,+ Cost/O,_ .
=[EE/O,, " (energy cost)] + [Cost/O,, , + Cost/O,,,,+ Cost/O

total

2
+ Cost/O (53.2)

NaoCl sto4]

B ($/mo| of chemical) x (mol of chemical for treatment of volume V) x (1000 L/m3) (S3 3)

chemical —

Cost/O

(C)
V,inL)xlog| =%
(V,in L) x ogLC,J
where the volume of the treated receiving solution is V = 10 mL as above.

The prices of H,02, NaOH, NaOCI, and H2SOa, as well as the calculated Cost/Ochemical
for each chemical are summarized in Table 3.1. The overall Cost/Oai Can then be determined by
eq S3.2 as $1.12 m3-order. The preceding calculation is performed based on the experimental
conditions used for generating the data in Figure 3.2. It is worth noting that an even higher level
of [HO2/O2" Jstock (= 1000 uM) could be generated in the O, stock under the same irradiation
conditions after 2.5 min of irradiation (see Figure 2.3). In this case, the corresponding Cost/Ouy

and Cost/Orotat Would be $0.069 m-order® and $0.97 m=-order?, respectively.

Comparison with other AOPs. Katsoyiannis et al. (2011) conducted a series of AOP
treatments with O3/H20, and UV/H2O for different water sources, and reported corresponding
energy requirements, or EE/O (kWh/m?3) values, for 90% removal of pCBA by each treatment in
the investigated water sources (Katsoyiannis et al., 2011). For O3/H20; and UV/H20, treatments
of natural waters, the resulting EE/O values ranged from 0.043-0.080 and 0.75-1.92 kWh/m?,
respectively. Corresponding Cost/Otal Values can be calculated from these EE/O values as (4.3-

8.0)x107 and 0.075-0.192 $-m=-order™. Because the second-order reaction rate constants for
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reactions of HO® with pCBA (5x10° M!s) and BA (5.9x10° M's%) are very close (Buxton et
al., 1988; Neta and Dorfman, 1968), the Cost/Oxtal for pCBA degradation during O3/H20; and
UV/H20; treatments in the previous work can be compared with BA degradation during O2™

/FAC treatment in the present work. Cost/Orotar Values for each AOP are summarized in Table

3.2.
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Table S3.1 Individual reaction and assumption for the Kintecus model

No. Reaction rate constant  Reaction Reference/Comment
k (M—ls—l)a
O™ disproportionation
1 8.30E+05 HOZ' + HOZ‘ ==>H,0, + O, (Bielski et al., 1985)
. —_— - (Bielski et al., 1985)

2 9.70E+07 HO;" + O, >HO2" + O Estimated based on second-order
rate constant of 9.7x10” M1s for
HO, + O,", [H0] =55.6 M

3 #3.5E-01 0, + 0, ==>0,2 + 0, (Bielski, 1978; Bielski et al., 1985)

Reactions of ozone

4 1.10E+02 OCIl + O3 ==>20, + CI- (Haag and Hoigne, 1983)

5 3.00E+01 OCI 4+ O3 ==>0, + ClO,~ (Haag and Hoigne, 1983)

Reactions of HO® and CI’ with chlorine species and CIO® formation

6 1.40E+08 HOCI + HO" ==> CIO" + H,0 (Lee etal., 2020)

7 2.00E+09 OCI~ + HO" ==> CIO" + OH"~ (Lee etal., 2020)

8 3.00E+09 HOCI + CI' ==>CIO"+ H* + CI- (Lee etal., 2020)

9 1.00E+10 OCI-+ClI'==>CIO" +CI (Lee et al., 2020)

10  2.90E+08 OCI” + Cl," ==>CIO" + 2CI" (Lee etal., 2020)

11  3.60E+09 HO® + HO® ==> H,0, (Elliot, 1989)

12 #7.0E+09 HO® + ClO,” ==> CIO," + OH~ (Eriksen et al., 1981)

13 #4.0E+09 HO' + ClO," ==> ClO; + H* (Klaning et al., 1985)

14  #1.0E+06 HO" + ClO;” ==>HO_CIOs™_products (Buxton and Subhani, 1972)
15 #6.0E+09 HO' + HO," ==> 0, + H,0 (Buxton et al., 1988)

16 1.00E+10 HO + 0, ==> 0, + OH" (Christensen et al., 1989)
17  1.30E+10 HO + OH ==>H,0 + O™ (Rabani and Zehavi, 1971)
18 #2.0E+10 HO + O™ ==>HO, (Rabani and Matheson, 1966)
19 #8.5E+09 HO" + O3 ==>HO," + 0, (Sehested et al., 1984a)
20 #1.1E+08 HO" + O3 ==>HO, + O, (Sehested et al., 1984b)
21  #1.0+09 HO' + Cl," ==> HOCI + CI- (Wagner et al., 1986)

22 #1.0+09 HO® + Cl, ==> HOCI + CI- (Sun et al., 2016a)

23 1.00E+09 HO® + CIO" ==> CIO, + H* (Lee et al., 2020)

24 1.00E+10 HO® + CIO" ==> CI' + HO,' Assumed

25  #1.1E+05 HO + O, ==> 03" + H* (Lee et al., 2020)
Reactions of HO® with CI~

26  4.30E+09 HO" + CI- ==> HOCI™~ (Klaning and Wolff, 1985)
27  1.80E+10 ClI' + OH ==> HOCI"~ (Klaning and Wolff, 1985)
28  2.50E+05 CI" + H,0 ==> HOCI + H* (Buxton et al., 1988)

29  6.10E+09 HOCI ==>HO" + CI- (Klaning and Wolff, 1985)
30 2.30E+01 HOCI ==>0H" + CI’ (Klaning and Wolff, 1985)
31 2.10E+10 HOCI* + H* ==> CI' + H,0 (Klaning and Wolff, 1985)

Reactions of CI*

32 #8.80E+07

ClI'+ CI'==>Cl,

(Wuetal., 1980)

33 #2.10E+09

CI'+ClL==>Cl,+CI"

(Yu, 2004)

34 #7.00E+09

CI'+ ClOy ==>CIOy" + CI-

(Chuang et al., 2017)
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35  #1.00E+09 CI' + ClO;" ==> CI"_CIO;"_products (Leeetal., 2020)
36  #5.30E+08 CI"+Cl, ==>Cls’ (Lee etal., 2020)
37  #2.00E+04 Cl,+ Cl"==>Clz (Ershov, 2004)
38  #1.10E+05 Cls ==>Cl, +CI" (Ershov, 2004)

Reactions of Cl,"™"

39 6.50E+09 ClI'+ Cl-==>CI2™- (Buxton et al., 2000)

40  1.10E+05 Cl2"-==>CI' + CI- (Buxton et al., 2000)

41 4 50E+07 CI2*- + OH~ ==> HOCI + CI- (Grigor'ev et al., 1987)

42 1.00E+04 HOCI~ + CI- ==> OH + CI2"- (Grigor'ev et al., 1987)

43  9.00E+08 2Cl,~ ==>Cl, + 2CI- (Yu and Barker, 2003)

44 4.10E+09 2Cl," ==>Cl; + CI- (Ferraudi, 1993)

45  #1.4E+05 Cl"™ + H,0, ==> HO," + 2CI- + H* (Hasegawa and Neta, 1978)
46  #1.3+EQ3 Cl," + H,0 ==> HCIOH" + CI- (McElroy, 1990)

47 #1.3+E03 Cl,™ + H,0 ==> HOCI" + CI- (Bulman et al., 2019)

48 #3.0E+09 Cl™ +HO, ==>2Cl- + H* + O, (Gogolev et al., 1984)

49  #2.3E+01 Cl," + HO," ==> HCIOH"® + CI- (Sunetal., 2016b)

50 #2.0E+09 Cl,™ + 0, ==> 0, + 2CI" (Zhestkova and Pikaev, 1974)
51 #1.0E+09 Cl"~ + CIO,  ==>Cl,"_CIO,"_products ~ (Mialocgetal, 1973)

Reactions of chlorine species with H,O, and peroxyl radicals (HO," and O,

)

52  1.10E+04 HOCI + H,0, ==> 0, + H,O + CI- + H* (Grebel et al., 2010)
53 7.50E+06 HOCI + O, ==>HO" + 0, + CI (Long and Bielski, 1980)

54 7.50E+06 HOCI+ 0, ==>CI'+ O, + OH" (Long and Bielski, 1980)

55 4.40E+07 HOCI + HO; ==> 0, + H,O + CI- (Held et al., 1978)

56 #7.5E+06 HOCI + HO," ==>CI' + OH  + O, (Grebel et al., 2010)

57 1.70E+05 OCI- + H,0; ==> 0, + H,0 + CI- (Grebel et al., 2010)

58  #2.0E+08 OClI-+ O, + H,0 ==>CI' + O, + 20H ‘(glme;vg and Anastasio, 2006),
59  #2.8E+10 H,0, + CI' ==> H* + CI- + HO,' (Nadtochenko and Kiwi, 1998)
60 #1.3E+04 H,0, + Cl, ==> 2H* + 2CI- + O, (Matthew and Anastasio, 2006),

estimated

Reactions of other chlorine species

61 #2.1E-02 HOCI + CI- + H* ==> Cl, + H,O (Lee et al., 2020)
62 #1.5E+04 HOCI + CI- ==> CI,OH~ (Lee et al., 2020)

63 #5.5E+09 Cl,OH ==> HOCI + CI- (Lee etal., 2020)

64  #2.2E+01 Cl, + H,O0 ==> HOCI + CI- + H* (Lee et al., 2020)

65 #1.0E+09 Cl, + OH  ==>HOCI + CI- (Lee et al., 2020)

66  #5.0E+09 HCIOH" + CI ==> Cl," +H,0 (McElroy, 1990)

67  #1.0E+08 HCIOH® ==> HOCI- + H* (McElroy, 1990)

68  #1.0E+02 HCIOH® ==> CI' + H,0 (McElroy, 1990)

69  #6.7E+09 ClO,==>0,+CI’ (Lee etal., 2020)

70  #9.1E-01 ClO," + OCIl- ==>CIO" + ClO,~ (Wang and Margerum, 2002)
71 #1.0E+06 ClO;" + HO," ==> CIO;"_HO,"_products (Lee etal., 2020)

72 #3.0E+09 ClO, + 0, ==>ClO, + O, (Huie and Neta, 1986)

73 #1.3E+05 ClO," + HO, ==> ClO, + HO, (Hoigné and Bader, 1994)
74 #4.0E+01 ClO; + 0, ==>ClO,_0,"_products (Lee etal, 2020)

75 #1.0E+06 CIOs + CI' ==> ClOs_CI"_products (Lee etal., 2020)

76 #3.0E-03 ClOs + O, ==>ClO3~_0O,"_products (Lee etal., 2020)
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Reactions of CIO*

77 2.50E+09 2CIO" ==> Cl,0, (Klaning and Wolff, 1985)
78 1.00E+04 Cl,0, + H,O ==> OCI~ + CIO, + 2H* (Mialocqg et al., 1973)
79  5.20E+03 Cl,0, + H,O ==>Cl- + O, + OCI- + 2H*  (Buxton and Subhani, 1972)
80  9.40E+08 ClO, + CIO® ==> CIO," + OCI- (Alfassi et al., 1988)
81 7.40E+09 ClO," + CIO" ==> Cl,03 (Quiroga and Perissinotti, 2005)
82 1.00E+04 Cl,03 + H,O ==> ClO;5~ + OCI™ + 2H* (Quiroga and Perissinotti, 2005)
83  4.50E+07 CIO’ + CIO" + H,O ==> CIO, + OCI™ + (Klaning and Wolff, 1985),
. estimated based on second-order
2H rate constant of 2.5x10° M?s? for
CIO" + CIO', [H,0] =55.6 M
84 1.00E+09 ClO"+ 0O, ==>0CI + O, Estimated based on CIO" + O3
85 2.70E+07 ClO" + H,0, ==> CIO"_H,0,_products Estimated based on H,0,+HO"

Reactions of H,0, and O,

86 2.70E+07 H,0, + HO® ==> H,0 + HO,' (Christensen et al., 1982)

87 #7.5E+09 HO, + HO" ==> H,0 + O, (Christensen et al., 1982)

88  #5.0E+09 HO, + HO® ==> HO," + OH"~ (Buxton, 1969)

89  #3.0E+00 H,0, + HO," ==> 0, + HO" + H,0 (Lee et al., 2020)

90 #1.3E-01 H,0, + 0, ==> 0, + HO" + OH~ (Judith and Bielski, 1979)

91  #2.0E+00 HO, + 0, ==> 0, + H,0, (Marklund, 1976)

92  #5.0E+08 H,0, + O ==> 0, + H,0 (Buxton et al., 1988)

93 #4.0E+08 HO, + 0" ==>0," + OH" (Buxton et al., 1988)

94 #1.4E+02 O, + ClI- ==> 0, _CI_products (Lee etal., 2020)

95 #3.8E+09 0, +Cls==>Cl," +ClI" + O, (Matthew and Anastasio, 2006),
estimated

96  #1.0E+09 0O, +Cl,==>ClL," + 0, (Matthew and Anastasio, 2006),
estimated

97  #1.0E+09 HO," + Cl;" ==> Cl," + HCIl + O, (Lee etal., 2020)

98  #1.0E+09 HO, + Cl,==>Cl," + O, + H* (Lee etal., 2020)

Reactions of other ROS

99 #6.0E+08 O +0, ==>20H + 0, (Buxton et al., 1988)

100 #3.6E+09 O+ 0, ==>03" (Buxton et al., 1988)

101 #2.6E+03 O3 ==>0"+0, (Elliot and McCracken, 1989)
102 #5.0E+08 O+ 03 ==>042 (Gall and Dorfman, 1969)
103 #7.0E+08 O + 03 ==>20," (Sehested et al., 1982)

104 #2.3E+08 O~ + OCl- ==> CIO" + OH" (Buxton and Subhani, 1972)
105 #9.3E+07 O + H,0==>HO" + OH" (Buxton, 1970)

106 #2.0E+08 O +ClO, ==>0H + CIO," (Eriksen et al., 1981)

107 #8.4E+09 O +0 ==>0,2 (Adams et al., 1966)

108 #2.7E+09 O + ClO," ==> ClO;~ (Klaning et al., 1985)

109 #1.0E+09 O3 +ClO" ==>0CI" + O3 (Kléning et al., 1984)

110 #9.0E+08 Os™ + 03" ==> 0;"_products (Subhani, 1978)

111 #9.0E+10 O3 +H*==>HO" + 0, (Sehested et al., 1984a)

112 #5.2E+10 05 + H* ==>HO3" (Lee et al., 2020)

113 #1.8E+05 O3~ + ClO," ==> 0, + ClOs~ (Klaning et al., 1985)

114 #1.8E+05 O3~ + ClO," ==> O3 + CIO,” (Klaning et al., 1985)

115 #7.0E+01 O3+ OH ==>HO, + 0, (Staehelin and Hoigne, 1982)
116 #4.0E-03 O; + H* ==> 03_H*_products (Lee et al., 2020)
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117 #2.8E+06 O3 + HO, ==>HO" + 0, + O, (Staehelin and Hoigne, 1982)
118 #5.5E+06 O3 + HO; ==> 03" + HO, (Lee et al., 2020)

119 #1.6E+09 O3 +HO, ==>H*+ 0, + O3 (Lee etal., 2020)

120 #1.6E+09 03+0, ==>0;" +0, (Buehler et al., 1984)
121 #1.6E-03 O3+ Cl-==> 0, + OCI- (Lee et al., 2020)

122 #2.7E-02 O3 + H,0, ==> 0, + HO® +HO," (Lee etal., 2020)

123 #9.0E+07 Os + Cl,"™ ==> 05_Cl,"_products (Lee etal., 2020)

124 #1.0E-03 Oz + ClOs~ ==> O3 _ClOs~_products (Lee et al., 2020)

125 #2.0E-04 0z + ClO; ==> 03 _ClO4~_products (Lee etal., 2020)

126  #4.0E+06 O; + ClO, ==> 05" + CIO, (Klaning et al., 1985)
127 #1.4E+03 O; + ClO," ==> 0, + CIO5’ (Hoigné and Bader, 1994)
128 #4.5E-06 O3 ==> 0, + O(°P) (Lee et al., 2020)

129 #4.0E+09 0, + O(°P) ==> O3 (Lee et al., 2020)

130 #9.4E+09 O(®P) + OCI~ ==> CIO,~ (Lee etal., 2020)

131 #1.6E+09 O(P) + H,0, ==> HO" + HO," (Lee etal., 2020)

132 #5.3E+09 O(%P) + HO, ==> HO" + O, (Lee et al., 2020)

133  #6.0E+05 O(CP) + ClOs ==> O(°P)_CIO4 _products (Leeetal., 2020)

134 #4.2E+08 O(CP) + OH ==>HO;" (Lee et al., 2020)

135 #1.1E+05 HO; ==>HO" + 0, (Buehler et al., 1984)

Reactions of reactive species with probe compounds

136 3.80E+09 NB + HO' ==> NB_HO" products (Lee etal., 2020)

137 5.90E+09 BA + HO® ==> BA_HO’ products (Buxton et al., 1988)

138 1.80E+10 BA + CI'==> BA_CI’_products (Martire et al., 2001)

139 5.00E+05 BA + CIO" ==> BA_CIO"_products (Lee et al., 2020), estimated
140 2.00E+06 BA + Cl," ==>BA_Cl,"_products (Hasegawa and Neta, 1978)
141  7.00E+09 DMB + HO® ==> DMB_HO"_products (O'Neill et al., 1975)

142 1.80E+10 DMB + CI' ==> DMB_CI"_products (Alfassi et al., 1989)

143 2.10E+09 DMB + CIO" ==> DMB_CIO"_products  (Alfassietal., 1988)

144 2.40E+09 DMB + Cl,"~ ==> DMB_Cl,"_products (Lei et al., 2019), estimated

Reactions of HO® and CI* with t-BuOH

145 6.00E+08 t-BUOH + HO® ==> H,0 (Buxton et al., 1988)
+ "CH,C(CHj3),OH

146 5.00E+08 t-BuOH + O~ ==> OH" (Bobrowski and Zagorski, 1977)
+ "‘CH2C(CHj3),0OH

147 1.50E+09 t-BUOH + CI' ==> H* + CI- (Gilbert et al., 1988)
+ 'CH2C(CH3)20H

148 7.00E+08 t-BuOH + CI" ==> H* + CI- + (CH3);CO"  (Gilbertetal., 1988)

149 1.40E+09 *CH2C(CH3):0H + O, (Reisz et al., 2003)
==>"0O0CH,C(CHs).OH

150 8.00E+07 *O0CH,C(CHs),0H (Reisz et al., 2003)
+ "'O0CH,C(CH3).0H ==> O, +
HOC(CHj3),CH,0H + HOC(CHs;),CHO

151 1.20E+08 *OOCH,C(CHs),0OH (Reisz et al., 2003)
+ "'OOCH,C(CHs3),0H ==> H,0, +
2HOC(CH3),CHO
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152 1.00E+08 *O0CH,C(CHs),0H (Reisz et al., 2003)
+ "'O0CH,C(CH3).0H ==> O, +
2formaldehyde + 2C(CH3),OH

153 1.00E+08 *OOCH2C(CHs3),0H (Reisz et al., 2003)
+ "'OOCH,C(CH3),0H ==> 0O, +
HO(CH3),CCH,OOCH,C(CHs) ,OH

154 2.00E+09 *C(CHs3),0H + O, ==> "'00C(CH3) ,OH (Reisz etal., 2003)

155 6.00E+02 *O0C(CH3),0H ==> (CH3),CO + HO," (Reisz et al., 2003)

156  7.00E+02

t-BUOH + Cl,"™ ==>t-
BuOH_Cl,"_products

(Hasegawa and Neta, 1978)

157 1.30E+07

t-BuOH + CIO" ==> t-
BuOH_CIO" products

(Wu et al., 2017)

158 1.00E-03

t-BUOH + O3 ==> t-BuOH_0O3_products

(Yao and Haag, 1991)

Equilibrium reactions

FAC equilibrium

159 3.16E+03

HOCI ==> OCI" + H*

K=3.16E-8, pK, = 7.5 (Morris,

1966)

160 1.00E+11 OCI~ + H* ==> HOCI Assumed
HO equilibrium

- ‘== - + K=1.26E-12, pK, = 11.9 (Rabani
161 1.26E-01 HO >0"+H and Matheson, 1964)
162 1.00E+11 O + H*==>HO’ Assumed
02- radical
163 1.58E+06 HO, ==> 0, + H+ r1<9—_815.)58|5-5, pK.=4.8 (Bielski et al.,
164 1.00E+11 Assumed

O, + H* ==>HO,’

H202 equilibrium

165 2.51E-01 H,0, ==> HO, + H* K=2.5E-12, pK,=11.6 - CRC
Handbook (95th) (Haynes, 2014)
166 1.00E+11 HO, + H* ==> H,0» Assumed
BA
167 6.31E+06 BA*==>BA + H* pK:=4.2
Assumed

168 1.00E+11

BA + H" ==> BA*

Carbonate equilibrium

169 4.47E+04

H,CO3" ==> HCO; + H*

pK, = 6.35 - CRC Handbook (95th)
(Haynes, 2014)

170 1.00E+11

HCO3 + Hf ==> H,CO3"

Assumed

171 4.68E+00

HCO; ==> CO3s? + H*

pK, = 10.33 - CRC Handbook
(95th) (Haynes, 2014)

172 1.00E+11

C0327 + H* ==> HCOs

Assumed

Phosphate equilibrium

173  6.92E+08

H3PO4 ==> H,PO4 + H*

pK.=2.16 - CRC Handbook (95th)
(Haynes, 2014)

174 1.00E+11

HoPOs~ + H* ==> HsPO,

Assumed

175 6.17E+03

HoPO,~ ==> HPO,2* + H+

pK,=7.21 - CRC Handbook (95th)
(Haynes, 2014)

176 1.00E+11

HPOg2 + H* ==> H,PO,~

Assumed

177 4.79E-02

HPOs2 ==> PO + H*

pK,=12.32 - CRC Handbook (95th)
(Haynes, 2014)

178 1.00E+11

PO# + H* ==> HPO,2

Assumed

Other equilibrium reactions

179 #1.20E+10

HO'+ OH ==> 0" + H,0

Duplicate reaction, muted
(Buxton et al., 1988)
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180 #9.30E+07

O™ + H,0 ==>HO" + OH"~

Duplicate reaction, muted
(Buxton, 1970)

Reactions with phosphate buffer

181 #1.00E+07

HO™ + PO, ==>HO" PO,* products

(Black and Hayon, 1970)

182 1.50E+05

HO" + HPO,2 ==> HPO," + OH-

(Maruthamuthu and Neta, 1978)

183 2.00E+04

HO® + H,PO4 ==> HPO4 + H,0

(Maruthamuthu and Neta, 1978)

184 4.20E+04

HO® + H3PO4 ==> H,PO4" + H,O

(Jiang et al., 1992)

185 2.70E+07

H,0; + HPO, ™ ==> H,PO4 + 2H* + O™

(Nakashima and Hayon, 1970)

186 5.50E+07

H,O, + H2P04. ==>H,PO4 + 2H* + Ozof

(Nakashima and Hayon, 1970)

187 3.50E+06

O + HPO42* ==> O"_HPO427_pI’OdUCtS

(Grabner et al., 1973)

188 9.10E+07

03 + H,PO, ==> HPO42 + HO5'

(Buehler et al., 1984)

189 1.20E+05

H,O + H,PO," ==> H3PO, + HO'

(Jiang et al., 1992)

190 2.20E+06

ClI- + H,PO4" ==> H,PO4 + CI’

(Maruthamuthu and Neta, 1978)

191 1.90E+09

ClI- + H,PO4" + H* ==> H3PO4 + CI°

(Jiang et al., 1992)

192 1.00E+04

ClI" + HPO,™ ==> CI-_HPO," products

(Maruthamuthu and Neta, 1978)

193 1.50E+08

HPO,~ + HPO,~ ==> P,0g" + 2H*

(Grabner et al., 1973)

194 2.40E+08

BA + H,PO4” ==> BA™ + H,PO,~

(Maruthamuthu and Neta, 1978)

195 #49000 H,PO, + CI' ==> CI- + H,PO," (Lee et al., 2020)
196  #340000 H3POs4 + CI' ==> H,PO4” + CI- + H* (Lee etal., 2020)
197 #0.0002 O3 + HoPO, ==> 03_H,PO4~_products (Lee et al., 2020)
198 #0.02 O3 + H3PO4 ==> O3_H3PO,_products (Lee etal., 2020)

199 #1.00E+9

H2PO4. + H2P04. ==> H2P20827 + 2H*

(Grabner et al., 1973)

Reactions with carbonate

200 1.00E+06

HO® + H,CO3" ==> CO5™ + H,0 + H*

(Keene et al., 1965)

201 8.50E+06

HO® + HCO3; ==> CO3™ + H,0

(Buxton et al., 1988)

202 3.90E+08

HO®" + COs*> ==>C03" + OH"

(Buxton et al., 1988)

203 4.30E+05

H,0, + CO;™ ==>HCO; + HO,'

(Draganic¢ et al., 1991)

204 3.00E+07

HO, + CO; ==> HCO3 + O,

(Draganic¢ et al., 1991)

205 3.00E+09

HO™ + CO3™ ==> HO"_CO;™_products

(Holcman et al., 1987)

206 2.00E+07

COs3™ + CO3™ ==>CO3™_products

(Czapski et al., 1994)

207 2.20E+08

CI'+ HCO3z ==>H*+ Cl" + CO3™

(Mertens and von Sonntag, 1995)

208 5.00E+08

ClI"+ CO32 ==>CI- + CO3™

(Mertens and von Sonntag, 1995)

209 5.70E+05

COs;™ + OCI” ==> CIO" + COs*

(Huie et al., 1991b)

210 6.00E+02

CIO" + COs* ==> CO;" + OCI-

(Huie et al., 1991b)

211 8.00E+07

Cl,” + HCO; ==>2CI" + H* + COs™

(Matthew and Anastasio, 2006),
estimated

212 1.60E+08

ClL~ + COgZ_ ==>2CIl"+ CO3™

(Matthew and Anastasio, 2006),
estimated

213 3.40E+07

ClO, + COsL ==>CIO," + C0327

(Huie et al., 1991a)

214 #6.00E+07

03.7 + COsL ==> CO:;Z* + O3

(Holcman et al., 1982)

215 #6.50E+08

02.7 + COsL ==> CO:;Z* + 0,

(Eriksen et al., 1985)

216 #1.00E+05

O3 + CO3™ ==> 03_CO;"_products

(Sehested et al., 1983)

Reactions with sulfate

217 2.50E+08

Cl" + SO, ==>ClI~ + SO,

(Huie et al., 1991b)

218 1.00E+04

HPO,™ + SO ==
HPO,~ SO.*_products

(Maruthamuthu and Neta, 1978)

146



219 8.03E+05 HPO,~ + HO® ==> H,0 + SO, (Ross et al., 1998); average value
220 1.40E+07 H,SO; + HO® ==> H,0 + H* + SO, (Jiang etal., 1992)

221 3.07E+02 SO, + H,0 ==>HO" + SO, + H* (Ross et al., 1998); average value
222 1.20E+07 SO, + Hy,0, ==> HO," + HSO4~ (Wine et al., 1989)

223 1.20E+07 SO, + H,0, ==> HO," + SO.2 + H* (Maruthamuthu and Neta, 1978)
224 5.95E+06 SO, + HCOz ==> CO3™ + SO42 + H* (Ross et al., 1998); average value
225 4.10E+06 SO, + CO32 ==>CO5" + SO2 (Padmaja et al., 1993)

226 1.00E+10 SO, + HO® ==> HSOs~ (Klaning et al., 1991)

227 3.50E+09 SO, + HO,  ==> 0, + HSO,~ (Jiang etal., 1992)

228 3.31E+08 S04~ + Cl- ==>CI" + SO (Ross et al., 1998); average value
229 5.62E+07 SO, + OH ==> HO" + SO (Ross et al., 1998); average value
230 7.00E+04 SO, + H,PO, ==> (Maruthamuthu and Neta, 1978)

SO4_HPO4_products

231 1.20E+06 S04~ + HPO,2 ==> HPO," + SO (Maruthamuthu and Neta, 1978)
232 6.04E+08 SO, + S04 ==> S,042" (Ross et al., 1998); average value

2 Reactions with raction rate constant marked with symbol # were not actived (muted) in the Kintecus model due to
the following reasons: (1) reaction is published in literature, but its chemical equation is not balanced, (2) reaction
not significant in the O, /FAC process, (3) duplicate reaction equation, and (4) reaction that causes illegal loop
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Chapter 4. GENERATION OF REACTIVE SPECIES AND OXIDANT
DESTRUCTION FROM REACTIONS OF METAL(LOID) OXIDES
WITH HYDROGEN PEROXIDE AND FREE AVAILABLE

CHLORINE
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4.1 Introduction

Many studies have reported decomposition of H.O> via reactions with metal or metalloid
oxides (MeOx) are often accompanied by ROS generation, such as hydroxyl radical (HO),
superoxide radical (O2™), and singlet oxygen (*O2) (Bedilo et al., 2005; Hiroki and LaVerne,
2005; Nosaka and Nosaka, 2016; Sobanska et al., 2017; Wang et al., 2017). On the basis of these
findings, it was hypothesized that other common oxidants such as free available chlorine (FAC)
may also have potential in producing ROS and RCS during reactions with MeOx. Fe-based and
Cu-based species and materials have been widely studied for water treatment purpose in terms of
Fenton and Fenton-like reactions as catalysts in the presence of H20. (Ghiselli et al., 2004;
Nichela et al., 2013; Nieto-Juarez et al., 2010; Pereira et al., 2012; Rusevova et al., 2012). Such
reactions usually require to be operated at low pH and have potential of releasing Fe and Cu and
increasing risk of transition metal contamination. Therefore, this study intended to select some
other MeOx minerals that have yet been well studied and to investigate their reactions with H.O>

and FAC.

H>02 and FAC reactions with various non-ferrous and non-cuprous MeOx, including
amorphous zirconium oxide (a-ZrO), monoclinic zirconium oxide (m-ZrO.), cerium oxide
(Ce0y), titanium oxide (TiO2), aluminum oxide (Al-0s) and silicon oxide (SiO-), were
systematically examined in this work. These minerals were selected due to their relatively low
biotoxicity and less health and water quality concerns as compared to minerals such as CuO and
ZnO (Heinlaan et al., 2008; Karlsson et al., 2022; Puzyn et al., 2011). Two zirconium species, a-
ZrO, and m-ZrO; were selected in particular in light of their potentials for used in water

treatment as sorbents or membrane materials (Bouzerara et al., 2012; He et al., 2019; Kwasny et
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al., 2018; Luo et al., 2016; Padungthon et al., 2015; Padungthon et al., 2014; Sobanska et al.,

2017).

4.2 Materials and Methods

4.2.1 Chemicals

m-ZrO2, TiO2 and SiO, were purchased from Sigma Aldrich. CeO> was obtained from
Beantown Chemical Corporation, and Al,Os was from Alfa Aesar. Synthetic method for a-ZrO>
were described in Section 4.2.2 below. Other chemicals, including furfuryl alcohol (FFA),
methanol (MeOH), isopropanol (iPrOH), tert-butanol (t-BuOH), tetranitromethane (TNM), free
available chlorine (4.00-4.99% w/w), acetone, and formaldehyde were from Sigma-Aldrich.
Hydrogen peroxide (30%), ammonium hydroxide (28-30%), nitro blue tetrazolium (NBT), and
o-phenylenediamine (OPD) were obtained from Fisher Scientific. Zirconium dichloride oxide
octahydrate (ZrOCl,+8H20) used for a-ZrO; synthesis was purchased from Alfa Aesar and 2,4-

dinitrophenylhydrazine (70%) was from the Spectrum Chemical.

4.2.2 Characterization of MeOx

(1) Specific surface area and pore volume measurement for MeOx particles (BET analyzer)

Detailed MeOx properties including particle size, specific surface area, point of zero
charge (PZC), and pore volume are summarized in Table 4.1. Surface area were measured by N
adsorption at 77K based on the Brunauer-Emmett-Teller (BET) technique using a BET Surface
Area and Porosity Analyzer (Micromeritics, USA) in the relative pressure (P/Pg) ranging from
0.01 to 0.1. Pore volume measurement was performed simultaneously according to the Barrett-

Joyner-Halenda (BJH) method, which uses the modified Kelvin equation to relate the amount of
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adsorbate adsorption/desorption from the pores of the material to the size of the pores. As shown

in Table 4.1 for the two zirconia, a-ZrO appears to have much larger surface area and pore

volume than m-ZrO.. This is consistent with other studies suggesting that amorphous zirconia

usually has much higher specific surface area and pore volume than its crystallized counterparts

(e.g., m-ZrOz and t-ZrO») (Cui et al., 2012; Ma et al., 2005).

Table 4.1. MeOx particle characteristics

Labeled Measure | Surface
particle size - Pore volume Point of zero
MeOx | Manufacturer d particle area 3/m\a b
by . 21\ (cm*/g) charge (PZC)
size (m4/g)
manufacturer
Not available 5.8
self- ds0:
a-ZrO, . (self- 292 0.230 (Blesa et al.,
synthesized synthesized) um 1985)
. <5 um; 0.6 . 6.1
m-ZrO, i'%?;;} um (certificate 2d550'm 7.58 0.019 (Megias-Alguacil
of analysis) ~ 1 et al., 2000)
) 6~7.5
CeO, Beantqwn S Hm d50: 135 0.054 (Kosmulski,
Chemical (average) 11 pm
2016)
Sigma- ds0: 4.8
TiO2 Al?jrich <5 um g 4.41 0.007 (Morris et al.,
" 1999)
8.2~9.5
ds50: (Del Nero et al.,
Al;O3 Alfa Aesar 2.5um 2 um 174 0.547 2010: Moreau et
al., 2013)
0.5-10 pm <3ifany
. Sigma- (~80% ds50: (Janusz et al.,
SIO; Aldrich between 1-5 | 0.4 pm 9.25 0.071 2003; Kosmulski,
um) 2016)

2 Specific surface area and pore volume were measured by a Micromeritics BET analyzer. ® Values of PZC were
obtained for the same product from the same manufacturer, except for CeO,; PZC value of a-ZrO, was obtained
from literature using similar synthetic method.

161




(i) Scanning electron microscope (SEM) imaging for MeOx particles

Scanning electron microscope (SEM) samples for MeOx were made by sticking MeOx
particles onto SEM sample mounts. Prior to imaging, samples were sputtered with gold for 5
min, and placed into a Phenom ProX Desktop Scanning Electron Microscope (Depprich et al.,
2008; Dercz et al., 2008; Ke et al., 2007). The electron beam mode was then turned on, and the

brightness, contrast and focus were adjusted until clear images were seen (Figure 4.1).

Figure 4.1. SEM images of MeOx minerals used in this study
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(iii) Particle size measurement for MeOx particles

A Horiba particle size analyzer (LA-950V2) was used to measure the particle size
distribution of each MeOx minerals. Reflective indices inputted during particle size analyses
were obtained as average values from a carefully reviewed paper by Shannon et al. (Shannon et
al., 2002). The indices are 2.2560 for a-ZrO, and m-ZrO., 2.335 for CeO, 2.4633 for TiO,
1.7592 for Al>Os, and 1.5347 for SiO,. Results of relative particle size distribution and

cumulative particle size distribution for MeOx are shown in Figure 4.2 and 4.3, respectively.
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4.2.3 Synthesis and Purification of a-ZrO,

a-ZrO2 was synthesized from a solution of zirconium oxydichloride co-precipitation with
ammonia (Cui et al., 2012; Sobanska et al., 2017). Fist, ZrOCl2*8H>0 was dissolved in Milli-Q
water at a concentration of 0.2 mol/L. Aqueous ammonia (28-30%) was then slowly dropped into
the former solution with rigious stirring until the solution pH reach ~10. The precipitate a-ZrO>
gel was transferred into centrifuge tubes and centrifuged at 5,000 rpm for 5 min. The supernatant
with concentrate ammonia was discarded, and then the precipicate was washed by fresh Milli-Q
ultrapure water repeatedly for 10 times in order to remove most ammonia and residual chloride.
During the washing steps, the a-ZrO- solid to water volume ratio was maintained at 1:4. The
presence of CI™ can be detected by dropping 0.1 M AgNO:z solution into the upper clear solution
separated by centrifugation during the washing steps. When no white AgClI precipitation was
observed, the absence of ClI~ was determined. Residual ammonia in the 10 cycles-washed
solution was measured to be only ~10 uM, determined by the phenol-hypochlorite method
(Berthelot reagent) (Harwood and Kiihn, 1970; Ngo et al., 1982). The a-ZrO- precipitate was
then dried at 100 °C for 8-12 h, and then grinded into fine powder. Drying at 100 °C can help
facilitate the drying process and remove residual ammonia completely; meanwhile, does not
modify its amorphous structure when drying under this temperature (Stichert and Schuth, 1998).
Residual ammonia was not detected in both water- and 0.1M potassium chloride-amended
suspensions of the 100°C-dried a-ZrO powder, confirming that ammonia has been completely
removed after the drying process. KCI solution was used here for ion exchange of possible

residual of NH4" that could adsorb on the a-ZrO; surface.
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4.2.4 MeOx/H,0, and MeOx/FAC Treatment Procedures

Reaction pH, if not specified, were not adjusted or controlled through addition of buffer
species since commonly used buffers like phosphate and borate were found to have high
adsorption tendency toward MeOx minerals and could occupy the surface sites, hindering their
reactions with H>O- or FAC. Organic buffers should be avoid as they can scavenge reactive
species/radicals being generated during the reactions. Carbonate buffer may also have potential
of scavenging, and off-gassing of CO. can make it challenging to control the reaction pH.
Although carbonate was not applied to most experiments in this work, it was used as a buffer for
several microbial inactivation experiments discussed in Chapter 5 as we have later confirmed
that using low carbonate concentration (<5 mM) would not significantly affect H>O, or FAC
decomposition and reactive species/radical exposures. For certain situations when pH adjustment

were required, NaOH and H,SO4 were used.

(i) Single-dosing experiments

Batch reactions were conducted by dosing H20> (1, 10 or 100mM) or FAC (0.1 or 1mM)
into 0.001-0.1 g/mL suspensions of MeOx solids. MeOx were first placed in 20-mL amber vials,
followed by solutions containing probe compounds or radical scavengers, and finally H20O- or
FAC were added to initiate reactions with rapid mixing at 500 rpm. At desired reaction time,
MeOx suspensions were taken out by polypropylene syringes and pushed through 0.2 pum,
polyethersulfone (PES) filters to remove MeOx solids. The filtrates were later used for aqueous
oxidant concentration and pH measurements, and part of the solutions were quenched by
sufficient catalase (in the case of H.O5) or thiosulfate (in the case of FAC) for FFA and acetone

analyses on the HPLC. Samples used for formaldehyde measurement were not quenched to avoid
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interference of quenching reagents on the colorimetric measurements. It was confirmed that the

presence of H2O, and FAC does not affect the Hantzsch reaction.

(if) Multiple-dosing experiments

Several experiments were conducted by multiple dosing of H20. (10 or 100 mM) or FAC
(0.1 or 1 mM) into 0.1 g/mL MeOx suspensions. Batch reactions were operated as described
previously with MeOx first placed in 20-mL amber vials, followed by solutions containing probe
compounds or radical scavengers, and finally H>O, or FAC were added to initiate reactions with
rapid mixing at 500 rpm. At designed time, MeOx suspensions were transferred to centrifuge
tubes for centrifugation at 10,000 rpm for 5 min, and then the supernatants were collected,
filtered through 0.2 um PES membrane filters prior to oxidant concentration and pH
measurements. The rest MeOXx precipitates were reused for the next round of treatment. At each
dosing step, H>0> or FAC following additions of fresh probes or 100mM radical scavengers

(MeOH, iPrOH or t-BuOH) were repeatedly added.

(ii1) MeOx-precoated membrane filtration

One hundred milligram of MeOx were first blended with Milli-Q ultrapure water, and
then the suspensions were passed through syringe filter cartridges installed with 13mm, 0.2 uM
PES membrane (Sterlitech, USA) for MeOx layer coating driven by a syringe pump. Figure 4.4
shows experimental setup for the precoat filtration experiments. For the MeOx/H20, system,
solutions containing [FFA]o = 1 uM and [H202]o = 1 mM were pushed through a MeOx-
precoated filter cartridge for treatment at flow rates of 0.167 or 0.0167 mL/min (Figure 4.4a). As
for the MeOx/FAC system, [FFA] =2 uM and [FAC] = 200 uM were initially loaded into two

separate syringes, and then pushed simultaneously through a MeOx-precoated filter each at flow
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rates of 0.083 or 0.0083 mL/min (Figure 4.4b). The cartridges should be placed vertically as
shown in the figures to make sure the liquid can flow evenly through the MeOx coatings. The
overall flow rates were therefore the sum from the two injection channels (i.e., 0.167 or 0.0167
mL/min), and with initial reaction concentrations of [FFA]o = 1 uM and [FAC]o = 100 uM. FFA
and FAC cannot be premixed beforehand as the MeOx/H.0O> experiment since FAC was found to
slowly degrade FFA. Note that after locking the membranes onto the filter cartridges, the actual
treatment contact diameter was 10 mm with area calculated as 78.54 mm?. When operating at
overall flow rates of 0.167 and 0.0167 mL/min, the fluxes were 127 and 12.7 L/m?-h,
respectively. These covered the operating fluxes of membrane filtration in water treatment,
which are typically around 10 to 100 L/m?-h (Ersahin et al., 2012; Yang et al., 2019). Catalase
and thiosulfate were used to quench residual H.O> and FAC, respectively, prior to FFA analyses
on the HPLC. Sufficient quenching reagents were pre-added in HPLC vials, and then the vials
were placed under the filter cartridges for filtrate collection. Meanwhile, parallel reactions were
conducted to collect filtrates for oxidant concentration and pH measurements without quenching

oxidants.
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HARVARD

Figure 4.4. Precoat filtration experiment setup for (a) MeOx/H20> arﬂb) MeOx/FAC.
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4.2.5 Analytical Methods

o-phenylenediamine (OPD) was applied as a non-selective reactive species/radical probe.
It has been reported to react with HO" to form an orange product 2,3-diaminophenazine (DAPN),
which has absorbance band at around 440 nm (Fang et al., 2009; Sobanska et al., 2017).
Formation of DAPN was semi-quantified by measuring the changes of absorbance at 440 nm by
a UV-Vis spectrophotometer before and after treatment (Sobanska et al., 2017). Experiments
were conducted by adding solutions containing 1mM OPD into MeOx solids, followed by dosing
H20: to initiate the reactions. OPD measurements were only undertaken for MeOx/H.O; systems

as OPD was found directly react with FAC (Ma et al., 2017).

Furfuryl alcohol (FFA) was used as a O probe. Experiments were conducted by adding
solutions containing 5uM FFA into MeOx solids, followed by dosing H20, or FAC to initiate the
reactions. Residual FFA was measured by a high performance liquid chromatography (HPLC)
equipped with a diode-array UV/Vis detector and a Supelco Ascentis C18 column (150 x 2.1
mm, 3 um). The mobile phases were composed of 80% 50mM phosphoric acid and 20%
acetonitrile at a flow rate of 0.2mL/min. Prior to HPLC analyses, H.O2 and FAC were quenched

by catalase enzyme and sodium thiosulfate, respectively.

Methanol (MeOH), isopropanol (iPrOH) and tert-butanol (tBuOH) were used as
radical/reactive species scavengers, which yield formaldehyde (in cases of MeOH and t-BuOH)
and acetone (in case of iPrOH) upon reaction with HO" and certain other oxidants, such as 0o,

CI', CIO’, and Cl>™ (Ross et al., 1998) (see details in Table S4.1). MeOH and t-BuOH reacting

with HO® can generate formaldehyde as the primary product with yield of > 93% and 25-30%,

respectively (Asmus et al., 1973; Flyunt et al., 2003; Wang et al., 1996). Reactions of iPrOH
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with HO® can form acetone as a primary intermediate with maximal yield of 78% (Kawaguchi,
1993; Wu et al., 2008). Acetone formation was measured by the DNPH-derivatization method
(Soman et al., 2008). In brief, the DNPH reagent was prepared by dissolving 143mg 70% DNPH
solid (contains 30% water) in 100mL acetonitrile (~7200 uM DNPH). To a HPLC vial, 0.5 mL
of sample (or acetone standard solutions), 10 uL of 5N phosphoric acid, and 100 pL of 2,4-
DNPH solution were added in order. The mixture was fully mixed and reacted for at least 30 min
and then 0.5 mL of acetonitrile was added for dilution. The acetone-DNPH derivative was
detected at 360 nm by a HPLC using the same column and UV/Vis detector described above.
The mobile phases were composed of 40% water and 60% acetonitrile at a flow rate of 0.2

mL/min.

02" generation in the MeOx/H»0, systems were measured using tetranitromethane
(TNM) as the indicator. TNM can react with O2" at a rate constant of 2x10° M?s to form

nitroform, which has an extinction coefficient of 15,000 M~cm™ at 350 nm (Henglein et al.,
1959; Rao and Hayon, 1975). The experiments were undertaken by either (i) dosing solutions
containing ImM TNM and H20> (1, 10 or 100 mM) into MeOx solids for reactions with rapid
mixing at 500 rpm (hereafter referred to as pre-add dosing), or (ii) dosing H>O solutions into
MeOx solids first, followed by 1mM TNM addition at designed reaction time (hereafter referred
to as post-add dosing). The samples were then filtered through 0.2 um PES membrane for
nitroform measurement on a spectrophotometer (UV-2700, Shimadzu, Japan). TNM
measurements were only undertaken for MeOx/H20- systems as nitroform was found directly

react with FAC.
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Another way to identify presence of O>™ was by using nitro blue tetrazolium (NBT) as a

indicator. Bielski et al. (1980) reported the reaction rate constant for NBT with O>™ to be
5.88x10* M1s. The purple blue product, monoformazan, has maximum absorbance at 530 nm
with extinction coefficients 25,400 M-*cm™ at pH 9.5-11.0, and 12,800 M‘cm™at pH 5.7-6.7
(Bielski et al., 1980). 2 mM of NBT was (i) pre-amended with H2O, and then dosed into MeOx
for reaction (pre-add dosing), or (ii) dosed into the MeO,+H>0, mixture at specific reaction time
of 15 min or 120 min (post-add dosing) to investigate O, retained on the MeOx surfaces after
aqueous H20- has been partially or completely consumed. Samples were separated into two parts
with one for vacuum filtration (to observe MeOx solid color change), and the other for syringe
filtration (to detect aqueous phase monformazan formation). The filtrates were later buffered to
pH6.0 by a phosphate buffer so as to quantify aqueous monformazan using the determinate € =

12,800 Mtcm™,

Ortho-phosphate was measured by the ascorbic acid approach as described in the
Standard Method 4500-P E (APHA/AWWA/WEF, 2005). Ammonium molybdate and antimony
potassium tartrate can react in acid medium with orthophosphate to form a heteropoly acid—
phosphomolybdic acid—that is reduced to intensely colored molybdenum blue by ascorbic acid.
After mixing the combined reagent with samples, measurements were taken after at least 10 min
but no more than 30 min at 880 nm using a UV/vis spectrophotometer (UV2700, Shimadzu,
Japan). The solution should turn into blue in the presence of orthophosphate. To achieve lower
detection limit, it is recommended to use a infrared cuvette with longer path length. The LOD

was found to be around 0.5 uM when using a cuvette with 4-cm path length.

The measurements of formaldehyde, H.O, and FAC were as described previously in
Section 2.2.4. In brief, formaldehyde was detected by the Hantzsch reagent. Concentrations of
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H>02 and FAC were determined by the Allen reagent and the DPD colorimetric method,

respectively, using a UV/vis spectrophotometer (UV2700, Shimadzu, Japan).

4.3 Results and Discussion

4.3.1 Identification of Reactive Oxygen Species Formation

(i) OPD measurement

Figure 4.5 shows DAPN formation via OPD reactions with reactive species/radicals
during the MeOx/H20> treatment. OPD analyses were not performed for the MeOx/FAC systems
as OPD was reported to react with FAC (Ma et al., 2017). Control tests conducted in the absence
of MeOx or H20O> indicate no DAPN formation. Some experiments exhibited decreases of
absorbance at later reaction stages, which may be due to further decomposition of DAPN
reacting with ROS generated in the suspensions. Sobanska et al. reported that crystalline ZrO»
shows less activity during the reactions with H202, accounting for only 30% of that obtained for
a-ZrO, when treated 1.3 mg/mL zirconia with 300mM H20> (reaction pH not indicated in the
article) (Sobanska et al., 2017). In contrast, our results exhibited that m-ZrO, was more reactive
than a-ZrO- during treatment of 1-100mM H.O. with 0.1g/mL of zirconia at pH between 5-7
(Figure 4.5). However, Sobanska et al. also suggested a-ZrO> could achieve highest reactivity in
generating reactive radical species at pH 3.0-3.5. Figure 4.6 shows OPD experiments for the two
zirconia with reaction pH adjusted to 3 by sulfuric acid. a-ZrO; activity was found greatly
enhanced and became more reactive than m-ZrO, under pH 3 in terms of DAPN formation,
which is consistent with Sobanska’s observation. This implied reaction pH can play important
roles in reactive/radical species production during MeOx/H2O> reactions. It also needs to be
clarified that Sobanska et al. considered OPD as a HO" indicator; however, it is non-selective and
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can actually react with other ROS such as O (Ross et al., 1998). It may be possible that the

color changes due to DAPN formation observed by the authors were attributed to other reactive

species in addition to HO® (Sobanska et al., 2017).
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Figure 4.5. DAPN formation during MeOx/H.0- treatment. Experiments were conducted by
dosing solutions containing [OPD]o = 1 mM and [H202]o = 1, 10, or 100 mM into MeOx solids
to a MeOx/liquid concentration of 0.1 g/mL. The reaction pHs (between pH 5-7) were not
adjusted throughout the reactions.
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Figure 4.6. DAPN formation during treatment of (a) a-ZrO2/H20; and (b) m-ZrO2/H;0..
Experiments were conducted by dosing solutions containing [OPD]o = 1 mM and [H202]o = 5,
50, or 500 mM into MeOx solids to a MeOx/liquid concentration of 0.1, 1,or 10 g/L. The
reaction pHs were adjusted to pH 3 by sulfuric acid.
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(ii) Formation of 1O,

10, has a unique reactivity which makes it highly useful for a wide range of chemical and
industrial applications and plays significant roles in many biological processes (Dabrowski,
2017; Ogilby, 2010; Pibiri et al., 2018). There have been a number of studies suggesting O
utilization in water treatment, including removal of phenolic compounds and antibiotics, and for
microbial disinfection (Al-Nu’airat et al., 2019; Gerdes et al., 1997; Nowakowska and

Kepczynski, 1998; Rule Wigginton et al., 2010; Tian et al., 2017; Villén et al., 2006).

10, formation was detected by mixing MeOx (0.1 g/mL) with solutions containing H20;
(10 or 100 mM) or FAC (0.1 or 1 mM) in the presence of FFA as a O probe. Note that chloride
ion (CI") usually present in commercial NaOCI stock at equal molar, which was confirmed in
this study by measuring CI~ concentration in the chlorine stock. lon chromatography analyses
show that the stock contained [FAC]:[CI] ratio of 1:1.03. Corresponding chlorine speciation,
including Cl,, HOCI, OCI™ and CI,0, as well as their molarities at varying pH were plotted in
Figure S4.1. HOCI can self-react to form CI20, and Cl, can be generated through reaction of CI~
with HOCI (egs 4.1 to 4.3), with Cl>O often presenting at a negligible level. It was observed FFA
can directly react with Cl derived from the NaOCI stock solution (Figure 4.7). Figure S4.2
shows the apparent first-order reaction rate constant for FFA reaction with Cl, with measured
apparent reaction rate constants fitted by a three parameters exponential model using the
SigmaPlot software. Residual FFA associated to direct reaction with Cl, can then be calculated

based on the model fitting equation (expressed as W symbols in Figure 4.8, 4.9 and S4.3).

Importantly note that these Cl>-mediated residual FFA concentrations were estimated assuming
constant [FAC] = 0.1 or 1 mM throughout the entire period of reactions. However, during
MeOXx/FAC reactions, FAC keep being decomposed by MeOx over time. Actual time-dependent
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“residual” FFA attributed to Cl> oxidation alone should be higher than those estimated values

(W) displayed in the figures. Other oxidants, including H20,, HOCI and OCI~ were found not

react with FFA (Figure 4.7).

HOCI « H*+OCI- pKa = 7.5 (Morris, 1966) (4.1)
HOCI +OCI” + H* & Cl, + H20  log K = 3.36 (Sivey et al., 2010) (4.2)
2HOCI| < CI;0 + H.0 log K = -2.06 (Sivey et al., 2010) (4.3
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Figure 4.7. Direct reaction of FFA with H>O> and FAC (i.e., Cl./HOCI/OCI") at varying pH; (a)
10 mM H202, (b) 100 mM H20z, (c) 0.1 mM FAC, and (d) 1 mM FAC.
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FFA degradation was found to be enhanced as increasing MeOx mass loading and
oxidant concentration (data not shown). Figure 4.8, 4.9 and S4.3 demonstrate FFA degradation,
oxidant decomposition and pH monitoring during MeOx/oxidant treatment with higher oxidant
dosage ([H202] o = 100 mM and [FAC]o = 1mM; see Figure 4.8 and S4.3) and lower oxidant
dosage ([H202] 0 = 10 mM and [FAC]o = 0.1mM; see Figure 4.9). Results of H2O, reactions with
TiO2, Al203 and SiO2, and FAC reaction with a-ZrO> were not shown as these conditions did not
yield significant FFA degradation, though it was noteworthy that a-ZrO, was found decomposing
H202 and FAC very rapidly (FAC results not shown). For instance, a-ZrO, removed 100mM
H20. and 1mM FAC within 10 min (Figure 4.8). CeO» was the secondly most effective mineral
in decomposing H202 and FAC while causing more significant FFA degradation than a-ZrOx.
Interestingly, TiO2 however not reactive in the H.O» system, can yield noticeable FFA
degradation while only consuming a little FAC. This implies that the reactions involved in the
two oxidant systems with TiO- (likely also other MeOx) were following different mechanisms.

Al>03 and SiO> were less effective compared to the other minerals.
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Figure 4.8. FFA degradation, oxidant decomposition and pH monitoring with MeOx/oxidant
treatment at higher dose of oxidants. Experiments were conducted by dosing solutions containing
[FFA]o = 1 uM and [H202]o = 100 mM or [FAC]o = 1 mM into MeOx solids to a MeOx/liquid
concentration of 0.1 g/mL. The reaction pHs were not adjusted throughout the reactions. pH
values displayed at time zero are pH readings of the pure water prior to MeOx addition (MeOx-
free). Error bars represent one standard deviation about the mean of duplicate measurements.
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(iit) Formation of HO*

scavengers. MeOH and t-BuOH reacting with HO® can generate formaldehyde as the primary
product with yield of >93% and 25-30%, respectively (Asmus et al., 1973; Flyunt et al., 2003;

Wang et al., 1996). Reactions of iPrOH with HO" can form acetone as a primary intermediate

with maximal yield of 78% (Kawaguchi, 1993; Wu et al., 2008).
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Formation of HO® was monitored using alcohols (MeOH, iPrOH and t-BuOH) as radical



Formation of formaldehyde (Figure 4.10) and acetone (Figure 4.11) were measured in the
presence of excess MeOH and iPrOH as radical scavengers at 100mM. Note that only conditions
in which formaldehyde and acetone were significantly generated were exhibited in the following
figures. Formaldehyde (=100 pM) and acetone (>30 M) were observed over 6 hours of reaction
in systems of m-ZrOz+H,02, m-ZrO,+FAC, CeO2+FAC and TiO2+FAC containing MeOH and
iPrOH, respectively. Control experiments show formaldehyde and acetone were not detected in
the absence of H20., FAC, or MeOx. However, lower levels of formaldehyde formation (<5
M) were observed when using t-BuOH as a scavenger, indicating that other weaker reactive
species may be responsible for formaldehyde and acetone formation in the presence of MeOH
and iPrOH because they are less selective to HO® (i.e., MeOH and iPrOH can also react with
other ROS or RCS to generate formaldehyde and acetone; t-BuOH is more selective to HO").
Some other reactive species being produced in addition to 1O, and HO" could be O2", and/or CI",
ClO" and CI>™ in the presence of FAC. Table S4.1 listed the reaction mechanisms of these
alcohol scavengers with each ROS and RCS, as well as reactions leading to formaldehyde and
acetone formation. More discussions regarding t-BuOH as HO" scavenger are provided in
Section 4.3.1(v). One interesting observation worth notice here is that formaldehyde formation
rate in the TiO2+FAC system increased significantly over time, which was in the opposite trend
compared to the other reaction systems. It could be due to TiO; surface structure modification by
FAC or some currently unknown mechanisms that facilitate reactive species generation at the

later stage of reaction.
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Figure 4.10. Formaldehyde formation, oxidant decomposition and pH monitoring with
MeOx/oxidant treatment. Experiments were conducted by dosing solutions containing [MeOH]o
=100 mM and [H202]o = 100 mM or [FAC]o = 1 mM into MeOx solids to a MeOx/liquid
concentration of 0.1 g/mL. The reaction pHs were not adjusted throughout the reactions. pH
values displayed at time zero are pH readings of the pure water prior to MeOx addition (MeOx-
free). Error bars represent one standard deviation about the mean of duplicate measurements.
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Figure 4.11. Acetone formation, oxidant decomposition and pH monitoring with MeOx/oxidant
treatment. Experiments were conducted by dosing solutions containing [iPrOH]o = 100 mM and
[H202]0 = 100 mM or [FAC]o = 1 mM into MeOx solids to a MeOx/liquid concentration of 0.1
g/mL. The reaction pHs were not adjusted throughout the reactions. pH values displayed at time
zero are pH readings of the pure water prior to MeOx addition (MeOx-free). Error bars represent
one standard deviation about the mean of duplicate measurements.
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(iv) Formation of Oz~

TNM measurements for O>™ were conducted for reaction conditions a-ZrOz+H>02, m-
ZrO2+H,0; and CeO2+H.02. MeOx/FAC systems were not tested here since FAC was found to
react with nitroform, and currently we are not able to find a selective O," indicator as an
alternative. Among the three MeOx, significant formation of nitroform was observed in the m-
ZrO»+H>0> system at pH ~4 without additional pH adjustment (Figure 4.12a). Note that y-axes
here were expressed as A[350 nm] instead of [nitroform] as nitroform can only be semi-
quantified due to the fact that TNM reacts slowly with HO," radicals under acidic conditions.
Minor nitroform formation was observed in a-ZrO2+H,0, and CeO2+H>0, systems (Figure
4.12a), while its formation in a-ZrO2+H>0O> was enhanced when reacting at pH3 (Figure 4.12Db)
as compared to neutral pH. This was consistent with Sobanska’s observation that a-ZrO,
exhibited higher tendency in generating reactive/radical species at acidic condition (Sobanska et

al., 2017). Formation of nitroform increase with higher dose of H20- (Figure 4.12b).

Figure 4.13 compared the TNM analyses for pre-add dosing and post-add dosing of H20;
to the a-ZrO2+H,0; system, with the later case that TNM was added after aqueous H20O; has
been completely decomposed (15 min after reacting with 200mM H203). The results show that
nitroform can still be generated after aqueous H.O> was consumed, implying accumulation of
HO2' /02" on a-ZrO; surfaces. To investigate the stability of surface-adsorbed HO,' /02"~ on a-
ZrO», a series of post-add dosing experiments were conducted with TNM dosed at 15, 30, 60 and
120 min, respectively (Figure 4.14). The results show that surface-adsorbed HO,' /O, were

moderately stable with 50% loss after 2 hours.
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Figure 4.12. Aqueous Oz" analyses and H20, measurement of the MeOx+H>0O> system using
TNM; (a) a-ZrO2, m-ZrO; and CeO; without pH adjustment by treatment of 200mM H203; (b) a-
ZrO, with pH adjustment to 3.0 by treatment with 1, 10, and 100mM H»O,. Experiments were
conducted by dosing solutions containing [TNM]o = 1 mM and [H202]o = 100 mM into MeOx
solids to a MeOx/liquid concentration of 0.1 g/mL (pre-add dosing).
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Figure 4.13. Aqueous O™ analyses and H.O> measurement of the a-ZrO,+H>O> system using
TNM,; (a) a-ZrO2 with pH adjustment to 3.0 by treatment of 2000mM H20.. Experiments were
conducted by dosing solutions containing [TNM]o = 1 mM and [H202]o = 100 mM into MeOx
solids to a MeOx/liquid concentration of 0.1 g/mL (pre-add dosing); (b) a-ZrO, with pH
adjustment to 3.0 by treatment with 100mM H.0.. Experiments were conducted by dosing
[TNM]o = 1 mM into aqueous H,O>-free suspension after 15 min reaction with initial dose of
[H202]0 = 100 mM and MeOx solids of 0.1 g/mL (post-add dosing), followed by nitroform
monitoring for up to 180 min.
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Figure 4.14. Aqueous O™ analyses and H.O> measurement of the a-ZrO,+H>O> system using
TNM with pH adjustment to 3.0 by treatment of 100mM H20,. Experiments were conducted by
dosing [TNM]o = 1 mM into aqueous H>O,-free suspension after 15, 30, 60 or 120 min reaction
with initial dose of [H202]o = 100 mM and MeOx solids of 0.1 g/mL (post-add dosing), followed
by nitroform monitoring for up to 120 min. Note that different batches of a-ZrO were used for
experiments in Figure 4.13 and 4.14, so their activities in generating O>™ can be a bit different.
Error bars represent one standard deviation about the mean of duplicate measurements.

20 40 60 80 100 120 140
Time (min)

When using NBT as a O2™ indicator, aqueous formazan was not observed in a-
ZrO»+H»0; system at pH3, while solid phase-associated (sorbed) formazan was observed in a-
ZrO2+H»0; system at pH3 with mineral surface turning into purple (Figure 4.15). In the m-
ZrO2+H,0; system, formazan was not observed both in the aqueous phase and the solid phase on
m-ZrO; surface. In a-ZrO,+H>0; system, TNM and NBT results imply that there could be both
aqueous- and solid-phase superoxide formation at acidic to neutral condition. However, TNM
and NBT cannot capture all superoxide (HO27/02") (i.e., not quantitatively) due to (i) of
superoxide speciation and (ii) low scavenging reaction rate of NBT toward O, (k = 6x10* Ms®
1y compared to TNM with Oz (k = 2x10° M) (Bielski et al., 1980; Bielski and Schwarz,
1968). Note that superoxide has pKa at 4.8, so HO," was more dominant than O," at acidic
condition. HO," reacts very slowly with TNM with k < 2x10* M?s?, and does not react with

NBT (Bielski et al., 1980; Bielski and Schwarz, 1968; Greenwald, 2018; Rabani et al., 1965;
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Watts and Teel, 2019). Summarizing these observations, it was suggested that superoxide in the
m-ZrO,+H-0; system may primarily be in aqueous phase as no color changes were seen on m-
ZrO- surface with NBT present. The much smaller reaction rate constant of NBT with
superoxide versus TNM can explain why aqueous formazan was not observed in a-ZrO,+H,0;
and m-ZrO»,+H>0, when using NBT, while nitroform formation was detected when using TNM.
These observations generally agree with the reaction mechanisms proposed by Sobanska et al.
who indicated (i) formation of surfaced-bounded O>" during a-ZrO»+H,O: reaction, confirmed
by electron paramagnetic resonance spectroscopy (EPR); (ii) crystalline m-ZrO2 has weaker
activity in ROS production on mineral surface than a-ZrO»; and (iii) absence of O™ in the liquid
phase during a-ZrO2+H20- reaction, confirmed by NBT analyses (Sobanska et al., 2017).
Control experiments for the a-ZrO> only, m-ZrO, only, CeO> only and H20> only conditions
between pH 3~7 did not show any clear evidences indicating O>™ generation by using both TNM

and NBT as O>" indicators.
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Figure 4.15. Formazan formation due to surface-adsorbed O, on a-ZrO; surface with pH
adjustment to 3.0 by treatment of 200mM H2O,. Experiments were conducted by dosing [NBT]o
=2 mM into MeOx/H20; suspension after 15 or 120 min reaction with initial dose of [H202]o =
100 mM and MeOx solids of 0.1 g/mL (post-add dosing), followed by color change observation
for up to 180 min. MeOx suspensions were filtrated out by 0.2um PES membrane for color
observation.
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(v) Other qualification approaches

Due to the intrinsic lifetime of 1O, its probability of deactivation before reaction with the
probe is strongly dependent on the solvent (Schmidt and Afshari, 1992; Wilkinson et al., 1995).
In addition to H20, in which FFA reacts with 1O at a rate constant of 1.2x108 Ms™* (Scully Jr
and Hoigné, 1987), FFA degradation was also tested in DO which was suggested significantly
increase the lifetime of 'O, and hence its chance of reacting with FFA. The reported half-life of
10, was around 4 pS in H,0 (Jensen et al., 2010; Schmidt and Afshari, 1992; Wilkinson et al.,
1995), whereas longer lifetimes were found in D20, ranging from 40 to 69 uS with stabilities
increased by 10- to 17-fold (Aubry et al., 1995; Jensen et al., 2010; Lee and Rodgers, 1987;
Matheson and Massoudi, 1980; Schmidt and Afshari, 1992; Wilkinson et al., 1995). Figure 4.16
and 4.17 summarize FFA degradation in pure H20 and D.O during a-ZrOz, m-ZrOz and CeO>
reactions with H20> (Figure 4.16) and m-ZrO., CeO., TiO2, Al.Oz and SiO> reactions with FAC
(Figure 4.17). Distinct kinetics can be observed during MeOx/H2O; reactions, indicating
formation of *O.. In contrast, no clear evidence of O, formation was found during MeOx/FAC

reactions.

Similar sets of experiment were conducted in 100mM t-BuOH and natural water sample
(containing DOC = 2.32 mgC/L) collected locally from the Lake Washington, Seattle. Detailed
water quality measurements can be found in Table S4.2. In general, presence of t-BuOH
appeared to have little to slight inhibition on FFA degradation, implying that HO" generation was
minor. This observation was consistent with previous discussion in Section 4.3.1(iii) that only
minor formaldehyde formed when using t-BuOH as a selective HO" scavenger. Experiments
conducted in natural waters suggested little to slight inhibition (e.g., CeO2+H20.) on FFA

degradation in the case of H20-, and little to moderate enhancement on FFA degradation in the
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case of FAC (e.g., CeO2+FAC and TiO.+FAC). The former could be resulted from scavenging
of reactive species by NOM, and the later could be due to side reaction with NOM (as precursor)
with chlorine, forming additional reactive species that enhance FFA decomposition. The results
also suggested that effective treatment could still be achieved in typical natural waters during

MeOx/H20, and MeOx/FAC processes.
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Figure 4.16. FFA degradation by MeOx/H20: in different matrix, including pure H20, pure
D20, 100mM t-BuOH and natural water (Lake Washington, Seattle, WA) by treatment with (a)

a-Zr0,+100mM H203, (b) m-ZrO2+100mM H,0;, (c) CeO2+100mM H20,, and (d) a-

ZrO2+10mM H202, () m-ZrO2+10mM H20», (f) CeO2+10mM H20>. Error bars represent one

standard deviation about the mean of duplicate measurements.
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Figure 4.17. FFA degradation by MeOx/FAC in different matrix, including pure H2O, pure D20,
100mM t-BuOH and natural water (Lake Washington, Seattle, WA) by treatment with (a) m-
ZrO+1mM FAC, (b) CeOp+1mM FAC, (c) TiO2+1mM FAC, (d) Al.Os+1mM FAC, (e)
SiO2+1mM FAC, (f) m-ZrO2+0.1mM FAC, (g) CeO2+0.1mM FAC, (h) TiO2+0.1mM FAC.
Error bars represent one standard deviation about the mean of duplicate measurements.
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Table 4.2 summarize the ability of each MeOx in decomposing H.0; or FAC, and in the
generation of ROS and RCS in the MeOx/H202 or MeOx/FAC reaction systems according to

experimental observations discussed in Section 4.3.1.

Table 4.2. Reactivity summary of MeOx/H202 and MeOx/FAC reactions in oxidant
decomposition and generation of ROS and RCS

MeOx a-ZrO; m-ZrO, CeO» TiO; Al,O3 SiO;
MeOX/Hzoz
H20,
. very fast moderate fast slow slow slow
decomposition
10, moderate significant  significant minor minor minor
HO: minor minor minor minor N/A N/A
HO2/02 significant  significant minor N/A N/A N/A
MeOx/FAC
FAC. . very fast moderate fast slow slow slow
decomposition
10, minor minor minor minor minor minor
HO" minor minor minor minor minor minor
HO,'/0y™ N/A N/A N/A N/A N/A N/A
RCS moderate moderate significant  significant moderate moderate

N/A: Data not available due to (a) conditions not tested due to insignificant reactions, or (b) selective probes not
available

4.3.2 H,0, and Phosphate Adsorption on MeOXx

Anions like phosphate and borate were found to have strong adsorption on MeOx
minerals, a-ZrO; in particular due to its high specific surface area (Table 4.1). Adsorption of
[phosphate]o = 10 mM on 0.005 g/mL of a-ZrO2, m-ZrO> and CeO- at pH7 was investigated with
results shown in Figure 4.18a. Corresponding adsorption experiments under the same reaction

condition but with surface area normalized are displayed in Figure 4.18b. Results demonstrate
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that a-ZrO> can strongly adsorb phosphate by ~50% at equilibrium in light of its high surface
area (292 m?/g) as compared to m-ZrOz (7.58 m?/g) and CeO- (13.5 m?/g). Around the same
phosphate adsorption could be achieved when total surface area were normalized. Phosphate
adsorption capacity of a-ZrO; at equilibrium was found consistent with the value reported in

literature (Su et al., 2013).

12 12

(a) surface area not hormalized (pH7) (b) surface area normalized to 1.46 m%/mL (pH7)
10@ & ¢ 0 ¢ 10
% & ¢ % 8
F . Fy ¥ § § o
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Figure 4.18. Phosphate adsorption on a-ZrO., m-ZrO; and CeO> at pH7 with (a) surface area not

normalized, and (b) surface area normalized to 1.46 m?/mL.

Figure 4.19 shows 10mM H-0O; removal from aqueous phase in the presence of 0.05,
0.005 and 0.001 g/mL a-ZrO. when (i) without phosphate dosing, and (ii) with pre-amended
50mM or 250mM phosphate. Phosphate was found to inhibit H2O. removal by competing the
surface adsorption sites. Considering the competitive adsorption of phosphate on MeOx, it can
potentially used as desorbing agent for replacing surface-bounded H>O,. At this point, it was
unclear whether the rapid removal of H.O> from aqueous phase (especially a-ZrO2; see Figure
4.8 and 4.9) was resulted from adsorption or H20> chemical decomposition. Mass loadings of

0.05, 0.005 and 0.001 g/mL a-ZrO, were reacted with 210mM H20; at pH3 or pH7, followed by
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addition of 50mM, pH7 phosphate at (i) the end of complete aqueous-H20 removal, or at (ii)
when partial removal has achieved (Figure 4.20). Both scenarios show minor H20, desorption
from a-ZrO; surfaces, which implied that rapid H2O> adsorption on a-ZrO> should followed by

instant H2O. decomposition; as a result, minor sorbed-H20- were exchanged by phosphate.
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Figure 4.19. H>0, decomposition by a-ZrO; at pH7 with mass loading of (a) 0.05, (b) 0.005, (c)
0.001 g/mL and [H202]o = 10 mM without phosphate, or in the presence of pre-amended 50mM
or 250 mM phosphate.
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Figure 4.20. H20- desorption by a-ZrO, with mass loading of (a) 0.05, (b) 0.005, and (c) 0.001
g/mL and [H202]o = 10 mM at reaction pH=3, extracted by pH7, 50mM phosphate buffer.

Corresponding experiments were conducted with mass loading of (d) 0.05, (e) 0.005, and (f)(g)
0.001 g/mL and [H202]o = 10 mM at reaction pH=7, extracted by pH7, 50mM phosphate buffer.
The last two experiments were identical but with phosphate dosed at (f) the end of reaction, and
(9) the midway of reaction.
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4.3.3 Multiple-dose MeOx/Oxidant Treatment

Dosing of solutions containing FAC and FFA or MeOH were repeatedly performed to
examine the capacities of MeOx in continuously generating reactive species and decomposing
oxidants. Figure 4.21 demonstrate results for FFA degradation treated at higher oxidant dosage
of [H202] = 100 mM or [FAC] = 1 mM, and Figure 4.22 exhibit data at lower oxidant dosage of
[H202] = 10 mM or [FAC] = 0.1 mM (more realistic oxidant concentrations in terms of water
treatment). Multiple treatments of H.O» with TiO2, Al2O3 and SiO2 were not discussed here as
they did not yield noticeable H>O, decomposition, FFA degradation and formaldehyde
formation. On the contrary, a-ZrO,, m-ZrO; and CeO; can effectively decompose H2O> and
degrade FFA. Activities for MeOx in FAC decomposition and FFA decomposition remained
constant or only slightly decreased after each dosing treatment except for CeO.+FAC, which
activity significant decreased after repeated treatment. In general, activities of the majority of
MeOx were sustained in repeated use, as re-dosing of H202 or FAC yielded comparable
effectiveness (some with minor decrease in performance) on FFA degradation over at least five
treatment cycles. As for formaldehyde formation (Figure 4.23), m-ZrO,+H>0,, CeO,+FAC and
TiO.+FAC activities decreased significantly after multiple dosing, while the other tested
conditions remains similar performance, including a-ZrO,+H>02, CeO2+H202, a-ZrO,+FAC, m-

ZrO2+FAC, Al,O3+FAC, and SiO2+FAC.
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Figure 4.21. Multiple-dosing of MeOx/oxidant treatment with FFA as the probe at higher
oxidant dose. Experiments were conducted by repeatedly dosing solutions containing [FFA]o = 1
uM and [H202]o = 100 mM or [FAC]o = 1 mM into MeOx solids to a MeOx/liquid concentration
of 0.1 g/mL. Each dose allowed 2 hours of reaction. The reaction pHs were not adjusted
throughout the reactions. pH values displayed at “initial” are pH readings of the pure water prior
to MeOx addition (MeOx-free). Error bars represent one standard deviation about the mean of
duplicate measurements.
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Figure 4.22. Multiple-dosing of MeOx/oxidant treatment with FFA as the probe at lower oxidant
dose. Experiments were conducted by repeatedly dosing solutions containing [FFA]o = 1 uM and
[H202]0 = 10 mM or [FAC]o = 1 mM into MeOx solids to a MeOx/liquid concentration of 0.1
g/mL. Each dose allowed 30 min reaction in the case of MeOx/H202, and 5 min reaction in the
case of MeOx/FAC. The reaction pHs were not adjusted throughout the reactions. pH values
displayed at “initial” are pH readings of the pure water prior to MeOx addition (MeOx-free).
Error bars represent one standard deviation about the mean of duplicate measurements.
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Figure 4.23. Multiple-dosing of MeOx/oxidant treatment with MeOH as radical scavenger.
Experiments were conducted by repeatedly dosing solutions containing [MeOH]o = 100 mM and
[H202]o = 100 mM or [FAC]o = 1 mM into MeOx solids to a MeOx/liquid concentration of 0.1
g/mL. Each dose allowed 2 hours of reaction. The reaction pHs were not adjusted throughout the
reactions. pH values displayed at “initial” are pH readings of the pure water prior to MeOx
addition (MeOx-free). Error bars represent one standard deviation about the mean of duplicate
measurements.
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4.3.4 H,0, and FAC Decomposition

As discussion and figures demonstrated in previous sections, a-ZrO; and CeO; appear to
be the most efficient MeOx on decomposing both H.O> and FAC, followed by m-ZrO,, TiO-,
Al>O3 and SiO». This observation agrees well with Hiroki and LaVerne (2005) where they found
H>0> decomposition rates follow the order of ZrO, > CeO; > TiO2 > Al>0O3 > SiO> (Hiroki and
LaVerne, 2005). Amorphous zirconia a-ZrOa, despite relatively less active in reactive species
production than m-ZrO. and CeO-, could be a good alternative for residual or excess oxidant
removal in water treatment without causing too much undesirable radical reactions that may
potentially increase DBP formation. a-ZrO, can maintain high oxidant decomposition reactivity
after up to five treatment cycles in the multiple-dosing experiments (Figure 4.21-4.23), probably

due to its high specific surface area (292 m?/g) than the other MeOx (see Table 4.1).

4.3.5 Reaction Mechanisms

(i) Hydration and hydroxylation of MeOx surfaces

Lousada et al. proposed the steps of H.O> decomposition on transition metal oxide
surfaces via: (1) adsorption of H.O molecules on MeOx surfaces (hydration and hydroxylation),
(2) reaction with H20> via initial adsorption of H2O2 with desorption of H20O, (3) formation of
products of the decomposition of H.O> and their adsorption to the surfaces. Therefore,
hydration/hydroxylation of MeOx favors H.O> adsorption and its subsequent decomposition
(Lousada et al., 2012). MeOx surfaces usually expose oxide (O?") ions, which are strong bases
and cannot exist unchanged in aqueous solution. The first step in surface hydration involves the
formation of surface hydroxyl groups (dissociative adsorption) followed by molecular
adsorption. The entire surface of O®" ions of MeOx exposed to water molecules may undergo
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this neutralizing reaction to form OH groups, which accompanies release of protons to solution

(Fierro, 2006). This can explain the decreases of pH when suspending MeOx in aqueous

solutions as observed in Figure 4.24, in particular for m-ZrO,, CeO; and TiO». Thetford et al.

suggested that TiO> hydroxylated surface can interchange between hydroxyl form (Me—OH)

and water form (Me—H>0) on a short time scale. The calculated adsorption energy for water

molecule referenced to the partially hydroxylated surface left by its removal is —44 kJ mol *. The

calculated adsorption energy for H-O; is —68 kJ mol %, so that it is energetically favorable for

hydrogen peroxide to displace water when the surface is hydroxylated (Thetford et al., 2011).

Literature reported hydroxyl site density of metal oxides generally follows the order of ZrO, ~

Ce02 > TiO2 ~ Al203 > SiO2 (Chen et al., 2012; Kijenski et al., 1977; McCafferty and

Wightman, 1998; Ogata et al., 2010; Tamura et al., 2001). This is consistent with the order of

H20. decomposition rate observed in this study and in literature (Hiroki and LaVerne, 2005).

a-ZrO, only

pH
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® ®

CeO, only ® pH
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Figure 4.24. pH monitoring of suspending 0.1g/mL MeOx in pure water. pH values displayed at
time zero were pH readings of the pure water prior to MeOx addition (MeOx-free).
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(ii) Point of zero charge of MeOx

At pH values above PZC, the hydrated surface becomes negatively charged, while for pH
values below the PZC, the hydrated surface becomes positively charged (eq 4.4). If the pH >
PZC, then the terminating hydroxyl groups at the surface deprotonate as the expression below.
When the net surface charge is negative, the surface can attract cationic species. Conversely, if
the pH < PZC, the hydroxyl groups protonate and the surface can attract anionic species.

Me—OH," (pH<PZC) <> Me—OH (pH= PZC) < Me—O" (pH> PZC) (Parks and Bruyn, 1962)
(4.4)

Table 4.3 summarizes the estimated MeOx surface charges under experimental
conditions with different typical dose of H.O2 and FAC on account of their PZC values.
Experiments with MeOx reacting with H202 demonstrate that pH had no effect on MeOx
reactivities within the pH range tested in this study, probably because H2O; is typically in its
neutral form (pKa = 11.6 (Black and Hayon, 1970)). In cases of MeOx/FAC, slight slow down of
FAC decomposition was observed when reacting at higher pH, likely due to charge repulsion of

the negative mineral surfaces and OCI™ (pKa = 7.5 (Morris, 1966)).
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Table 4.3. MeOx surface charge based on PZC for different dose of H.O; and FAC

Point of zero Typical reaction pH (surface charge)®
MeOx | Manufacturer | charge | 10mMH,0, | ‘7™ [ o1mmFac | 1mMFAC
(PZC): (charge) (ch;rgze) (charge) (charge)
5.8
self- 7.5 7.0 6.5 6.5
a-ZrO; . (Blesaetal., - = 2 2
synthesized 1985) =) =) () =)
6.1
i Sigma- (Megias- 4.5 4.0 5.8 6.0
M-Z102 | Aldrich | Alguacil et +) +) ) ©)
al., 2000)
Beantown 6-7.5 4.0 3.5 4.7 5.8
CeO2 . (Kosmulski, ' ' ' N
Chemical 2016) ) ) +) (+)~(0)
. 4.8
. Sigma- . 4.0 3.8 5.0 7.7
TiO2 . (Morris et e -
Aldrich al., 1999) ) (+) 0)~¢) )
8.2~9.5
(Del Nero et
ALOs | AlfaAesar | al., 2010; Zf;’ Zf)’ Zs (+5)3;2(0)
Moreau et
al., 2013)
<3if any
. Sigma- | (Janusz et 6.7 6.7 6.5 8.0
SiO, Aldrich al., 2003; ) 0 O 0
Kosmulski,
2016)

2 Values of PZC were obtained for the same product from the same manufacturer, except for CeO2; PZC value of a-
ZrO, was obtained from literature using similar synthetic method. ® Estimated surface charges expressed as positive

(+), neutral (0), or negative (—)
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(iii) Proposed reaction mechanisms

Reported catalytic reactions (MeOx/H202 system):

H,0, + MeOx — 20H" + MeOx (4.5)
H,0, + OH" — H,0 + HOy' (4.6)
2HO," — H20; + O (4.7)
2H>0, — 2H,0 + O3 (net reaction) (Hiroki and LaVerne, 2005) (4.8)
EZI'-'-_Hozi(surf) + HZOZ(aq) — OH.(aq) + EZI'-'._OZF(surf) + HZO (SObaﬁSka et al., 2017) (49)

MeOx + 2H,0; — 0, + 2H20 + MeOx (Aubry, 1985; Aubry and Nardello, 1997) (4.10)

Proposed catalytic reactions (MeOx/FAC system):

HOCI + MeOx — OH' + CI* + MeOx (4.11)
CI'+H,0 »— OH" + CI” + H* (4.12)
HOCI + OH" — OH™ + CIO" + H* (4.13)
2CIO" + H,0 —— CIO™ + CIO2 + 2H (4.14)
2HOCI — CI” + CIO2™ + 2H" (net reaction) (4.15)
HO" + HO" — H,0, <> HO; + H* (Elliot, 1989) (4.16)
HOCI + HO;” — 0, + H.0 + CI” (Held et al., 1978) (4.17)
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Other possible reactions with H202 or FAC:

(a) Me-catalyzed reaction; There is no net redox reactions on Me (Candeias et al., 1994; Lister,

1956; Liu et al., 2012; Whiteman et al., 1997).

(b) Me reduced/H.0O, or FAC oxidized; FAC may potentially be oxidized to RCS (e.g. CI°, CIO"

and Cl,"7).

(c) Me oxidized/H20, or FAC reduced; Trace amount of Me in lower oxidation states may co-
exist on MeOz, which may be oxidized by H202 or FAC (Koch and Manzhos, 2017; Ma et

al., 2015; Sinitsyn and Gracheva, 2020).

4.4 Application of Metal Oxide/Oxidant Treatment on Precoat Filtration

MeOx-precoat filtration could be a practical approach to apply the MeOx/oxidant
reactions in water treatment. This work examined the treatment efficiency during the
MeOx/oxidant processes using FFA as a representative of trace organic contaminant. It was
expected that MeOx precoat membranes can yield ROS and RCS in the presence of H>O, and
FAC, leading to organic contaminant degradation while operating at typical fluxes for membrane
filtration ranging from around 10 to 100 L/m?-h (Ersahin et al., 2012; Yang et al., 2019). 0.1 g of
MeOx solids were precoated on PES membrane and operated at total flow rates of 0.167 and
0.0167 mL/min, corresponding to fluxes of 12.7 and 127 L/m?-h, respectively for a-ZrO2+Hz0>,
m-ZrOz+H,03, CeO2+H>0; with [H202]o = 1 mM, and m-ZrO,+FAC, CeO+FAC, TiO2+FAC,
with [FAC]o = 0.1 mM. Results in Figure 4.25 indicate higher treatment can be achieved under
lower flux, while longer reaction time was be required. Decomposition of FFA in order was m-
ZrO; > CeO2 > a-ZrOz in the case of MeOx/H20z, and TiO2 > CeO2 > m-ZrO; in the case of

MeOx/FAC.
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Figure 4.25. MeOx-precoat membrane filtration treatment of FFA. Experiments were operated
by passing solutions containing [FFA] =5 uM, [H202] =1 mM, or [FAC] = 100 uM at total flux
of 12.7 or 127 L/m?-h for (a) MeOx-only controls, (b) MeOx/H202, and (c) MeOx/FAC. The
reaction pHs were not adjusted throughout the reactions. Error bars represent one standard
deviation about the mean of duplicate measurements.

4.5 Metal Release Tests

Micro-scaled MeOx generally are, though not necessarily, less toxic than their nano-
scaled counterparts (Heinlaan et al., 2008; Jiang et al., 2009; Simon-Deckers et al., 2009).
Although MeOx particles used for studies were labeled at um scale, they may still contain some
trace nanoparticles. Besides, oxidation of MeOx particles by H.O, and FAC could also lead to
dissolved form of metals, and some of which may reform back to nanoscale oxides afterwards. A
series of ICP-MS analyses (PerkinEImer Nexion 2000B) were conducted to examine the release
of free metals and nano-scale MeOx during reactions of MeO,/H,0, and MeOx/FAC (Figure
4.26). Note that ICP-MS samples were filtered through 0.2 um PES membrane, contribution of
free metal and nano-MeOx was not distinguished. The results show that a-ZrO2, m-ZrO,, CeO>
and TiOz reacting with H20 (1 and 100 mM) or FAC (0.1 and 1mM) yielded free and/or nano-
scale metals no more than ~10 pg/L, except TiO2+1mM FAC reacting under long reaction time
of 6 hours (~90 pg/L). It is worthy to note that by simply suspending CeO> in water, we
observed high background Ce concentrations associated directly from the CeOo. Interestingly,
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upon reactions with H.O, and FAC, free and/or nano Ce significantly decreased. This may be
due to redox reactions that changed Ce speciation, leading to its aggregation or forming larger

particles which were rejected by the 0.2 um membrane.

18 30
(a) a-ZrO2 ) (b) m-ZroOz2 -
16 - I 2h reaction N 2h react!on
[T 6h reaction 25 | [T 6h reaction
14 A
12 20 -
3 z
g g 15
5 ° N
6 10
4
5
i |l
0 . 0 -
Water only 1 mM 100mM 0.1 mM 1 mM Wateronly 1mM 100 mM 0.1 mM 1 mM
(control) H202 H202 FAC FAC (control) H202 H202 FAC FAC
16000 (c) CeO 120
c) LeO2 ; d) TiO2
14000 . 2h react!on ( ) N 2h reaction
I =3 6h reaction 100 [ 6h reaction
12000 +
5 10000 1 T - 80
2 2
£ 3000 | 2 a0
T =
2. 6000 - =
40 |
4000 -
2000 - 201 i
0 ; . H ; A 0 =) , m [ ‘ ‘
Wateronly 1mM  100mM 01mM  1mM Wateronly 1mM  100mM 01mM  1mM
(control) H202 H202 FAC FAC (control) H202 H202 FAC FAC

Figure 4.26. ICP-MS analyses for release of metal and/or nano-scale MeOx from reactions of
MeO2/H202 and MeOx/FAC; (a) a-ZrOz, (b) m-ZrOz, (c) CeO2, and (d) TiOz.

4.6 Summary and Potential Practical Implications

o FFA showed significant losses in the presence of H.O> with a-ZrO», m-ZrO; and CeOs,
implying 1O, generation. This was further confirmed by conducting kinetic studies using
D0 as reaction matrix, which can extend the lifetime of O, resulting in faster FFA

degradation as compared to experiments conducted in H20. In MeOx/FAC systems,
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though significant FFA losses were also observed, did not exhibit such discrepancy
between tests performed in D20 and H-0O, suggesting that FFA decomposition in
MeOx/FAC may be resulted from other reactive oxidants (likely RCS) while with partial
loss associated with direct reaction with Clo.

Formaldehyde (>100 uM) and acetone (>30 M) were observed over 6h of reaction in
systems of m-ZrO,+H>0,, m-ZrO+FAC, CeO,+FAC and TiO2+FAC containing MeOH
and iPrOH, respectively with [H202]o = 100 mM and [FAC] = 1 mM. However, lower
levels of formaldehyde formation (<5 uM) were observed when using t-BuOH as a
scavenger, indicating that other weaker oxidizing species may be responsible for their
formation as the former two alcohols are less selective to HO". Kinetic studies conducted
in 100mM t-BuOH as matrix also confirmed limited formation of HO".

Use of TNM and NBT, selective indicators for O™, confirmed O™ production in the
MeOx/H20- system. Results suggested the presence of both aqueous and surface-
bounded superoxide formation on a-ZrO- in the presence of H20», and superoxide in the
m-ZrO»+H,>0; system may primarily exist in aqueous phase.

Activities of MeOx systems are sustained in repeated use in FFA degradation and
formaldehyde formation over at least five treatment cycles. The reactions prevailing in
these systems appear to involve formation of *O,, O, and limited HO" as well as other
yet unconfirmed reactive species, potentially including RCS such as CI°, CIO", Cly™ (free
or surface-bounded).

Release of free and nano-scale metals during MeOx/H20. and MeOx/FAC treatment was
found to be limited with no more than ~10 pg/L release throughout most of the

conditions tested.
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Generation of more selective oxidants (*O, CIO") than less selective/stronger oxidants
(HO', CI') implies the MeOx/H20, and MeOx/FAC reactions appear less useful as AOPs,
but could be quite effective as targeted oxidation processes.

MeOx could provide benefits as (i) adsorbents (e.g., a-ZrO; is highly effective for
adsorption of phosphate and MS2), or (ii) oxidant quenchers; a-ZrO; and CeO: in
particular were found rapidly decomposing H-O> and FAC (for excess H20, removal
after conventional AOPs, and excess FAC removal before use or discharge). Some
potential practical implementations could be MeOx-precoat membrane filtration or

packed bed/column.
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Figure S4.1. Chorine speciation at varying pH versus (a) molar ratio with [FAC] = 1 mM, (b)
molarity with [FAC] = 1 mM, (c) molar ratio with [FAC] = 0.1 mM, and (d) molarity with
[FAC] = 0.1 mM. Chlorine speciation was calculated assuming equal molar of CI~ presenting in
the NaOCI stock.
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Figure S4.2. Fitting of apparent reaction rate constants for FFA+FAC reaction at varying pH.
Experiments were conducted by reacting [FFAJo = 5 uM with [FAC]Jo = 0.1 or 1 mM. The
reaction pHs were maintained by 10mM acetic acid (pH4~5), 10mM phosphate (pH6~8), or
10mM borate (pH9~10). Measured apparent reaction rate constants were fitted by a three
parameters exponential model using SigmaPlot.
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Figure S4.3. FFA degradation with MeOx/oxidant treatment. Experiments were conducted by
dosing solutions containing [FFA]o = 1 uM and [H202]o = 100 mM or [FAC]o = 1 mM into
MeOx solids to a MeOx/liquid concentration of 0.1 g/mL. The reaction pHs were not adjusted
throughout the reactions. Error bars represent one standard deviation about the mean of duplicate
measurements.
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Table S4.1. Alcohols reactions with ROS and RCS, and formation of formaldehyde and acetone

Radicals/ Reaction k References

Reactive (Mist

species

Methanol (MeOH)

HO MeOH + HO® ==> H,0 + *CH,OH (0.78-1.2)x10°  (Rosset al., 1998)

10, 10, + MeOH ==> products 3x108 (Young and Brewer,

1976)

cl MeOH + CI* ==> products ~1.3x108 (Horvath, 1989)
MeOH + CI* ==> products (2.7-5.7)x10° (Ross et al., 1998)

O~ MeOH + O ==> H20 + ‘CH,O~ 5.8x108 - (Ross et al., 1998)

8.6x108

Cly MeOH + O~ ==> HCI + ‘CH,0OH + CI~ 4x10° (Fel'dman et al., 1986)

MeOH + Cl,"~ ==> products 3.5x10° (Hasegawa and Neta,
1978)

€aq- €a- + MeOH ==> CH;0™ + H° <1x10* (Anbar and Hart, 1964)
‘CH20H + *CH,0OH ==> (CH,0H); 1.7x10° (Wang et al., 1996)
*CH20OH + *CH,OH (Wang et al., 1996)
==> CH,0 + CH;0OH
‘CH.0H + CH.O™ + H,0 1.2x10° (Wang et al., 1996)
==> (CH,0OH), + OH"-
‘CH20H + CH,O + H;0 (Wang et al., 1996)
==> CH30—CH,0OH + OH"~
‘CH20H + CH,O™ + H,0 (Wang et al., 1996)
==> CH,0 + CH30H + OH"
CH,O~ + CH,O~ + 2H,0 5x108 (Wang et al., 1996)

==> (CH,0OH), + 20H"

CH.O™ + CH.O™ + 2H,0
==> CH30—CH>0H + 20H"

CH,O" + CH,O + 2H,0
==> CH,0 + CH30OH + 20H"

(Wang et al., 1996)

(Wang et al., 1996)

Isopropanol (iPrOH or 2-PrOH)?

HO 2-PrOH + HO" (1.6-2.3)x10° (Ross et al., 1998)
==>H,0 + (CH3)2COH
10, 10, + 2-PrOH ==> products 1.7x103 (You;ng and Brewer,
1976
cr 2-PrOH + CI' ==> HCI + (CH3).COH 6x10° (Mertens and von
Sonntag, 1995)
2-PrOH + CI* ==> products ~4x108 (Horvath, 1989)
2-PrOH + CI* ==> products 3.7x10° Sumiyoshi et al. (1987)
o 2-PrOH + O (1.2-1.5)x10° (Ross et al., 1998)
==>‘CH,CHO—-CH; + H,O + (CH3)2C07
Cly~ 2-PrOH + Cly™ (1.2-1.9)x10° (Ross et al., 1998)

==> (CH3),COH + CI" + CI" + H*

tert-Butanol (t-BuOH)

HO t-BuOH + HO*

(4.2-7.6)x 108

(Ross et al., 1998)
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==> H,0 + ‘CH,C(CHs),OH

10, 102 + t-BuOH ==> products 1.8x10°8 (YOU;Q and Brewer,
1976
cr t-BuOH + CI° (0.3-1.5)x10° (Ross et al., 1998)
==> HCI + "CH,C(CHs).OH
t-BuOH + CI' ==> HCI + (CH3)3CO" ~7x108 (Gilbert et al., 1988)
t-BUOH + CI' ==> products 3.2x10° Sumiyoshi et al. (1987)
o~ t-BuOH + O~ ==> products (3.2-5)x108 (Ross et al., 1998)
Cly~ t-BuOH + Cly"™ ==> products ~7x10? (Hasggawa and Neta,
1978
€aq- €aq- + t-BUOH ==> products <4x10° (Koehler et al., 1985)
Clo t-BuOH + CIO® ==> products 1.3x107 (Wu etal., 2017)
*CH2C(CHs)20H + O2 1.4x10° (Reisz et al., 2003)
==> 'OOCHzC(CHg)zOH
*‘O0CH2C(CHs)20H + *O0CH,C(CH3),0OH 8x10’ (Reisz et al., 2003)
==>0, + HOC(CHa)zCHzOH +
HOC(CHz3).CHO
*‘O0CH2C(CHs),0H + *O0CH,C(CH3),0OH 1.2x108 (Reisz et al., 2003)
==> H,0, + 2HOC(CH3)2CHO
*OOCH2C(CHs),0H + *OOCH,C(CH3).OH 1x108 (Reisz et al., 2003)
==> (0, + 2CH,0 + Z'C(CHg)on
*‘O0CH2C(CHs).0H + *O0CH,C(CH3),0OH 1x108 (Reisz et al., 2003)
=>02+
HO(CH3),CCH,OOCH,C(CHs).OH
*C(CH3)20H + O, ==> *O0C(CHs).0H 2x10° (Reisz et al., 2003)
*O0C(CH3)2,0H ==> (CHj3),CO + HOy' 6x102 (Reisz et al., 2003)

8 (CH3).COH is the enol isomer of acetone (CH3),C=0 (keto/enol tautomerism)

Table S4.2 Water quality analyses for Lake Washington natural water sample

. Alkalinity - -
Sampling DOC Cl Br Phosphate
Water sample pH (mg/L as
date CaCOQs) (mg/L) (mg/L) (mg/L) (mg/L)
07/27/2022 | L3k Washington- | g o5 | 517, 02 | 232+ 003 45 <0.1 <0.05
Magnuson Park
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Chapter 5. MICROORGANISM INACTIVATION BY MEOX/H202

AND MEOX/FAC TREATMENTS
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5.1 Introduction

Human enteric viruses are present in wastewater as well as in natural waters impacted by
raw or insufficiently treated sewage (Bosch, 1998). These viruses can cause various waterborne
diseases, hence their presence in waters used for drinking or recreational purposes presents a risk
to public health. Conventional disinfection practices are not always sufficient to completely
disinfect viruses (Keswick et al., 1985; Thurston-Enriquez et al., 2003). Therefore, more
effective oxidation practices are needed to ensure microbial water safety. MS2 bacteriophage is a
nonenveloped RNA virus with an icosahedral capsid measuring 22—-29 nm in diameter (Blanch et
al., 2002; Golmohammadi et al., 1993). Bacteriophages have been proposed as viral indicators,
in particular coliphage MS2, which is similar in size and shape to human enteric viruses, and
with structure similar to that of many pathogenic enteric viruses. Therefore, MS2 phage is widely
used as a model to estimate viral survival in water (Dawson et al., 2005; Grabow, 2001,
Microbiology, 1991; Sobsey et al., 1995) or to quantify virus elimination by membrane filtration
processes (Herath et al., 1999; Hu et al., 2003; Jacangelo et al., 1995). Spores of Bacillus subtilis,
a FAC-resistant form of bacteria, have been successfully established for the evaluation of UV
plants for water disinfection and have also been found to be a valuable surrogate for testing the
inactivation of Giardia lamblia cysts and Cryptosporidium parvum oocysts (Facile et al., 2000;

Sommer and Cabaj, 1993).

Given the facts that 1O, appears to be a major ROS produced in MeOx/H20; reactions
and that O, is effective in inactivating MS2 bacteriophage (Kohn et al., 2007; Kohn and Nelson,
2007). MS2 virus and B. subtilis spores were used as model microorganism to test out the

treatment efficiency of the MeOx/H20. systems. MeOx/FAC systems were not tested due to
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rapid direct chlorination inactivation of MS2 by chlorine (Casteel et al., 2008; Lim et al., 2010;

Shin and Sobsey, 2008).

5.2 Materials and Methods

5.2.1 Chemicals and Medium Preparation

All chemical reagents were purchased from Fisher or Sigma-Aldrich, and were of
molecular biology grade purity, or reagent grade purity if the former was not available. The
working stocks of chemical reagents (except for disinfectants and redox reactive reagents) used in
bacteria culturing and inactivation experiments were sterilized either through autoclaving or 0.2 pm
membrane filtration if not amenable to autoclaving. All stock solutions of general reagents were
prepared in Milli-Q ultrapure water with resistivity > 18.2 MQecm. FAC stock solutions were
prepared by diluting a commercial aqueous NaOCI stock (available chlorine, 4.00-4.99% w/w,
Sigma-Aldrich) in Milli-Q water, and standardized spectrophotometrically at 292 nm (eoci- =
362 M*cm™) (Furman and Margerum, 1998). H-O; stock solutions were prepared by diluting a
commercial aqueous H2O; stock (31.7% w/w, Fisher) in Milli-Q water, and standardized
spectrophotometrically at 240 nm (enzo2mo2- = 38 Mlem™) (Morgan et al., 1988). Broths, agar

and other culturing media were all purchased from BD Difco™.

5.2.2 Microorganism Preparation and Viability Assay

(i) Bacillus subtilis spores stock preparation

Vegetative cell growth. Freeze-dried Bacillus subtilis spore cells (2A13) were purchased

from the Bacillus Genetic Stock Center (BGSC, Ohio, USA), which is identical to the
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ATCC6633 strain. Stocks of B. subtilis were prepared under sterile conditions using aseptic
techniques performed in a Biosafety Level 2 hood (BSL-2). Freeze-dried spores absorbed onto
three filter disks was revived by placing the filter disk on a nutrient agar plate with drops of
nutrient broth. After overnight incubation at 37°C, one colony of revived vegetative B. subtilis
was inoculated into several 50mL sterile centrifuge tubes with each containing 30 mL nutrient
broth to propagate the vegetative cells. For the case of reviving B. subtilis directly from spores
stock, dipped sterile wire loop into spore stock, and streak plated on nutrient agar plates, allowed
overnight incubation at 37 °C, and then one colony of revived vegetative B. subtilis was
inoculated into several 50mL sterile centrifuge tubes with each containing 30 mL nutrient broth.
The centrifuge tubes were loosely capped to maintain aerobic conditions (ample headspace), and
incubated at 37 °C at 150 shakes/min in a benchtop shaking incubator. Incubation continued for
approximately 15~20 hours if using nutrient broth, or until the solution reached peak optical
density (OD) at 600 nm, and growth is on the cusp of stationary phase but still in exponential

phase.

Sporulation. After achieving this degree of vegetative cell growth, the cells were
concentrated by centrifuging at 3,500 G for 10 min at 4°C. Poured off the supernatant, and
resuspended the pellet with ~10 mL of sterile water. These steps were repeated again. Poured off
supernatant and resuspend by adding 0.2 mL of sterile water into each 50mL centrifuge tube
containing the vegetative cells. Concentrated vegetative cells in each tube were then transferred
to one 10-cm diameter AK#2 sporulating agar plate for sporulation, spread the cell solution using
a cell spreader. Allowed for plates to dry before inverting, and then incubate the plates at 37°C

for 5-7 days.
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Spore harvesting. Following incubation, take the AK#2 agar plates out from the
incubator and allow them to acclimated to room temperature. Added 3-5 mL of sterile water or
1x phosphate-buffered saline (PBS) to each plate and allow several minutes to loosen the spores.
Using a cell scraper and a pipette, scrape spores from agar and transfer spores in remaining
liquid to a sterile 15mL centrifuge tube capable of withstanding centrifugation at least 10,000 G.

Be careful not to scrape too hard to lift off agar.

Spore purification and wet heat purification. Spore purification involved the repetition
of many centrifugation steps. First, the spores suspension were centrifuged at 10,000 G for 10
min. Pour off supernatant, and resuspend pellet in 10 mL sterile water. These steps were repeated
for two more times. Add 2mL sterile water to each of the 15mL centrifuge tubes containing the
cells, vortex, and then transfer the suspensions into microcentrifuge tubes which can tolerate
higher centrifugation speeds for up to 20,000 G. Next, spores were centrifuged at 20,000 G for
20 minutes in microcentrifuge tubes, discarding the supernatant, pipetting out the remaining
vegetative cells, and re-suspending pellet in water. This step was repeated numerous times until
the pellet possessed two layers: a thin lightly colored layer (vegetative cells) resting on a thicker
darker colored layer (spore cells). Modify the speed of centrifugation as desired and depending
on the ease with which the upper layer of the pellet sloughs off. Eventually, the upper layer with
vegetative cells was totally removed, leaving uniform darkly colored pellet of spores. Turned on
a water bath with thermometer submerged to high heat 1.5 hours before heat purifying. Be sure
water level is sufficiently high. Divided desired total quantity of spores needed for experiment
into smaller volumes (i.e., 1-1.5 mL in microcentrifuge tubes). This is to ensure that there is

uniform heating for purification. When thermometer reads 80°C place microcentrifuge tubes
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with spores into floating devices. After 20 min, remove the spores and they should be purified.

Allowed spore stock to cool and stored it in a 4°C refrigerator.
(ii) Bacillus subtilis spore viability test

Samples containing the B. subtilis spore after treatment experiments were cultured on
BBL™ Nutrient Agar (BD) (Forsyth et al., 2013). The spore viability will be quantified using
spot-titer method described by Beck et al. as this method is less time and material intensive and
yields statistically equivalent results as traditional spread plating method (Beck et al., 2009). A
serial of 10-fold dilutions will be prepared from the spore samples using sterile Milli-Q water or
phosphate buffer saline (PBS). Eight replicate 10 uL droplets of three dilutions were dispensed
onto a 10-cm nutrient agar petri dishes (i.e., maximum of 24 spots can fit in one 10-cm petri
dish). The droplets were left to dry on the agar, and then the plates were inverted and incubated

at 37 °C for ~15 hours. The colonies were counted immediately before they overlap.

This approach has been found to yield results statistically equivalent to those obtained by
traditional spread plating. Additional advantages of the spot-titer method over spread plating
include: (i) time-savings since it is quicker to dispense droplets than to spread over a plate and it
is quicker to count colonies in distinct spots than colonies spanning the surface area of an entire
plate; and (ii) cost- and resource-savings since an entire serial dilution series including replicates
requires only one plate. Thus, analyses of large experiments were performed more quickly, more
affordably, and with greater replicability than would have been possible with traditional spread

plating methods (Figure 5.1).
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Figure 5.1. Example of spot-titering of B. subtilis spores on nutrient agar plates with different
dilutions

(iif) MS2 bacteriophage stock preparation and purification

Culturing of MS2 and its E. coli host were performed as previous studies and the instructions
on ATCC websites with appropriate modifications (Beck et al., 2009; Cho et al., 2005; Panec
and Katz, 2006) (https://www.atcc.org/products/15597-b1 and

https://www.atcc.org/products/15597).

E. coli host preparation and storage. Opened vial containing freeze-dried E. coli cells
(ATCC15597) according to enclosed instructions. Using a single tube of #271 broth (5 to 6 mL),
withdraw approximately 0.5 to 1.0 mL with a 1.0 mL pipette. Rehydrate the entire pellet. Note
that this strain will grow on any standard medium (e.g. LB broth, nutrient broth). The #271
medium described above is the recommended medium for phage propagation. Aseptically

transfer this aliquot back into the broth tube and mix well. Use several drops of the suspension to
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inoculate a #271 (or other broths) agar slant and/or agar plate. Incubate the agar tubes or plates at
37°C for 24 hours. For short-term storage inoculate an Escherichia coli host culture onto tryptone
agar slants with a sterile inoculating loop by spreading the inoculum evenly over entire slant
surface. Incubate the culture overnight at 36.5 + 2°C. Store at 4°C for up to 2 weeks. (For long-
term storage inoculate a 5- to 10-mL tube of tryptone broth with host culture. Incubate overnight
at 36.5 £ 2°C. Add glycerol solution to make each stock contain 15% glycerol. Dispense into 1-

mL portions in 2-mL cryovials and store at -70°C, or lower.)

MS2 phage stock preparation. Before opening the vial with freeze-dried MS2 phage
(ATCC15597-B1), prepare an actively growing culture of the E. coli host strain. The host should
be 16-18 hours old. Pick one E. coli host colony from the isolation plate and homogenize in 5
mL of the appropriate broth. Incubate at 37°C while shaking (160-180 rpm) until the growth
reaches ODegoo of 0.1~0.4. Add approximately 1.0 mL of the recommended broth to a freeze-
dried bacteriophage vial (or 0.5 mL to a liquid cryovial). Infect each 3 mL culture with 100 pL
of the bacteriophage. Shake at 160-180 rpm in 37°C overnight. After 16-18 hours, centrifuge
phage culture at 4000 xg for 10 minutes. Filter the lysate with a 0.2 um or 0.45 um PES sterile
filter. The filtrate can be stored at 4°C. Prior to performing a spot titer, warm bottom agar plates
at 37°C. Melt the soft agar (0.5% agar added to the recommended medium #271) and maintain at
43°C to 45°C until ready to use. It is best to allow the melted agar to remain at this temperature
for about an hour to ensure that it has cooled to 43°C to 45°C. Add 50 to 100 pL of the host
culture from step 2 to each 9 mL (approximately) of soft agar from step 5 above. Immediately
overlay the surface of each plate with 3 mL mixture. Allow the overlay to harden for 10 to 20
minutes. The phage lysate can be serial diluted using microcentrifuge tubes by PBS solution in

triplicate (if desired; one can also use 96 well plates for serial dilution). Spot 5 pL of each
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dilution on the plates with E. coli host. Up to 24 spots can fit on a 100 mm petri dish. After 6 to 8
hours of incubation at 37 °C, lysis should be visible. At the higher dilutions, individual plaques
should be countable. To calculate pfu/mL, use the following formula: PFU/mL = average plaque
count / [(dilution factor) (5x10° mL)]. Spotting the phage on plates makes visualizing the lysis

easier.

MS2 phage purification. MS2 virus was propagated in E. coli and subsequently purified
and concentrated in different steps (Pecson et al., 2009). The unpurified MS2 virus stock was
inoculated into 100 mL of ATCC#271 tryptone containing log-phase E. coli at roughly ~107
CFU/mL at a multiplicity of infection of 0.1 (MOI = ratio of virus PFU/mL over E. coli
CFU/mL). Note that E. coli culture with ODgoo of 1 has about 8x108 CFU/mL. If the E. coli
culture overgrow a bit, you can dilute it by #271 tryptone broth to target cell concentration. After
inoculation with MS2, the E.coli solution was incubated at 37 °C with shaking at 160-180 rpm
for 5 hours. Following the incubation, 0.5 mL of chloroform was added into this 100 mL of
E.coli-MS2 suspension to complete the lysis of all bacteria. Distributed this 100mL suspension
into five 50-mL centrifuge tubes with each tube containing 20 mL, centrifuged at 4000 xg for 15
min to separate the bacterial debris from the virus. Transferred the supernatant containing virus
to 5 other new 50-mL centrifuge tubes. To each 20 mL of MS2-containing supernatant, added
equal amount of sterile 20% polyethylene glycol (PEG 6000), which made the final 40mL
solution contain ~10% PEG. To each 40 mL of MS2-PEG mixture, added 4.4 mL of sterile 5M
NaCl, which made the final solution contain ~0.5M NaCl. Stored the MS2-PEG-NaCl mixtures
overnight at 4°C. The MS2-PEG-NaCl mixtures were centrifuged at 7,000 xg for 45 min. Note
that PEG has higher density than water, so the upper layer should be aqueous phase and the

bottom layer should be PEG after centrifugation. Removed the supernatant, and the MS2-
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containing pellet in each tube was resuspended by adding 4 mL of 1x PBS buffer. To each tube,
added equal amount of 4 mL chloroform, and then centrifuged the mixture at 10,000 xg for 30
min. After centrifugation, you will see three layers, with aqueous top layer, middle layer of PEG
and bottom layer of chloroform. (density: PEG = 1.13 g/cm® and chloroform = 1.48 g/cm®).
Collected the top aqueous layer. The remaining aqueous phase was centrifuged for 10 min at
3,000 xg to separate it from the organic phase, transferred aqueous phase to a new tube, and
sparged with zero compressed air for 30 min to volatilize any remaining chloroform. Finally, the
solution was concentrated in an Amicon Ultra centrifugal filter device (100,000 Da nominal
molecular weight limit, 100kDa pore size roughly equals to 4 nm; MS2 phage has size of 30
nm), washed three times with PBS in the same filters, collect the liquid with MS2 retained on the
filter membranes, which could be in very small amount. Dilute the above tiny amount of MS2
stock to 2mL by PBS, and then passed it through a 0.1 pm-pore-size PES syringe filter. The
dilution is to avoid the syringe filter adsorb all MS2 stock. The final MS2 stock was stored at a

4°C refrigerator.

MS2 phage stock purity tests. Organic substances (e.g. media, chloroform and PEG)
applied during MS2 culturing and purification may remain in the MS2 stock. To ensure the
removal efficiency of these organic substances by the Amicon Ultra 100kDa centrifugal filter
device, TOC analyses were performed for the purified MS2 stocks and the filtrates. The result
shows that the centrifugal filters were able to remove ~99% of dissolved organic carbon
attributed to these additives. Only around 20 mg/L of DOC was measured in the MS2 stock
(2.55x10! PFU/mL), which could majorly be contributed by the virus itself. However, it was not
clear whether trace organic remains in the purified MS2 stock were low enough to exclude their

scavenging to reactive/radical species which could be generated during MeOx/H>0O> and
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MeOx/FAC treatments. To investigate this, the purified MS2 stock was diluted to 1.0x10° and
1.0x108 PFU/mL, respectively, and treated with UV/H,0, as HO" source using nitrobenzene as a
HO" probe. The result in Figure S5.1 indicated that radical scavenging by the MS2 stock itself

was negligible at the virus concentration levels used for inactivation experiments in this study.
(iv) MS2 bacteriophage viability test

MS-2 phages were quantified by the double-layer agar method using the mutant strain of
E. coli C3000 (ATCC 15597) as the host (Cho et al., 2005; Sjogren and Sierka, 1994). For
viability assessments, samples after inactivation treatment were serially diluted using PBS
buffer. Inoculated single colony of E.coli (15597) into 30 mL of #271 tryptone broth, and
incubated at 37 °C with shaking at 160-180 rpm. Incubated E.coli culture until OD600 reached
0.1~0.4. Melted #271 top agar in water bath or using microwave. Microwave was found to be
much more efficient in melting top agar (takes only 60~80 sec). Transfer 3mL of top agar into
multiple sterile 15-mL centrifuge tubes, and placed them into pre-heated digital heatblock
maintaining at 60°C. Although some other literature suggested 45-50 °C. We found that agar
could easily solidify under those lower temperatures. 60°C can make the agar remain as liquid,
while not killing E. coli to a significant degree. To each 3 mL of top agar, dosed with 100 pL of
E. coli host (OD600 at 0.1~0.4), vortexed and immediately poured over bottom agar plates.
Rotated the agar plate to make sure the E.coli-containing top agar was evenly distributed. Waited
for 10~20 min to let the top agar solidify. Spot-tittered 5 pL of MS2-containing samples (w/
different dilutions) onto the plates containing top agar with E. coli host. Each 10cm-diameter
plate can fit 24 spots at most. Eight spots were titrated for one replicate of virus sample, and
three replicates in the same concentration on a single agar plate (total 24 spots on a plate). Let

the sample dry in the biosafety cabinet (BSC), inverted the plates and incubate them at a 37°C
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incubator for 6~8 hours. Single virus plaques may be difficult to identify if incubated for longer
time. Plaque forming unit for MS-2 phage will be counted after incubation (Figure 5.2).
Selection of statistically meaningful plate counts was carried out according to Standard Methods

(APHA/AWWA/WEF, 2005).

Figure 5.2. Example of spot-titering of MS2 phage on ATCC#271 tryptone agar plates with
varying dilutions

5.2.3 MeOx/H,0, and MeOx/FAC Treatment for Bacillus subtilis Spores

MeOx/FAC inactivation were conducted by single-dosing treatment by dosing ~1x10°
CFU/mL B. subtilis spores and 1mM FAC into 0.1 g/mL suspension of MeOx solids. MeOx
minerals were first placed in autoclaved reactors in addition to 5mM bicarbonate. The
MeOx/carbonate suspensions were adjusted to pH7 using sulfuric acid, followed by magnetic
stirring at 300 rpm for at least 1 hour to allow all substances reach equilibrium. After sufficient

time, B. subtilis spores were dosed, and 1mM FAC were added immediately after to the
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suspensions to initiate the reactions. Throughout the experiments, the reactors were tightly closed
to prevent CO; off-gassing except when taking samples. MeOx/H20- inactivation were
conducted in similar way, while buffers and pH adjustment were not applied because spores
were found very resistant to pH changes and that pH did not appear to affect direct H.O>

inactivation of spores, as confirmed by the control experiments.

At designed reaction time, small aliquots of reaction suspension were taken into
microcentrifuge tubes containing sufficient sodium thiosulfate for H.O2 or FAC quenching. The
quenched-suspensions were used directly for spot-titering with adequate dilutions. Centrifugation
to separate MeOx and spores would not be recommended as spores have similar density as the
minerals. Meanwhile, small aliquots of reaction suspension were directly filtrated by 0.2 pum,
polyethersulfone (PES) filters to remove MeOx solids without oxidant quenching. The filtrates
were later used for H202, FAC and pH measurements. Control experiments with H.Oz-only,

FAC-only and MeOx-only treatments were also conducted for comparison.
5.2.4 MeOx/H,0, Treatment for MS2 Bacteriophage

Experiments were conducted by single-dosing treatment by dosing ~1x10°% PFU/mL MS2
and 10mM H20> into 0.1 g/mL suspension of MeOx solids. MeOx minerals were first placed in
autoclaved reactors in addition to 5mM bicarbonate, 20 UM EDTA. The MeOx/carbonate/EDTA
suspensions were adjusted to pH7 using sulfuric acid, followed by magnetic stirring at 300 rpm
for at least 1 hour to allow all substances reach equilibrium. After sufficient time, MS2 phages
were dosed, and 10mM H20. were added immediately after to the suspensions to initiate the
reactions. Throughout the experiments, the reactors were tightly closed to prevent carbonate off-

gassing except when taking samples. EDTA was required to prevent interference from reactive
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species generated through trace transition metals (impurities) with H.O,. Without addition of
EDTA, 10mM H20- was found to cause complete MS2 inactivation within 5 min. At designed
reaction time, small aliquots of reaction suspension were taken into microcentrifuge tubes
containing sufficient sodium thiosulfate for H.O2 quenching. The tubes were centrifuged at
10,000 xg for 5 min, and the supernatants were collected. Meanwhile, small aliquots of reaction
suspension were directly filtrated by 0.2 um PES filters to remove MeOx solids without oxidant
quenching. The filtrates were later used for H2O2 and pH measurements. Control experiments

with H202-only and MeOx-only treatments were also conducted for comparison.

5.3 Results and Discussion

5.3.1 Inactivation of B. subtilis Spores

Control experiments of H,O2-only and MeOx-only suggested that there was no direct
inactivation caused by H.O; alone, and negligible inactivation and adsorption by the three MeOx
tested, including a-ZrO,, m-ZrO,, and CeO; (Figure 5.3a and b). However, 0.1g/mL MeOx
reacting with 10mM H20; did not cause spores inactivation as well. Note that MeOx/H20>
inactivation were conducted in absence of buffer solution and without pH adjustment since
spores were found highly resistant to pH changes. It has been confirmed that 'O, a relatively
weak oxidant, was the major reactive species generated during MeOx/H20> reactions, which may

not be sufficient to inactivate tenacious spores.

On the other hand, ImM FAC can cause rapid spores inactivation with treatment
efficiency enhanced with decreasing pH. HOCI species is usually believed to contribute much
more than OCI™ to inactivation of microorganisms, hence acidic condition shows effective kill of
microorganisms by shifting the equilibrium from OCI™ to HOCI (pKa = 7.54) (Figure 5.3c and d)
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(Barrette et al., 1989; McDonnell and Russell, 1999). Upon pH7 treatment with CT ~ 70
mg/Lsmin, 1ImM FAC lead to 0.9-log of inactivation, and 1.4-log for both in the presence of
CeO2 and TiO2. The slightly faster loss of spores may be resulted from RCS generated during
CeO2+FAC and TiO2+FAC reactions. Spores possess coat proteins with FAC-reactive functional
groups (like amino and sulfhydryl groups) and the coat’s low-permeability required higher FAC
exposure before it can permeate to damage the spore’s inner membrane. This can render spore
inactivation and hence loss of spore viability during disinfection usually would appear a “lag

phase” (Figure 5.3d).
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Figure 5.3. Treatment of B. subtilis spores from MeOx/H.O, and MeOx/FAC. Data were plotted
as log inactivation versus (a)(c) reaction time or (b)(d) cumulative CT valve. Error bars represent
one standard deviation about the mean of triplicate measurements.
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Loss of viability of a microorganism during disinfection treatment often follows second-

order Kinetics, according to eq 5.1,

%—T = —k[Disinfectant]N (5.1)

where N is the number concentration (in units of viable units/volume) of the microorganism,
[Disinfectant] is the disinfectant concentration, and k is the second-order rate, and the overall
reaction is first-order in [Disinfectant] and first-order in N. By integrating the above equation,

one derives the general expression for the Chick-Watson model (eq 5.2),

N, | te 5.2
Iog(N—j_—k_[O[Dlsmfectant]dt (5.2)

0

where No is the initial number concentration of the microorganism at time 0, and N is the

number concentration of the microorganism after a period of t. The term, j ‘[Disinfectam]dt, is often
0

referred to as CT, where C represents [Disinfectant] and T stands for reaction time. In the case

for disinfectant-resistant microorganisms like spores, loss of viability would characterized by a

lag phase followed by a post-lag phase exhibiting first-order loss of viability when log(N/No) is

plotted versus CT, as shown in eq 5.3 below

0 0, |f CT S CTlag

| -k(CT - CT,,), if CT>CT, (5.3)

lag
Data in Figure 5.3 were fitted in the post-lag phase by linear regression to have the slope
of inactivation rate constant k and a y-intercept of log(N/No). One can find that CTiag will have a

value of log(N/No)/k. Inactivation rate constants k and CTiag values during MeOx/H20> and
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treatment for B. subtilis spores are summarized in Table 5.1. Treatment by FAC in the presence
of CeOz and TiO; exhibited higher inactivation rate compared to the FAC-only control

experiment at the same pH7, and they also shorten the lag phase CTiag.

Table 5.1. Inactivation rate constants k and CTiag Values during MeOx/H,02 and MeOx/FAC
treatments against B. subtilis spores and MS2 phages

Condition k intercent R-square Estimated CTiag
(mg/L 'minh) y P (N=data point) (mg/Lxmin)
B. subtilis spores
1mM FAC-only 1.00002
(PH4.2) 0.0282 3.2672 (N=2) 116
1mM FAC-only 1.00002
(PH7.0) 0.0176 1.5033 (N=2) 85
1mM FAC-only 1.0000?
(pH8.5) 0.0105 1.0261 (N=2) 98
CeOx+1mM FAC 0.9937
(PH7.0) 0.0503 1.9350 (N=3) 38
TiO+1mM FAC 0.9614
(PH7.0) 0.0373 1.6942 (N=3) 45
MS2 phages
m-ZrO,+10mM H,0, 4 0.9817
(pH7.0) 1.09x10 n.a. (N=7) n.a.
Ce0,+10mM H,0, 3 0.9996
(pH7.0) 3.54x10 n.a. (N=5) n.a.

2 Only two data points available for regression for linear inactivation after lag phase

5.3.2 Inactivation of MS2 Bacteriophages

Preliminary tests with 0.1g/mL a-ZrO> show that it can strongly adsorb MS2 phages,
causing around 3.5-log of MS2 removal in 5 min (data not shown). Addition of pH7, 50mM
phosphate has proved to desorb MS2 from a-ZrO- surfaces with recovery rate around 75%.
However, given that a-ZrO, does not seem to yield significant O during reactions with H202

(Figure 4.16), m-ZrO2 and CeO- were tested for MS2 inactivation (Figure 5.4). Direct reaction
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with 10mM H>0> was found negligible (H20.-only condition). MeOx-only control experiments

showed that both minerals could adsorb MS2, resulting in around one log of MS2 removal from

the aqueous phase. 10mM H,O; in the presence of 0.1g/mL CeO- caused 4.5-log of total loss of

MS?2 after 30 min of reaction (1-log loss by adsorption, and 3.5-log by chemical disinfection).

m-ZrO»+H0; caused rapid MS2 loss during early reaction with a total 2.5-log loss (1-log loss

by adsorption, and 1.5-log by chemical disinfection), followed by slow inactivation at later time

with total 3-log loss at 60 min of reaction (additional 0.5-log loss by chemical disinfection).

Figure 5.4b plotted against CT values suggested that CeO, was much more effective in treating

MS2 than m-ZrO2 upon reactions with H20.. These are consistent with the observation in the

D20 experiments that CeO,+H,02 can induce higher yield of 'O, (Figure 4.16).
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Figure 5.4. Treatment of MS2 phages from MeOx/H20,. Data were plotted as log inactivation
versus (a) reaction time or (b) cumulative CT valve. Error bars represent one standard deviation
about the mean of triplicate measurements for MeOx+H»0,, and of duplicate measurements for

H202-only and MeOx-only experiments.

Adsorption of MS2 on m-ZrO; and CeO> both reached equilibrium at 10 min of reaction.

Inactivation rate constants k from disinfection by MeOx/H20; treatment were calculated based

on data points after adsorption reaches equilibrium using eq 5.2 since MS2 does not show a lag

phage during disinfection (Table 5.1).
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5.4 Summary and Potential Practical Implications

o Results demonstrated that MeOx/H,0> systems with m-ZrO, and CeO> were capable of
effectively removing viruses most likely by 'O, by 4.5-log and 3-log of losses in total.
One the other hand, they caused little inactivation for tenacious microorganisms like
spores. The MeOx/FAC systems with CeO; and TiO, was found slightly facilitate
disinfection of spores in addition to direct chlorination.

o Four tested MeOx (a-ZrOz, m-ZrO,, CeO; and TiOy) in this study do not adsorb spores

while can adsorb MS2 viruses from minor to large extend - a-ZrO- in particular likely

due to its surface characteristics and high specific surface area.

. Despite the fact that a-ZrO> yielded less reactive species than other MeOx; its can be
utilized in (waste)water treatment and laboratory use as a great adsorbent to remove
water-borne pathogens like viruses and potentially some other microorganisms. CeO>
was found to be the one most effective in treating MS2 via both chemical oxidation
(primary) and adsorption (secondary). However, CeO2 may result in higher potential of
DBP formation if used in water treatment as it can produce more reactive/radical oxidants
in the presence of H2O2 and FAC. m-ZrO. was found to function in between a-ZrO; and
CeOo.

o Further studies should be focused on more systematic investigation for microorganism
adsorption on these MeOx minerals. Other common water pathogens (i.e., E. coli) are
also worthwhile to be included for assessing the MeOx/H>0, and MeOx/FAC treatment.
In addition, the study can later be extended to modeling of microorganism inactivation,
S0 one can use it to predict microorganism inactivation under various treatment
conditions.
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Supporting Information for Chapter 5
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Figure S5.1. UV/H;0, treatment of purified MS2 solutions using nitrobenzene as HO" probe.
Experiments were conducted by irradiation of [H202]o =1 mM with [NB]o = 1 uM, and [MS2] =
10° or 108 PFU/mL using a low pressure Hg lamp. Error bars represent one standard deviation
about the mean of duplicate measurements.
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Chapter 6. GENERAL CONCLUSIONS
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This dissertation conducted comprehensive investigation on utilizing some
unconventional agents/catalysts to active H>O2 and FAC for generating reactive/radical species.
Three novel processes, O2/FAC, MeOx/H20, and MeOx/FAC, were studied in various aspects
in their reaction kinetics, mechanisms, and efficiencies during water treatment of organic
contaminant removal and/or microbial disinfection via chemical oxidation and/or surface

adsorption. The major objectives included:

(i) to establish multiple fast and easy-to-operate approaches in producing O™ stock via
photochemical and non-photochamical methods

(ii) to systematically identify reactive/radical species being generated in the O, /FAC
process and to quantify their exposure under various reaction conditions, such as varying
reaction pH, absolute dose of [O2"] and [FAC], [O2")/[FAC] ratio, effect of water constituents,
and different dosing appproaches (pre-add dosing and post-add dosing)

(iii) to evaluate the potential of applying the O2/FAC process as a novel AOP, including
disinfection byproduct measurements, cost evaluation, possible designs for practical
implementation in water treatment

(iv) to systematically identify aqueous and/or surface-bounded reactive/radical species
being generated in the MeOx/H>02 and MeOx/FAC systems using multiple selected non-ferrous
and non-cuprous minerals

(v) to assess the efficiencies of selected MeOx minerals on H202 and FAC decomposition
as well as organic contaminant removal via catalytic reactions, redox reactions, or surface
adsorption. Also, to evaluate their potentials in industrial and laboratory applications.

(vi) to investigate the efficacies of the MeOx/H>0> and MeOx/FAC systems toward

microorganisms inactivation under typical environmental conditions
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O2"/FAC process:

Several photochemical and non-photochemical approaches were successfully established
to generate sub-mM to mM-level of O>™ stock solutions with moderate stability under alkaline
conditions, including KO dissolution, UV irradiation of alkaline H,O> at 254 nm or 222 nm, and
ozone treatment of alkaline H.O>. These stocks were utilized to investigate the O /FAC process
under various reaction conditions. Organic probe compound experiments have confirmed in situ
generation of HO® and RCS (including CIO*, CI°, and/or Cl,™) during O2" /FAC reactions with
radical exposures comparable to many currently applied AOPs in (waste)water treatment, such as
UV/H20., O3/H,0>, and UV/FAC. O, /FAC treatment can be applied effectively in natural
waters and SRNOM-amended artificial waters containing up to 5 mgC/L of DOC, though
efficiency decreases with increasing DOC, due to scavenging of HO® and RCS by DOM. This
suggested the potential of applying O>"/FAC for contaminant removal in drinking water
treatment or potable water reuse, which feed waters typically contain less than 5 mgC/L of DOC.
Direct formation of halogen-containing DBPs — including chlorite, chlorate, bromate,
perchlorate, THMs, and HAAs during O>"/FAC treatment is minimal, though THM and HAA
formation was found to be moderately enhanced during post-chlorination of O, /FAC-treated

solutions.

The Oz /FAC process could potentially be useful in smaller-scale decentralized and
point-of-use water treatments by generating O™ stocks with small UV lamp array, and then
relatively small volumes of O™ stock solutions would need to be injected into the main flow of
the water treatment facilities. It does not required to irradiate the whole water body for treatment
like many of the currently applied UV-based AOPs, and hence it would need a much smaller

lamp array, less associated capital costs, and have lower concern regarding UV light
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transmission limitation. At current point, UV photolysis of alkaline H20> solution may be a more
feasible way for stable O>™ stock generation . The stocks can be prepared by the mixture of H2O>
with NaOH or Ca(OH), followed by UV irradiation. The resulted O,™ stocks can than be
applied in three different scenarios, depending on the needs (premix dosing or postmix dosing). If
the feed water already contains chlorine, then no chlorine or less amount of chlorine would be
required for the postmix dosing treatment. The treatment can be applied in CSTRs or using static
mixers or venturi mixers inside a pipe to ensure effective mixing, and the reaction reagents can
be infused to the reactors (for CSTR), or at different locations of a pipeline (for PFR) for single

or multiple-dosing application.

The findings reported in this study provide a foundation for further examining potential
applications of O, /FAC treatment. Additional works are required to fully evaluate opportunities
for optimizing various aspects of this process — in particular, with respect to approaches for
producing and stabilizing O>™ stocks, chemical usage and costs, implementation at scale, and
predicting and monitoring process performance. Further refinement (if possible) on the kinetic
model for O /FAC can also be beneficial in predicting organic contaminant removal during

treatment in future works.
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MeOx/H202 and MeOx/FAC processes:

Use of probe compounds and radical scavengers has suggested formation of
reactive/radical species during the MeOx/H.02 and MeOx/FAC reactions, including 02, O™,
and potentially HO", CI°, CIO", and Cl>" either in aqueous phase or surface-bounded.
Experiments using FFA probe and D,0 as reaction matrix indicate 1O, production in the
presence of H202 with a-ZrOz, m-ZrO and CeOs.. In the MeOx/FAC systems, however, no clear
evidence for O production was observed. By detecting formaldehyde and acetone formation as
reaction products in the presence of alcoholic radical scavengers (MeOH, iPrOH, and t-BuOH),
minor HO™ was found to be generated in MeOx/H>0, and MeOx/FAC systems. Two O2"™
indicators (TNM and NBT) were used to identify aqueous and surface-bounded superoxide.
Results indicated that a-ZrO»+H20; could yield both aqueous and surface-bounded O™, and m-
ZrOz+H20; primarily formed aqueous O2"". a-ZrO, possess high specific surface area (292 m?/g)
and can serve as a great choice of sorbent in removing organic pollutants and inorganic ions,
while without generating many reactive/radical species leading to undesired DBP formation.
CeO can also caused rapid H202 and FAC decomposition (second to a-ZrO; among the MeOx
tested in this study) accompanied by effective reactive/radical species production, which can be
used to selectively degrade organic pollutants. Release of free and nano-scale metals during
MeOx/H20, and MeOx/FAC treatment was found to be limited with no more than ~10 pg/L

release throughout most of the conditions being tested.

Microbial inactivation experiments show that MeOx/H20, with a-ZrO,, m-ZrO; and
CeO cause little treatment for B. subtilis spores. These minerals was also found can barely
adsorb spores. MeOx/FAC with CeO; and TiO: facilitated spore inactivation compared to the

FAC-only control experiment under the same reaction condition. Treatment of 0.1g/mL m-ZrO;
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and CeO- with 10mM H.0: caused 3-log and 4.5-log of total MS2 losses primarily via chemical
disinfection and with minor adsorption. Their disinfection efficiencies were consistent with their
abilities in generating *O2. Dose of 0.1 g/mL a-ZrO, though not able to generate much 1Oy,
achieved ~3.5-log of MS2 removal simply via adsorption within just 5 min. Despite the fact that
a-ZrO» yielded less reactive species than other MeQx, its can be utilized in (waste)water
treatment and laboratory use as a great adsorbent to remove water-borne pathogens like viruses
and potentially some other microorganisms. CeO> was found to be the one most effective in
treating MS2 via both chemical oxidation (primary) and adsorption (secondary). However, CeO
may result in higher change of DBP formation if used in water treatment as it can produce more
reactive/radical oxidants in the presence of H.O, and FAC. m-ZrO> was found to function in

between a-ZrO» and CeO..

Findings in this study demonstrate the potentials for use of these less-explored MeOx in
driving organic contaminant and microbial pathogen removal via degradation and/or adsorption,
as well as in applications requiring removal of residual oxidants during or after conventional
processes in (waste)water treatment. Activities of the MeOx systems were found sustained in
terms of FFA degradation and formaldehyde formation over at least five treatment cycles,
suggesting repeatedly use of these minerals or if appropriate recoveries can be performed.
Further works can be focused on more systematic investigation for microorganism adsorption on
these MeOx minerals. Other common water pathogens (i.e., E. coli) are also worthwhile to be
included for assessing MeOx/H20. and MeOx/FAC treatment efficiencies. In addition, the study
can later be extended to modeling of microorganism inactivation, so one can use it to predict

microorganism inactivation under various reaction conditions.
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