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Bacillus subtilisspores, which are highly resistant to chlorine disinfection, have frequently been
used as models for such chlorine-resistant, waterborne pathogéngasbliaandC. parvum

The goal of this research was to investigate the use of simulated sunlight teegngdraxyl

radical via HOCI/OClphotolysis during free chlorine disinfection to synergistically enhBnce
subtilisspore inactivation. Reactors were irradiated indoors using a Newport saldateir
equipped with a 450-W Xenon lamp4@ee) or outdoors with natural sunlight. The solar
simulator emits light primarily at non-germicidal wavelengths betw&00 and 400nm. At

starting conditions, reactors contained phosphate buffer (0.01 M, pH 6-8) or natural NOM
containing water sampled from nearby municipal treatment facilities (9} 13-10> CFU/m

B. subtilisspores, angara-chlorobenzoic acid (pCBA) as a hydroxyl radical probe. The
inactivation ofB. subtilisspores at 10, 25 (indoor) and 33 °C (outdoor) was monitored after
adding between 1-8 mg'Las C} of free available chlorine (FAC) and either keeping reactors in
the dark or exposing them to simulated or natural sunlight for a brief period of titee. A
removing irradiated reactors from the light source, continued inactivatieABywas monitored

in the darkB. subtilisspores were enumerated using the spot titer culture assay method,
allowing for at least 2-log-unit reductions to be measured in all cases. Inactivati@n sdibtilis
spores was modeled using the delayed Chick-Watson model. Inactivation waslprim

characterized by pseudo-first order rate consténis [(min-mg)?), lag phase length (in Ct



units), and Gb values. The G refers to the Ct (in (mg-min)1) needed to achieve a 2-lag
(99%) reduction. To understand the effect of hydroxyl radical exposure on enhancement of
inactivation by FAC, the rate enhancement factor (ratio of light:dawk)ag phase or ¢
reduction factors (ratio of dark:light) were calculated. Neither simdlstinlight nor natural
sunlight inactivatedB. subtilisspores on their own. With FAC alone, inactivation efficiency was
negatively related to pH and positively related to temperature. For phosphatedastiitions,
pH was the most important determinant of the enhancement effect from ioadvéh FAC:
reducing G4y values more than two-fold at pH 8. Overall, theg@duction factor showed a
positive linear relationship with pH that was independent of temperaturedimgl10, 25 and

33 °C data). In natural waters with low NOM levels, the enhancing effeshafeted solar
radiation was only slightly lower than would be expected based on pH despite muchdsidwer
inactivation with FAC only. The enhancing effect of irradiation is hypotleeésia be due
primarily to the generation of hydroxyl radical during FAC photolysis. Accolginghen a
hydroxyl radical scavengeert-butanol (50 mM), was added to FAC-containing reactors during
irradiation, kinetics were reduced to the level observed with FAC alone. Previdiesdtave
indicated that hydroxyl radical effectively destroys chlorine-rétald components of thg.
subtilisspore coat and/or cortex. Thus, in this system, initial attack by hydroxyl Irathga

make the spores more vulnerable to subsequent attack by free chlorine, resaltaygergistic
effect. These findings highlight the possibility of augmenting chlorinati@tesgjies for
inactivation of otherwise chlorine-recalcitrant organisms through the userariergy
photochemical energy source®( sunlight, fluorescent lamps), as well as more energy-

intensive germicidal UV light, in centralized and decentralized wagatrhent applications.
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1. INTRODUCTION

1.1 Motivation
1.1.1 Brief History of Chlorine as a Disinfectant

Chlorine is the most common drinking water and wastewater disinfectant worl(hyide
Although initially introduced for continual use as a water disinfectanelgi@m in 1902, its

first application in the U.S. was at a municipal water treatment plargwnJdérsey in 190&).
Before long, chlorination became the most accepted water treatméoidnietoughout the U.S.,
Europe, and the rest of the world. In developed countries, chlorination primatuiiss @tc
centralized, municipal water treatment facilities, whereas in marsia@ng countries that lack
access to centralized water treatment, households or individuals are responsibkgihg their
own water, often with chloring). Chlorine is simple to use and it is easy to scale operations
from the individual level to large facilities serving thousands of individuals.

The benefits of chlorine to public health cannot be understated”loe?@ury America, the
introduction of chlorine-based water treatment is thought to have been parsptiynséle for
the dramatic reduction in national typhoid rates by the 1990€lorine has also reduced the
burden of cholera epidemics, from that which occurred two centuries ago in Loncaent
epidemics in Haiti and sub-Saharan Afriéa (n addition to reducing the incidence of well-
known diseases such as typhoid and cholera, improvements in drinking water quality from
chlorine treatment have contributed to reductions in chronic diarrheal diseasesdiEbases
are a significant concern among those without access to safe water and nesyobsible for

almost 2.2 million deaths per ye#).(

In addition to health benefits conferred by chlorine’s general ability toredte@iwaterborne
pathogens, the United States Environmental Protection Agency (EPA) statdddhiae das the
least expensive production and operating costs and longest history of use ofrdaygtdrsi 7).

It is also possible to maintain a chlorine residual that provides long-termtpotagainst re-



contamination. The World Health organization recommends a chlorine residual of 0.2“2 mg

to protect public healts.

However, chlorine has two main drawbacks related to public health: i) it isctig& against
chlorine-resistant pathogens suclCagptosporidium parvumand ii) it can react with organic
matter naturally present in water to produce carcinogenic disinfegtgmducts (DBPS). In

1993, over 400,000 residents of Milwaukee fell ill due to deficiencies in chlorsedhaater
treatment ®). Researchers surmised tlkatparvum a highly chlorine-resistant pathogen, entered
the water treatment plant from Lake Michigan waters and was inadequatelyed by the
combined treatment from chlorination, coagulation, and filtration. Although pre@ioparvum
outbreaks linked to water treatment failures had occurred in England, this wiasttbiesiuch

large magnitude in the U.S.

In response, the U.S. EPA and other regulatory bodies developed a seriedarfistéo increase
monitoring and treatment of chlorine-resistant pathogen<likgrvum Expanding on the
Surface Water Treatment Rule in 1989 that focused on increasing disinfectiortratidrfito
removelLegionellaandGiardia, the U.S. EPA initiated the Interim Enhanced Surface Water
Treatment Rule in 1998 to addré&ssparvum Additional rules included the Long Term 1 and
Long Term 2 Enhanced Surface Water Treatment Rules in 2002 and 2003 that brought more
attention to the subject, in addition to focusing on the concern of Disinfection By-P(DdR}
formation during chlorination. Additional regulations related to DBP formationdec the

Stage 1 and Stage 2 D/DBP rul&g)(

Along with these regulations, municipal treatment facilities shiftewh fthlorine as a primary
disinfectant to more cost- and energy-intensive UV, 0z@gk ¢r filtration techniques followed
by chlorine as a secondary disinfectant. Despite this shift, chlorineiWase in 97% of
drinking water facilities in the U.S. as of 200

Instead of shifting to other treatment techniques, this study focused on genpoatierful
oxidants from chlorine in solution via solar photolysis. This process could use piagexist

chlorination infrastructure in a novel way, be inexpensive, simple, and effecinactvating



chlorine-resistant pathogens. Furthermore, the process could be much more favanable tha
alternative treatment techniques in terms of the time and energy requitednitimizing the

formation of carcinogenic DBPs.

1.2Theory

1.2.1 Chlorine

1.2.1.1 Chlorine Speciation

Chlorine is commonly administered for water treatment as either mateztubrine (Cl) or
sodium hypochlorite (NaOCI). In solution, chlorine disproportionates into hypochlorious ac

(HOCI) and its conjugate base, hypochlorite (p(Equations 1-3). The combination of HOCI

and OClis commonly referred to as free available chlorine (FAC).

Clyg + H2O 5 HOCI + H + CI' (K=3.94 x 10" (12 (1)
NaOCl + HO 5 Na" + OH + HOCI (13) (2)
HOCI S OCI + H (pKa=7.5 at 25 °C)14) (3)

As shown in the above equations and Figure 1, solution pH influences FAC speciation. Above
pH 9 (25 °C), OClpredominates. At pH 7.5 there are equal proportions of HOCI and OCI
Between pH 1 and 5, HOCI is the dominant species. And below pH 1, the proportion of Cl
reaches a maximum. At circumneutral pH, typical of drinking water, FA€nsrglly present as

a combination of HOCI and OQFigure 1.1).
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Figure 1.1: FAC speciation as HOCI and O@s a function of pH at a chloride concentration of
0.3 mM.

1.2.1.2 Mechanism of Disinfection

Overall, FAC is considered to be a moderately effective disinfec&ntThe pH-dependent
speciation of FAC is particularly important in the context of disinfecione HOCI and OCI
do not possess equivalent disinfection capabilities. HOCI is a considerallgestdisinfectant
than OCI (1). Thus, increasing pH results in less effectiveness due to an increastrigution

from OCI, while decreasing pH results in greater effectiveness due to HOCI.

Often used as an indicator of biocidal activity, the reduction potential ofl B@Pproximately
1.48 volts at pH 8 and 20 °@A). Although less than the reduction potentiaDgfand chlorine
dioxide (CIQ), FAC’s reduction potential is greater than that of chloramine;(NH17).
Similar to NHCI, however, FAC provides an advantageous stable residual.



The effectiveness of FAC as a disinfectant exhibits a positive relationghipegard to
temperature. As explained by the van’t Hoff-Arrhenius equation and FACts/edyehigh

activation energy, increasing temperature increases FAC’s reéactis).

FAC’s mechanism of disinfection has been the focus of considerable resedtcts. fast
reactive toward proteins and only moderately reactive toward nucleic addipids, and less
reactive toward polysaccharides. FAC is selective, targeting spg@fips, such as sulfhydryl
groups on proteins or other biomolecul&8)( FAC can disrupt cellular function by oxidizing
metabolic proteins or nucleic acids or oxidizing cell membrane constituenteghktin
irreparable morphological changes to the microorgaii@in FAC is thought to inactivate
spores by oxidizing inner membrane proteins, which increases membrane péetyreaabil
susceptibility to subsequent oxidative atta2Zk)(

1.2.2 Chlorine-resistant Microorganisms

1.2.2.1 General Characteristics

Despite FAC'’s general effectiveness, chlorine is not as effectivesigehlorine-resistant”
microorganisms. Chlorine-resistance is a function of the charactewe$tcmicroorganism and
its environment. While viruses are generally susceptible to chlorination, tneppecome
difficult to disinfect if adhered to larger particlez?). Overall, vegetative bacterial cells are
considered susceptible to FAC. Certain bacteria form spBeesllsor Clostridiumspp.) and
are much more resistant to chlorination as spores than as vegetative3}eff®ne protozoa,
notably the pathogeniCryptosporidium parvurmare very chlorine-resistant, requiring
impractically high concentrations of chlorine or residence times in avdahieve adequate

inactivation g4).



1.2.2.2 Bacillus subtilis Spores

Many researchers have investigated the behavior of chlorine-nesysganon-pathogenic,
Bacillus subtilisspores as potential surrogates@omparvum(25, 26, 27. While B. subtilis
spores are less chlorine-resistant tBaparvumand behave differently when exposed to
oxidants 28), they have been shown to be more resistant@adambliato chlorination 29).
Furthermore, the breadth of information accrued from years of researctBmakKailisspores a
good subject of further disinfection studies comparing FAC resistance and aleeaxadative

processes.

Unfavorable environmental conditions trigger the transformation from vegetails to spores.
B. subtilisspores respond to environmental cues when conditions improve by germinating as
vegetative cells. The transformation from the metabolically active atdgetell to the resilient
spore gave spore-forming bacteria an evolutionary advantage, enabimtptivthstand severe
conditions for considerable lengths of time. There have been accounts of nmellioolg viable

spores preserved in lake sedimet.(

The spore’s ability to survive is related to its anatoBiysubtilisspores possess a thick
proteinaceous coat composed of as many as 25 different cross-linked protesffethat
considerable protection against heat and chemical treatB@&r8%. Recent research has
indicated that spore chromosomes are attached to small acid-soluble [®fhs) that offer
some protection against UV damage, heat, and some cherBitaB)( Furthermore, spores are

capable of repairing damaged DNA during germinatg8) 81.

1.2.3 Hydroxyl Radical as a Disinfectant

1.2.3.1 Photolytic Generation and Chemistry

Hydroxyl radical (HO) is highly unstable due its single electron deficiency: BEOcommonly

been generated in order to destroy organic and inorganic chemical contarmnaaters.

Photochemical and Advanced Oxidative Processes (AOPs) have been developed t® l§€hera



including Q/H.0, reactions, photo-Fenton reactions involvingdkland F&', and the photolysis
of H,O, or NO;/NO; (34, 35, 3p. FAC can also be photolyzed to generate (390.

Using FAC as a photochemical source of'Hi@s been scarcely studied for practical
applications, although the photochemical processes are well known (Eq. 4-7). Upon photo-
excitation with light ofAi< 400 nm, HOCI and OCare homolytically cleaved to form HO

according to the following series of reactions:

HOCI + hv — HO* + CI° nuo,,255nm = 0.9, NHo_sunlight = 0.7 (4a)
OCl- + hv > 0+ CI° 1o.-255nm = 0.1, No_-sunlight = 0.1 (4b)
0+ H,0 S HO* + OH- K,=1.4x 1¢ (5)
Cl* + H20 5 HOCI* + H* Ks = (1.4 + 0.53) x 18 (6)
HOCI*- 5 HO" + CI- Ks=1.4+0.26 (7)

In the abovenno, represents a HQjield factor equal td[HO ] generateh A[FAC] photolyzed 0. -
represents a Oyield factor equal ta\[O" ] generateA[FAC] photolyzea @nd “sunlight” refers to
wavelengths of 300 nmx< 400 nm.

In addition to HOformation, the photooxidant, Cls generated during FAC photolysis.
However, at circumneutral pH, and in the presence of I6wdblcentrations, the Gjenerated in
reactions 4a and 4b would react predominantly wit® kb form HOCT (Eq. 6). Subsequently,
HOCI"” would decay to yield additional HQEq. 7). Therefore, given pH and €bnditions
typical of drinking water, the majority of Qjenerated by FAC photolysis would also be
converted to HO(37).

The efficiency with which FAC is converted to Hi® described by the H@ield factor, ;o ,
and is inversely related to pH. As demonstrated by 4a and 4b, the solar sp¢©ftryield factor
is seven times greater for HO@LE, = 0.7) than OCI(y o.- = 0.1), indicating greater efficiency

at lower pH.



While the efficiency of solaFAC photolysis increases with decreasing the opposite is tru
for the solaiphotolysis rate, which increases with increasing Therate of FAC photolys is
faster for OClthan HOCI since O( absorbs more light at solar wavelengthg\iFe Z).
Similarly, Nowdl and Hoigné (199) (38) reported the pseudo-first-ordette constant of sol:
photolysis as 2 x Ibs™ for HOCl and 1.2 x 1°s* for OCI. As demonstrated by Figul.2 and
by taking into account the spteal rate of light absorpticand moar absorptivity coefficien of
HOCI and OCI as wellas the irradiance intensity of sunli¢ the optimal solawavelength foi
photolysis of HOCI and OCWould be 330 nm38). In contrast, aa monochromatic waveleng
of 253.7 nm(commonly used in UV disinfection applicatioithe HOCl and OC absorption
spectra intersecindicating that the rate of FAC photolysis wouldg#d-independent near th

wavelength.
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Figure 1.2 FAC molar absorptivityd) and solar irradiance versus wavelength. Noté=153.7
HOCI and OCl have equaabsorptivities Iastmrefers to the irradiance of the stande
Terrestrial Reference Spectra reported by the AtaariSociety for Testing and Materi:
(ASTM).



1.2.3.2 Mechanism of Disinfection

Disinfection by HOis primarily controlled by oxidation of cell constituents and diffusion into

the cell 89). HO' is a highly electrophilic and powerful oxidant with an oxidative potential
almost twice that of FAC (2.70 V versus 1.36 V for FA@Q))( Unlike FAC, HO is extremely

short-lived due to its high reactivity toward organic and inorganic compounds. Adtatres

half-life of HO' is only 10° seconds41). HO' is capable of effectively oxidizing all classes of

biomolecules present in microorganisms including nucleic acids, protein, lipids, and

polysaccharidesi@, 43, 44. Since it is highly reactive, H@ttacks whatever it comes in contact

with first, most often the outer cell membrane and wall constituéBtsThis destruction of cell

membrane or wall structures can impede normal function, rendering tim@wceliable 21). In
this way, HO may oxidize the highly protective exterior of chlorine-resistant microisges
such a$B. subtilisandC. parvum(43).

The secondary proposed mechanism of disinfection byi$ly diffusion into a cell followed
by oxidation of cellular constituents (i.e., amino acids of critical enzyrRegcting with
intracellular constituents could inhibit normal cell processes including preyathesis and
transcription or translation of DNA, among others. Diffusion into a cell is céedrbly charge,
molecular weight and a disinfectant’s half-li9). Disinfection by HOis thought to be more
diffusion-limited as the surface area-to-volume ratio of microorganisoneases, leading to

faster rates of inactivation for viruses compared to bacterial dé)ls (

1.2.4 The Ct Concept

For regulatory and comparative purposes, an oxidant’s effectiveness asextisinfan be
assessed by comparing the Ct value necessary in order to achieve aeestaihlbg,
inactivation where one lggunit of inactivation refers to a 90% reduction in the number of

viable microorganisms (Eq. 8).

Ct=2.303k x (# logs of removal)

(8)



In the above equatiok; is the concentration of the disinfectatris exposure time, ardis the

pseudo-first order inactivation rate constant.

The Ct value is the integrated concentration of oxidant over the oxidant’s residesoe the
water, modeled as an ideal plug-flow reactor (PFR). The Ct value can beideteby the

following equation (Eq. 9):

Ct=['c @at ©)

Ct values have been reported for FAC at varying pH and temperature. At pH 8, 20 °@dCho a
Yoon (2006) 40) showed that FAC Ct values necessary to achieve;glmifs of inactivation
(Ctgg value achieving a 99% reduction in microorganisms) varied by five orders oftodey

when comparing the gram-negative bacteritmcoli, to the more chlorine-resistaBt subtilis
spores and highly resista@t parvumThe specific Gj values were 1.3 x 10(mg-min) L* for

E. coli, 450 (mg-min) [* for B. subtilisspores and 4,200 (mg-min)*tfor C. parvum.

Meanwhile, HO Ctyg exposure values were substantially less than for FAC and much more
similar to each other, ranging from 1.5 x>1@ng-min) L* for E. coli, 8.2 x 10° (mg-min) L* for

B. subtilisspores, and 9.3 x TQqmg-min) L* for C. parvum(40).

1.2.5 UV and Solar Disinfection

Germicidal UV light is becoming a more common component of the municipal drinkieg wat
treatment process due to its effectiveness against many chlasisiné microorganisms.
Unlike chemical disinfection, inactivation by UV light depends upon radiant efiergrsely
related to wavelength), the absorption spectra of target molecules, anddbgtisulity of target
molecules to damage following light absorption. Germicidal UVC lightghly effective at
inactivatingB. subtilisspores. DNA and RNA readily absorb light in this range, yielding
thymine dimers as a consequence, which may result in mutations or limis alb#ity to
replicate 46). However, UV disinfection requires the use of expensive energy-intensive U
lamps and does not provide a protective residual like FAC.

10



In decentralized settings, natural sunlight has also been used to disirteErctathough this
typically requires long exposure periods. Such solar disinfection, known as S®bd&monly
employed at the household level in developing countries. SODIS involves expositg
volumes of water of low turbidity (< 30 NTU) to sunlight over at least six has (
Researchers hypothesize that SODIS disinfects by a combination of &l&J\UB radiation
from sunlight and increasing water temperature due to infrared radiation. Hovee\with
spores and protozoa, the process is extremely slow. The spore coat and d®r&btifismay
provide some resistance to damage by solar wavelengths of light, explaimegistance to
SODIS @0). Researchers have had limited success inactivBtisgbtilisusing SODIS. Boyle et
al. (2008) 48) reported only 1.3 log-units reduction irB. subtilisspores after 16 full hours of
sunlight over 2 days (dose of 79.9 MF)mMalato et al. (200940) concluded that SODIS is
ineffective and therefore not practical #rsubtilisspores.

Recently, the notion of enhancing SODIS by addig@Ho generate low levels of HOe s has
gained traction. Fisher et al. (2008D) witnessed a linear increase in inactivatiofcotoli with
increasing concentrations ob®h between 0 and 50¢M. Following six hours of exposure to
sunlight with 20QuM H,0, added, the researchers found more than @-logts of inactivation

of E. colibut no inactivation in sunlight alone over that same 6-hour pes@d (

The disadvantages of both SODIS and enhanced SODIS include not only time, but aldo the lac
of a residual protection against recontamination. Researchers havedeprbial re-growth
and the potential for re-contamination as a limitation of SOB1k Therefore, the proposed

system, generating H&rom FAC using solar light, could provide added benefit in this setting.

1.2.6 Combining Disinfectants

While many researchers have confirmed that ebD effectively remove organic contaminants
or DBPs from waterq2, 53, 54, 55, 96 few have investigated its capacity to inactivate
microorganisms. Of those researchers studyingsHfiocidal activity, most have examined
sequential application of H®@r other short-lived advanced oxidants such asdllowed by

application of longer-lived FAC or NU€I as a secondary disinfectant and in order to achieve a
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protective residual. Researchers have examined pre-treatment@ijtld,, or UV followed

by FAC as secondary disinfectant. Enhanced inactivation was observedQ@vjt®; and CIQ
followed by FAC but not with UV. The nature of the synergistic effect whgreio shorten the
lag phase, speed up the rate of inactivation, or bot@.fparvumandB. subtilisspores %7, 40).
Both of these effects, a reduction in lag phase and an increase in inactivatidonetion to
reduce overall time required for disinfection. Since the magnitude of thests effey not be
equal, Cho et al. (200640) developed a parameter known as the percent synergistic effect to
indicate the additional log inactivation achieved via sequential disinfeagafitation compared
to individual application. For example, in the case of a Y@dbystem administered to generate
HO' followed by FAC, there was a 65% synergistic effect, resulting in appadely 3.3 logo-

units of inactivation when 2 Iggrunits would be expecte&§).

1.3 Objectives

With an understanding of the many strengths and weakness of FAC as a drsintieetaroad
objective of this investigation was to investigate simple, practical anddewsolutions to
enhance chlorine-based inactivation of the model chlorine-resistant micraongBacillus

subtilisspores.

Under the broad objective, the primary aim was to investigate the progasstathemically
activating chlorine to HOduring solar photolysis to disinfeBt subtilisspores. Through the
photolysis of FAC to generate H@Ghe intention was to maintain the benefits of chlorine by
providing a long-term residual, but also to achieve greater inactivati®nsofbtilisspores in a
shorter period of time than would be possible with FAC alone.

In order to optimize the process, it is important to understand the effect of tharigllow

variables orB. subtilisspore inactivation: pH, temperature, FAC concentrations, irradiation time,
presence of organic matter (comparing natural water and phosphate-bufferemspland real
versus simulated sunlight. Optimization generally refers to the procesprofving efficiency

by maximizing outputs with minimal inputs. In this case, it refers to siynpdj the steps
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involved and minimizing the time required to achieve a target level of disorieantd thereby

reducing associated costs, from equipment to human resources.
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2. MATERIALS AND METHODS

2.1 Standards and Reagents

De-ionized water with resistivity 18.2 MQecm obtained from a Millipore Milli-Q Ultrapure
system was used for the preparation of all experimental solutions unlesssghested. NaOCI

as 5% FAC was purchased from JT Baker and standardized spectrophotometricalB92

nm, usingezgznm oci= 350 Mcm? (59). Spectrophotometric measurements were made on a
Perkin EImer Lambda-18 UV/Vis Spectrophotometer. N-N-diethyl-p-phaegiamine (DPD)

was purchased from Fluka. DPD stock solutions and phosphate buffers were preparBdgacc
to Standard Method$0Q). DPD stock was stored in the dark at 4 °C and replaced every three
weeks or until a pink color appeared. Sodium thiosulfate$Ia (Fisher Scientific) stocks

were prepared and stored in amber vials at 4 °C. The solution was replaceth@evyeeks.
Tert-butanol (t-BuOH) was purchased from Sigma Aldrich (>99.7% purity) and stecks
prepared with glass syringes for improved accuracy@.789 g/mL)p-chlorobenzoic acid

(pCBA) was purchased from Sigma Aldrich. Working stocks ofM@PCBA were dissolved in
10mM sodium hydroxide (NaOH) and adjusted to circumneutral pH with 1 M phosphoric acid.
For actinometryp-nitroanisole (PNA) was purchased from Sigma Aldrich, with 97% purity.
PNA was prepared in a 10 mM working stock solution, dissolved in acetonitrildiriey(pyr)

was purchased from JT Baker, with ACS-grade purity. Difddutrient Broth, BBL'™ Nutrient
Agar, and BBI'™ AK Agar #2 (Sporulating Agar) were purchased from the Becton, Dickson and
Company (BD). All media was prepared according to the manufacturer’s protocmling an

autoclave cycle of 15 minutes at 121 °C for sterilization.

Buffers of varying pH were prepared with sodium phosphate salts (mono- and di-basiicindis
hydrogen orthophosphate and sodium dihydrogen orthophosphate) purchased from Sigma
Aldrich with 99% purity. Phosphate-buffered-saline (PBS) for storagegwtatve and spore
cells was prepared according to Sambrook et al. (2@2)1Lucing NaCl, KCI, NeHPO, KH,PO,
and adjusted to pH 7.4 with HCI. pH adjustments were made using a Thermo Sciamiii&

Star instrument. The pH meter was calibrated prior to each use. Phospfateherfe
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autoclaved at 121 °C for 15 minutes to ensure sterile conditions. Other reagenssankzred
using 0.22um filters (Fisherbrand MCE LOT# R9EN99100).

Untreated drinking water was obtained from two water treatment feilitithe Seattle area: i)
The City of Marysville Stillaguamish Water Treatment Plant whbe source water is from the
Stillaguamish River; and ii) The Cedar Water Treatment Plant whereuhseswater is the
Chester Morse Reservoir. At the Marysville Stillaguamish Water miezatt Plant, the raw water
is filtered and then FAC is added. For experimental purposes, sampleskeerétibwing
ultrafiltration. At the Cedar Water Treatment Plant, the raw wateeased with ozone, UV, and
then FAC is added. Samples from the Cedar Water Treatment plant were takemeadar.
These water samples were filter sterilized to remove any potentiabial contamination
without altering the native chemical characteristics of the water (0r20hermo Scientific
Nalgene Disposable Filter Unit, Lot #: 1063958).

2.2 Bacillus subtilisSpore Stock Preparation

2.2.1 Vegetative Cell Growth

Stocks ofB. subtiliswere prepared under sterile conditions using aseptic techniques performed in
a Biosafety Level 2 hood (BSL-2). Freeze-drigedsubtilis(ATCC 6633) cells were inoculated in

an Erlenmeyer flask containing nutrient broth to revive the vegetative cells.riEnenEyer

flask was loosely capped to maintain aerobic conditions and incubated at 37 °ael&0s

shakes per minute in a benchtop shaking incubator. Incubation continued for approximately 30
hours or until the solution reached peak optical density (OD). The peak OD wasimiedeogm
aseptically transferring 3 mL of solution to a disposable cuvette and rehdipgdk absorbance
periodically throughout incubation, using a Hach DR 4000 UV-Vis Spectrophotometer 190 <

> 1100 nm). After 30 hours of incubation, a peak OD of 0.5 at 600 nm was achieved, at the point
when growth shifted from the lag to the exponential phase but well befmiging the stationary

phase.
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2.2.2 Sporulation

After achieving this degree of vegetative cell growth, the cells wereentmated by centrifuging
at 3,500 G for 5 minutes, pouring off the supernatant, and resuspending the pellet in smaller
volumes of sterile water. In order for sporulation to occur, the cells must beeatkpfinutrients

or face harsh conditions. To this end, 100- and 150-mm diameter petri dishes weredprepa
containing AK#2 sporulating agar which is formulated to induce sporulatiBagilus subtilis
cells. The concentrated vegetative cell solution was dispensed in aliquots of 0.2-@n5aonL
each AK#2 petri dish and spread using a disposable cell spreader. Petri disheswbated at

37 °C for 5-7 days.

2.2.3 Spore Harvesting, Storage, and Purification

Following incubation, the AK#2 agar dishes were brought to room temperature. Small volumes
of PBS were added to the dishes to loosen the spores for simple harvesting. Ukisg apes
and a 10 mL pipette with a Drummond Pipette Aid, spores were lifted from the agar and

transferred to a conical tube.

Spore purification involved the repetition of many centrifugation steps. Sporesemrifuged

three times at 10,000 G for 10 minutes. Each time, the supernatant was discarded aret the pell
was re-suspended in sterile water. Next, spores were centrifuged at 20,000 G ifout28,m
discarding the supernatant and re-suspending pellet in water. Thisasteppgated numerous
times until the pellet possessed two layers: a thin lightly colored laygetateve cells) resting

on a thicker darker colored layer (spore cells). Eventually, the uppeslayghed off leaving a

uniform darkly colored pellet of spores.

Spore and vegetative cell heat resistance was determined by conduci@dredtsent curve.
Separate microcentrifuge tubes (1.5 mL) containing spore cells andtixegetdls were heated

using a VWR brand digital heat block (accuracy £ 0.1 °C) at 70 °C and sampled at 1, 5, 10, and
20 minutes. Cell viability was assessed by the spot-titer method (descrigoar).Jehe purity

of the spore stock was determined by observing any changes in cell athuntgable to
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vegetative cell die-off. This also allowed for the determination of the optiratihgdime to
maintain spore stock purity for experimentation purposes by killing vegetatigebat not

spores.

Spores were stored in sterile water at 4 °C and purified by centrdagatery 3 weeks. Prior to
each experiment, spores were purified by heat treatment at 70 °C for 15 rmrurtgsr to

eliminate any vegetative cells. A single spore stock was used &xpariments due to potential
variability in response of spore stocks resulting from even the slightestedities in sporulation,

preparation, or storag89).

2.3Bacillus subtilisCell Viability Assay

Spores were serially diluted (1:10) using PBS to yield dilutions spanning up to sevenobrde
magnitude. Spore viability was quantified via the spot-titer culture asséph@p). Eight
replicate 1QuL droplets of three dilutions were dispensed onto 100-mm petri disheEigure
2.1). The spots were left to absorb into the top layer of agar before placing in an inatiB&tor
°C. After 15 hours of growth, 24 “spots” each containing between 1-100 colonies became
visible. Colonies were counted immediately. This approach has been found tesiétd r
statistically equivalent to those obtained by traditional spread platingnasndtrated by analysis
of variance (ANOVA) ang? (62). Additional advantages of the spot-titer method over spread
plating include: i) time-savings since it is quicker to dispense droplets tispneiad over a plate
and it is quicker to count colonies in distinct spots than colonies spanning the swefactar
entire plate; and ii) cost- and resource-savings since an entire detiahderies including
replicates requires only one plate. Thus, analyses of large experingzatperformed more
quickly, more affordably, and with greater replicability than would have beesibpmsvith

traditional spread plating methods.
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Figure 2.1: Example B. subtilis spot titer plate with*100? and 10° sample dilutions plated.

2.4 Irradiation System, Radiometry, and Actinometry

For indoor bench-top experiments, solar radiation was simulated using a 450-Wlafarc
equipped with a focusing collimator (2”), atmospheric attenuation filtexdlmeée) < 300 nm,

and a dichroic mirror to dissipate infrared-generated heat (Figuré@N&®@jport-Oriel Model

66924 arc lamp; Stratford, CT). The resulting radiation was restricted to d¥Aane UVB

with wavelengths between 300 and 400 nm. Spectral irradiance measurements for both indoor
and outdoor experiments were obtained regularly using an Ocean Optics

USB2000+spectroradiometer to ensure uniformity of lamp output.
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Figure 2.2: Newport Solar Simulator lamp output configuration showing the dichroic mirror that
absorbs infrared wavelengths and reflects other light at a right angle (atmospheric attenuation
filter, AAF, not shown). Images obtained from the manufacturer.

Dilute solution actinometry was used for measurement ahteiu fluence rate during
irradiation experiments. TheNitroanisole (PNA)/pyridine (PYR) system, developed for solar

actinometric measurements by Dulin and Mill (1983) (vas used. Fluence rates were
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measured by PNA/PYR actinometry for both the simulated solar lamp armbftegor

experiments. Actinometry conditions were selected to approximate th@®@escharacteristics

of the spore inactivation systems. To achieve this, 40 and 25 mL actinometric solutions
containing 5QuM PNA and 10 mM pyridine were prepared for indoor and outdoor experiments,
respectively. In order to represent the experimental spore inactivgsitamss, actinometric
solutions were prepared in the same 60 mL crystallization dishes as usethfectiis

experiments under indoor simulated sunlight and in the same 30 mL quartz tubes as used for
disinfection under outdoor natural sunlight. Actinometric solutions were kept in themtédrthe

start of the experiment, after which they were exposed to light over the spergrental time

as the spore inactivation systems. The crystallization dishes used for indegnments had an

inner diameter of 4.8 cm and depth of 2.2 cm with 40 mL solution volume. The quartz tubes for
outdoor experiments were measured to have an inner diameter of 2 cm and depth of 1#h5 cm wi

25 mL solution volume.

2.5 Experimental Procedure

2.5.1 Simulated Sunlight: Indoor Bench-scale

Prior to each experiment, a Free Available Chlorine standard curve waspbel/asing the N-
N-diethyl-p-phenylenediamine (DPD) colorimetric method (descriptioovelvith an R-
squared value of at least 99%. AdditionaBy subtilisspores were heat treated before every

experiment at 70° C for 15 minutes to ensure spore purity.

Crystallization dishes (60 mL reactors) were filled with 40 mL 10 mM sodhlosphate buffer

for pH regulation (from 6-9 at single unit intervals), 1uM pCBA to quantify eXposure, and
spiked withB. subtilisspores to target initial concentrations of-10° colony forming units per

mL (CFU mLY) within the reactors. Depending on the experimental set-up, Free Available
Chlorine (FAC) as Glwas added at t=0. Initial chlorine concentrations varied between 1 and 8

(mg LY. Throughout the experiments, all reactors were covered with 1.5-mm thick qsasz di
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Dark reactors were placed in a covered container and constantly stimga@viag®
MixDrivel5 multi-position stir plate (Figure 2.3a). Irradiated reactonevpéaced in the
Newport solar simulator and constantly stirred with a single-stir pldter & defined period of
irradiation, irradiated reactors were placed in the covered container to contintiegender

dark conditions. All reactors were stirred at 250 rpm. The temperature eaetibrs was

regulated using a recirculating constant temperature bath. The tempeasiset at 25 or 10°
C.

Figure 2.3: Indoor reactor set-up using the multi-position stir plate in a temperatureetleatr
bath (left) and the Newport Solar Simulator with a temperature-regulating bath and single
position stir plate (right).

At pre-defined times throughout the experiments, paired sample volumes weotecDhl
simultaneously for analysis of chlorine, pCBA, and spore concentrations. Salégifone

volume was added immediately to a sample vessel pre-spiked wBh¥&0 remove any
residual FAC and stored at 4° C for subsequent measurement of spore viadi[pgRA
concentration. The second volume was added immediately to a sample vessel conRiining D
reagent to allow for colorimetric measurement of residual FAC. pCBAecration was
determined by the method described in section 2.6 below and spore viability waBeglbpti

the spot-titer technique described above.
Several conditions were tested at pH 6, 7, and 8 and 10 and 25° C in triplicate:

1) Continuous irradiation with FAC

2) Continuous irradiation without FAC (light control)
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3) Brief irradiation of FAC-containing solutions followed by dark FAC exposure
4) No irradiation (dark conditions) with FAC
5) Dark conditions without FAC (dark control)

The length of irradiation was calculated using FAC half-lives and HQelsyie order to target a
level of HO+ exposure (or mgLFAC photolyzed). In order to confirm that any enhancements
in inactivation observed in irradiated reactors were attributable fodt@osure, irradiated
reactor solutions identical to condition number one above were amended in selpetedents
with 50 mM tert-butanol as a H®cavengerg4).

2.5.2 Natural Sunlight: Outdoor

Outdoor experiments followed the same pre-experiment spore purificaticdpres as in the
indoor experiments, in addition to chlorine photolysis measurements. Immedgftaig b
starting an outdoor experiment, chlorine photolysis rates under natural surdrghtneasured in
order to select optimal irradiation time, dark time, and sampling times.

Outdoor experiments were conducted on the roof of More Hall at the Universityshiiivfson

in Seattle, WA (latitude 47°36’35”N) on a clear day at 12:00 PM with no cloud-cover. Althoug
the general experimental design was similar to that used in indoor experimentgothe
conditions required the use of different equipment. Instead of crystallizatlwsdsapped

guartz tubes (30 mL) were used as reactors. Sterilized tubes were filhe2ZbwnL 10 mM pH 8
sodium phosphate buffer, 1uM pCBA, and-10° CFU mL* B. subtilisspores. The addition of
FAC marked the start of an experiment at time, t=0.

An aluminum sleeve was slipped on each quartz tube to cover reactors in “dark” conditamns or
maintain dark conditions prior to the start of an experiment (Figure 2.4). Foaigadeactors,

the aluminum sleeve was also used to create dark conditions following the desdiadion

time. Dark and irradiated tubes were placed in a stand at an angle of 60 dpgreesnately
perpendicular to the path of the sunlight. The tubes were agitated prior to eacingamgelibut

not continuously stirred. In order to avoid obstruction of the light path, a water bath weedot
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for temperature regulation. Instead, the temperature of control reagerseacing identical

conditions to dark and irradiated reactors was measured throughout the experiment.

Figure 2.4: Outdoor quartz tube reactor set-up showing wrapped (left) and un-wrapped (right)
tubes angled at approximately 60 degrees toward the sun.

Spectral irradiance data was collected as described above at the begmddlg, and end of
the experiment to evaluate any variations in solar irradiance throughouwptmngent.

Actinometric measurements were taken as described above to estinete fiysnce.

2.6 Analytical Methods

2.6.1 FAC Measurement and Ct Estimates

FAC was measured by N-N-diethyl-p- phenylenediamine (DPD) spectapktic analysis

(60). This method has a lower detection limit of 2,82 FAC concentration. One-mL samples
were diluted 3-fold into 30QL DPD indicator and phosphate buffer solution (pH 6.2) in a 1-cm
disposable cuvette. A Hach DR/4000U UV-Vis Spectrophotometer measured DPiognta
solutions at 515 nm. If the calibration curves of FAC standards did not possess andd-squa
99%, new FAC stocks were prepared and the process was repeated.

Chlorine decay during photolysis was modeled by the following first-orgerential equation:

C(t) =C(0) ™V (10)

Chlorine half-lives during photolysis were determined by solving the abovd@sdol
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1= In(2)/k (11)

FAC Ct values during irradiation were calculated bygratingEquation 1(@ver a give time
period.In the absence of irradiation, chlorine concertratvas integrated over tinby means of

trapezoidal Riemann suns determine Ct value

2.6.2 Spore Inactivation

Postlag phase spore inactivatiwas modeled according the Chigkatson law of inactivion
and was based on the asgption of first order kinetics and spore homogsn#or regulatory
and discussion purges, spore inactivation wmodeled using log(N/Np), which requires i
simple 2.303-factor conversidrom thefollowing natural log scale equation:

In(N/No) = - kCt (12)

whereNp is the initialspore concentratioN is the spore concentratioemaining at timet), k is
the pseudo-first order ratmnstant of inactivatic, andCt is theFAC integrated exposu
determined as described abolepractice, he level of spore inactivation refers to a valu~
log(N/Np).

In order to account fahe existence ca shoulder or lag phagespore inactivation curveprior
to inactivation according to firgirder kinetics, the above relationskegn be modified to yiel
the delayed ChickWatson model ¢ in Rennecker et al. (19995):

, 1. (N
N 1 if CT< Cﬁag = kln(iv[])
Moo | kC k(CT - C if CT>C L
FOEXP(_ T) =exp(—k{CT - CTys}) if CT> Tlag:E]n N

In the aboveN,/Ny refers to the intercept with thi-axis when extrapolating the pse-first
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orderline established by the p+-lag rate constank.
2.6.3 pCBA Measurement andO’ Ct Estimates

The loss of pCBA in theystem was measured to detern HO' concentrationpCBA reacts
quickly with HO (Ko pcea=5 x 1C M %) but not with FAC and is thereforeuseful tool to
quantify HO exposure in the presence of F, similar to prior applications addressing °
measurement in the presence  (66). Futhermore, light screening or H§zavenging by th
system i.e., by phosphate buffer B. subtilisspores) ismplicitly accounted fc when

monitoringthe degradation of pCB.

pCBA was quantified by higperformance liquid chromatograg with UV detection (HPL«-
UV) on an UltiMate 3000 HPL, using a Supelco Ascentis C18 colu(@b0 x 2.1 mm, um).
The HPLC method was isa@tic with acetonitrile and 50 mM PO, as mobile phas and
absorbance detection at 205 (0 puL injection volume, 0.2 mL/mifiow, and 4.9 minutt
retention time)

HO' exposure in (mg-min) Lwere calculateaccording to the following4Q, 66, 6):

_h{ [PCBA] J_ o

: k, t—k, t CBA HonpeAd

J [HO']dt _ _HO+pCBAT HO*pCBAA" _ [p JU - (CE)HU-

0 kHO-,pCBA kHO-,pCBA (1 4)

wherek’yo. pceaTin S !is the total observed psel-first order rate constant for pCBA los
K'Ho.,pcBAdin s* the pseuddirst order rate constant for pCtloss by direct photolysis (i
absence of FAC), arldyo. pcea(=5 x 1€ M'sh)is the seconarder rate constant for reaction
HO" with pCBA (@4).
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2.6.4 PNA Quantification

PNA degradation was measured by HPLC using an isocratic method with agetand 10
mM H3PQ, and the same Supelco Ascentis C18 column (150 x 2.1 mm) as for pCBA
guantification £ = 300 nm, 2QuL injection volume, 0.2 mL/min flow, and 7.48 minute retention

time).

2.6.5 Natural Water Characterization

Concentrations of inorganic carbaik@alinity as HC@/COs* in mg L*) and non-purgeable
organic carbonTotal Organic Carbon (TOC) in mg').in natural water samples were measured
usinga Shimandzu TOC-y&y analyzer. The spectral absorbance of natural organic matter
(NOM) present in natural waters was determined spectrophotometrigalyabning between
200-400 nm. The spectral absorbance curves were used to determine the Specific UV
Absorbance value atE254nm (SUVAs. in L mg* m™) calculated by dividing the absorbance

by TOC. The SUVA value is proportional to percent aromaticity of carbon arftkisalso

related to hydrophobicity of the NOM prese®8)
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3. RESULTS AND DISCUSSION

3.1 Light Spectra and Actinometry

Solar light reaching the earth’s surface includes ultraviolet (UVA/Y)VBible, and infrared
wavelengths spanning 280 to 3,200 nm. The Newport solar simulator, equipped with a Dichroic
Filter (DF) and Atmospheric Attenuation Filter (AAF), emits light twegt 300 nm. Due to the
absorbance spectra of FAC, UVA and UVB radiation is most relevant. Figure 3.4 ahow
comparison of the UVA/UVB spectral irradiance from the Newport solar atorulised during
indoor bench-scale experiments and the incident irradiance from natural sdaligigt outdoor
experiments. Although the irradiation intensities are greater for thessmlalator by a factor of

two to four, the overall spectral shapes are similar.

1.8 - ® Indoor Newport Lamp (DM, AAF)
Outdoor

0.8 1

0.6 +

Irradiance (W/m**nm)
P

0.4 +

0.2 1

0.0 % . ; : T .
300 320 340 360 380 400

Wavelength (nm)

Fig 3.1: Spectral irradiance in the UVA/UVB range from the Newport Solar Simulator (WMth D
and AAF) and natural sunlight on the roof of More Hall, CEE, Seattle, WA at 12:00PM on May
14, 2012. Radiometric measurements taken using an Ocean Optics USB2000+ XR
spectroradiometer.
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While absolute irradiance is useful for understanding the intensities of higtie@, it is also

used to determine the flux of photons absorbed by the system (the dose of irradiatiema sys
actually receives). Fluence, or the flux of photons integrated over time, caedseired using a
chemical actinometer. The PNA/Pyr chemical actinometer wa®itsnsce PNA loss can be
monitored with HPLC-UV and the quantum yield is known (fixed value of 0.00468 M of PNA
degraded per einstein in a 10 mM pyridine solution between 316 and 3@3nikigure 3.2

depicts a representative plot of PNA degradation over time when exposed tomnddoet the
Newport solar simulator.
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Fig 3.2: PNA loss versus time and fluence. Conditions: [PNA] #M0[Pyridine] = 10 mM,

Temperature = 25 °C, and simulated sunlight with DM and AAF. Regression fit: y=-0.017x +
0.0188, R=0.998.

An actinometer approximates fluence in a matched system of im@wssaccurately if
the system of interest and the actinometer have similar spectral alzsodoaves. Similarities
are often assessed on the basis of peak absorbance and the overall shape of theeabsorba
The PNA/Pyr actinometer was selected as a close approximation basedrbarmdes curve
shape between 300-400 nm. However, the peak absorbance of our system (with FAC as the

predominant UV-absorbing component) is pH-dependent and slightly lower than PNR'’s pea
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absorbance at each pH studied. The peak absorbatiee pH 8FAC system was approximate
292, representative of an O@eminated solutic, whereas the peabsorbance of the PNA/P

system is closer to 317 nm.

3.2 FAC Photolysis Rates

Since the rates of FAC photolysis and subse( HO" generatiorvary depending ¢ spectral
irradiance, trends in the rates were assessed t@rgewport solar simulator across
different pH and temperature conditions: pH 6,nd 8 and 10 and : °C. Figure 3.:shows how
FAC photolysis rates vary withH due to FAC speciation and temperatatehoth 10 and 2 °C.
As expected basamh differences in HOCI and O absorbance, FAC photolgsiates increas
with pH as OClbecomes the dominant sper at both temperatureSimilarly, FAC photolysit

rates incease with temperature due to heightened chemiaaiivity and energy in the syste
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Figure 3.3 FAC photolysis rate constants plotted with FA@a@gtion at a)25 °C and b) 10 °C.

At 25°C, average FAC halives were 15 minutes for pH 8, 30 mint for pH 7, and 64 minutes
for pH 6. At 10°C, average FAC helives were 24 minutes for pH 8, and 52 and 96 neisibr
pH 7 and 6, respectively.
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3.3 Spore Inactivation—Phosphate-buffered Solutions, Simulated Sunlight

3.3.1 Basic Trends: pH 8, 25 and 10 °C

Initial experiments conducted using phosphate-buffered solutions at pH 8 and 25°C showed
several key trends, when values ofjpigactivation were plotted versus FATQ. (Figure 3.4).
Overall, the delayed Chick-Watson model accurately represented sporeaitnactiWith FAC
but no irradiation, spore inactivation was slow with a lag phase followed by psestdardier
kinetics. However, a reduction in lag phase and significant enhancement in i@ctivas
observed for continuously irradiated solutions containing initial FAC concemtsatf 3 mg [*
compared to dark solutions containing the same initial FAC concentration. The endanicem
inactivation of the continuously irradiated reactors with FAC can be attributé®texposure.
This is confirmed by the shift in the inactivation curve of continuously irradiatertars spiked
with 50 mM t-BuOH (as a HGscavenger) to match that of dark FAC reactors with nd HO
exposure. Finally, there was no spore inactivation when solutions were irraditecabsence
of FAC over the entire length of the experiment (Figure 3.4b). This confirms the moicigal
effect of the solar simulator's UVA and UVB radiation Bnsubtilisspore viability and once

again highlights the role of H@n enhancing inactivation.
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Figure 3.4: a) Spore inactivation versus Ct value with FAC but with and without irradiation and
50 mM t-BuOH as a HGscavenger; b) Spore inactivation with irradiation but with and without

FAC. Conditions: pH 8, Temperature = 25 °C, [FAG] 3.5 mg L}, and simulated sunlight.
“Cont. Irr” refers to “Continuous Irradiation.”

Despite the clear benefits of continuous irradiation with FAC on spore inaativiie to the
production of HQ continuously irradiating would be more time- and energy-intensive than

irradiating for only a brief period of time. Therefore, experiments werduztad to evaluate the
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effects of varying irradiation time (and therefore H®posure) on spore inactivation. The goal
was to simultaneously maximize inactivation while minimizing irradiatior tin order to
optimize the process. Figure 3.5 shows that there was little added benefit toiamaakgond a
certain threshold at pH 8, 25 °C. In this set of experiments, there was appebyxitina same
level of inactivation for a given Ct value when irradiating for 15, 30, or 70 minutes. fdseses
indicate a reduction in lag phase and similar inactivation rates (slope) beyondut&shaf
irradiation.
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Figure 3.5: Spore inactivation versus Ct with FAC and variable irradiation time (with the
exception of the continuously irradiated reactors, maximum irradiation to a Ct of 45 (mg-min) L
1: Conditions: pH 8, Temperature = 25 °, [FAC 3.5 mg L, and simulated sunlight.

At pH 8, 10 °C, spore inactivation in dark FAC-only conditions, FAC with brief irreiaand
FAC with continuous irradiation were 2-3 times slower than at 25 °C, but showed sivatall
trends. As expected, brief and continuous irradiation demonstrated shorter lag phgseed

to dark conditions, but the inactivation rate increased more dramatically dontiguous
irradiation (Figure 3.6). It is important to note that the faster thearatanore vertical the
inactivation curve, the greater the effect will be when targeting highelslef inactivationi(e.,
three or four log-units of inactivation). At higher Ct values, the separation of the inactivation

curves corresponding to brief and continuous irradiation would likely be magnifieceudr,
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since the data only extends to 2ikggnits of inactivation, any predictions at higher Ct values

would be speculative.
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Figure 3.6: Spore inactivation versus Ct with FAC for continuous, brief, and no irradiation
(brief irradiation of 22 minutes or a Ct of ~100 (mg-mift)LConditions: pH 8, Temperature =
10 °, [FAC]p = 3.5-8 mg/L, and simulated sunlight.

The period of brief irradiation lasted approximately 22 minutes or a Ct of ~10th{md-",
photolyzing nearly 3 mgt FAC in order to match the starting FAC concentration of the dark
reactors (Figure 3.7a). Compared to brief irradiation, continuous irradiatiotetesuthe
photolysis of 6 mg L, twice as much FAC. During irradiation, pCBA degradation was
monitored in order to estimate HExposure according to Equation 14 (Figure 3.7a). As seen
below (Figure 3.7b), the H@xposure during continuous irradiation exceeded that of the briefly
irradiated reactors by almost two-fold, consistent with the degree of FAC yist@tigure

3.7a). During photolysis, H@xposure increased linearly with FAC exposure. As expected,
when the briefly irradiated reactors were removed from the solar son(gatan FAC Ct of 100
(mg-min) LY, HO exposure leveled off and there was no additional ¢Berated during the
remainder of the experiment.
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Figure 3.7 a) FAC decay versitime for continuous, brief, and no irradiation; pCBA loss
over time for the briefly irradiated set; andHO' exposure versus FAC exposure as Cts-
min) I"'. Conditions: continuous irradiatio[FAC]o ~ 8 mg L%, brief irradiation [FAC]o ~ 6 mg
L™, no irradiation [FAC) ~ 3mg L'!; pH=8 and temperature=10 °Gsimulated sunligl.

3.3.2 FAC Concentration ®riation
Normalizing for Ct value should allow funiversal comparisons regardless of initial F
concentrations (i.e., [FAG10mg L™ for t=1 minute should be identical to [FA, =1 mg L*

for t=10 minutes). Thaypothesi that the degree of spore inactivatechievecis independent
of FAC concentrationvhen normalizing for Cwas tested by varying [FAgbetween 1 and
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mg L. A series of triplicate experiments was conducted at pH 8 and 25 °C, witfingjffer
[FAC]o but the same amount of FAC photolysis (3 migAAC). Each set of briefly irradiated
reactors ([FAC]=4, 6, or 8 mg L) was paired with a set of dark reactors with [FA&]lected
to match the value remaining in briefly irradiated reactors af@iation ([FAC} =1, 3, or 5
mg L, respectively). Despite differing FAC concentrations, the trends in spotivétian for

dark and brief irradiation were consistent and essentially independent ofo[fAgLire 3.8).
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Figure 3.8: Spore inactivation versus Ct for brief or no irradiation at variable [FAC
Conditions: Irradiated [FAC},=4, 6, or 8 mg L}; pH=8 and temperature = 25 °C; simulated
sunlight.

3.3.3 Overview of Subsequent Experiments

Given the above trends in continuous, brief, and no irradiation and a range of ftAE] 8,
subsequent experiments compared brief irradiation versus no irradiation bkevaHaand
temperature. Most experiments were conducted using simulated sunlight froewtherN

Lamp with the exception of one experiment under outdoor, natural sunlight conditions. The
target pre-irradiation [FAGJranged from 3-6.5 mgtand brief irradiation periods were

calculated on the basis of H¢elds and FAC photolysis rates to generate approximately the

34



same concentration of H@nd photolyze the same amount of FAC at eachi.pHX, 2, and 3
mg L™ at pH 6, 7, and 8, respectively). This allowed for similar pH-specifitétPosures.
Twelve experimental conditions were selected to evaluate the edfquitsand temperature
variation: no irradiation and brief irradiation from simulated sunlight at pH 6, 7,,aatti@t 10
and 25 °C. The effect of NOM present in natural waters at 10 °C and phosphatedbuffere

solutions in natural sunlight at ambient temperature were also assessed.

Inactivation can be described by inactivation rate (the pseudo-first otdeorsstanty, in L
(mg-min)?), lag phase duration (in Ct units), and Ct value at a certain level of inactivation (i
(mg-min) LY. Enhanced inactivation will be referred to on the basis of comparisons between
these three parameters. Thgy®@halue refers to the Ct required to achieve 99% reduction in spore
concentration or 2 lgg-units of inactivation. The G4 value is highly informative since it
implicitly takes lag phase length and inactivation rate into account. The Enentam

Protection Agency (EPA) and other regulatory bodies commonly refer to Ct vaduéa®deto
achieve 2, 3, or 4 lggrunits of inactivation and thus reporting the observegv@tues can

provide practical information for policy-makers. Similarly, researcbensmonly report Ct

values for certain levels of inactivation s@{talues can also be compared to published values.
The Cbg reduction factor is the ratio of theggvalue in the dark to the §stvalue with

irradiation. The G reduction factor is the primary tool to compare inactivation enhancements
from irradiation. Additional parameters developed to elucidate the effectadiftion on
inactivation include the lag phase reduction factor and the rate enhancereradacell as the
Ctgg savings. The G§ savings was calculated as the difference (dark — irradiated) betwgen Ct
or Ct necessary to achieve 2 {ggnits of inactivation. Table 3.1 provides a summary of these
values for each experimental condition tested.
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Table 3.1: Summary of B. subtilis spore inactivation results from all experiments: phebpfiated and natural waters with

conditions ranging from 10 to 33°C in artificial and natural sunlight and from pH 6-8. All values areagyel SE The inactivation
rate constant, k, is in units of @ (mg-min)*; Ct values are in units of (mg-min)'L“En. Factor” is the enhancement factor (ratio
of light:dark rate constants) and “Red. Factor” refers to the reduction factor (ratio of:ligink Ctgg).

Irr Inactivation Rate Lag Phase Ctoo
Temp. o
C) pH tlme
(min) k En. Factor Ct Red. Factor Ctyg Red. Factor Cty Savings
9 13.3 (z0.3) 57.8 (x0.3) 92.3 (x0.5)
33 8 2.57 (£0.20) 1.90 (x0.01) 2.15 (#0.02) 106.2 (x7.9)
0 5.2 (x0.3) 109.6 (x2.1) 198.5 (£7.9)
12 5.4 (x0.3) 75.0 (£7.9) 161.1 (¢5.0)
8 2.95 (+0.33) 1.35 (x0.04) 2.20 (£0.03) 193.6 (x18.9)
0 1.8 (x0.1) 101.1 (#5.1) 354.7 (£15.7)
27.5 16.2 (x1.6) 39.1 (£3.8) 67.5 (£0.5)
25 2.15 (x0.21) 1.05 (£0.10) 1.50 (#0.01) 34.6 (¢1.0)
0 7.5 (£0.1) 41.0 (+0.6) 102.1 (¥1.1)
28 17.0 (x0.5) 31.8 (x0.4) 58.9 (£0.5)
6 1.34 (x0.06) 1.01 (£0.04) 1.16 (#0.01) 9.7 (x0.7)
0 12.7 (x0.7) 32.2 (¢1.2) 68.6 (£1.1)
22 1.74 (x0.0) 90.4 (£12.3) 355.7 (£5.1)
8 1.83 (x0.02) 3.5 (£0.03) 2.25 (+0.00) 445.5 (+8.4)
0 0.95 (+0.0) 316.4 (£10.0) 801.2 (£11.9)
45 3.5 (£0.3) 98.0 (+2.5) 229.1 (x13.9)
7 1.64 (x£0.14) 1.84 (£0.02) 1.73 (+0.04) 166.9 (+16.1)
0 2.1 (x0.1) 180.4 (+6.7) 396.1 (£8.6)
50 4.0 (x0.1) 76.5 (£5.7) 192.5 (+5.7)
10 6 1.17 (x0.06) 1.18 (x0.10) 1.18 (#0.05) 33.9 (¥11.5)
0 3.4 (£0.1) 90.5 (£3.5) 226.4 (£5.9)
22 1.0 (20.0) 157.0 (£9.6) 601.9 (x20.9)
7.36 1.12 (x0.07) 3.05 (x£0.02) 1.63 (£0.02) 377.4 (x21.9)
0 0.9 (x0.0) 479.5 (£9.1) 979.3 (+9.6)
22 2.1 (x0.2) 191.6 (+18.2) 410.0 (x4.8)
7.34 1.47 (x0.22) 1.32 (x0.08) 1.40 (x0.02) 165.4 (x15.5)
0 1.4 (20.1) 253.5 (3.0) 575.4 (£11.9)

a: natural sunlight (outdoor), b: natural water safa from Marysville, c: natural water sample froredar.
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3.3.4 pH and Temperature Effects with FAC Only

As expected, dark inactivation (FAC only) was inversely related to pH due to pdiagon at
both 25 °C and 10 °C. Thedgtand lag phase duration increased and the inactivation rates
decreased with increasing pH (Table 3.1). At 25 °C, thedCpH 8 was approximately five
times greater than the gt pH 6, extending the &by 286 (mg-min) [* compared to pH 6
(Ctggof 355 at pH 8 compared to 69 (mg-min} &t pH 6). The results are comparable to the
findings from other researchers reporting a four-fold variation dav@tues forB. subtilisspores
exposed to FAC between pH 8.2 and 5.6, 6ft400 (mg-min) [* at pH 8.2 versus 90 (mg-min)
L™ at pH 5.6 at 25 °C40).

At 10 °C, the Gy values at pH 8 were 3.5 times greater than at pH 6. This resulted in a delay of
574 (mg-min) L* to reach two logrunits of inactivation (Gb at pH 8 of 801 (mg-min) &

versus 226 (mg-min) Lat pH 6). The pH-dependence of inactivation can be explained by the
ratio of the more effective FAC species, HOCI, to the less potent form,&€hach pH. The

fraction of HOCI @nocy) at pH 6, 7, and 8 at 25 °C is approximately 0.97, 0.74 and 0.24,

respectively.

The Ctg values at each pH at 10 °C were more than 2-3 times greater than the corrgspondi
Ctgg for each pH at 25 °C. However, it is unclear why the relative inactivation at pkhjFaced
to pH 6 and 8 was faster at 25 °C than 10 °C (Figure 3.9). The slower inactivation at lower
temperature can be attributed to chemical kinetics and the activatioly eaergr of FAC
reactions. The results are similar to the temperature dependencbetebgrii et al. (2001)

(69) investigatingC. parvumdisinfection between 1 and 25 °C. They described a 2.2-fold
decrease in inactivation for every 10 °C decrease in temperature. Theyesstinesactivation
energy for the reaction to be 52 kJ thaking rates of inactivation at a target and reference
temperature. Temperature effects can be modeled using the van't Hoff-Aglegpiation given
inactivation rate data at several temperatu28s §9.
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Figure 3.9: Spore inactivation versus Ct in the absence of irradiation with [FAC] 2, 3 mg L
Lat pH 6, 7, or 8, respectively; a) at 25 °C; b) at 10 °C, simulated sunlight.

3.3.5 pH and Temperature Effects with Irradiation and FAC

At both 10 and 25 °C, pH was the most important determinant of the enhancement effect from
irradiation. The impact of irradiation on inactivation was positively aasediwith pH. For
example, the values of the rate enhancement factor, lag phase reductigrafety; reduction
factor value all increased from pH 6 to pH 8 (Table 3.1). This may be explainedrmstdine of

HO'. In comparison to FAC, H&ffectiveness as a disinfectant is less pH-dependent since the
latter is not prone to speciation. Therefore, at higher pH, when FAC reacti@isvateut HO

reactions do not change, the enhancing effect is more evident.

Temperature exerted a less significant effect on enhancement than 261°@tthe differences
between irradiation versus no irradiation are less apparent than theéyl@r&Casince the rates
of all reactions are faster at higher temperatures (Figure 3.10a).°Atth@re is greater

separation between curves due to slower rates of FAC-only reactions so thergnb#act can

be seen clearly at pH 8 and 7, and to a lesser extent, at pH 6 (Figure 3.10b).
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Figure 3.10: Spore inactivation versus Ct with and without irradiation with [FAGtween 1

and 6 mg [* at pH 6, 7, or 8 at a)25 °C and b) 10 °C, simulated sunlight. Since the length of
chlorine’s half-life increases with decreasing pH and spore inactivation rate alsaseseavith
decreasing pH, it was impossible to have a light-then-dark approach at pH 6 and 7 at 25 °C so
these were continuously irradiated. At pH 8, half the FAC or 3 Tngds photolyzed over a

period of 12 minutes followed by 56 minutes with FAC only and no irradiation.



At both temperatures, the enhancing effect of irradiation resulted in fagtévation rates,
shorter lag phases, and lowegdalues than would be expected with FAC alone. When
comparing the irradiated versus dark conditions, temperature exerted opffesiteon the
inactivation rate and the length of the lag phase at 25 and 10 °C. At 25 °C, the rateedm
factors were 1-2 times higher than at 10 °C. Meanwhile, at 25 °C the lagrptiasgon factors
were 1-2 times lower compared to 10 °C. These trends appeared to counterbalanteesdxy
resulting in C4g reduction factors that differed by less than 10% for a given pH at 10 and 25 °C
(i.e., Cto reduction factors at pH 8 of 2.2 and 2.25 at 25 and 10 °C, respectively). As
demonstrated by Figure 3.11, the relationship betwegyrétiuction factors and pH is linear and
apparently independent of temperature. It should be noted here that since onlypemteras
were compared, it is not possible to make extensive conclusions about effectgevhtanes

less than 10 and greater than 25 °C. The temperature independence ¢f ib@uCtion factors
may be explained by similarities in activation energies of FAC and Although activation
energies for HOreactions with spores have not been derived, activation energies of FAB. with
subtilisspores of 84 kJ mdlhave been reported(@). If activation energies of H@vith spores
were similar, the effect of changing temperature would result in caflgachanges in reactivity

of both FAC and HQ making the enhancement effect of irradiation temperature independent.

26
24 1 O Indoor10°cC
A Indoor 25° C

2.2 1
2.0 1
1.8 1
1.6 -
1.4 1

Ctgg Reduction Factor

1.2

1.0 . . T . .
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Figure 3.11: C§gReduction Factors (ratio of dark §to irradiated Ctg) versus pH for both 10
and 25 °C datasets, simulated sunlight. For 10 °C, regression equation of y=0.54x-2.05,
R’=0.999. For 25 °C, y=0.52x-2.0,°R0.965.
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Furthermore, despite similardgteduction factors at each temperature for a given pH, it is
important to note that the enhancement in inactivation at 10 °C would be more beneficial in
terms of overall Ct and time savings. ThegyGhavings at pH 8, 10 °C, for example, is 445 (mg-
min) L™ versus only 193 at 25 °C. Similarly, the $avings at all pH conditions was two to
three-fold greater at 10 °C compared to 25 °C. At pH 8, 10 °CedFm dark conditions was
over 240 minutes but only 100 minutes with irradiation. The significant spore inamtivati
enhancemerdndtime-saving benefit of FAC with irradiation at 10 °C is promising and highly

relevant to drinking water treatment in temperate climates.
3.4 Spore Inactivation—Natural Waters, Simulated Sunlight
3.4.1 Natural Water Characteristics

Water samples from the Marysville and Cedar water treatmentitcivere taken before FAC
treatment would be administered during normal operations in order to test thegbotenti
enhancement of spore inactivation by ‘H®posure in representative drinking waters containing
NOM. Since the temperatures of the waters were between 6 and 8 °C atttherttgdants, the
experiments were conducted at 10 °C to approximate real-world conditions antiteagac

comparisons with phosphate-buffered solutions.

Table 3.2 shows the characteristics of the Marysville and Cedar watersgdf pH (7.36 and
7.34) and SUVAe, values (2.25 and 2.28 L mgn™). Despite similar SUVAs4 values, the
organic carbon content was less and the absorbance at 254 nm was greatersiatidlary
compared to Cedar water. The waters also differed in terms of total cerladicadinity. The

total alkalinity, predominantly as HGOCOs* at circumneutral pH, was more than four times
higher in the Marysville sample than in the Cedar water. Overall, howB®€r ,and alkalinity
were relatively low for each sample, and considered to be represenfalimeking waters in the

region.
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Table 3.2: Water characteristics of natural water samples from the Landsburg iDivatghe
Cedar River Water Treatment Plant and the Marysville Water Treatment PlanEeatite, WA.

Water Source pH TOC(mgL™®) Ak (mgL™) SUVAs: (L mgi-m?)
Marysville WTF 7.4 0.€ 9.8 2.2
Cedar WTP 7.4 1.2 2.1 2.3

3.4.2 Inactivation Trends

As expected, both waters exhibited slower inactivation rates, longer lag paadéigher G§

values than would be predicted based on pH alone compared to the phosphate-buffered solutions
(Figure 3.12, Table 3.1). However, despite lower TOC, and relatively siN{Oav

characteristics of the two waters, the overall spore inactivation (with ginoutvirradiation) was
considerably slower for the Marysville than the Cedar water. For examplétlad Marysville

water in dark conditions (979 (mg-min)Lwas almost twice that of Cedar water (575.4 (mg-

min) L™).

Even though spore inactivation in dark conditions was slower, there was still sabstanti
enhancement in inactivation due to irradiation in each water. In fact, the enleaeffact of
brief irradiation was greater for Marysville water than Cedar wattrms of lag phase
reduction (3.05 versus 1.32 reduction) angh €&tduction factors (1.63 versus 1.4) (Table 3.1).
Additionally, although the steady state Hxposures were similar, Marysville HExposure
was slightly less than Cedar (2.4 x®€mpared to 2.9 x mg-min) L"). Since there was a
greater enhancing effect of irradiation for Marysville despite olvgl@ler inactivation rates
compared to Cedar, this supports the hypothesis that as FAC reactions slowethebe

irradiation becomes more pronounced (as seen at higher pH and lower temperature)
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Figure 3.12: Spore inactivation versus Ct for irradiated and dark reactors from natural water
samples (M=Marysville and C=Cedar) and phosphate-buffered solutions (pH 7 and 8).
Simulated sunlight, Conditions: pH 7.34 (Cedar), and 7.36 (Marysville); [cA€4riable (2-6
mg L%); Temperature = 10 °C.

The enhancement provided by irradiation in the natural water samples wasathatgwer than
would be expected based on the results from the phosphate-buffered solutions. Following the
linear relationship between pH and§¥eduction factor in Figure 3.11, a factor of approximately
1.91 would be expected for phosphate-buffered solutions at pH 7.34-7.36 at 10 °C whereas
observed values were 1.63 and 1.4. This discrepancy could be explained by a numbesof factor
related to the presence of organic matter. In addition to thesé#®enging capacity of NOM

(71, 72, 73, NOM could also block light in the irradiated photochemical system. Nowell and
Hoigné (1992) §8) discuss the chromophoric shielding effect of some organic matter
constituents that can reduce the photolysis rate up to 50% and limit light penetratiat e
shallow depths. With high DOC content (4.0 mY) they reported photolysis of FAC up to

water depths of 0.5 meters, whereas with low DOC content (0.4 gHey reported FAC
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photolysis up to 3 meters in depth. However, the similar rates of FAC photolysisgand Ct
reduction effect in the natural waters and phosphate-buffered solutions sugdegtithat

screening did not play a major role in slowing the photochemical reactions.

In contrast to the present observations, the presence of NOM has been reported to enhance
disinfection efficiency under certain conditions. Rincon et al. (2004))ahd Mamane et al.

(2005) @9) found enhanced inactivation Bf coliand MS2 phage during UVA@, generation

of HO' in natural waters compared to buffered solutions. Additionally, Cho et al. (Z)3) (
demonstrated enhanced inactivatioBosubtilisusing Q in the presence of NOM and Barbeau

et al. (2006) 716) demonstrated a similar §gteduction factor of 2.3-7.1 with chlorine dioxide
depending on NOM concentrations. This phenomenon might be explained by NOM’s role as a
source and/or promoter of reactive oxygen species formation (ROS, such, &G&Dand Q”

), particularly in photochemical or advanced oxidation systems, which could coon®&l’s
negative role as a disinfectant scavenger. The formation of ROS could be inducetHh@iJV

in addition to Q or chlorine dioxide in the presence of NOM.

Interactions between amongst water matrix constituents, disinfectantjeodnganism all

have the capability to impact disinfection. The significantly slower inaabivatti Marysville

water may be explained by interactions between spores and ionic or metajiounds in the
water. Many microorganisms, including spores and viruses, are capable ioigfaggregates.

B. subtilisspore aggregates have been reported to be on average 18 times more resistant to
disinfection than single sporegd], where resistance to disinfection varied significantly
according to the size of the aggregate. Barbeau et al. (ZO®)&I$¢o demonstrated pH-
dependent aggregation likely related to the effect of protonation of spore constitnemet|

interactionsi(e., larger aggregates at lower pH).

In general, wild type or indigenous spores or spores that possess an exosporium akelgnore |
to aggregate due to greater hydrophobicity thought to facilitate sporeispenactions{7).
SinceB. subtilis(ATCC 6633) spores lack an exosporium, it would be surprising for aggregation

to be a significant concern without aggregate-facilitating constituertie water like metal
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cations. In addition to spore-spore interactions, metals or other compounds mateasstt

spores and result in an aggregating or light shielding effect.

Either spore aggregation or complexation with metallic or ionic compounds would beeexpect
to alter the shape of the inactivation curve. Aggregation of microorganisms reostexults in

a tailing effect on the spore inaction curvé)( This may be explained by the growing size of
aggregates as more particles come in contact with one another over the cdigisgeation.
Although the inactivation curves for Marysville and Cedar waters did not demtenattailing
behavior, aggregation cannot be discounted as a possible explanation for the obserarederesist

to disinfection.

The higher alkalinity of the Marysville water may also impact inattbmaas carbonate species
could scavenge HOHowever, since the enhancing effect of irradiation was higher in the
Marysville water compared to the Cedar water, it is unlikely that the casbepecies
scavenged HGsignificantly. Furthermore, the steady state’ ld&posures were very similar for
the two water samples (2.4 x 4r Marysville versus 2.9 x 10(mg-min) L for Cedar).

As seen by the results described above and those reported by other reseatefsci@ant’s
behavior in natural waters is complex, variable, and difficult to predict. Sinclatexy
standards are established based on disinfection data from synthetic wateis, dhaitical need
for a systematic evaluation of the effects of varying concentrations jp@sl ¢f organic and

inorganic constituents in representative waters.

3.5 Spore Inactivation—Phosphate-buffered Solutions, Natural Sunlight

3.5.1 Solar Characteristics

Due to the significant enhancement of irradiation-mediated inactivation & fhid effect of
natural sunlight was only tested using phosphate-buffered solutions at pH 8. The stlamspec

was very similar to the standard Terrestrial Reference Spectragejbgrthe American Society

for Testing and Materials (ASTM). However, the natural solar spectrifenati from the
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simulated spectrum produced by the Newport lamp, as shown above in Figure 3.1. The primar
differences in the natural and simulated spectra were the intensikigistoparticularly in the
300-400 nm range. The peak intensities of natural sunlight were in the visilde(dang not

shown), near 460 nm.

The FAC half-life during natural sunlight photolysis in clear skies at mid®fday/12 at noon)

was 9 minutes with a solution temperature of 10 °C. Aside from the differingcghysi
configuration of reactors, the outdoor experimental protocol was identical tagaehsunlight
experiments at pH 8. Reactors with 3 myRAC in the absence of sunlight were compared to
reactors initially containing 6 mg'LFAC that were exposed to sunlight for 9 minutes in order to

photolyze 3 mg X FAC after which the reactors were shielded from light.
3.5.2 Inactivation Trends

Overall, the GJy values for dark and irradiated reactors were lower during the outdoor

experiment than the bench-scale pH 8 25 °C experiments due to the higher tempebatilre of

dark and irradiated reactors (33 °C) (Figure 3.13). Despite differences tratpeensity

between natural and simulated sunlight, the spore inactivation enhancemerdfeffadiation

matched that at 25 and 10 °C of simulated sunlight. The mgare@uiction factor for these
experiments was 2.15, compared to 2.20 and 2.25 at 25 and 10 °C (Figure 3.14). The 2.15 factor
reduction in G due to natural sunlight irradiation resulted in g@tat was 106 (mg-min)t

less than the @gof the FAC-only dark conditions.
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Figure 3.13: Comparison of spore inactivation versus Ct in the absence of irradiation and in
simulated sunlight (25 °C) and natural sunlight (on the roof of More Hall, 5/14/2012 at noon, 33
°C). Conditions: phosphate-buffered solutions, pH 8, with dark [fAG]mg L* and irradiated
[FAC]o~ 6 mg L[*.
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Figure 3.14: C§g Reduction Factors versus pH from simulated sunlight (at 10 and 25 °C) and
natural sunlight (at 33 °C).

One possible explanation for the similar inactivation despite less intensalibletoutdoor
experiments may be the differences in irradiate surface ame@adi type of reactor. In an
outdoor environment, the light comes from all angles as it is reflected anttedfedong its

path. In the Newport simulator, however, the light is emitted as a semi-dellirneaam where
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the light comes from the source in a single beam with minimal dispersioradditgonal
exposure to light in the outdoor environment may compensate for the lower intenigh.of |
This was confirmed by similarities in fluence between the simulated an@insuaftight

experiments.

3.6 Disinfection-by-product Concerns

In addition to the effects of the presence of NOM on disinfection efficiencgigd@soutes of
disinfection-by-product formation must be addressed. Both chlorine-based and phatathemi
reactions have the potential to generate carcinogenic DBPs. In facf, thegpomary
disadvantages of chlorine-based disinfection that motivated a shift toward thiealteenative
disinfectants is the formation of organohalides such as trihalomethanes (THh4d)axcetic
acids (HAAs) 49).

It is possible that the photochemical system studied here using both FAC adiidféction
could result in the formation of halogenated organics from FAC and additional BBP$I0O
reactions. Several studies have indicated thdigBed disinfection can result in the formation of
BrO3 or other brominated DBPs. For example, in waters with high concentrations G Br

HO’ could oxidize HOBr to form Br@, which would not be possible from disinfection by FAC
alone 78, 79. Furthermore, HOhas been shown to oxidize FACGI®3- (80) which may be
further oxidized taCl04 (81). Both ClO3- and ClO4 are DBPs of concern.

Although photochemical enhancement of chlorination could lead to increased DBRdoyiita
is also possible that the present photochemical system could actuallyrréswitr DBP levels
compared to a system with FAC alone. von Gunten et al. (28@1jound a positive linear
correlation between FAC Ct values and halogenated organic compound coraetrati
Therefore, the observed one-to-two-fold reduction i @ilues with FAC and HGxould
translate to lower DBP levels. Similarly, lower concentrations of the, @BfCkL, were

generated during FAC photolysis than with FAC alone at a range of pH levelsotldsbe
attributed to the degradation of FAC and lack of additional Git@mation from FAC
photoproducts37). Another interesting possibility would be the elimination of DBPs by either
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HO' orin situ photo-degradation, or both. As suggested by Watts and Linden (2&),H QO

may be capable of removing DBPs during realistic water treatmentiomsdiFurthermore,
depending on the molar absorptivity of NOM present, it could be possible for UV light to
photolyze and degrade NOM itself. Additional investigations into such processe$of DB
formation and elimination should be carried out to fully understand the implications for public
health.

3.7Possible Mechanisms of Enhanced Inactivation

FAC-only inactivation curves possessed a substantial lag phase followed by-fisstuaider
kinetics. This type of curve is typical of FAC disinfectiorBofsubtilissporeq75). The length of
the lag phase may be related to FAC’s weak disinfection capabilitiessate spore’s
protective coat that may require repeated attack to achieve inacti{@t)oihe presence of a
lag phase has been explained based on a multi-hit or multi-target theoryt#atish where
microorganisms are inactivated only when disinfectant dose or exposure ex@oaetisn

threshold 83). This threshold Ct value marks the end of the lag phase.

With HO' exposure from FAC photolysibptha shorter lag phase and a faster rate of
inactivation were observed in comparison with FAC only. €hal. (2006) @0) reported lag
phase removal during. subtilisspore inactivation by pre-treating withy @r CIO, followed by
FAC treatment. However, H@isinfection studies d8. subtilisspores have produced variable
results. For example, Mamane et al. (20@®) (eported no inactivation d&. subtilisspores by
UV/H,0, (A>292 nm). One possible explanation may be their use of a different stiin of
subtilis which could drastically change spore response to disinfection. Cho et al. @8)11) (
however, used the sarBe subtilisstrain (ATCC 6633) and noted a reduction in lag phase, but
no change in inactivation rate compared with FAC-only disinfection using 0% (M=

254nm). Certainly, some differences betwBesubtilis(ATCC 6633) spore response to
disinfectants could be expected based on slight differences in spore poepiduattivould result
in different core water content, which is thought to play a role in the sporstarne®. Factors
affecting this could include the use of broth versus agar for initial vegetathaulture as well

as temperature and length of incubation during sporulation, among @#ers (
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An additional factor influencing variability in response to ‘H&Xhe method of generating HO
and the potential synergism of combining disinfectants. Mamane et al. (3 §e(erated

HO' using non-germicidal UV light ensuring tHd©" was the only disinfectant. Cho (2011)
(58), however, used germicidal Yy so bothHO and UV light inactivated spores. In our
systemHO" was generated by FAC photolysis and thi@®¥ disinfection was concurrent with
FAC disinfection. Since diffusion is not likely to play a major role in disitndecof the spores
by FAC orHO' due to the protective spore coa$); it can be expected that the disinfectants
must first target the outer spore coat. Duel@’s highly and non-selective oxidative capacity,
HO" may oxidize spore coat constituents that would otherwise be FAC-recal(@8arfEigure
3.15 represents this concept visually. This initial damage could make the coat morabpebg
HO' or FAC and generally increase the susceptibility of the spore to subsetjaekt\&hen
HO'" generation stops, FAC could continue to attack the spore for longer time periods: t8imila
the coat, the spore cortex is a protective barrier with high concentrations dbggman. Cross
et al. (2003) 85) found that intracellular generation of H@®ithin spores oBacillus globigii

was more effective at inactivating the spores tH& generated externally. Therefore, due to
holes or damage to the coat, th®" or FAC might reach the cortex earlier and have a more
pronounced effect to increase the rate of inactivation. However, in other studipsgtade
damage to the spore coat alone has been shown to inactivate spores by disruptingpooemal
functions 86).
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4. CONCLUSIONS

4.1 Key Results

Overall, irradiation with FAC, irradiation without FAC, and dark FAC-only experits of nine
conditions were tested. These included phosphate-buffered solutions exposed to simulated
sunlight at pH 6, 7, and 8 and 10 and 25 °C, and natural sunlight at pH 8 and ambient
temperature, 33 °C. Two different natural water samples of pH 7.4 were te$6GtCGin
simulated sunlight. There was no spore inactivation at any pH or temperatuneadidition but

without FAC at any of the conditions.

For all experimental conditions, pH was the primary determinant of sporevataxct. As

anticipated, dark FAC-only experiments demonstrated a negative effactedsing pH on

spore inactivation. At pH 8, gitvalues were three to five times higher thag, €@alues at pH 6

or 7. In both 10 and 25 °C phosphate-buffered solutions, pH was the most important determinant
of the enhancement effect from irradiation with FAC. Thg @tduction factors at pH 6 were
1.16-1.18 at 10 and 25 °C versus 2.2-2.25 at pH 8.

In addition to pH, FAC-only experiments demonstrated a positive effect of sirogea
temperature on inactivation. gvalues at 10 °C were more than 2-3 times greater than the
corresponding G§ for each pH at 25 °C. Temperature exerted a less significant effect on
enhanced irradiation than pH for phosphate-buffered solutions. The enhancement effect of
natural sunlight was similar to simulated sunlight at pH 8 despite differapetatures. The

Ctgg reduction factors showed a positive linear relationship with pH that was independent of
temperature (including 10, 25 and 33 °C data).

In natural waters with low NOM the enhancing effect of simulated soéatiation was only
slightly less than would be expected based on pH alone at 10 °C. However, the dark Y¥AC-onl
reactions were much slower than expected. This may be attributed to spereggegations
facilitated by constituents present in natural waters, such as matakc#hat were not present

in phosphate-buffered solutions.
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Overall, the relative benefit of enhanced inactivation from irradiatiorestgst when FAC
reactions are slow. For example, the most significant time and Ct saxengst higher pH,

lower temperatures, and in natural waters with NOM present.

4.2 Applications

As demonstrated, this approach of photolyzing FAC to generatgeti#d stopping photolysis to
maintain an FAC residual could provide significant benefits at relevant pH andr&tonps

with natural waters and natural sunlight. The enhanced inactivation of chlesis&nt
microorganisms and the cost- and time-savings make it an attractive dpfmolacth
centralized and decentralized applications.

In a centralized setting, such as at a municipal water treatment plaigsihdim high-energy
and costly germicidal UV lamp& & 300 nm) to lower energy solar lampas-300-400 nm) in
combination with FAC could be less expensive and more practical. By combiningjgiaiand
FAC to achieve advanced oxidation in a single application, this could also simplihg#tment

process by reducing the number of steps involved.

Furthermore, in decentralized settings such as households in developing cotiwgrees,lt
serve as an enhancement to traditional SODIS or chlorination methods. By conSthig
and chlorination to generate HGhis could provide a higher level of pathogen inactivation,
particularly of protozoa or helminths, than would be possible with either method alone. In
addition to being more effective, this could be 2-3 times faster than chlorinatddr0s20 times
faster than SODIS.

4.3 Optimization and Future Work

Before implementing the enhanced FAC-sunlight process in practicesrfueearch is

required. In particular, this should include an investigation of the effectivehtdss method to
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inactivate important chlorine-resistant human pathogens sudiyasbacterium avium

coxsackievirus B5 (CVB5)C. parvum andAscaris lumbricoides.

It is also important to more fully understand the effect of chemical comgstpeesent in natural
waters on inactivation. Specifically, future research should investigate henedtftypes and
concentrations of NOM would impact HScavenging capacity, light screening, and FAC

demand. Similarly, the impact of ionic compounds on spore aggregation merits gtv@stig

Additionally, a more in-depth test of different solar lamps or outdoor solar conditmuid be
worthwhile. It would be interesting to compare different lamps based on inamtivatit also by
their cost and energy-requirements. Different lamps to consider could incudgledium
Pressure Hg Lamp& € 254 nm) commonly used during UVWBL AOPs, higher energy KrCl
Excimer lampsX = 222nm), lower energy XeBr Excimer Lamps<282 nm), as well as
UVB/UVB emitting LEDs or blacklights. This would also facilitate compans of energy costs
for the photochemically enhanced FAC method with conventional AOP processes. By@appl
the FAC-sunlight process for microorganism inactivation instead of contaminaowak
applications typical of AOPs, less Hexposure would be needed. Additionally, it is likely that
the solar lamps would be cheaper and less energy-intensive than typical lathipsAGPs, but

this needs to be formally assessed.

In addition to the lamps, it would be prudent to investigate how to best configure dismfec
contactors to maximize solution light absorbance and minimize reductions ipR&Qalysis

effectiveness due to water depth.

Overall, this research has demonstrated that photochemically activatecelRAgDhance
inactivation of chlorine-resistant microorganismssubtilisspores. The enhanced inactivation
effect was attributed to the generation of hydroxyl radical and was obsé¢ifferant
temperatures (10, 25, and 33°C), at a representative pH range: 6-8, withesinanldtnatural
sunlight, and with phosphate-buffered solutions and natural water samples from driateng w
treatment plants in the Seattle area. Given the observed enhancement adeeaditsof these

conditions, further research should investigate DBP formation and optimization oétthednm
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practice. In the future, the photochemical activation of FAC could be a promisthgadvad
drinking water treatment capable of removing chlorine-resistant pathogkeoth temperate and

tropical climates in centralized and decentralized settings.
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