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ABSTRACT: Aqueous free available chlorine (FAC) can be photolyzed by sunlight and/or
artificial UV light to generate various reactive oxygen species, including HO® and O(*P). The
influence of this chemistry on inactivation of chlorine-resistant microorganisms was investigated
using Bacillus subtilis endospores as model microbial agents and simulated and natural solar
radiation as light sources. Irradiation of FAC solutions markedly enhanced inactivation of
B. subtilis spores in 10 mM phosphate buffer; increasing inactivation rate constants by as much
as 600%, shortening inactivation curve lag phase by up to 73% and lowering CT's required for
2 log,, inactivation by as much as 71% at pH 8.0 and 10 °C. Similar results were observed at
pH 74 and 10 °C in two drinking water samples with respective DOC concentrations and
alkalinities of 0.6 and 1.2 mg C/L and 81.8 and 17.1 mg/L as CaCOj. Solar radiation alone did
not inactivate B. subtilis spores under the conditions investigated. A variety of experimental
data indicate that the observed enhancements in spore inactivation can be attributed to the
concomitant attack of spores by HO® and O, the latter of which was found to accumulate to
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micromolar concentrations during simulated solar irradiation of 10 mM phosphate buffer (pH 8, 10 °C) containing [FAC], = 8 mg/L

as Cl,.

B INTRODUCTION

Aqueous free available chlorine (FAC)—primarily comprising
HOCI (pK, = 7.5 at 25 °C") and its conjugate base OCI™ at
circumneutral pH—is inexpensive, easy to use, and one of the
most common disinfectants applied in treatment of municipal
drinking water and wastewater.” FAC is generally highly effective
as a disinfectant, especially at lower pH, where the contribution
of HOCI to disinfection reactions typically accelerates inactiva-
tion.> However, FAC is relatively ineffective against some
important chlorine-resistant pathogenic agents such as Giardia
lamblia cysts and Cryptosporidium parvum oocysts.” In addition,
FAC treatment is well-known to result in the formation of various
halogenated disinfection byproducts (DBPs).> As a consequence
of these shortcomings, many utilities have transitioned from FAC
as a primary disinfectant to UV, ozone (O;), or combined
disinfectants, followed by FAC as a secondary disinfectant, with
the aim of minimizing DBP formation while maintaining adequate
levels of protection from microbial contamination.>”*

Substantial research conducted over the past decade has
highlighted the possible benefits of combining two or more
disinfectants, either in sequence or in parallel, to yield enhanced
pathogen inactivation beyond that achievable by an individual
disinfectant. For example, predisinfection with an oxidant
capable of yielding substantial cell wall, oocyst wall, or spore
coat damage (e.g., O; or ClO,), followed by postdisinfection with
FAC, has been shown to substantially enhance the susceptibility
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of microbial agents (including C. parvum oocysts) to inactivation
in comparison to FAC alone.’~” A more recent study by Cho et al."’
indicates that HO®, when utilized as a preoxidant, could also enhance
sensitivity of some model microbial agents (including Bacillus
subtilis spores and MS2 phage) to subsequent inactivation by FAC.

While these studies confirm that the sequential application of
disinfectants can be advantageous, the process of combining
disinfectants in practice can be operationally complex. It is therefore
notable that FAC itself can serve as an in situ photochemical source
of reactive oxygen species (ROS), including HO® and atomic
oxygen (O(°P))—a precursor to 0,'""? allowing for the possible
implementation of a single-step approach to disinfection that
combines exposure to FAC and such oxidants in situ.

As shown in Table 1, homolytic cleavage of HOCI and OCI™
during exposure to light with 4 < 400 nm yields HO® or its
conjugate base, O*~ (pK, = 11.9 + 0.2"), and chlorine atom
(CI*) (egs 1a and 1b),"* which may in turn react with water to
yield additional HO® (egs 1c'* and 1d'*).

ClI' + H,0 2 HOCI'” + H' K= (14 +0.53) x 1077
(1c)
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Table 1. Summary of Primary FAC Photolysis Pathways and Consequent ROS Formation

@ (2)

reaction 254 nm 313 nm 365 nm
HO* formation:
HOCI + hv - HO® + CI*  (la) 0.46—1.4'77192 1200 ND
oCl +hw - 0O~ +cI' (1b) 0.278"2 0.127"2 0.08"2
O(*P) formation:*
OCI" + w — CI + OCP)  (2a) 0.074" 0.075" 0.28"
O('D) formation:
OCI" + v —» CI" + O('D)  (3) 0.133" 0.02'2 02

“The substantial variation in reported ® values for eq la at 254 nm has been attributed to variability in experimental conditions (e.g., different FAC
concentrations, light sources, and HO® probe type)." bat approximately 310 nm in the gas phase. “Photolysis of HOCI is not known to generate

O(3P).!>*¥?2 ¥ND = Not determined.

HOCI'™ 2 HO® + CI” Kg=14+026M (1d)

The homolytic pathway diminishes in importance with
increasing wavelength of light (Table 1). In contrast, heterolytic
cleavage of OCI~ yields ground-state atomic oxygen (O(°P)) and
chloride ion (CI7), with increasing ® versus wavelength of light
(Table 1, eq 2a)."* At wavelengths below 320 nm, heterolytic
FAC photolysis may also generate singlet-state atomic oxygen
(O('D)) (Table 1, eq 3). However, this s6gecies reacts rapidly
with H,O (k = 1.8 (+ 0.8) 10" M~ s7')°° to yield H,0, and
HO® 1215

Under oxic conditions, O(°P) can react with O, in competition
with OCI, yielding the potent disinfectant O; in the former case
(eq 2b'®), and ClO,™ in the latter case (eq 2c1216),

OC’P) + 0, — O, ky=4x10°M"'s™"  (2p)

O(’P) + OCI” - ClO,~ ky. ~ 94 x10°M"'s™!

(20)

Subsequent reaction of O; with ClO,” may then yield the
additional disinfectant ClO, (eq 4°%).

0, + Cl0,” = O,°” + ClO, ky=40x 10°M"'s!

4)
To date, FAC photolysis has been extensively investigated as
an advanced oxidation process (AOP) for removing chemical
contaminants from water,'”~'#>*72% However, it only appears to
have been studied to a limited degree as an advanced disinfection
process; primarily using 254 nm light as a source of photo-
chemical activation.”® Considering that the UV absorp-
tion spectra for OCI™ and HOCI extend well above 300 nm
(Supporting Information, Figure Sla), the use of sunlight or
artificial UVA light for photochemical activation of FAC residuals
would appear to represent an attractive means of augmenting
traditional chlorination strategies for enhanced inactivation of
chlorine-resistant pathogens. With this in mind, the present study
focuses on the use of simulated and natural sunlight-driven FAC
photolysis as a means of enhancing the inactivation of B. subtilis
endospores, which were selected as model microbial agents on
account of their high resistance to FAC,%* and prior use as
biological surrogates for disinfectant-resistant pathogenic micro-
bial agents such as C. parvum oocysts.*>*~>!

B MATERIALS AND METHODS

Chemicals and Materials. Commercially available chem-
icals were purchased from Sigma-Aldrich, with the exception of
NaOCl—which was purchased from JT Baker—and Na,S,0;—

which was purchased from Fisher Scientific. All chemicals were
of at least 95% purity, except for NaOCl, which was obtained
as a ~5% available chlorine (w/v) solution, and NaClO,, which
was obtained as a solid of 80% purity. FAC stock solutions
were prepared by dilution of NaOCl, whereas O; and ClO, were
generated immediately prior to use according to previously
published procedures.’”** Working FAC, O;, and ClO, stock
solutions were standardized spectrophotometrically at 4 = 292
nm, 258 nm, and 359 nm, using €0, 0c = 350 M~ em™,**
E3580m0, = 3150 M~ em™,** and 359, ci0, = 1200 M~ cm ™,

respectively. All solutions were prepared in Milli-Q water
with resistivity >18.2 MQ cm. Phosphate buffers and glassware
were autoclaved at 121 °C for 15 min prior to use in order to
ensure sterile conditions. Other reagents were sterilized by
vacuum or syringe filtration using 0.22 pm filters. Natural
drinking water samples were obtained from two Seattle-area
water treatment facilities and filter sterilized prior to use (Text S1,
Table S1).

Bacillus subtilis Spore Stock Preparation and Viability
Assessment. Endospores of B. subtilis strain ATCC 6633 were
used as model microbial agents. Details of spore stock
preparation can be found in Text S2. To the extent possible, a
single spore stock (Stock 1) was used for experiments. Selected
experiments undertaken with a second spore stock (Stock 2) are
specifically noted. Spore viability was quantified by spot titering
(Text $3).%

Disinfection Procedures. Experiments were generally
undertaken in triplicate (unless otherwise noted), using natural
water samples or 10 mM phosphate-buffered aqueous solutions
at pH 6.0, 7.0, or 8.0, according to four basic approaches: (i)
continuous irradiation of FAC solutions (“FAC + CL”, where
CL = continuous light), (ii) brief irradiation of FAC solutions
followed by cessation of irradiation and continued exposure
to FAC in the dark (“FAC + BL”, where BL = brief light),
(iii) exposure to FAC without irradiation (“FAC only”), or (iv)
irradiation in the absence of FAC (“Light only”). Simulated
sunlight experiments were undertaken at either 10 or 25 °C
(maintained by means of a recirculating, constant temperature
water bath), whereas natural sunlight experiments were under-
taken without thermostatting, at an ambient temperature of
33 °C. Maintenance of target temperatures in solution was
confirmed by thermometer. Detailed descriptions of exper-
imental procedures and reactor configurations can be found in
Text S4.
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Figure 1. Influence of continuous simulated solar irradiation on enhancement of B. subtilis spore inactivation in 10 mM phosphate buffer (pH 8.0,
10 °C). (a) Spore viability (circles, left y-axis) and residual [FAC] (squares, right y-axis) versus time under FAC only, FAC + CL, and light only
conditions. (b) FAC only and FAC + CL data plotted versus CT. See Table S2 (experiment 1) for additional experimental details.

B RESULTS AND DISCUSSION

Analysis and Interpretation of Inactivation Data.
Inactivation of B. subtilis spores during exposure to FAC was
characterized by a lag phase followed by a pseudo-first-order loss
of spore viability (see Figure 1), consistent with the results of
prior studies.** Such behavior can be described by a delayed
Chick—Watson model, according to eq 5,8
1 if CT < CT,,, = lh{ﬁ)

kN
N Jesp(—k(CT - CT,p)
No

= Mp(—ker)  fcT > CT,, = lh{ﬁ)
N, kN,

©)
where CT is the integrated exposure to FAC over time (e,
/ 5LFAC]dt) and N/N, refers to the spore survival ratio (or
residual viable spore concentration, in CFU/mL, normalized
to initial viable concentration). In(N;/N,) and k refer to the
magnitudes of the y-intercept and slope of a line fitted to the
post-lag phase data points on a plot of In(N/N,) versus CT,
respectively, and CT,, represents the extent of the lag phase—
obtained from the x-intercept of the same fitted line. The
relationships of these parameters to a generic plot of In(N/Ny)
are illustrated in Figure SS.

The lag phase was operationally defined as comprising all data
points in a plot of In(N/N,) versus CT that deviated from the
preceding point by less than two standard deviations about that
point. The first data point to vary by at least two standard
deviations from the preceding point was taken to mark the
approximate end of the lag phase and beginning of pseudo-first-
order decay. A least-squares linear fit through this and
the subsequent data points was then used to more precisely
determine k (in L (mg min)™") and CTyyg (in (mg min) L™").
Values of CTy, (in (mg min) L") and 4 (in minutes) were
estimated using the equation of the fitted line and represent the
CT and time, respectively, required to achieve 2 log;, units of
spore inactivation.

Enhancements in inactivation resulting from irradiation are
henceforth interpreted in terms of CTy, reduction factors (i.e.,
the ratio of CTyg0/CTog, with CTogy and CToy representing
values in the absence and presence of irradiation, respectively),
CT),, reduction factors (CTIag,O/ CTlag), and k enhancement

factors (k/k,), with inactivation data generally presented
graphically in log), scale for convenience. Although the same
spore stock (Stock 1) was utilized in all but a few experiments
and uniform spore purification procedures were followed before
each experiment, there was nevertheless some variability in
spore response from one experiment to the other. Therefore,
calculation of enhancement parameters for a given condition was
performed using only results obtained from matched experi-
ments conducted on the same day. Table S2 provides a summary
of results obtained for the tested conditions.

Enhancement of Spore Inactivation during FAC
Photolysis. Continuous Irradiation. Figure 1 compares
measurements of B. subtilis spore viability in 10 mM phosphate
buffer (pH 8.0, 10 °C) during exposure to simulated sunlight
alone (light only), FAC alone (FAC only), and FAC + continuous
simulated sunlight (FAC + CL), where the same initial
concentration of [FAC], = 8.6 mg/L as Cl, was used in FAC
only and FAC + CL experiments.

As shown in Figure 1a, exposure to FAC alone yielded gradual
inactivation of spores at exposure times in excess of ~40 min
under these conditions. In contrast, exposure to light alone had
no direct impact on spore viability over the irradiation time-scales
utilized in these experiments (Figure la), or in any other
experiments undertaken during this investigation (Figure S6).
However, the combination of FAC and simulated sunlight
(FAC + CL) led to a marked increase in the efficiency of spore
inactivation, where spores exposed to the same level of [FAC],
were inactivated nearly two times faster during irradiation than
by FAC alone (ie., fy, values of 45 and 75 min were observed
with and without irradiation, respectively).

Plotting the spore inactivation data in Figure la versus CT
to account for variations in [FAC] reveals an even more
pronounced effect of irradiation on inactivation efficiency than
apparent from time-dependent plots (Figure 1b). Inactivation
is clearly enhanced through a combination of lag phase reduc-
tion (CTyyg0/CTyg = 2.2) and accelerated inactivation kinetics
(k/ky = 4.0), leading to an overall CTy, reduction factor of
3.0 for these conditions (Table S2). Taken together, these
data strongly indicate a role of photochemically generated
secondary oxidants in accelerating spore inactivation during
FAC photolysis.

Brief Irradiation. Figure 2 depicts observed trends in spore
viability during a similar series of experiments in which light only
and FAC only controls were compared with FAC solutions
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Figure 2. Influence of brief simulated solar irradiation on enhancement of B. subtilis spore inactivation in 10 mM phosphate buffer (pH 8.0, 10 °C).
(a) Spore viability (circles, left y-axis) and residual [FAC] (squares, right y-axis) versus time under FAC only, FAC + BL, and light only conditions.
(b) FAC only and FAC + BL data plotted versus CT. See Table S2 (experiment 2) for additional experimental details.
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Figure 3. B. subtilis spore viability versus CT in 10 mM phosphate buffer (pH 8.0, 10 °C) in the presence and absence of (a) S0 mM t-BuOH, or (b) O,,
during continuous exposure to simulated sunlight. All experimental data shown here were obtained using spores diluted from Stock 2. +-BuOH
experiments were undertaken in triplicate, whereas [0,] variation experiments were undertaken in duplicate. [0,]=9 mg L~" under oxic conditions at
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experimental details.

quantity of FAC photolyzed during irradiation. See Table S2 (experiments 3 and 4) for additional

irradiated with simulated sunlight for only a brief interval of time
(FAC + BL) rather than continuously. In this case, FAC only
experiments were conducted using [FAC], = 3.4 mg L™ as CL,.
FAC + BL experiments were conducted using an initial
concentration of [FAC], = 6.3 mg L™" as Cl, and irradiated for
a time, t;,,, sufficient to photolyze A[FAC];, = 3.0 mgL™" as Cl,
(leaving a residual of 3.3 mg L™ as Cl, in solution), after which
the irradiated solutions were placed in the dark for continued
monitoring of spore viability.

As shown in Figure 2b, the overall enhancement in inactivation
efficiency achieved by brief irradiation—while not as large as
observed during continuous irradiation—was nevertheless quite
substantial (CTyg/CTyg = 2.3; Table S2). It is also apparent
from Figure 2b that spores exposed to a brief interval of solar
irradiation and subsequently placed in the dark were inactivated
significantly faster under dark conditions than spores in
nonirradiated (i.e, FAC only) controls after normalizing for
CT (k/ky = 1.8; Table S2). This finding suggests that damage
sustained by the spores during FAC photolysis sensitizes them to
subsequent reaction with FAC even in the absence of light.

In contrast, no enhancement of spore inactivation was observed
if spores were dosed to briefly preirradiated FAC solutions after
removal of such solutions from simulated sunlight (Figure S7).
This in turn suggests that enhancement results from sustained

12979

in situ exposure of spores to low levels of secondary oxidants
generated during FAC photolysis.

Importance of Secondary Oxidants Generated during FAC
Photolysis. As noted in Table 1 and the accompanying
discussion, FAC photolysis may yield a variety of reactive species
that could be either directly or indirectly responsible for the
trends in spore inactivation observed in Figures 1 and 2,
including HO®, O(°P), O, and ClO,. Of these species, HO®, O,
and ClO, have each been reported to enhance the effectiveness of
FAC as a disinfectant when using B. subtilis spores as model
microorganisms.®'®?° To evaluate the likelihood that these latter
three species contribute to acceleration of spore inactivation
during FAC photolysis, a series of experiments was undertaken
with the aim of quantifying their in situ concentrations in FAC
solutions exposed to continuous simulated sunlight.

In order to quantify HO®, solutions of 10 mM phosphate
buffer (pH 8, 10 °C) dosed with [FAC], = 8 mg/L as Cl, were
amended with 1 yM of the HO® probe para-chlorobenzoic acid
(pCBA),"*" and irradiated according to the same procedures
used to generate the data shown in Figure 1. Measurements of
pCBA loss were in turn used to estimate a maximal HO®
exposure, or CTyo’ (=f0t[HO']dt), of approximately 5.0 X
10™®* (mg min) L™" under such conditions (Text S6, Figure S9a).
This level is apparently too low to yield direct inactivation of the
spores utilized here, as no inactivation of Stock 2 spores was

dx.doi.org/10.1021/es401906x | Environ. Sci. Technol. 2013, 47, 12976—12984
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observed at CTyo levels up to 6.0 X 107® (mg min) L'
during exposure to HO® generated via H,0O, photolysis under
simulated sunlight, consistent with prior findings by Mamane
et al.® (Text S4, Figure S10a). However, other investigators
have reported that similar CTyo levels (up to 3.0 x 107°
(mg min) L") are sufficient to yield ~0.5-log enhancement
of B. subtilis spore inactivation during post-treatment with FAC
in pH 7 phosphate buffered saline at 20° C."°

In order to quantify O3, solutions of 10 mM phosphate buffer
(pH 8, 10 °C) dosed with [FAC], = 8 mg/L as Cl, were exposed
to continuous simulated sunlight for various predefined times
and treated with a solution containing NH,Cl and cinnamic
acid — which reacts rapidly and selectively with O; to yield
benzaldehyde in 1:1 stoichiometry** — according to the pro-
cedures described in Text S6. Measurements of benzaldehyde
confirmed the presence of O; concentrations up to ~1.8 yuM in
these solutions during irradiation (Figure S9b). The fact that O,
did not accumulate to higher levels during FAC photolysis may
be due to a combination of its direct reaction with OCI~ (k =
1.20 (# 0.15) x 10> M~ 's71),*" as well as radical chain reactions
initiated by low levels of ClO,” (eq 4) and/or CIO, (k = 1.37
(% 0.05) x 10° M~'s71).2*3¢ Measured benzaldehyde concen-
trations were in turn used to estimate an O; exposure, or CT 5
(= /o ‘l0,]dt), of approximately 3.0 (mg min) L' under such
conditions (Figure S9b). This CT o, level is apparently not high
enough to yield direct inactivation of spores, as a CTj,g o3 value of
4.3 (+ 0.4) (mg min) L' was measured for direct exposure of
Stock 2 spores to Oj; alone under the same conditions (Figure
S10b). However, prior investigators have reported that pre-
exposure of ATCC 6633 spores to CT; levels below CTy,g 03 can
lead to reductions in CT},gpac during post-treatment of the same
spores with FAC, with progressively greater reductions in
CTiagrac (up to complete elimination of FAC lag phase) as CTq;
is increased to CT},403 during the pre-treatment step.

Additional experiments were undertaken with the aim of
quantifying in situ ClO, concentrations during FAC photolysis.
This was attempted according to the same general approach used
for O; quantification, but with glycine and the dye 2,2’-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) substituted
for NH,ClI and cinnamic acid, respectively, as described in Text
S6. ClO, could not be detected under the same conditions at
which HO® and O; were measured. Taking into account a
detection limit of ~0.1 uM for the ABTS method as utilized here

(Text S6), this suggests that in situ ClO, concentrations did
not exceed 0.1 #M and that CT o, values could therefore not
have exceeded ~0.3 (mg min) L™ over the SO min irradiation
periods typical of these experiments. This is far below levels
necessary to achieve direct spore inactivation or likely to yield
an enhancement of spore inactivation by FAC under these
conditions (Figure S10c, ref 6).

On the basis of the above, it appears that both HO® and O,
may play a role in accelerating spore inactivation during FAC
photolysis. In order to further examine the importance of each
oxidant, losses of spore viability were compared during
photolysis of FAC in 10 mM phosphate buffer (pH 8, 10 °C)
dosed with [FAC], = 8 mg/L as Cl, in the presence and absence
of 50 mM t-BuOH — a widely employed scavenger of HO*.** As
shown in Figure 3a, no discernible enhancement in spore
inactivation was observed over the CTfp, ranges investigated in
solutions containing +-BuOH, despite the fact that £, (= SSmin)
and A[FAC],, (= 7.5mg L™ as Cl,) were the same under each
condition (Table S2, Figure S8a). pCBA measurements
confirmed that the level of +-BuOH utilized here was sufficient
to scavenge >95% of HO® under such conditions (data not
shown), whereas benzaldehyde measurements indicated only a
modest (~20-30%) decrease in O exposure (Figure S9b). This
is consistent with the relatively high aqueous-phase rate constant
for reaction of +-BuOH with HO® (k = 6 x 10°® M~'s71),*?
compared to the much lower aqueous-phase rate constant
anticipated for reaction of t-BuOH with O(’P) (k ~ 2.5 X 10°
M~!s™") on the basis of gas-phase O(°P) kinetics data.>* These
results indicate that in the absence of HO?®, the levels of O; to
which spores are exposed under the conditions depicted in
Figure 3a are not sufficient on their own to account for the
enhancements in spore inactivation observed during FAC
photolysis. However, this does not exclude the possibility that
enhancements in inactivation attributable to O; may have been
observed at CTg,c values beyond the ranges depicted in Figure
3a, which were inherently limited by depletion of FAC during
photolysis.

A similar set of experiments was undertaken to examine the
influence of HO® on spore inactivation in the absence of O;.
In this case, losses of spore viability were compared during
photolysis of FAC in 10 mM phosphate buffer (pH 8, 10 °C)
dosed with [FAC], = 8 mg/L as Cl, at equilibrium with
atmospheric O, and in otherwise identical solutions from which
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Figure 4. B. subtilis spore viability versus CT in 10 mM phosphate buffer with and without exposure to brief intervals of simulated sunlight (unfilled and
filled symbols, respectively), at (a) pH 6.0, 7.0, and 8.0, all at 10 °C, and (b) pH 8.0 at 10 and 25 °C. t,, = irradiation time and A[FAC];, = quantity of
FAC photolyzed during irradiation. See Table S2 (experiments 2 and S—7) for additional experimental details. Note: The 25 °C data depicted here have
been adapted with permission from ref 45.
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(pH 7.4, 10 °C) obtained from the Marysville and Cedar water treatment facilities, with and without brief exposure to simulated sunlight (unfilled and
filled symbols, respectively). t,, = irradiation time and A[FAC],,, = quantity of FAC photolyzed during irradiation. See Table S2 (experiments 8,9, and 10)

irr

for additional experimental details.

O, had been removed by N,-sparging (as a means of blocking O,
formation via eq 2b). As shown in Figure 3b, no enhancement
of spore inactivation was observed in solutions lacking
O,, despite equal values of ¢, (= SO min) and A[FAC],,
(= 7.1 mg L™! as Cl,) in the presence and absence of O,
(Table S2, Figure S8b). In analogy with the results obtained from
the +-BuOH experiments (Figure 3a), this observation indicates
that in the absence of O, the levels of HO® to which spores are
exposed under the conditions depicted in Figure 3b are likewise
insufficient on their own to account for the enhancements in
spore inactivation observed during FAC photolysis. However, as
noted for O; in the context of the --BuOH experiments, this does
not exclude the possibility that enhancements in inactivation
attributable to HO® alone may have been observed at CTp,c
values exceeding the ranges depicted in Figure 3b.

Taken together, the data presented in Figures 3a and 3b
indicate that both HO® and O; must be present during FAC
photolysis to yield the observed enhancements in spore
inactivation. This suggests that O; and HO® likely play
complementary roles, with one sensitizing spores toward
inactivation by the other, and/or with both acting in concert to
sensitize spores toward inactivation by FAC to a greater degree
than achievable by either on its own.

Such effects would be consistent with prior findings by Cho
and co-workers that simultaneous exposure to HO® can
accelerate inactivation of B. subtilis ATCC 6633 spores during
treatment with O;,>”*** and that pre-exposure of spores to O +
H,O, can accelerate their inactivation by FAC to a greater extent
than pre-treatment with comparable levels of O; alone.*’ In line
with these prior studies, it is hypothesized that O; and HO® may
elicit such enhancement effects during FAC photolysis by (a)
accelerating the degradation of FAC-recalcitrant constituents of
the protective spore coat, thereby sensitizing vital targets
associated with the spore core to attack by FAC, as well as by
(b) directly attacking vital targets once the spore coat is
compromised. A more detailed discussion of the rationale for
these hypotheses is presented in Text S7.

Importance of pH, Temperature, Light Source, and
Matrix Composition. Influence of pH. Data from experiments
conducted to examine the influence of pH on photolytic
enhancement of spore inactivation—using the brief irradia-
tion protocol described above—are summarized in Figure 4a.
As shown here, values of k for spore inactivation in FAC only

solutions were inversely related to pH, consistent with a shift in
FAC speciation from the more potent disinfectant HOCI toward
OCI™ with increasing pH.* Similarly, CT,g and CTyg under such
conditions each increased by a factor of 3.5 with increasing pH
from 6.0 to 8.0 (Table S2). These results are comparable to
reports by other researchers of a ~4-fold variation in CTyy
values for B. subtilis spores exposed to FAC between pH 5.6
and 8.2.°

It is also apparent from Figure 4a that the degree to which solar
irradiation enhanced spore inactivation was actually significantly
greater at higher pH, with CT, reduction factors increasing from
1.2 to 2.3 between pH 6.0 and 8.0. This can likely be attributed
to several factors. First, FAC photolysis kinetics are accelerated
at higher pH, due to a shift in speciation toward OCI~, which
absorbs light much more effectively than HOCI (Figure S1a).**
As a result, the quantity of FAC that can be photolyzed over
a given t,, increases as pH rises (as reflected in the A[FAC];,
values shown in Figure 4a). At the same time, an increase in pH
should lead to higher Oy yields for a given A[FAC],,,, on account
of the rise in O(°P) production as FAC speciation shifts toward
OCI™ (Table 1). Furthermore, because O does not exhibit acid—
base speciation, its effectiveness as a disinfectant is less sensitive
to changes in pH than for FAC.%*** Thus, the benefits of FAC
photolysis become most apparent under conditions at which
FAC itself is least effective.

Influence of Temperature. Figure 4b compares data from
experiments conducted at 25 °C and pH 8.0 with those from the
10 °C, pH 8.0 experiments depicted in Figure 4a. As shown here,
CTyy requirements decreased substantially in both irradiated
and nonirradiated solutions as temperature was raised from
10 to 25 °C, consistent with the general positive influence of tem-
perature on the effectiveness of FAC and Oy as disinfectants.**"*¢
As aresult, CTog,/CTyy remained essentially constant from 10 to
25 °C (Table S2). The degree of enhancement in spore inactiva-
tion thus appears to be relatively insensitive to temperature.

Irradiation under Natural Sunlight. To confirm that the
results observed using simulated sunlight could be replicated
with natural sunlight, a set of experiments was performed on the
roof of the More Hall Civil and Environmental Engineering
building at noon on a clear, spring day. The incident irradiance of
direct natural sunlight during these experiments was determined
to be a factor of 2.6 lower than that of the simulated sunlight
source used in indoor experiments (Text SS). However, FAC
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photolysis rates observed in outdoor experiments at pH 8 and
33 °C were actually a factor of 1.7 higher than in indoor experi-
ments conducted at pH 8 and 25 °C (Figure S11). This is
presumably due to a combination of higher temperature and the
geometry of the quartz tubes used in outdoor experiments
(Figure S4), which exposes solutions to light emanating from
all directions and also results in increased internal reflectance
of light.*”** Consequently, a relatively brief 9 min exposure to
natural sunlight was sufficient to yield essentially the same reduc-
tion in CTy, requirements as observed for a 12 min exposure to
simulated sunlight under these conditions, with CTgg o/ CTgg =2.2
in each case (Figure Sa, Table S2).

Inactivation in Natural Water Samples. Additional experi-
ments were undertaken to assess the influence of natural water
constituents on spore inactivation during FAC photolysis.
The characteristics and sources of two natural water samples
(Marysville and Cedar) utilized for this purpose are summarized
in Text S1 and Table S1. As apparent from Figure Sb, spore
inactivation in irradiated and nonirradiated samples was
substantially slower for Marysville compared to Cedar. For
example, the value of CTyy observed for FAC only experiments
conducted in Marysville (979 (mg min) L") was almost twice
that of CT, in Cedar (575.4 (mg min) L"), despite the waters
having the same pH and Marysville actually having a lower DOC
concentration than Cedar (Table S1). In fact, spore inactivation
in the pH 7.4 Marysville sample was even slower than in pH 8
phosphate buffer (Table S2), despite the fact that FAC should
have been more reactive at the lower pH of the natural water.

Because plotting inactivation data versus CT normalizes for
variations in FAC concentration, and because similar effects were
observed in the presence and absence of light, it is clear that the
apparent recalcitrance of spores in Marysville cannot be due to
differences in the rates at which FAC or secondary oxidants
are consumed by matrix constituents. An alternative explanation
for the increased spore resistance in Marysville may involve its
higher concentrations of Mg** and Ca®* compared to Cedar and
pH 8 phosphate buffer. Ternary cell—cation—ligand complexes
have been reported to form in solutions containing vegetative
B. subtilis cells, various divalent cations, and DOM.* Additional
investigations have shown that Ca®" is particularly effective at
facilitating the attachment of DOM to MS2 bacteriophage and C.
parvum oocyst surfaces,’”" as well as aggregation of individual
viruses.* Presumably, similar interactions within the Marysville
sample could have increased the resistance of B. subtilis spores to
FAC, HO?®, and/or Os.

Regardless, exposure to simulated sunlight led to appreciable
enhancement of spore inactivation in both Marysville and Cedar,
with a slightly greater CTyy reduction factor observed for
Marysville (1.6) compared to Cedar (1.4). These values are
somewhat lower than might be anticipated based on results
observed for experiments undertaken in 10 mM phosphate buffer
at pH 7.0 and 8.0 (for which respective CT, reduction factors of
1.7 and 2.3 were observed at 10 °C). However, it is clear from
these data that FAC photolysis has a beneficial effect on spore
inactivation even in the presence of representative levels of
alkalinity (which can scavenge ROS****) and DOM (which can
scavenge ROS and O;,°*% as well as retard FAC photolysis via
light screening **).

Practical Considerations. Before practical implementation of
any approach utilizing FAC photolysis becomes feasible, it will
be necessary to take into account the likely impacts of such
processes on disinfection byproduct (DBP) formation in natural
waters. For example, as noted above, O(*P) generated via

eq 2a can react with OCI™ to yield ClO,~ (eq 2c). In addition,
reactions of O(*P) with ClO,~ can lead to production of ClO;~

via eq 2d.'>'¢
O(C’P) + ClO,” — ClO;~ kyy ~ 80 % 10° M5!
(2d)

Reactions of O; with OCI™ and/or any ClO, generated via eq 4
may also serve as pathways to ClO;~ formation.”****! In Br~-
containing waters, it is also possible that secondary reactions
of HO® and O; with the HOBr/OBr™ generated upon reaction of
Br~ with FAC could contribute to BrO,”~ formation.*® As both
ClO,™ and BrO;™ are currently regulated by the USEPA as DBPs,
and ClOj;" is likely to be regulated in the near future, it is clear
that development of strategies for minimizing their formation
during FAC photolysis must be a particular focus of future
research.

Future work will also require attention to factors influencing the
formation of various organic DBPs, including regulated species
such as trihalomethanes (THMs) and haloacetic acids (HAAs),
and unregulated species such as nitrosamines, haloacetonitriles,
halonitroalkanes, and cyanogen chloride. It has been reported that
yields of chlorinated organics may be increased by irradiating FAC
solutions with UVA or sunlight.>”** However, Oliver and Carey
(1977) noted that chlorine incorporation was substantially
diminished at higher pH, which they attributed to a shift from
FAC homolysis (eqs 1a and 1b) to heterolysis (eq 2a), due to the
dominance of OCI™ above pH 7.5.>® Furthermore, it remains
unclear from prior studies whether FAC photolysis is more likely
to lead to lower or higher DBP formation potential for a given CT
level. Considering that yields of such DBP classes as THMs and
HAAs are generally proportional to CT during chlorination
processes®” and that FAC photolysis may enable the use of
lower CTs to achieve pathogen inactivation, it seems likely
that implementation of FAC photolysis may actually enable
appreciable reductions in formation of certain DBPs under
appropriate conditions. For example, THM grields are generally
understood to be higher at elevated pH.®*~®> Considering that
FAC photolysis appears likely to yield the greatest reductions in
CT requirements at higher pH (Figure 4a), it stands to reason that
this process may be particularly well-suited to mitigating THM
formation in mildly alkaline waters. This could potentially provide
much the same benefit as practicing conventional chlorination
with pH depression,59 without the need for acidification of the
treated water or the risk of enhanced HAA formation under acidic
conditions.®®~%

Provided that DBP formation during FAC photolysis can be
properly managed, this approach could potentially offer a simple
and relatively energy-efficient opportunity to improve inactiva-
tion of such chlorine-resistant waterborne pathogens as C. parvum
oocysts, G. lamblia cysts, and M. avium, on account of their
relative sensitivity to O,.%*> For example, the CTo, level of

3.0 (mg min) L™" determined from Figure S9b is in the range of
values reported to achieve 0.5—1 log inactivation of C. parvum
oocysts at T > 20 °C*** and is in significant excess of values
necessary to achieve 3 log inactivation of G. lamblia cysts and
various M. avium strains at typical ambient temperatures.%’63
Furthermore, the application of FAC photolysis processes
could be technically feasible across a wide range of centralized
and decentralized applications. For example, in a centralized
setting, such as at a small municipal water treatment plant, FAC
could be utilized in combination with UVA light-emitting diodes
to achieve inactivation of chlorine-resistant microorganisms,
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potentially at much lower operational energy costs than required
for higher-energy germicidal UVC lamps. This could thereby
simplify process configurations and operational maintenance
requirements by combining irradiation and FAC exposure within
a single application. Alternatively, in decentralized settings such
as households in developing countries, FAC photolysis could
be readily implemented by combining traditional solar water
disinfection (SODIS) and chlorination—each of which is widely
accessible in much of the world.°® This could in turn provide
a higher level of pathogen inactivation over shorter time-scales
than achievable using either conventional chlorination or
SODIS on its own® and—if practicing the brief irradiation
setup described above—could also provide substantial protec-
tion against postdisinfection recontamination of treated water.
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