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Introduction

Abstract

Aim: This study investigates the inactivation of Cryptosporidium parvum using
the OH radical and reports the OH radical CT (OH radical concentration X
contact time) values for C. parvum inactivation.

Methods and Results: Although a wealth of information has demonstrated the
efficacy of the microbial inactivation activity of the OH radical, no studies have
performed a quantitative estimation of the OH radical for C. parvum inactiva-
tion. The CT value of the OH radical required for 2 log C. parvum inactivation
was measured with two OH radical-generating systems, photo/ferrioxalate and
photo/TiO,. The OH radical was approx. 10°-10’-fold more effective for
microbial inactivation than other popular chemical disinfectants such as ozone,
chlorine dioxide and free chlorine.

Conclusions: The OH radical appears to be suitable for microbial inactivation
with a calculated CT value required for 2 log C. parvum inactivation of
9-3 x 107> mg min 17",

Significance and Impact of the Study: This study is the first report of an inves-
tigation on the role of the OH radical in the photo/ferrioxalate and photo/
TiO,; systems and on the OH radical CT required for C. parvum inactivation.

Ozone, chlorine dioxide and ultraviolet (UV) irradia-
tion have been extensively investigated as alternate disin-

Concern has been increasing in recent years about the
inactivation of pathogenic micro-organisms in water
treatment systems. These pathogenic micro-organisms
cause frequent microbial outbreaks in the world (Roach
et al. 1993; Craunm et al. 1998; Schoenen 2002; Parshio-
nikar et al. 2003; Ali 2004) and various human diseases.
To inactivate these pathogens, many drinking water sys-
tems employ chlorine-based disinfectants. However, pre-
vious studies have reported that they did not effectively
disinfect several chlorine-resistant micro-organisms, such
as protozoan parasites (Cryptosporidium parvum, etc.),
without excess formation of disinfection byproducts
(Finch et al. 1993; EPA Guidance Manual 1999; Driedger
et al. 2000; Corona-Vasquez et al. 2002).

© 2008 The Authors

fectants for controlling chlorine-resistant micro-organisms
because of strong-oxidizing capacity or biocidal irradia-
tion (EPA Guidance Manual 1999; Shin et al. 2001;
Young and Setlow 2003). However, only few studies on
the microbial inactivation behaviours of the OH radical
have been conducted, despite the powerful oxidation
potential of this radical (Wolfe et al. 1989; Sjogren and
Sierka 1994; Wei et al. 1994; Kikuchi et al. 1997; Cho
et al. 2005).

The OH radical, popular for recalcitrant chemical deg-
radation, is one of the most effective oxidants (oxidation
potential: OH radical 2-70 V; ozone 2:07 V; chlorine diox-
ide 191 V; free chlorine 136 V: Cho et al. 2004b). Previ-
ous studies have also demonstrated the possible activity
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of the OH radical in microbial inactivation with diverse
OH radical-generating systems (Watts et al. 1995; Wei
et al. 1994; Guittonneau et al. 1996; Hislop and Bolton
1999; Elovitz et al. 2000; Cho et al. 2003, 2004b). For
example, the biocidal action of the OH radical with the
Peroxone (O3/H,0,) system and TiO, photo-catalysis was
reported (Wolfe ef al. 1989; Ireland et al. 1993). Recently,
our research group conducted quantitative studies report-
ing the OH radical CT (OH radical concentration X con-
tact time) values for Escherichia coli inactivation, using
photo/ferrioxalate reaction and photo/TiO, reaction (Cho
et al. 2004a,b), and for Bacillus subtilis spore (B. subtilis
spore) inactivation using high pH/ozone (Cho et al. 2003).
However, despite the tremendous interest in C. parvum
control in water treatment system, few studies have
investigated the inactivation of C. parvum using the OH
radical with quantitative evaluation (Curtis et al. 2002).

This study therefore attempted to quantitatively esti-
mate the ability of the OH radical to inactivate C. par-
vum. The objective of this research was to investigate the
effectiveness and the role of the OH radical for inactivat-
ing C. parvum and to determine its CT values using the
disinfection kinetics model, in the application of two
different OH radical-generating systems: photo/ferrioxa-
late/H,0O, at near neutral pH and photo/TiO,. In addi-
tion, the determined OH radical CT values for
inactivating C. parvum were compared with that for
B. subtilis spores, which is a popular protozoa indicator
micro-organism, and the results are discussed in compari-
son with other well-known chemical disinfectants such as
ozone, free chlorine and chlorine dioxide.

Materials and methods

Reagents and experimental equipment

All glassware was washed with distilled water (Barnstead
Co., lowa, USA) and autoclaved at 121°C for 15 min before
use. Chemical reagents were filtered through a membrane
filter (MFS, 022 um, etc.) to remove any bacteria.

In the photo/ferrioxalate/H,0, system, a stock solution
of Fe(III) (5 mmol I7"), oxalate (300 mmol 1!) and H,0,
(35%) was prepared as previously described (Cho et al.
2004b). TiO, powder (Degussa P25), a mixture of anatase
and rutile (8:2), was used as a photocatalyst in the
photo/TiO, system (Cho et al. 2004a). Fe(III), oxalate,
H,0, and pCBA (para-chloro benzoic acid, an OH radical
probe compound) are analysed as previously described
(Cho et al. 2003, 2004a,b, 2005). In the two types of photo
systems, the light source was provided by four or fewer
black light blue lamps (BLB; 18 W; wavelength emission:
300—420 nm, Philips Co., Eindhoven, the Netherlands),
which were placed on each side of the reactor, and the
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light intensity was measured by ferrioxalate actinometry
(Hatchard and Parker 1956). The reaction temperature
was controlled with a thermostatic chamber (20°C, Jeio
Tech Co., Seoul, Korea) and the pH was adjusted using a
phosphate buffer solution (KH,PO,4 + NaOH).

Preparation and analysis of C. parvum and B. subtilis
spores

Cryptosporidium parvum, purified by sucrose and percoll
gradients in bovine hosts, was prepared by purchasing the
commercial stock solution (viable 1-0 x 107 oocysts in 8 ml;
Waterborne Co., Louisiana, USA). The C. parvum stock was
used within 2 months of purchase. Immediately before the
experiments, the oocysts were washed twice by centrifugation
with a 1-6-ml micro-centrifuge tube containing 10 ml of
stock solution at 11 300 g for 10 min and re-suspended in
10 mmol I"' phosphate buffer solution. The initial concen-
tration of oocysts in disinfection was adjusted to 3-1 x 10°
oocysts ml~" with dilution up to 1/400.

Although animal models or cell culture assays are more
preferred for the measurement of C. parvum infectivity,
the in vitro excystation was chosen in this study, as
described by Jenkins et al. (1998), since in addition to
limited resources, the in vitro excystation is one of the
methods widely used for determining the C. parvum inac-
tivation (Driedger et al. 2000; Corona-Vasquez et al
2002).

The analytical procedures of in vitro excystation con-
sisted of centrifugation, followed by washing the sample
solution with acidified Hanks’ balanced salt solution and
incubating it at 37°C for 1 h in dark condition. The incu-
bated solution was washed three times and then 0-01 ml
of 1% sodium deoxycholate in Hank’s minimal essential
medium and 0-01 ml of 22% sodium bicarbonate in
HBSS were added to each sample. The vortex, mixed sus-
pension was incubated at 37°C for 3-5 h in the dark,
washed and then left at room temperature for 0-5 h. After
washing with 1 ml of DABCO-phosphate buffer saline
(PBS), 500 oocysts were assayed at each sampling time
using a microscope (80i Nikon Tokyo, Japan) containing
conventional DIC and epi-fluorescence mode. Prepara-
tions were kept on ice until the counts were completed.
The percentage of excysted oocysts was determined by
eqn (1) (Finch et al. 1993; Korich et al. 1990).

% Excystation

No. excystated oocysts

100

(1)

For comparison experiments, spore suspensions of
B. subtilis (ATCC 6633) were prepared as previously

~ No. intact oocysts + No. excystated oocysts
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described (Nakayama et al. 1996; Cho et al. 2002, 2003).
The spores were harvested by centrifuging and re-sus-
pending in 50 ml of PBS (pH 7-0) and quantified by the
spread plate method with nutrient agar grown at 37°C
for 24 h (Facile et al. 2000; Radziminski et al. 2002). In
several experiments using B. subtilis spore, heat treatment
(80°C, 15 min) before the experiments was conducted to
inactivate the vegetative B. subtilis which have not formed
spore yet. The ratio of B. subtilis spore was over 99% and
the initial concentration of B. subtilis spore in disinfection
study was adjusted to 3 x 10° CFU ml™". In control test,
no significant inactivation of C. parvum and B. subtilis
spore was observed by chemicals or BLB light itself.

Experimental procedures

Table 1 presents the experimental details for the two OH
radical-generating systems, photo/ferrioxalate and photo/
TiO,, and the general experimental procedures were car-
ried out as previously described (Cho efal. 2004b):
photo/ferrioxalate system; Cho et al. 2004a, 2005; photo/
TiO,). All experiments were carried out in a 60-ml Pyrex
reactor (UV cut-off <300 nm) with 50 ml of solution
(Lee et al. 2003; Cho et al. 2004b). In the photo/ferrioxa-
late system, the required solution was prepared by add-
ing the appropriate amounts of H,0,, Fe’*, oxalate,
buffer and C. parvum or B. subtilis spores. The suspen-
sions for photo/TiO, experiments were prepared by add-
ing the presonicated TiO, stock (10 g17') in 50 ml of
pH-controlled reaction solution (pH 7-1), which con-
tained C. parvum or B. subtilis spores. The photolysis
experiments were started by immediately inserting the
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Pyrex reactor in front of the lamps. To generate the
required varying amounts of OH radical formation,
diverse  experimental  conditions employed
(Table 1). One millilitre of solution was withdrawn at
each sampling time including zero time (T =0) from
the reactor and then microbial assay was conducted.

The OH radical was scavenged when necessary using
30 mmol I of t-BuOH as previously described (Cho et al.
2004b) for the photo/ferrioxalate/H,O, system. MeOH
(30 mmol 1I™') was used to scavenge free and surface radi-
cals (Kim and Choi 2002) in the photo/TiO, system.

Comparison experiments of microbial inactivation were
additionally performed with ozone, free chlorine and
chlorine dioxide. Preparation and measurement of the
oxidants and experimental procedures were carried out as
previously described (Cho et al. 2006). The disinfection
experiments commenced when concentrated oxidant was
added to the prepared solution (50 ml), containing buffer
(pH 7-1, 10 mmol I"") and micro-organisms, to attain the
required concentration of oxidants. Five to seven samples
(1 ml) were introduced into 1:6 ml micro-tubes, each
containing  oxidant-quenching  reagent (1 mmol I”'
Na,$,03) to stop the inactivation reaction, and the
microbial assays for C. parvum and B. subtilis spores were
conducted with in vitro excystation and spreading plate
method, respectively.

were

A control was prepared for each disinfection experi-
ment by injecting C. parvum into 10 ml of 10 mmol 1™
phosphate buffer for the duration of the experiment.
Sampled oocysts at each sampling time were assayed by
in vitro excystation and the percentage of excystation was
calculated (% excystationconrol)-

Table 1 Experimental conditions and determined concentrations of the OH radical

[H,0:lo

[Fe**lo
Exp. ID (mmol I'Y) (mmol I") (Einstein I7' s™") (g I™")

Light intensity ~ [TiOylo Scavenger* Exp. No.of [OHl

(mmol I’y set samples (mg I™")

Photof/ferrio-xalate ~ Cryptosporidium parvum 1 2:0 0-1
2 20 0-1
3 2:0 05
4 2:0 01
Bacillus subtilis spore 5 20 0-1
6 2:0 01
7 20 05
Photo/TiO, C. parvum 8 - -
9 — —
10 - -
11 - -
B. subtilis spore 12 - -
13 - -
14 - -

34 % 107® - - 2 11 1-02 x 1077
79 % 107® - - 3 24 2:89 x 107/
79%x 107 - - 2 12 4-59 x 1077
79 % 107® - +F 2 14 -

34 x107° - - 2 9 1-02 x 1077
79 % 107® - - 3 24 2:89 x 1077
79 % 107® - - 2 12 459 x 1077
79 %107 01 - 1 6 330x 1078
79 % 107® 05 - 1 6 462 x 1078
79 %107 1-0 - 1 5 714 x 1078
79 % 107® 1-0 + 1 6 -

79 %107 01 - 2 12 330 % 1078
79 x 107® 05 - 2 10 462 x 1078
79 x 107 10 - 2 10 714 x 1078

*Photo/ferrioxalate system: 30 mmol I”! of t-BUOH, photo/TiO, system: 30 mmol I of MeOH.

+ ‘+” indicates the presence of scavenger.

© 2008 The Authors
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Measurement of steady-state OH radical concentration

The steady-state OH radical concentration was measured
based on the competitive reactivity of the OH radical
between the OH radical probe compound, such as pCBA
in this study, and all the organic and inorganic OH radi-
cal scavengers present, XS;, in each system (Cho et al.
2004a,b). If pCBA, as the OH radical probe compound, is
present only as a trace component (1-9 umol I™! in this
study) and if the XS; of the photo/ferrioxalate system
remains constant, the decay of pCBA in the photo-
ferrioxalate system can be expressed as
~ARCBA _pcBal @)
t
where: kex, = kom, pcea X [OH radical]ys (kon, pcpa = 50 X
10° mol I"'s™"), if the pseudo-steady-state assumption for
the OH radical concentration is valid.
Integration of eqn (2) yields:
[PCBA]
_anBA]O = kexp t. (3)
Hence, the steady-state OH radical concentration ([OH
radical]) can be obtained from eqn (2). The pseudo-
steady-state assumption for the OH radical was confirmed
by the constant degradation of pCBA under all experi-
mental times.

Application of disinfection kinetic model

A disinfection kinetic model is usually applied to compare
the results obtained from the different experimental con-
ditions (Haas et al. 1995). In this study, the inactivation
ratio (log scale) was calculated from the rate of excysta-
tion (Finch et al. 1993) and the delayed Chick—Watson
model was applied to determining the CT value.

For C. parvum

%E
Inactivation ration (log unit) = log ( i t)

%Ec
- —1]og (LoE
0 if CT < CTigg = ¢ log (g7,
_ o - L@
—k(CT —CTiyg) if CT > CTigq =1 log (%E)

For B. subtilis spore

o . . N
Inactivation ration (log unit) = log (ﬁ)
0

0 if CT < CTiyg = Hlog (3)
= , (5)

—k(CT — CTyyg) if CT > CTyyg = ¢ log (%)
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where %E;: % excystation of disinfected C. parvum at
time T; %E.: % excystation of control C. parvum at time
T; Ny: initial B. subtilis spore population (CFU ml™"); N:
viable B. subtilis spore population at time T (CFU ml™");
C= fOtht/t: time averaged disinfectant concentration
(mg I™"); T: reaction time (min); k: inactivation rate
constant by disinfectant (1 mg_1 min~b); CTlag: intercept
of the inactivation curve in x axis.

We have previously reported the delayed Chick—
Watson model to be suitable for successfully demon-
strating the inactivation kinetics, including the shoulder
region (Cho et al. 2003, 2004a,b). The statistical estima-
tion was achieved by using the Solver add-in function
in MicrosOFT® ExCEL® XP software.

Results

The role of the OH radical

Figure 1 presents that the OH radical generated by the
two photolysis systems is actively involved in inactivating
C. parvum. In Fig. la, OH radical treatment by the
photo/ferrioxalate system achieved a 1-8 log C. parvum
inactivation after 300 min. This inactivation was clearly
achieved solely by the OH radical as no inactivation of C.
parvum was observed in the photo/ferrioxalate system as
confirmed by the excess presence of the well-known OH
radical scavenger, t-BuOH (Cho et al. 2004b). Figure 1b
shows that the inactivation performance of C. parvum by
the photo/TiO, system was much slower than that by the
photo/ferrioxalate system. In addition, it was noteworthy
that as the OH radical scavenger (methanol) was applied,
approximately one-quarter of the inactivation was still
being made, indicating that reactive oxygen species (ROS)
other than the OH radical are responsible for the minor
inactivation of C. parvum.

Effect of OH radical concentration

From using eqn (2) and [OH radical]s = kexp/kom,pcras
the steady-state concentration of the OH radical can be
obtained in diverse OH radical-generating systems. The
OH radical concentration in almost all of the experi-
mental conditions is summarized in Table 1. Figure 2
and Table 1 show that higher OH radical concentra-
tions increased the inactivation of the C. parvum in
the photo/ferrioxalate system. A good square-root
dependence (R* = 092) was found between the time
required for 0-8 log C. parvum inactivation (Fig. 2) and
the OH radical concentration (Table 1). A similar
behaviour was observed in the photo/TiO, system (data
not shown).

© 2008 The Authors
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(a) 0-0 Determination of the OH radical CT values required for

C. parvum inactivation

In the two experimental systems of this study, the OH
radical CT was quantified by using the steady-state OH
radical concentration and C. parvum inactivation kinetics,
as previously described (Cho et al. 2004a,b). By utilizing
the delayed Chick—Watson model [eqn (4)], the inactiva-
tion predicted by the model in these two diverse systems

pCBA degradation

was observed with the measured inactivation of C. parvum
(Fig. 3). As shown in Fig. 3, the delayed Chick—Watson
model exhibited excellent applicability with high R* values
0 20 40 60 of 097 in the photo/ferrioxalate system and 096 in
Time () the photo/TiO, system. From Fig. 3a, the OH radical CT
values for achieving 2 log C. parvum inactivation were
93 x 107> and 79 x 10> mg min I"' from the photo/
ferrioxalate and photo/TiO, systems, respectively.

0 60 120 180 240 300 360
Time (min)

(a) 00y ™ .".._\ ,
. ‘=)
. R =097
—05 | * e,
“,
\' .
" o
2 10 % e
z s . g
\E“ “'\ ..
- ..\,. '
-1-5F .
b
0 180 360 540 720 900 1080 .
. . =20 |
Time (min) -
Figure 1 Role of the OH radical for inactivating C. parvum in two i 2 4 & q 10
OH radical generating systems ((a@) Photo/ferrioxalate system, (b) CT (mg min |‘1)
photo/TiO, system).
(b) 00® o @
T "
00 . R =096
M
—{1-5 ™
=1 \ »
0-5 ..
;5--1 " \\.
- =
210 % .
z »
® = =15
] .
-15 * \i-\.\
=240 -
[
—20 -
] b d 6 ] 10
] 60 120 180 240 300 36H 420 480 540 CT (mg min l"}
Time (min)
Figure 3 Determination of CT values of the OH radical for inactivat-
Figure 2 Inacivation of C. parvum in three OH radical concentrations ing C. parvum from the delayed Chick-Watson model ((a) Photo/fer-
with the photo/ferrioxalate sysem. rioxalate system, (b) photo/TiO, system).
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Discussion

Table 2 summarizes the OH radical CT values required
for inactivating C. parvum. For comparison study, addi-
tional experiments were conducted for inactivating B.
subtilis spores using the two systems (Fig. 4) and the

Table 2 OH radical CT comparison between two OH radical-generat-
ing systems (for 2 log inactivation)

CT (mg min I7") for 2 log inactivation

Cryptosporidium  Bacillus subtilis

System parvum spore Escherichia coli
Photo/ferrioxalate  9-3 x 107> 82x 107 15 x 107°*
Photo/TiO, 79 % 107> 72 %107 0-8 x 107°%
*Cho et al. (2004b); +Cho et al. (2004a).
(a) Otwee, -‘\
‘% R* =097
-1 \h(‘\
-\;{
;_a .,
< 2 o
z =
=0 ub\\\\.
Q
(=] . .“\l :
-3 "
.3
)
~.
.
-4} S
0 3 3 H 12 13
CT (mg min I™)
b) (®-
(b) 08~ ‘
& o R™ =098
"
®
1 s
*
[
2, ot
z L.
% .
= N
=¥ | LE E ]
“.
Yo,
- .
0 3 6 5 12 15

CT (mg min ™)

Figure 4 Determination of CT values of the OH radical for inactivat-
ing B. subtilis spores from the delayed Chick-Watson model ((a)
Photo/ferrioxalate system, (b) photo/TiO, system).
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reported OH radical CT values for E. coli and B. subtilis
spore inactivation were included from our previous stud-
ies (Cho et al. 2003, 2004a,b).

As shown in Table 2, the CT value for inactivating C.
parvum in the photo/ferrioxalate system was larger than
that in the photo/TiO, system. This finding can be
explained by the role of various ROS agents (OH radical,
0, and H,0,) in the photo/TiO, system, as, as previ-
ously indicated in Fig. 1b, ROS other than the OH radical
are responsible for a quarter of the C. parvum inactivation
(24%). This tendency was found in the inactivation of B.
subtilis spores and E. coli (Table 2; Cho et al. 2004a).

In addition, the OH radical CT values were similar
between C. parvum and B. subtilis spores. For example, in
the photo/ferrioxalate system, the required CT values for
2 log inactivation of C. parvum and B. subtilis spores were
9-3 x 107> mg min ™' and 82 X 10~ mg min 17", respec-
tively. These findings support the suitability of B. subtilis
spores as a protozoa indicator for C. parvum.

It should be noted that the CT values of the OH radi-
cal are based on the assumed absence of any synergistic
effect between the OH radical and the other disinfectants.
However, as previously mentioned in the photo/TiO,
system, a complex interrelated influence among several
oxidants, including a synergy effect and interferences, is
to be expected. Such effects render difficult the exact pre-
diction of CT values, based only on the OH radical, in
various OH radical-generating systems. Unlike other sys-
tems, the OH radical was observed to play a role only for
C. parvum inactivation in the photo/ferrioxalate system.
This suggests that the results presented in Table 2 for the
photo/ferrioxalate system would be the most accurate
data source for determining the OH radical CT value,
which was calculated to be 93 X 107> mg min ™" for 2
log inactivation.

The CT values of several popular disinfectants that are
required to achieve 2 log inactivation of C. parvum, B.
subtilis spores and E. coli (Cho et al. 2003, 2004a,b) were
determined in this study and are summarized in Table 3

Table 3 Comparison of the CT (mg min I') values of four important
disinfectants for the 2 log inactivation of Cryptosporidium parvum,
Bacillus subtilis spores and Escherichia coli at pH 5-8 and 20°C

OH Chlorine Free
radical* Ozone dioxide chlorine
C. parvum 93x 10 35 70 4200
B. subtilis spores 82 x 107> 41 50 450
E. coli 15%x 107 60x 10> 80x 1072t 13x 107"
Oxidation 270 2:07 191 1:36

potential (V)

*Results using the photo/ferrioxalate system.
tCho et al. (2004a).

© 2008 The Authors
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to present a comparison with the OH radical CT values.
The CT values of the OH radical for 2 log inactivation of
C. parvum were 3-8 X 10%, 75 x 10°> and 45 x 10’-fold
smaller than those of ozone, chlorine dioxide and free
chlorine, respectively. This result reflects the overall pro-
portional relationship between the inactivating ability and
the oxidation potential of the tested disinfectants
(Table 3). Bacillus subtilis spores and E. coli exhibited a
similar tendency (Table 3). These remarkably small OH
radical CT values confirm the potential of the OH radical
as a significantly powerful agent for microbial inacti-
vation.

On the other hand, the OH radical CT values did not
differ markedly between C. parvum and E. coli, when
compared with the wide variation in the CT values of
ozone, chlorine dioxide and free chlorine. The OH radical
CT value required for 2 log inactivation of C. parvum
obtained from the photo/ferrioxalate system was only 62
fold more resistant to that of E. coli. While, in the case of
free chlorine, the resistance for C. parvum inactivation
was 3-2 x 10*-fold greater than that for E. coli (Table 3).
This observation clearly reflects the extremely nonselective
and oxidative properties of the OH radical in its reaction
with organic compounds.
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