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Knowledge that ozone is the strongest disinfec-
tant and oxidizing agent available for controlling mi-
croorganisms in aqueous media is widespread and
well understood. As such, ozone is quite capable of
assuring the inactivation of cyst organisms, occasion-
ally found in swimming pool waters, such as Giardia
lamblia and Cryptosporidium parvum. However —
to accomplish reliable inactivation of C. parvum and
G. lamblia cysts, ozone must be present in sufficient
concentrations in the waters containing these micro-
organisms and for sufficient periods of time so that
the product of “C” (concentration of ozone in mg/L)
times “T” (time of contact in minutes) is at least equal
to the “CT” product specified by the U.S. EPA in the
Surface Water Treatment Rule, promulgated in 1991
to ensure disinfection of municipal drinking water
supplies.

These requirements to meet a specified “CT”
value mean that ozone must be produced in the gas
phase in sufficient concentration so that when applied
to the pool water, a sufficient level of ozone will be
present to measure and monitor. The higher the con-
centration of residual ozone dissolved in the water,
the shorter will be the reaction time necessary to as-
sure attainment of the given “CT” value for the spe-
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cific cyst organism at the temperature of the water.
This means that ozone generated by UV radiation
cannot be effective for the inactivation of C. parvum
oocysts (CT value of ca. 5§ min-mg/L), since the levels
of ozone in the gas phase generated by currently avail-
able UV equipment are so low as to preclude develop-
ing measurable ozone residuals in water for more than
a few seconds in the immediate area of contact.

On the other hand, ozone generated by corona
discharge techniques (in concentrations above 1-2%
using dried air as the feed gas, and 3-5% using oxy-
gen-enriched air feed gas) can produce significant lev-
els of measurable residual ozone in water (several
tenths of a mg/L). If these levels of residual ozone
are held for the several minutes required by an ap-
propriate “CT” value, C. parvum oocyst inactivation
can be achieved readily.

The difficulties involved with the removal and
tnactivation of C. parvum from swimming pool wa-
ters with ozone, chlorine, and filtration will be dis-
cussed, and recommendations will be developed.

Introduction

The April 1993 outbreak of cryptosporidiosis in
the drinking water of Milwaukee, WI focused national
and international attention on this waterborne para-
site. More than 400,000 people became ill and more
than 100 died (mostly immuno—compromised indi-
viduals) (Mackenzie, et al. 1994). Between 1988 and
1993, five outbreaks of cryptosporidiosis were reported
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from exposures in swimming pools (see Table 1; Gerba
1995). Three additional swimming pool-related out-
breaks of cryptosporidiosis have been reported dur-
ing 1996 (Gerba 1996). Consequently, it is important
for all segments of the pool and spa industry to un-
derstand the nature of this microorganism, its life—
cycle, how and why it infects humans, why it is so
difficult to remove and/or destroy, but that it can be
removed/destroyed, if present, by one or more water
treatment management/treatment techniques. Most
important to understand is what effects the use of
ozone, generated by corona discharge or by ultravio-
let radiation, has on this recalcitrant and pernicious
microorganism.

These reported swimming pool cases usually are
associated with fecal accidents in the pools, presum-
ably from persons infected with Cryptosporidium oo-
cysts. No spa-related outbreaks have been reported
to date. Usually only outbreaks in which a local health
department has made the effort to investigate are
reported. There is no requirement in the United States
that such outbreaks be studied or reported; thus, the
actual number of outbreaks undoubtedly is far
greater. Therefore, the reported outbreaks represent
only the tip of an iceberg in the true number of

cryptosporidiosis cases associated with swimming
pools.

It is the purpose of this communication to de-
scribe the basic characteristics of the microorganism
(Cryptosporidium parvum) and to relate these to the
various water treatment techniques currently used
in the treatment of pool waters. Special emphasis will
be placed on the use of ozone, primarily because this
is the most effective disinfectant/oxidant for coping
with Cryptosporidium oocysts, although ozone’s use
is the least well understood in this role.

Cryptosporidium parvum
(C. parvum)

Cryptosporidium has become recognized as a
frequent cause of waterborne disease in humans
(Dawson et al. 1993). Cryptosporidiosis outbreaks in
surface water supplies have been documented in the
United States and Great Britain (Gallaher et al. 1989;
Grimason et al. 1990; Hayes et al. 1989; Richardson
et al. 1991; Rose 1990; Rush et al. 1990), and it has
been speculated that many other cases of waterborne
outbreaks of gastroenteritis may have been caused
by Cryptosporidium (Rose 1990). Outbreaks have been

Year/Location/
Source/No. Of Probable Cause Incubation Symptoms Disinfection
People Affected Period Rate
1988/Los Angeles Fecal accident. 5 days, median Watery diarrhea Adequate
County (Sorvillo et Filtration rate (80% of cases) and chlorine:
al. 1988; 1992)/60 < 30% of normal fever (50%) 2 mg/L
1988/Doncaster, Fecal accident; + 3 weeks Severe prolonged Crypto oocysts
UK (Galbraith, defective sewage diarrhea found in begin-
1989; Joce et al. disposal system ners’ pool
1991)/79
1990/Vancouver, | Inadequate chlori- 12 days Abdominal cramp- | Available chlorine
BC Bell et al. nation ing, watery diar- residual had
1983)/87 rhea, fatigue, fallen below
nausea, weight loss recommended
0.5 mg/L level
1993/Dane County, Possible fecal 2 weeks Watery diarrhea Lab confirmed
WI (80 mi west of contamination (94%), stomach Crypto infection in
Milwaukee) cramps (93%), 9-person cluster
(Bongard et al. vomiting (53%)
1994)/37
1992/Lane County, | Probably exposure 6-25 days Diarrhea (98%), Not specified
OR (McAnulty et to contaminated cramping abdomi-
al. 1994)/55 wave pool water nal pain (79%),
vomiting (52%), low
grade fever (50%)

Table 1 - Swimming Pool Cryptosporidiosys Outbreaks (Gerba 1995)
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Figure 1 - Life cycle of Cryptosporidium spp. in warm-blooded
animals [from Finch et al. 1994. Reprinted from
W.L. Current and B.L. Blagburn 1990].

associated with water supplies that have been con-
taminated by sewage or are from watersheds under
intensive agricultural usage, particularly if large dairy
cow herds are present. Another common factor in the
outbreaks of waterborne cryptosporidiosis are munici-
pal water plants that meet the regulatory water qual-
ity standards, but are operated at less than optimum
conditions.

The biology of Cryptosporidium spp. has been
well documented in review articles (Current 1987;
Fayer and Ungar 1986). Its life cycle can be summa-
rized by six events (see Figure 1).

Of most interest to the pool and spa water in-
dustry is the oocyst, which occurs in two forms, one a
thin—walled form that is autoinfective within the host
and is not believed to survive outside of the host. The
other is a thick—walled oocyst that is capable of sur-
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viving for several weeks in the environment and is
the main means for transmission of the parasite (Cur-
rent 1987). The oocyst is approximately 5 um (microns)
in diameter, but can vary from this size and can be
elongated depending on the species (Figure 2). It has
been observed that oocysts are capable of passing
through membrane filters greater than 1 pm in pore
size (Dawson et al. 1993). This means that filters nor-
mally employed in swimming pool and spa water treat-
ment (which do not remove particulates of 1 um size),
cannot be relied upon to remove Cryptosporidium
oocysts. Thus disinfection must remain the ultimate
barrier to these microorganisms.

Isolation and Viability Issues
Cryptosporidium oocysts are thick—walled par-
ticles which contain multiple sporozoites. Of funda-
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Figure 2 — Scanning electron
micrograph of C. parvum oocysts,
magnified 12,000 times
(Finch et al. 1994)

mental importance is the fact that the thick—walled
particle, per se, cannot cause infection unless the con-
tained sporozoite is alive. When the thick wall is
pierced, or opens inside its host, the sporozoites are
released. If they are alive, then infection can occur —
but if all are dead, there can be no infection.

These fundamental oocyst characteristics lead
to the following two major conclusions:

1. Simply isolating one or more Cryptosporidium .

oocysts does not mean a priori that the contained
sporozoites are alive.

2. The primary question is how to tell whether the
sporozoites contained in oocysts that have been
isolated are alive — e.g., capable of causing
infection.

Of course, this is a simplistic argument. There
are other parameters significant to the subject as well.
One of these important secondary considerations is
whether it is possible to isolate all Cryptosporidium
oocysts. Current consensus opinion is that only a frac-
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tion of Cryptosporidium oocysts actually present in a
water sample can be isolated (Finch et al. 1994). Even
if all oocysts actually isolated turn out to contain dead
sporozoites, this in no way guarantees that sporozoi-
tes present in the oocysts that are not isolated also
are dead.

The current isolation procedure involves filtra-
tion of several hundred liters of water through spe-
cial 1 pm filters. The filters then are sent to a labora-
tory where they are cut open and extracted. In addi-
tion to Cryptosporidium oocysts, these filters contain
many different types of organic and inorganic par-
ticles such as bacteria, fungi, algae, etc. After extrac-
tion, the sample is concentrated, then examined mi-
croscopically to search for Cryptosporidium oocysts.
Special fluorescent stains have been developed which
attach to oocysts, but these are not totally specific.
Sometimes these fluorescent stains become attached
to the other plants and animals naturally found in

~ water and thus can produce false—positive identifica-

tions.

Even if this procedure were 100% accurate for
identification of Cryptosporidium oocysts, there is
still the problem of determining whether the con-
tained sporozoites are viable (e.g., whether they are
alive and are capable of causing infection). Currently
there are no rapid methods available for determining
the viability of oocysts found in environmental
samples. Therefore, the efficacy of water treat-
ment must be measured by setting process oper-
ating conditions such that oocysts will not sur-
vive. The operating conditions developed to date are
determined in water disinfection research laborato-
ries where large numbers of oocysts are exposed to
disinfectants and then recovered from the water and
subjected to viability assays such as in vitro
excystation, vital stains, or animal infectivity. For
example, in vitro excystation requires 50,000 oocysts
for analysis. Contrast this with the numbers found in
natural waters or tap waters, e.g., less than one oo-
cyst per 100 liters in very clean water to a few thou-
sand per hundred liters of sewage. Swimming pool
waters containing fecal deposits fall somewhere in
between.

Work in research laboratories has suggested that
animal infectivity assays are superior to in vitro
excystation or vital stains when assaying chemically
disinfected water (Finch et al. 1993; 1995). Excystation
and vital stains were found to grossly underestimate
the inactivation of oocysts when compared with in-
fectivity.

Treatability of Cryptospbridium

parvum

From the above considerations of oocyst proper-
ties and characteristics, as well as the issues of infec-
tivity and its difficulty of measurement, it is clear
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that one appropriate treatment technique might in-
volve filtration through membranes or other media
that can assure retention of all oocyst particulates,
e.g., 1 pm. Another approach is to heat the oocysts to
warm temperatures, such as found in a domestic hot
water tank. It has been reported that infectivity is
lost after two minutes at 64.2°C (Fayer, 1994). This
latter approach, although appropriate for treating
potable water supplies at the point of use, is not prac-
tical for swimming pools which operate between 28
and 30°C.

A third approach is the application of a disinfec-
tant that either can pass through the thick outer shell
of the oocyst and kill the sporozoite, or can oxida-
tively disrupt the outer oocyst shell, thus exposing
the naked sporozoite to the oxidizing action of the
added reagent. Ozone has been shown to be very ef-
fective for control of C. parvum (Finch et al. 1993,
1994, 1995; Peeters et al. 1989). This will be the ma-
jor topic for the balance of this paper. With respect to
ozone treatment for control of C. parvum, it is critical
for the practitioner to realize the dimensions of the
ozonation parameters which are involved —e.g.:

* ozone solubility in water

» factors which affect ozone solubility

* the necessity to hold a measurable residual of
ozone (in mg/L) over a specific period of time (in
minutes) to satisfy a defined “C x T” product (to
be described below)

The C x T Concept (U.S. EPA,

1989)

The Surface Water Treatment Rule (SWTR) pro-
mulgated by the U.S. EPA in 1991 requires that drink-
ing water utilities must demonstrate that 99.9% (3—
logs) of Giardia cysts and 99.99% (4-logs) of enteric
viruses are removed/inactivated by the treatment
process employed. However, to demonstrate that such
inactivations by disinfection are attained consistently,
some method must be available which allows instan-
taneous confirmation of the degree of disinfection at-
tained — not the currently available after-the—fact
microorganism counting procedures. To answer this
need, EPA has adopted the “CT” concept, in which
the term “C” is the concentration of a particular dis-
infectant (expressed in mg/L) and “T” is the time of
contact with that disinfectant in the water to be
treated (expressed in minutes). Disinfecting residual
ozone concentrations usually can be measured on—
line or very shortly thereafter, and ozone contact time
can be (a) fixed by design of the ozone contact cham-
ber and (b) varied by changing the water flow rates.

~ In the Guidance Manual accompanying the
SWTR (Malcolm Pirnie Inc. 1991), tables of “CT” val-
ues are presented for attaining specified numbers of
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logs of inactivation of Giardia cysts and viruses with
ozone, chlorine, chlorine dioxide and monochloram-
ine. As long as the product of “C” times “T” equals the
specified value, it does not matter how that value is
obtained. That is to say, for any particular value of
disinfectant concentration “C”, the time of contact “T”
can be adjusted, and vice versa. Of course, contact
times for waters contained in pools and spas can be
varied only by increasing or decreasing the size(s) of
water containers — which may pose some engineer-
ing impracticalities — or by changing flow rates,
which would change turnover rate(s). The simpler
variable to increase or decrease in pools and spas is
the concentration of disinfectant.

EPA’s Surface Water Treatment Rule did not
consider Cryptosporidium parvum when it was pro-
mulgated — consequently, there were no “CT” values
specified to cope with this microorganism in this rule.
Since passage of the SWTR, however, there has been
considerable study of Cryptosporidium and its abil-
ity (or not) to be inactivated by chlorine, ozone,
monochloramine, and chlorine dioxide. This work is
reviewed and presented in detail by Finch et al. (1994).
It is now well understood that to inactivate 99.9% (3—
logs) of Cryptosporidium oocysts with chlorine at pH
7.5 at 25°C requires a “CT” value of >2,500 min—mg/L.
With monochloramine, the “CT” value is even higher.
With ozone the “CT” value is on the order of 5 min—
mg/L (depending upon temperature), a much more
readily attainable number, particularly with respect
to pool water treatment (Gerba 1995).

Ozone Inactivation of C. parvum

Past Studies (as reviewed by Finch et al.
1994) — Studies of ozone inactivation of Crypto-
sporidium oocysts have been reported by Korich et
al. (1990); Langlais et al. (1990); Parker et al. (1993);
and Peeters et al. (1989). Many of these studies used
animal infectivity as a measure of the degree of inac-
tivation. Korich et al. (1990) used neonatal BALB/c
mice and C. parvum.

Peeters et al. (1989) used Swiss OF1 mice and
C. parvum, and Langlais et al. (1990) used immune—
suppressed male Sprague—Dawley rats and C. baileyi.
One report (Parker et al. 1993) did not use animal
infectivity but used vital dye exclusion to assess oo-
cyst viability. Another study (Ransome et al. 1993)
used excystation during a series of tests designed to
screen the efficacy of water disinfectants for inacti-
vation of C. parvum.

The reported efforts to achieve 99 percent inac-
tivation of oocysts are summarized in Table 2. Com-
pared with the requirements for G. lamblia
(Wickramanayake et al. 1984), it appears that
Cryptosporidium requires 14 to 58 times more effort
at 25°C (close to temperatures of pools and spas) than
that required for G. lamblia.
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Conventional
Ozone Contact CT for = 99%
residual, time, Temp., inactivation,
Species mg/L minutes °C min-mg/L References
C. parvum 0.77 6 Room 46 Peeters et al. 1989
0.51 8 4
C. parvum 1.0 5and 10 25 5-10 Korich et al. 1980
C. baileyi 0.6 and 0.8 4 25 2.4-3.2 Langlais et al. 1990
C. parvum 0.44 6 20 2.6 Perrine et al. 1990
C. parvum 3 6 20 18 Parker et al. 1993
5 2 10
G. lamblia 0.11-0.48 0.94-5 5 0.53 Wickramanayake
0.03-0.15 1.06-5.5 25 0.17 et al. 1984

Table 2 — Summary of reported ozonation requirements for
inactivation of Cryptosporidium spp. oocysts compared with
published requirements for Giardia lamblia (Finch et al. 1994)

Recent Studies of Ozone Inactivation of

Cryptosporidium parvum — The objectives of a
study sponsored by the American Water Works Asso-
ciation Research Foundation were to compare the in
vitro excystation of C. parvum oocysts with infectiv-
ity in neonatal CD-1 mice to determine viability af-
ter disinfection, to determine the ozonation require-
ments at room temperature and at 7°C in a controlled
laboratory water, and to determine the kinetics of in-
activation of C. parvum with ozone (Finch et al. 1994).
Of most importance to pool water treatment special-
ists are the following findings:

1.

The in vitro excystation technique was found to
underestimate the oocyst inactivation when
compared with the dose-response model using
neonatal CD—1 mice. This means that the simple
CT values reported by researchers using in vitro
excystation (Ransome et al. 1993; Sundermann
et al. 1987) may be misleading, partly because of
the shortcomings of the excystation procedure. It
appears that use of the animal infectivity model
remains the best choice for determining C.
parvum inactivation by chemical means.

Figure 3 is an electron micrograph of C. parvum
oocysts treated with ozone after exposure to
concentrations sufficient to inactivate the oocysts
by 4-log units (Figure 3A) with control specimens.
The shell of the oocyst becomes gossamer-like
(Figure 3A) relative to the control oocysts (Figure
3B). Ozone appears to act on the oocyst surface in
much the same manner as it acts on Giardia cysts.

3. Simple CT values of about 3.5 and 7 mg-min/L
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were required for 99% inactivation (2-logs) by
ozone at 22°C and 7°C, respectively. For 99.9%
inactivation (3-logs), simple CT values of about 5
and 10 mg-min/L were required at 22°C and 7°C,
respectively. It is clear that higher water
temperatures require lower CT values for ozone
inactivation of C. parvum, because colder water
temperatures decrease the inactivation rate.

From the standpoint of ozone treatment of
swimming pool water (at 26—28°C), the CT value
for 99% (2-logs) inactivation of C. parvum oocysts,
although not yet determined and reported, should
be approximately 2—3 mg-min/L, and for 99.9%
(3-logs) inactivation, the corresponding CT value
should be approximately 3—4 mg-min/L.

Applying the more rigorous kinetic approach to
the data, the maximum-likelihood estimates for
the parameters k, n, and m in the Hom model
(Equation [2] — see Hom, 1972) were obtained
using animal infectivity data. At 7°C the resulting
equation was:

log - =-29C28 T
0

At 22°C the resulting equation was:

log % =0.82C % T o
0

The disinfection response surface derived from
Equation [6] is illustrated in Figure 4. The
required contact time for a predetermined
integrated ozone residual to achieve 99 and 99.9
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Figure 3 - (A) Scanning electron micrograph of C. parvum oocysts
following ozonation (magnified 15,000 times) compared with (B) a
control (magnified 12,000 times) (Finch et al. 1994).
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Figure 4 — Theoretical response surface for C. parvum inactivation by
ozone using a Hom-type kinetic model at 22°C (Finch et al. 1994).

68 Proceedings — NSPI Chemistry Symposium (1996)




percent inactivation of C. parvum at 7°C and 22°C
is summarized in Tables 3 and 4. For 22°C, the
model results in CT values of 2.4 and 3.7 mg-
min/L for 99 and 99.9 percent inactivation,
respectively. The corresponding 7°C values are
6.9 and 10.3 mg—min/L for 99 and 99.9 percent
inactivation, respectively, indicating
approximately three times greater exposure to
ozone than at 22°C to attain the same levels of

function of time — in high quality water it may
take 20 minutes for half of the ozone to disappear,
but in poor quality water (such as recirculating
swimming pool waters) it takes only about a
minute to lose all of the ozone. Nevertheless, if
no decay occurs during the contact time, then the
starting and ending ozone residual is the same as
C

avg®

disinfection. 6. Tables 3 and 4 illustrate the differences in the
design conditions for ozone contact time and
Preliminary interpretation of the results of this integrated ozone when compared with the simple
study suggests that the concentration of ozone CT values for the same ozonation conditions. For
may be of reduced importance when compared example, in Table 3, an integrated ozone residual
with contact time, provided that sufficient of 0.25 mg/L requires a contact time of 6.6 minutes
ozone is present in the water (emphasis added). for 99 percent inactivation (simple CT of 1.7 mg—
The operating target for ozonation of water to min/L). If the integrated ozone residual is doubled
inactivate Cryptosporidium oocysts depends on to 0.50 mg/L, the required contact time drops to
the water quality and temperature. However, for 5.2 minutes for 99 percent inactivation (simple
C,,, (average concentration) to be calculated, it is CT of 2.6 mg-min/L). Note that the simple CT
implied that an ozone residual must be measured value has increased. This example illustrates the
at the beginning and end of the contact time. nonlinearity of the model.
Ozone residual measurement methods are such
that less than 0.01 mg/L cannot be determined Table 5 summarizes the predicted required
reliably in practice. contact times for 99 and 99.9 percent inactivation
of G. muris and C. parvum for identical integrated
As contact time increases, the ozone dose may ozone residuals at 22°C. Since swimming pools
need to be increased to produce the desired C_ operate about 5°C higher, it is logical to expect
shown in Tables 3 and 4 for the target inactivation that the corresponding CT values for both
of C. parvum. This is because ozone decay is a microorganisms will be lower, perhaps about 2.0
Nonlinear C*T=
Integrated Required contact time, Conventional linear CT,
. . n =0.68 n=0.23
ozone minutes min—-mg/L
. * m=095 m=0.64
residual
mg/L 7°C 22°C 7°C 22°C 7°C 22°C
0.25 20.6 6.6 5.1 1.7 6.9 24
0.50 12.5 5.2 6.3 2.6 6.9 24
0.75 9.4 45 7.0 3.3 6.9 2.4
1.00 7.6 40 7.6 4.0 6.9 2.4
1.25 6.5 3.7 8.1 46 6.9 24
1.50 5.7 3.5 8.6 5.2 6.9 24
1.75 5.1 3.3 89 5.8 6.9 24
2.00 46 3.1 9.3 9.3 6.9 2.4
2.25 43 3.0 9.6 6.8 6.9 24
2.50 40 29 9.9 7.2 6.9 24
2.75 3.7 2.8 10.2 7.7 6.9 2.4
3.00 3.5 2.7 10.4 8.1 6.9 2.4

* The integrated ozone residual is the average ozone residual over the contact time duration.

Table 3 - Summary of ozonation design criteria required to achieve
99% inactivation of Cryptosporidium oocysts predicted from a Hom-
type model (Finch et al. 1994)
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Nonlinear C*T=
Integrated Required contact time, Conventional linear CT,
ozone minutes min-mg/L n =068 n=0.23
residual® m=095 m=0.64
mg/L 7°C 22°C 7°C 22°C 7°C 22°C
0.25 31.6 12.5 31 10.3 3.7
0.50 19.2 9.7 49 10.3 3.7
0.75 14.4 84 10.8 6.3 10.3 3.7
1.00 11.7 7.6 11.7 7.6 10.3 3.7
1.25 10.0 7.0 12.5 8.8 10.3 3.7
1.50 8.8 6.6 13.1 9.8 10.3 3.7
1.75 7.8 6.2 13.7 10.9 10.3 3.7
2.00 7.1 5.9 14.2 11.8 10.3 3.7
2.25 6.5 5.7 14.7 12.8 10.3 3.7
2.50 6.1 5.5 15.2 13.6 10.3 3.7
2.75 5.7 5.3 15.6 14.5 10.3 3.7
3.00 5.3 5.1 16.0 15.3 10.3 3.7

* The integrated ozone residual is the average ozone residual over the contact time duration.

Table 4 - Summary of ozonation design criteria required to achieve
99.9% inactivation of Cryptosporidium oocysts predicted from a Hom-
type model (Finch et al. 1994)

for G. muris and 3.0-3.2 mg/L—min for C. parvum
(for 3-logs of inactivation).

Recently, Finch et al. (1995) compared the inac-
tivation of Cryptosporidium parvum oocysts by chlo-
rine and ozone. Initially, each disinfectant was used
alone, then each disinfectant treatment was followed
by monochloramine addition, under conditions which
might be found at a municipal water treatment plant,
and which might exist in recirculating swimming pool
or spa waters treated with ozone followed by chlo-
rine. Whereas chlorine and ozone each used alone
provided the expected results (e.g., little short term
inactivation by chlorine, much better inactivation with

ozone), both disinfectants followed by chloramine
addition gave much higher levels of oocyst inactiva-
tion. Data are shown in Figures 5 and 6. The authors
theorize that the oocyst shell probably is affected by
ozone and chlorine, allowing penetration of
monochloramine to the sporozoite, which then appar-
ently is inactivated rapidly.

Most pools are operated to attempt to minimize
the concentration of monochloramine, because of its
volatility and presence in pool hall atmospheres. Nev-
ertheless, pools which use ozone followed by chlorine
will form some monochloramine when bathers are
added to the chlorine—containing pool waters. These
studies by Finch et al. (1994; 1995) show that

Required contact time (minutes) C*T= product
99.9 percent 99.9 percent 99.9 percent 99.9 percent
Organism inactivation inactivation inactivation inactivation
G. lamblia 1.2 6.4 0.63 0.96
C. parvum 5.2 9.7 2.4 3.7

Note: The integrated ozone residual is the average ozone residual over the contact time duration.
Table 5 — Comparison of predicted required contact times at an
integrated ozone residual of 0.5 mg/L for inactivation of 99% and
99.9% of G. lamblia and C. parvum at 22°C in phosphate buffer
(Finch et al. 1994)
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Figure 5 - Effectiveness of monochloramine, ozone, and ozone +
CINH, for inactivation of C. parvum oocysts (Finch et al. 1995).
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Figure 6 — Effectiveness of free chlorine, monochloramine and chlorine
+ CINH, for inactivation of C. parvum oocysts (Finch et al. 1995).

Proceedings — NSPI Chemistry Symposium (1996)




monochloramine following ozonation actually is a help
in controlling the viability of Cryptosporidium oocysts.

Implications for Swimming Pool
and Spa Water Treatment

Swimming pools in North America usually are
treated with chlorine or bromine chemicals. Only in
the past 15-20 years has the use of ozone become
prevalent, but always coupled with chlorine or bro-
mine. Most pools currently using ozone have installed
ultraviolet (UV) devices to generate ozone rather than
to use corona discharge techniques. With respect to
inactivation of C. parvum oocysts (or any other mi-
croorganism for that matter), generation of ozone by
UV radiation techniques produces only small amounts
of ozone, and those at very low concentrations. Rice
(1995) has compared the equilibrium solubilities of
ozone in water at 5°, 25° and 30°C as a function of the
concentration of ozone in the gas phase (Table 6). This
table is important to the pool water treatment practi-
tioner because ozone is only partially soluble in wa-
ter — and the solubility of a partially soluble gas in
water is directly proportional to its partial pressure
(e.g., concentration) in the gas phase, as expressed
by Henry’s law:

Y=H-X

in which Y is the concentration (solubility) of ozone
in the aqueous phase, X is the partial pressure of ozone
in the gas phase, and H is the Henry’s law constant,
which can vary with temperature, pH, ionic strength,
and other water quality parameters.

Consideration of Henry’s law leads to the obvi-
ous conclusion that the higher the gas—phase concen-
tration of ozone, the greater will be the solubility of
ozone in the pool or spa water. The reciprocal state-
ment also is true: the lower the concentration of ozone
in the gas phase, the lower will be the concentration

of ozone in the pool or spa water. It should be clear
from data in Table 6 that when ozone is generated by
UV radiation, much less ozone is available in the water
for either oxidation or disinfection than when gener-
ated by corona discharge.

Strictly speaking, the data in Table 6 represent
the maximum amounts of ozone that can be dissolved
in water at equilibrium, which implies time and qui-
escence. However, in treating pool waters, ozone gas
normally is applied continuously and mixes rapidly
and continuously with the water being treated. This
means that equilibrium conditions never can be at-
tained, or even closely approximated, because con-
tact time is brief and quiescence is impossible. There-
fore the “practical” ozone solubilities in pools will be
lower than those shown in Table 6, a result which
favors the use of ozone generated by corona discharge
even more. For example, for CD—generated ozone (1%
by weight) at 30°C, the maximum practical level of
ozone that can be attained is on the order of only 0.4—
0.5 mg/L. This means that to attain a “CT” value of 5
mg/L—min necessary to provide ~2-logs of inactiva-
tion of Cryptosporidium parvum oocysts will require
10 minutes or more of contacting time. Stated in other
words, if pool water is treated with ozone generated
by UV, (0.1% by weight) as compared with corona
discharge (1% by weight), the contact time required
for UV—generated ozone must be at least 10 times
that required for CD-generated ozone to attain the
same CT value.

Expected Impacts Of Ozonation
During Pool/Spa Water

Treatment

There is little question that maintaining a re-
sidual ozone concentration of 0.4 mg/L over a mini-
mum period of time, e.g., four minutes, provides a
considerable amount of bacterial, viral, and Giardia
and Cryptosporidium cyst disinfection. In the termi-
nology of EPA’s Surface Water Treatment Rule,

Gas Phase Ozone Concentration (% by weight)
Temperature ™4 6079 0.1% 1% 1.5% 2% 3%
UV, .. UV e CD CD CD CD
Equilibrium Ozone Water Solubility (mg/L)
5°C 0.007 0.74 7.39 11.09 14.79 22.18
25°C 0.004 0.35 3.53 5.29 7.05 10.58
30°C 0.003 0.27 2.70 4.04 5.39 8.09

Table 6 — Equilibrium solubilities of ozone in water (in mg/L) as
generated by UV radiation and corona discharge techniques
(Rice 1995, adapted from Stover et al. 1986)
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0.4 mg/L of dissolved ozone residual held over 4 min-
utes provides a CT value of 1.6 mg—min/L. While this
CT value is quite sufficient to provide 3—4 logs of in-
activation of Giardia cysts and 5-7 logs of virus inac-
tivation, much less disinfection is provided for destruc-
tion/inactivation of Cryptosporidium oocysts. The
most recent studies by Finch et al. (1994; 1995) show
that an average ozone residual of 0.4 mg/L for 6 and
10 minutes is necessary for 99% (2-logs) and 99.9%
(8-logs) inactivation of Cryptosporidium parvum, re-
spectively, at 22°C. Approximately double the con-
tact time is necessary at 7°C, at the same ozone re-
sidual levels. The relationship is complicated by the
fact that ozone persists longer at colder temperatures
than at warmer temperatures.

These CT considerations for ozone generated by
corona discharge techniques mean that all of the pool
water must be treated with the appropriate amount
of ozone for such time as is commensurate with ob-
taining the desired CT value. The logical extension of
this fact is that slip—stream or side stream ozonation
systems, in which only 10-25% of the pool water is
treated with the necessary amount of ozone, even
when generated by corona discharge techniques, prob-
ably will not be able to control C. parvum, except in
that portion of the water actually passing through
the side-stream ozonation apparatus.

A word should be said at this point about sys-
tems which employ ozone in combination with bro-
mide ion. In the United States, the source of bromide
ion usually is bromo—chloro—dimethylhydantoin
(BCDMH) rather than sodium bromide. The reaction
of bromide ion with ozone is very fast (t,, < 10 sec-
onds — Haag and Hoigné 1984). Consequently, if the
bromide ion level is allowed to increase to excessively
high levels (>> 15 mg/L) nearly all, if not all, of the
ozone added will react with bromide ion, leaving little
if any ozone residual to cope with C. parvum (Barlow
1993). However, as long as the bromide ion is main-
tained at about 15 mg/L, CD—generated ozone will be
present in the ozone reactor to ensure disinfection of
C. parvum, provided that sufficient reaction time also
is provided.

Impacts of Filtration

It has been pointed out earlier that the
Cryptosporidium oocyst, although approximately 5 um
in diameter, can elongate and pass through filtration
media that retain particles down to 1 pm in size. Con-
sequently, only filters that retain particles less than
1 um in size can remove Cryptosporidium oocysts with
certainty. Unfortunately, it is not normally practical
to utilize 1 um filters in swimming pool water circu-
lation systems.

Modern pool filter systems employ one of three
available filtration methods to remove solid contami-
nants from the water:
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* high rate sand filters,
* diatomaceous earth (DE) filters, and
* cartridge filters.

Only the first two of these are used commonly
in public pools. Cartridge filters generally are installed
almost exclusively at private pools. Older filter types,
such as rapid sand filters with much lower filter rates,
are rare, and are not being installed in new facilities.

High rate sand filters usually operate at filter
rates up to 15 gpm/ft?, although some states permit
up to 20 gpm/ft%. The media depth, excluding support
gravel for the underdrain, usually is in the range of
24 to 30 inches. Note that U.S. sand filters normally
have only 50% to 63% of the depth specified for pres-
sure filters in the German pool standard (DIN 19,643)
at comparable filter rates (maximum 30 m3m?h =
m/h  12.3 gpm/ft? for single medium high rate sand
filters, 50 m/h  20.5 gpm/ft? for multi-media filters).

DE filters are available in several different con-
figurations, depending on the placement of the filter
pump (vacuum vs. pressure filter), the method of ap-
plying the DE (continuous slurry feed vs. intermit-
tent coating, the degree of automation, etc.). All DE
filters operate at much lower filter rates, usually 2
gpm/ft? or less. There is a minimum filtration rate
due to the fact that the water pressure must support
the DE on the filter leaves.

Common to all filters is the tenet that a dirty
filter works better than a clean one. While a dirty
filter will show an increased pressure differential
between influent and effluent, it also will be more
efficient in removing contaminants from the water
flowing through it. Therefore, one can only give a
range for the particle size removed by a certain
filter type. Other considerations that must be included
in an evaluation include the age of the filter media,
especially important for sand filters, where the
gradual rounding of the sand grains leads to a loss of
filtration efficacy; the average size of the sand; the
actual filtration rate; duration and frequency of the
backwash; the use of additional treatment chemicals
such as polyaluminum chloride as flocculant; the in-
jection of ozone before or after the filter; etc.

The lower limits for the size of particles retained
by each type of filter vary by a wide degree. One manu-
facturer states: “DE traps particles 1 to 5 microns and
sand normally filters anything over 25 microns in size
(Reemay 1993).

These numbers are ridiculed in a book on pool
maintenance, in which the author claims that “sand
filters strain particles down to about 60 microns”,
while “DE filters strain particles down to about 7
microns.” (Tamminen 1995). Considering that the
average size of the Cryptosporidium oocyst is 4-6
microns (Gerba 1995), and that this organism is able
to change its shape from spherical to an elongated
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elliptical form, it is clear that no sand filter will be
guaranteed effective in removing Cryptosporidium
oocysts from pool water. DE filters may retain some
oocysts, but they, too, do not guarantee the removal
efficiency required for safe operation. Even if filtra-
tion were a possible oocyst removal method, new ques-
tions arise about the proper, safe removal and dis-
posal of the contaminated DE, or the discharge of the
sand filter backwash effluent.

The conclusion from these references is that no
current swimming pool filtration system can be re-
lied upon to remove Cryptosporidium oocysts from
pool and spa waters, and that inactivation through
chemical oxidation/disinfection rather than filtration
must be the more effective way to proceed.

However, in a diatomaceous earth filtration ex-
periment conducted with surface water at a drinking
water treatment plant at Shingletown PA, diatoma-
ceous earth filtration achieved more than 3-logs
(99.9%) of Cryptosporidium oocyst removal at an in-
fluent oocyst level of 4.4-11.1 x 10° oocysts/100 gal
without alum or cationic polymer addition (Schuler
and Ghosh 1990). The grade of diatomaceous earth
used was either B or C (grade C being the finer). Ad-
dition of cationic polymer also did not improve the
oocyst removal compared to diatomaceous earth grade
C. However, addition of alum increased the removal
of oocysts to more than 5-logs (99.999%). A diatoma-
ceous earth precoat of 1 kg/m? was used for all filter
runs. The filter was operated with an hydraulic load-
ing rate of 4.88 m/h. No other studies have been found
in the literature with regard to the effectiveness of
diatomaceous earth filtration in removal of
Cryptosporidium oocysts.

What to do if Cryptosporidium
contamination is suspected and

CD Ozone is not available

Since most of the reported swimming pool
cryptosporidiosis events have been associated with
fecal accidents, the pool professional must assume that
any fecal accident is a potential source of
Cryptosporidium oocysts. If CD ozone addition has
been properly designed into the water treatment sys-
tem and has been operating to provide the appropri-
ate CT value to all of the water, there is not much to
worry about, other than to remove the debris depos-
ited. On the other hand, if the pool water treatment
system has been relying on ozone generated by UV
ozone or chlorine or bromine, or combinations thereof,
the threat of cryptosporidiosis is real. Given the ex-
ceptionally high CT value for chlorine (> 2,500 mg/L—
min), the only recourse is to follow the lead of several
state health department recommendations as exem-
plified by the following excerpts from the state of
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Wisconsin’s “Cryptosporidium Fact Sheet for Swim-
ming Pool Operators” (Wisconsin, undated):

“Cryptosporidium is a coccidian protozoan
found mainly in fecal contaminated environ-
ments. One of these environments can be
swimming pools. The organism is transmit-
ted through a fecal-oral route, and resides in
the intestinal tract. The infective dose can be
very low; as few as 10 organisms have been
demonstrated to cause illness in animals. The
illness caused by Cryptosporidium has an in-
cubation period of 1 to 12 days with an aver-
age of about 7 days. The most common sign
or symptom of illness is diarrhea, which is
usually profuse and watery and often accom-
panied by abdominal cramping. Malaise, fe-
ver, loss of appetite, nausea, and vomiting also
can occur.

Oocysts, the infectious stage of the organ-
ism, appear in the stool at the onset of symp-
toms and can continue to be excreted in the
stool for several weeks after the symptoms
resolve. Outside the body they may be infec-
tive for 26 months in a moist environment.

The oocyst stage is highly resistant to
halogen (chlorine/bromine) disinfection. It can
withstand relatively high levels of hypochlo-
rous acid for a long period of time. This is a
concern in pools where the primary protec-
tion against disease transmission is the halo-
gen disinfection system.

Because of the size of the oocyst (24 mi-
crons in size), they can pass through a sand
filter or most cartridge filters. A diatomaceous
earth filter can capture most of the oocysts.
However, even with good removal it may take
as long as 2.5 days to remove the majority of
the oocysts from a pool (assuming a 6 hour
turnover and good capture).

Once the pool is contaminated, the oocyst
resistance to halogens and the difficulty of
removing the cysts by filtration can result in
pools which are contaminated for lengthy pe-
riods of time. Pool operators can reduce the
risk of initial contamination by using common
sense operating practices.

The following recommendations for train-
ing and operation are suggested ....:

Pool Disinfection After Fecal Acci-
dents, and When There is Suspected Con-
tamination

Our best current recommendation for
handling fecal accidents is to treat any acci-
dent involving unformed stool as a possible
Cryptosporidium contamination and disinfect

Proceedings — NSPI Chemistry Symposium (1996)




accordingly.

The following steps need to be taken if a
pool is either suspected of or is known to be
contaminated with Cryptosporidium:

1. Close the pool and notify the local pub-
lic health authorities.

2. Add chlorine to raise the disinfectant
residual to 50 ppm (mg/L). Stabilize
the pH to 7.2 to 7.8 so the chlorine is
effective. (Remember high levels of
chlorine can cause a purple interfer-
ence color when using phenol red to
test for pH. If this happens, neutral-
ize the sample with a small amount
of sodium thiosulfate.) Run the recir-
culation equipment for 12 hours with
the high level of chlorine.

3. Clean and brush down the walls of the
pool, the skimmers housings, and
skimmer baskets.

4. Backwash the filter thoroughly. If this
is a whirlpool, drain the pool at this
time.

5. Disinfect the filter.

Sand - add a gallon of chlorine bleach
(sodium hypochlorite) directly into the filter
and let stand for 4-6 hours (more may be
needed with filters over 36" diameter). Back-
wash again.

Cartridge — remove the cartridge and
clean the filter casing thoroughly with a 200
ppm (mg/L) solution of chlorine bleach (so-
dium hypochlorite). Allow to stand for several
hours. Clean the cartridge thoroughly and
soak in a 200 ppm (mg/L) solution of bleach.
Rinse and allow to dry completely.

DE Filters — Clean the D.E. off the fil-
ters, dispose of the D.E., and soak the tank
and septums in a 100 ppm (mg/L) solution of
bleach.

6. Restart the recirculation system and

neutralize the chlorine slowly back to

normal or fill, if a whirlpool.

Balance the water and reopen.

8. Monitor the disinfectant levels care-
fully.

=

Additional assistance can be obtained by
calling your local health department. For
more specific information on this procedure,
please call the Environmental Sanitation Unit
at (608) 266—-2835.”
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It is clear that in the event of an Accidental Fe-
cal Release (= AFR —Gerba, 1996) there will be a great
deal of lost time of use for the pool so anointed. That
time and aggravation should be balanced with the
costs of installing a properly designed corona dis-
charge ozonation system — one that is capable of
avoiding these problems as well as providing addi-
tional water quality benefits as well without lost
down—time.

It should also be clear at this point that close
attention to good pool housekeeping principles may
be the lowest cost procedure to follow. Those classes
of people who may be given to providing AFRs (e.g.,
young, diapered children, incontinent elderly, etc.),
as well as animals (birds, ducks, geese, dogs, etc.),
should be kept from contact with pools. Open outdoor
pools should consider installation of covers when pools
are not in use. In particular, those individuals with
diarrhea (which might indicate that they are crypto—
infected already) should be educated to avoid enter-
ing pools in the first place.

Hot whirlpools and spas use volumes of water
which may be too small for economic consideration of
CD-generated ozone in quantities and for reaction
times sufficient to guarantee inactivation of C.
parvum. In such instances, it will be less costly sim-
ply to dump the fecal-contaminated water suspected
of containing oocysts, disinfect the lines and equip-
ment, and refill the whirlpool or spa.

Positions of the Centers for

Disease Control (CDC)

In a document released on June 16, 1995 (CDC,
1995), the CDC discusses cryptosporidiosis in
immuno—compromised individuals and recommends
specific measures for such persons to handle their
drinking water to ensure the absence of viable
Cryptosporidium oocysts. This report confirms that
boiling water before use or filtration through 1 pm
absolute filters (including reverse osmosis units) are
the two surest ways of killing (distillation) or remov-
ing (filtration) Cryptosporidium oocysts. The CDC
stands silent on the impacts of ozonation, because of
insufficient studies available (in their opinion) to
quantify the amounts of oocyst inactivation related
to ozone residuals and contact times.

Summary and Conclusions

1. Cryptosporidium is a “new” microorganism in the
sense that it has only recently been identified as
a cause of waterborne disease, e.g., crypto-
sporidiosis. Immuno—compromised individuals
have died as a result of contracting this disease
(100 people in Milwaukee).

2. Most of the reported instances of cryptosporidiosis
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contracted in swimming pools stem from fecal
accidents in the pools, primarily in juvenile pools.
Therefore, any fecal accident in a pool or spa
(particularly a watery fecal accident) must be
viewed as a potential Cryptosporidium event.
The Cryptosporidium oocyst is about 5 um in
diameter; however, it has the capability to
elongate, becoming elliptical in shape, and can
pass through filters which remove particles down
to 1 pm. Only filters capable of removing particle
sizes 1 um and below can be counted upon to
remove oocysts with certainty (CDC position).
These types of filters are not used today in
commercial swimming pools/spas. Thus oxidation/
disinfection may be the sole approach capable of
controlling C. parvum oocysts with certainty.
Disinfection should be designed to inactivate
Cryptosporidium oocysts according to accepted CT
principles, tailored along the lines of current
U.S. EPA drinking water disinfection
recommendations.

Chlorine as the sole disinfectant has little short
term effect on Cryptosporidium oocysts (CT =
> 2,500 min—mg/L at 25°C and pH 7.5 for 2-logs
of inactivation and > 5,000 min—mg/L for 3-logs
of inactivation.

There is no information available on the efficacy
of free bromine against Cryptosporidium oocysts.
However there is every reason to expect that it
will be no more effective than free chlorine. On
the other hand, the ratio of HOBr/BrO- over the
pH range 7.2-7.8 (optimum for pools) is
considerably higher than the ratio of HOCI/CIO-
over the same pH range. That fact, plus the
greater bactericidal propensities of hypobromite
ion over hypochlorite ion, might mean that free
bromine could show somewhat greater
effectiveness than chlorine against C. parvum.
Ozone is quite capable of providing several logs
of inactivation of Cryptosporidium oocysts in pool
waters. However, a controlled residual of 0.2 to
0.4 mg/L is required to be held over 15 to 5
minutes, respectively at 22°C to assure 2-logs of
inactivation. Because the rates of disinfection
increase with increasing temperature, somewhat
less stringent conditions will be required at 27—
30°C, the temperatures of normal pool operation.
Definitive studies are needed to pinpoint the
specific ozone CT values to inactivate 2— and 3~
logs of Cryptosporidium oocysts at temperatures
of pools and spas and in real-world pool and spa
waters.

If ozone is relied upon to control C. parvum
oocysts, it will be necessary to monitor residual
ozone during ozone reaction (contacting). At the
present state of analytical technology, this cannot
be accomplished by means of ORP (oxidation—

10.

11

12.

reduction potential). Thus, specific ozone residual
analyses must be conducted in order to know the
levels of dissolved ozone actually present in the
water being treated at any time with certainty.
Only with accurate residual ozone analyses can
the true CT value being attained at any instant
of time be determined with confidence.

These CT considerations also mean that the
ozonation system must be designed so as to treat
all pool waters, and not just portions (e.g., no
side-stream or slip—stream ozonation). This
critical conclusion argues for installation of
ozonation systems according to the precepts of the
well-established German DIN Standard 19,643
involving ozone, but with either ozone dosage or
ozone reaction time (or both) properly adjusted to
assure the necessary number of logs of
inactivation of Cryptosporidium parvum being
attained continuously.

For those pools using ozone and bromide ion (with
bromo-chloro-dimethylhydantoin as the source
of bromide ion), attention must be paid to the
chemistries involved. Current recommendations
by suppliers of the ozone/BCDMH system are to
install just sufficient CD—ozone to generate free
bromine. This amount of ozone is insufficient to
assure oxidation of organic pool contaminants and
develop a measurable residual of ozone so as to
provide a CT value within the ozone reaction
chamber. With currently supplied ozone/BCDMH
systems, the level of bromide ion in the water is
allowed to increase considerably beyond the
optimum concentration of 15 mg/L. The higher
the concentration of bromide ion present, the
faster is the rate of ozone oxidation of bromide
ion, concomitantly increasing destruction of ozone
added. The combination of small amounts of added
CD-ozone and excessive bromide leads to less
residual ozone being available to cope with
microorganisms.

With pools using ozone and sodium bromide as
the source of bromide ion, concentrations of ozone
in water sufficient for inactivation of C. parvum
can be attained, provided that sufficient CD-ozone
is installed, the concentration of bromide ion is
maintained at approximately 15 mg/L, and all of
the water is treated with ozone.

Because ozone generated by UV radiation is
present in very much lower gas phase
concentrations than when generated by corona
discharge, very little ozone will be present in
waters treated by these devices. Clearly, UV
devices generating ozone cannot develop
dissolved residual ozone levels sufficiently
high, and for sufficient lengths of time to
satisfy the currently accepted CT values
necessary to ensure Cryptosporidium oocyst
inactivation.
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13. For those pools and spas that do not use ozone
generated by corona discharge and applied in
amounts so as to attain the appropriate ozone CT
values, the procedure currently recommended by
several state public health departments to cope
with fecal accidents suspected to contain
Cryptosporidium oocysts involves:

a. Closing the pool

b. Raising chlorine residual to 50 mg/L and
stabilizing pH at 7.2-7.8

c. Recirculating 12 hours with this high
chlorine level

d. Cleaning and brushing pool walls and all
equipment exposed to the contamination

e. Backwashing the filter thoroughly

f. Disinfecting the filter (sand filters — 46
hours with chlorine; cartridge filters —
soak several hours in 200 mg/L chlorine
bleach; DE filters — dispose of the DE and
soak tank and septa in 100 mg/L chlorine
bleach)

14. Under no circumstances should reliance be
placed on devices that generate ozone by
ultraviolet radiation to inactivate
Cryptosporidium oocysts. Pools that currently
use these devices should follow the recommended
procedures listed above in the event of a fecal
accident suspected of containing Cryptosporidium
oocysts.

15. Even though ozone generated by corona discharge
can be designed and operated to control C. parvum
in pools, its use adds considerably to the overall
pool water treatment costs, even though other
water quality benefits are obtained at the same
time while reducing the amounts of chemicals
added and extending times to pool blowdown.
Consequently, all pools should institute and
enforce housekeeping programs designed to
discourage entry into the pools of people who have
diarrhea and/or who are prone to accidental fecal
releases (AFRs).

16. Hot whirlpools presented with accidental fecal
releases should simply discharge the
contaminated water, clean and disinfect the
whirlpool and associated equipment, and refill.
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