APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Feb. 1987, p. 447453

0099-2240/87/020447-07$02.00/0
Copyright © 1987, American Society for Microbiology

Vol. 53, No. 2

‘Comparative Assessment of Chlorine, Heat, Ozone, and UV Light
for Killing Legionella pneumophila within a Model Plumbing System

PAUL MURACA, JANET E. STOUT, anp VICTOR L. YU*
Special Pathogens Section, Veterans Administration Medical Center and the University of Pittsburgh, Pittsburgh,

Pennsylvania 15240
Received 23 September 1986/Accepted 21 November 1986

Nosocomial Legionnaires disease can be acquired by exposure to the organism from the hospital water
distribution system. As a result, many hospitals have instituted eradication procedures, including
hypercholorination and thermal eradication. We compared the efficacy of ozonation, UV light, hyperchlorina-
tion, and heat eradication using a model plumbing system constructed of copper piping, brass spigots, Plexiglas
reservoir, electric hot water tank, and a pump. Legionella pneumophila was added to the system at 10’ CFU/ml.
Each method was tested under three conditions; (i) nonturbid water at 25°C, (ii) turbid water at 25°C, and (iii)
nonturbid water at 43°C. UV light and heat Kkilled L. pneumophila most rapidly and required minimal
maintenance. Both UV light and heat (60°C) produced a 5 log kill in less than 1 h. In contrast, both chlorine
and ozone required 5 h of exposure to produce a 5 log decrease. Neither turbidity nor the higher temperature
of 43°C impaired the efficacy of any of the disinfectant methods. Surprisingly, higher temperature enhanced the
disinfecting efficacy of chlorine. However, higher temperature accelerated the decomposition of the chlorine
residual such that an additional 120% volume of chlorine was required. All four methods proved efficacious in

eradicating L. pneumophila from a model plumbing system.

Legionella pneumophila in the water distribution system
has been epidemiologically linked to nosocomial Legion-
naires disease (6, 12, 18). As a result, many hospitals have
been compelled to implement disinfection procedures for
their water distribution systems. The two most widely used
methods of L. pneumophila disinfection are hyperchlorina-
tion and heat eradication. Both methods have proven effec-
tive in eradicating L. pneumophila; however, each has its
unique disadvantages.

Hyperchlorination involves the installation of a chlorina-
tor and raising of the chlorine concentration to 2 to 6 mg/liter
(12, 21). The notable drawback of hyperchlorination is its
inability to completely eradicate the organism from the water
distribution system of the building. Recontamination easily
occurs when the chlorine residual drops below the recom-
mended levels. Thus, for this technique to be used success-
fully, stringent monitoring of chlorine levels, as well as
full-time personnel for monitoring and maintaining equip-
ment, is a necessity. Chlorine also has a notable corrosive
impact on distribution pipes over time. In addition, chlorine
is a precursor to halogenated organic compounds known to
be carcinogenic (13).

Another proven and more widely used method is heat
eradication (5, 6). The temperature of the hot water tanks is
raised to 60 to 80°C for several days. Since colonization of L.
pneumophila occurs throughout the water distribution sys-
tem, distal sites (faucets, shower heads) may also harbor L.
pneumophila. Effective disinfection, thus, requires flushing
of the distal sites with hot water.

Although heating and flushing are simple to implement and
inexpensive compared with hyperchlorination, a major dis-
advantage is the need for periodic disinfection since the
system may be recolonized over time. The potential for
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scalding incidents exists, although none has yet been re-
poited.

Given the drawbacks associated with each technique, an
investigation of new modalities is warranted. We evaluated
the efficacy of four disinfection modalities (chlorine, heat,
ozone, and UV light), using a model plumbing system
constructed of copper piping, brass fixtures, a centrifugal
pump, a Plexiglas reservoir, and an electric hot-water tank
(Fig. 1).

MATERIALS AND METHODS

Inoculum and specimen processing. An environmental iso-
late of L. pneumophila, serogroup 1, was frozen at —20°C in
50% (vol/vol) Trypticase soy broth (BBL Microbiology
Systems, Cockeysville, Md.) and glycerol. A subculture of
this isolate was prepared on buffered charcoal-yeast extract
agar and incubated for 72 h at 37°C. Growth was transferred
to two tubes which contained 10 ml of sterile water to match
a 1.0 McFarland standard. Each tube was added to 500 ml of
buffered yeast extract broth. After incubation for 60 to 72 h
on a shaking incubator, the cells from each broth culture
were concentrated by centrifugation. The packed cells were
resuspended in 300 mil of sterile water. This suspension was
introduced to the model system via the Plexiglas reservoir
(Fig. 1) and allowed to circulate for 45 to 60 min. The final
concentration of L. pneumophila in the model system was
approximately 1.0 x 10’ CFU/ml.

Bacterial analysis for each disinfection trial was per-
formed as follows. All water samples were collected from
the sample port preceding the UV light unit (Fig. 1), serially
diluted, and plated in duplicate onto buffered charcoal-yeast
extract agar and dye-containing selective media (9, 17, 23).
The culture plates were incubated at 37°C, and subsequent
L. pneumophila growth was recorded 5 days later.

Model design and construction. The components used in
construction of the model were characteristic of those found
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FIG. 1. A schematic representation of the in vitro model plumbing system. The system recirculatés approximately 38 liters of water, which
is introduced via two positve priming chambers (19 liters each). The priming chambers are elevated to maintain a positive pressure on the
centrifugal pump which fills the system. Water discharged from the pump is monitored via the flow meter and regulated by the ball valve
preceding the flow meter. Flow rate is adjusted to 3.0 liters/min. Water flows into and out of the hot-water tank (23 liters) and to the Plexiglas
reservoir (11 liters). Once the system is filled, the valves from the priming chambers are closed and the water circulates throughout the
remainder of the system. Samples were taken from the sampling port on the influent side of the UV light unit and monitored for L.
pneumophila and disinfectant residuals. Disinfectants were tested individually and applied to the system as follows: chlorine was added via
the Plexiglas reservoir, heat was regulated via the hot-water tank thermostat, ozone was injected via a venturi-type injector, and UV energy
was generated within the self-contained, flow-through UV chamber. Figure components are not presented in scale.

in an actual building system. The model system parts con-
sisted of 7.5 m of 12.5-mm-diameter copper piping and
fittings, brass spigots (globe type) and valves (ball type)
containing rubber seats; an 11l-liter cylindrical, Plexiglas
reservoir (Rohm and Haas Co., Philadelphia, Pa.); a 23-liter,
variable-temperature, electric hot-water tank (115 to 120 V);
and an electric, magnetically coupled, centrifugal recircula-
tion pump (115 to 120 V) rated at 9.5 liters/min at 4.6 m of
head.

Model preparation. Before each experimental run, the
system was filled with hot, sterile tap water (80°C), each
sample port was purged, and the water was recirculated for
no longer than 24 h. This served to flush the system of all
bacterial contaminants and provide a ‘‘sterile’’ baseline
environment. At the beginning of each disinfection trial, the
flush water was removed and fresh, nonsterile tap water was
introduced to the system. The flow rate of the water was
adjusted to 3.0 liters/min via a ball valve on the discharge
port of the pump and monitored with a rotometer-type,
in-line flow meter. A suspension of L. pneumophila was
added to the system and allowed to circulate for approxi-
mately 45 to 60 min. At this flow rate, L. pneumophila was
not adversely affected by system hydraulics (as demon-
strated by the experimental control; Fig. 2). A recycle rate of

approximately 12 min provided steady, laminar flow through
each vessel as well as sufficient mix to achieve an average L.
pneumophila concentration of 10’ CFU/ml at time zero (¢ =
0) from each sample port.

Experimental water parameters. Turbid water was pre-
pared by making a 1:10 dilution from concentrated hot-water
tank effluent samples. The circulating turbid water was
determined to have a suspended solids concentration of 4 to
5 mg/liter (1). Each disinfection experiment was conducted
in duplicate for 6 h under conditions of nonturbid tap water
at 25°C, turbid tap water at 25°C, and nonturbid tap water at
43°C. Smooth curves were drawn through each data point.

Control experiment. Nonturbid tap water at 25°C was
introduced to the system and contained approximately 1.0 X
10’ CFU of L. pneumophila per ml. This was allowed to
circulate for 6 h in the absence of any disinfectant tech-
niques. Samples were collected at predetermined intervals
over the 6 h.

Chlorine disinfection experiments. The system was inocu-
lated with L. pneumophila as previously described. Prede-
termined volumes of chlorine (Clorox bleach, 5.25% chlorine
by weight) were added to the system via the Plexiglas
reservoir as needed over the 6 h. The residual concentration
was maintained between 4 and 6 mg/liter by multiple addi-
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tions of chlorine and was monitored via a chlorine residual
electrode (Orion Research Inc., Cambridge, Mass.). Chlo-
rine (8 ml) was initially added to the system and when the
residual concentration fell below 4 mg/liter, additional 2-ml
volumes of chlorine were added to the system as needed (the
total amount of chlorine added was 18 ml at 25°C and 40 ml
at 43°C). Samples for chlorine determination and bacterial
analysis were taken simultaneously at predetermined inter-
vals over the 6 h.

Additional experiments were conducted in nonturbid wa-
ter at 25 and 43°C to investigate the effect of diminishing
chlorine residual on the concentration of L. pneumophila
during disinfection. The system was inoculated with L.
pneumophila as previously described, and after a time zero
(t = 0) sampling, a single addition of chlorine (8 ml) was
injected into the system. No additional chlorine was added,
and samples for chlorine determination and bacterial analy-
sis were taken simultaneously at predetermined intervals
over the 6 h. All sample tubes contained 1 ml of a 10%
sodium thiosulfate solution to neutralize the chlorine.

Heat inactivation experiments. The system was inoculated
with L. pneumophila as previously described. The hot water
tank temperature was set at 77°C; system temperature was
monitored at the Plexiglas reservoir (Fig. 1). Water samples
were taken every 2 min after the water temperature reached
45 to 60°C and then periodically after the water temperature
reached 60°C (Fig. 2).

Ozone inactivation experiments. The system was inocu-
lated with L. pneumophila as previously described. Ozone
was generated from 95% O, + 5% CO, by a portable
laboratory unit (model 1-T; ARCO Environmental, Inc.,
Vandergrift, Pa.) (Fig. 1). Ozone was injected continuously
via a venturi-type injector at a rate of 0.5 liters/min to
maintain an ozone residual of 1 to 2 mg/liter during the 6 h.
The ozonator was switched on after a time zero sampling,
and successive samples for both residual ozone and bacterial
analysis were taken at predetermined times. Each sample
tube contained 1 ml of a 10% sodium thiosulfate solution to
neutralize the residual ozone. All ozone analyses were
performed via the iodometric technique as described previ-
ously (1).

UV light inactivation experiments. The system was inocu-
lated with L. pneumophila as previously described. L.
pneumophila was irradiated with a flowthrough, stainless
steel-enclosed, UV light treatment apparatus rated at 30,000
wW-s/cm? at 254 nm (Fig. 1). After a time zero (¢ = 0) sample
was obtained, the water was irradiated for the entire 6 h.

RESULTS

The efficacies of all four disinfectant techniques under
conditions of nonturbid water at 25°C are compared in Fig. 2.
The efficacies of all four disinfectant techniques under con-
ditions of turbid water are compared in Fig. 3. The efficacies
of the disinfectant techniques under conditions of increased
temperature are compared in Fig. 4. Each experiment was
performed in duplicate, and the data points depicted repre-
sent the mean of two experiments. If the surviving fraction
of L. pneumophila for each set of experiments varied by
more than 1 log, the experiments were repeated.

Chlorine disinfection. Continuous chlorination at a concen-
tration of 4 to 6 mg/liter produced a 5 to 6 log decrease of L.
pneumophila over 6 h (Fig. 2). The effect of nonturbid and
turbid water on chlorine disinfection is compared in Fig. 3A;
turbidity did not impair the efficacy of chlorine disinfection.

The effect of temperature on chlorine disinfection is pre-
sented in Fig. 4A; water temperature of 43°C resulted in both
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FIG. 2. The comparative efficacy of chlorine, ozone, heat, and
UV light in eradicating L. pneumophila from a model plumbing
system. Each disinfectant technique was evaluated individually in
nonturbid water at 25°C. Mean disinfectant levels were as follows:
chlorine (4 to 6 mg/liter), heat (50 to 60°C), ozone (1 to 2 mg/liter),
and UV light (30,000 wW-s/cm?). The control plot represents a
suspension of L. pneumophila circulating in the absence of disin-
fectant methods. The plots are presented in the form log (N/N,) vs.
time (¢), where N = L. pneumophila in CFU per milliliter at any time
(1) and Ny = L. pneumophila in CFU per milliliter at ¢t = 0.

more rapid and complete L. pneumophila killing as com-
pared with 25°C. On the other hand, the addition of approx-
imately 120% more chlorine was required at 43°C than at
25°C. This additional chlorine was necessary to overcome
thermal decomposition and maintain a chlorine residual of 4
to 6 mg/liter (Fig. 5).

The adverse effect of a decreasing chlorine residual is
shown in Fig. 5. The plots designated (m) depict L. pneu-
mophila death by multiple additions of chlorine. A greater
decrease in the concentration of L. pneumophila was
achieved by maintaining a stable residual concentration of 4
to 6 mg/liter. The total amount of chlorine added to the
system was 18 ml at 25°C and 40 ml at 43°C.

The plots designated (s) in Fig. 5 depict L. pneumophila
survival when chlorine was added as a single addition (8 ml).
The L. pneumophila concentration decreased by 2 logs
within 20 min; however, no further decrease in the concen-
tration of L. pneumophila was observed after 20 to 40 min
when the chlorine residual fell below 4 mg/liter.

Heat disinfection. Temperatures in the range of 50 to 60°C
completely eradicated L. pneumophila from the model sys-
tem in less than 3 h (Fig. 2). The effects of nonturbid and
turbid water on heat eradication are compared in Fig. 3B.
Turbidity did not impair the efficacy of heat eradication.



450 MURACA ET AL. ApPL. ENVIRON. MICROBIOL.

Chlorine: 4-6 mg/L Heat: 50° - 60°C
o - turbid o - turbid
ot o - non-turbid o - non-turbid

L.pneumophila surviving fraction, log (N/No)

L.pneumophila surviving fraction, log (N/Ny)

=7 N N N 1 N —

0 20 40 80 160 320 640
Time (minutes) _7 . ) ) . X )
0 20 40 80 160 320 640
e Time (minutes)
Ozone: 1- 2 mg/L e
o - turbid olet li W.s/cm?
0 S - nondurbid Ultraviolet light: 30,000 HW-s,
i 0 o - turbid
E - o - nonturbid
z z
o z
8 z
- o
I3 2
o -2} -
3 5
8 £
o o
c =3t -
2 2
2z 2
2 z
s -4 2
IS}
g §
g - 3
Q <
3 3
—6F -}
=7 n " \ 1 — J _7 . N N N N .,
0 20 40 80 160 320 640 0 20 40 80 160 320 640
Time (minutes) Time (minutes)

FIG. 3. Turbidity had no effect on the efficacy of chlorine (A), heat (B), ozone (C), or UV light (D). Turbid water was prepared by making
a 1:10 dilution from concentrated hot-water tank effluent samples. This water was determined to have a suspended solids concentration of 4
to 5 mg/liter. Tap water was used as the nonturbid medium. The plots are presented in the form log (N/No) vs. time (#), where N = L.
pneumophila in CFU per milliliter at any time (¢) and Ny = L. pneumophila in CFU per milliliter at r = 0.
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Ozone disinfection. Continuous ozonation at a concentra-
tion of 1 to 2 mg/liter produced a S log decrease from the
initial L. pneumophila concentration (Fig. 2). Turbidity did
not impair the efficacy of ozone disinfection (Fig. 3C).
Increasing the water temperature to 43°C also did not impair
the efficacy of ozone (Fig. 4B).
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FIG. 4. The effect of temperature on the efficacy of chlorine (A),
ozone (B), and UV light (C). Increasing the water temperature (25
vs. 43°C) enhanced the efficacy of chlorine, whereas ozone and UV
light were unaffected. The plots are presented in the form log (N/No)
vs. time (1), where N = L. pneumophila in CFU per milliliter at any
time () and Ny = L. pneumophila in CFU per milliliter at z = 0.

UV light disinfection. Continuous UV irradiation, at 30,000
wW-s/cm?, produced a 5 log decrease in the concentration of
L. pneumophila within 20 min. No further L. pneumophila
inactivation was observed after 20 min. The concentration of
L. pneumophila remained stable at approximately 1 x 10? to
2 x 102 CFU/ml despite 6 h of continuous UV light exposure
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FIG. 5. The efficacy of chlorine disinfection is dependent upon
maintaining a residual chlorine concentration. The plots designated
(s) depict legionella survival when chlorine was administered as a
single injection of 8 ml. After 20 to 40 min, L. pneumophila numbers
remained stationary because of diminishing chlorine residual con-
centration. The plots designated (m) depict a 5 to 6 log decrease of
L. pneumophila when the chlorine residual concentration was
maintained at 4 to 6 mg/liter by multiple addition. To maintain a
chlorine residual of 4 to 6 mg/liter for 6 h, 18 ml of chlorine was
necessary at 25°C, whereas 40 ml of chlorine was necessary at 43°C.
The plots are presented in the form log (N/N,) vs. time (f), where N
= L. pneumophila in CFU per milliliter at any time () and Ny = L.
pneumophila in CFU per milliliter at ¢t = 0.

(Fig. 2). UV irradiation was not affected by conditions of
turbidity or increased temperature (Fig. 3D and 4C).

DISCUSSION

The focal point of L. pneumophila colonization within
hospitals is the hot-water distribution systems (7, 10, 24).
These systems provide environments favorable for L. pneu-
mophila growth, which include dead-end sections of pipe
risers, scale and sediment aggregates, corrosion sites, cross-
connections, and commensal microflora (22).

Currently, disinfection procedures are being evaluated by
trial and error within a given hospital, which is time consum-
ing and costly. Most in situ disinfection methods require the
employment of specialized personnel to maintain the neces-
sary equipment. Years of experimentation and observation
are needed to assess the efficacy of the disinfectant tech-
nique (16). Furthermore, parameters such as quantity of
legionellae in incoming water, amount of water usage, and
ambient temperature would be impossible to adequately
control. To overcome these obstacles, we constructed a
model water distribution system in which disinfection meth-
ods could be evaluated in vitro. Schofield and Wright (20)
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also constructed a model water system mainly from glass
and rubber tubing; this model was designed to evaluate
materials which predisposed to L. preumophila colonization
rather than methods of disinfection. Our model was con-
structed of materials commonly found throughout the water
system of a building and consisted of a network of copper
pipes, brass fixtures, a hot-water tank, and a cylindrical,
Plexiglas reservoir (Fig. 1). The design allowed control of
operational (flow rates, pressures, recycle rates, etc.) as well
as physicochemical (turbidity, temperature, etc.) water pa-
rameters.

We evaluated the efficacy of four disinfection modalities in
a controlled and comparative fashion: chlorine (4 to 6
mg/liter), heat (50 to 60°C), ozone (1 to 2 mg/liter), and UV
light (30,000 wW-s/cm?). Each disinfectant was tested under
three conditions: (i) nonturbid water at 25°C, (ii) turbid water
at 25°C, and (iii) nonturbid water at 43°C.

Our results show that all four methods tested were effica-
cious in eradicating L. pneumophila from the model plumb-
ing system (Fig. 2). The application of chlorine, ozone, and
UV light showed a 5 to 6 log decrease of L. pneumophila
within 6 h of continuous disinfection. Heat disinfection
eliminated all legionellae within 3 h; in contrast, viable
numbers of L. pneumophila were present after 3 h of
disinfection with chlorine, ozone, and UV light (Fig. 2). UV
light produced a 5 log kill within 20 min. Chlorine, ozone,
and heat required considerably more time to achieve the
same degree of killing (Fig. 2).

In addition to comparing these methods in nonturbid tap
water at 25°C, we also sought to determine their efficacy
under conditions associated with hot-water distribution sys-
tems, i.e., turbidity and higher water temperatures. For
example, it was postulated that increasing the turbidity of
the water would impair the efficacy of ozonation, chlorina-
tion, and UV irradiation by increasing the presence of
oxidizable organic material and reducing the transmissibility
of irradiant light. In this model, however, turbidity was not
shown to impair the efficacy of any of the four disinfection
methods (Fig. 3).

Higher water temperature (43°C) was expected to impair
the disinfecting efficacy of chlorine, ozone, and UV light by
affecting the stability of the chemical disinfectant or by
attenuating irradiant light energy. Somewhat surprisingly,
the higher temperature enhanced the disinfecting efficacy of
chlorine, whereas ozone and UV light were unaffected (Fig.
4). Enhanced efficacy of chlorine in killing L. pneumophila at
higher temperatures was also noted by Kuchta et al. (15).
This may be a result of accelerated binding of chlorine to the
cell surface (4, 11). However, it should also be noted that the
addition of approximately 120% more chlorine was neces-
sary at the higher temperature of 43°C to overcome the
thermal decomposition of the chlorine residual (Fig. 5). If
chlorine residual levels were to drop or if the chlorination
equipment were to fail, legionellae would survive within the
system. Thus, our data demonstrate that hyperchlorination
of hot-water systems, as compared with cold-water systems,
is more difficult to regulate.

The weakness of any laboratory model is the inherent
difficulty in extrapolating laboratory data to actual field
conditions. However, some parallels from our experimental
results to the actual hospital situation can be drawn. As
shown above, hyperchlorination was efficacious in the model
system, provided that adequate chlorine concentrations
could be maintained. These results have been duplicated in
hospital water systems in which hyperchlorination at 4 to 6
mg/liter proved efficacious in suppressing L. pneumophila
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contamination (3, 12, 21), but when the chlorine residual
dropped below 4 mg/liter, cases of nosocomial legionellosis
reappeared.

The application of heat (50 to 60°C) eradicated L. pneu-
mophila from the model system within 3 h. These results
have been duplicated in hospital water systems where heat
has been used as a primary disinfection modality (6, 19).

An ozone residual of 1 to 2 mg/liter was shown to
effectively control L. pneumophila within this model system.
Although one study of ozonation in a hospital was inconclu-
sive, the data suggested that ozone could suppress L.
pneumophila in a large water distribution system (8). Be-
cause of the rapid decomposition of the ozone residual in
water, its main utility may be limited as a supplemental
disinfectant to other agents such as chlorine or heat.

The efficacy of UV light for eradication of L. pneumophila
has been demonstrated in vitro (2, 14). In our model system,
L. pneumophila concentrations decreased by 4 to 5 logs with
UV irradiation within 20 min, whereas chlorine and ozone
required at least 3 h to achieve the same degree of killing
(Fig. 2). UV light disinfection was not impaired by condi-
tions of turbidity or increased temperature. Compared with
chlorine, heat, or ozone, UV light methodology in this model
system required the least maintenance or monitoring. From
the results of this study, UV irradiation appears to have
potential as a primary or supplemental in situ disinfectant
method.

In conclusion, all four disinfectant methods were effective
in eradicating L. pneumophila from the model plumbing
system. However, the application of any eradication method
to an actual building water system is dependent upon many
parameters besides the efficacy of the disinfectant, including
the initial capital expense, the operating and maintenance
costs, and the ease of installing a specific disinfection unit in
the water distribution system; these related issues are ad-
dressed in detail elsewhere (25).
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