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Abstract

This review discusses Legionella, among the most prolific and publicly well-known waterborne
pathogens, and advances in potential treatment technologies. The number of cases associated with
Legionella continues to rise, as does its public awareness. Currently, cases associated with premise
plumbing account for the largest number of legionellosis cases in the United States. So, while it is
important to understand Legionella as such, it is also important to investigate how to treat drinking
water in premise plumbing for Legionella and other waterborne pathogens. While there are
currently several methods recognized as potential means of inactivating waterborne pathogens,
several shortcomings continue to plague its implementation. These methods are generally of two
types. Firstly, there are chemical treatments such as chlorine, chlorine dioxide, monochloramine,
ozone, and copper-silver ionization. Secondly, there are physical treatments such as thermal
inactivation and media filtration. Their shortcomings range from being labor-intensive and costly
to having negative health effects if not properly operated. Recently developed technologies
including ultraviolet (UV) irradiation using light emitting diodes (LEDs) and innovative carbon
nanotube (CNT) filters can better control waterborne pathogens by allowing for the simultaneous
use of different treatment measures in plumbing systems.
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1. Introduction

Legionnaires’ disease (LD) and the waterborne pathogen associated with it have continued
to garner the attention of the public, health professionals, and regulating bodies alike since
its initial outbreak in 1976, demonstrated by the recent increase in public health guidance
and policy [1-7]. According to data reported to the Centers for Disease Control and
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Prevention (CDC) through the National Outbreak Reporting System, there were 41,269
outbreaks of Legionnaires’ disease in the United States (U.S.) between 1998 and 2014, with
the incidence rate thought to be somewhere between 7.0 and 7.9 cases per 100,000 people
[8,9]. Furthermore, Legionnaires’ disease is a financial burden, with hospitalizations due to
Legionella spp. costing nearly 434 million dollars annually in the U.S. [10]. Although the
first outbreak of Legionnaires’ disease occurred in the U.S., it affects many countries across
the world at the same incidence rate. Data reported to the European Centre for Disease
Prevention and Control (ECDC) found an incidence rate of 1.3 cases per 100,000 for 2015
[11]. This is comparable to the rate reported to the CDC, meaning there is a similar
incidence rate in both the U.S. and Europe [11]. Australia also demonstrated a similar
incidence rate in 2009, at 1.8 cases per 100,000 people [12].

While Legionellaspp. is found in both natural and artificial environments, most cases of
disease are linked to man-made systems [13]. In particular, premise plumbing (e.g., showers,
toilets, and sink faucets) and the water systems associated with it, including cooling towers,
whirlpools, mist machines, and decorative fountains, are the most common sources of
Legionella transmission [14-18] (Figure 1). A Legionella infection can result from exposure
to aerosols and aspiration, and Hamilton et al. identified showers as the main exposure route
of Legionellafor indoor residential water uses [19].

Since most cases of Legionnaires’ disease stem from premise plumbing, studies have
focused on methods to inactivate or remove this pathogen in order to mitigate the risk [18].
Currently, there are six technologies citied by the U.S. Environmental Protection Agency
(EPA\) that can be used for control of Legionella: chlorine, chlorine dioxide,
monochloramine, copper-silver ionization (CSl), ozone, and ultraviolet (UV) disinfection
[20]. However, the effectiveness of each of these methods can vary, and some of them have
negative effects associated with their use [20]. For instance, the three commonly used
variations of chlorine (i.e., free chlorine, chlorine dioxide, monochloramine) result in the
formation of disinfection byproducts (DBPs) and can cause corrosion of plumbing [20-24].
CSiI can result in negative aesthetic effects on water and adverse health effects if high levels
of these chemicals are ingested [25-27]. Ozone can also result in the formation of
disinfection byproducts, but does not result in a disinfectant residual [20,24]. UV
disinfection does not provide an effect on water downstream of the unit and can result in
mercury contamination if the lamp breaks; however, it does not result in any negative health
effects or DBPs [20,28,29]. Light emitting diodes (LEDs), a novel emerging technology,
may be able to help overcome the shortcomings of traditional lamps, as they do not contain
mercury [30]. LEDs are also more compact and durable than mercury lamps, which may
allow for them to be used at the point-of-use (POU) [31]. A further literature review on this
emerging technology, as well as the six most commonly used treatment practices, are
presented in the following sections.

2. Legionella and Legionellosis

2.1. Outbreaks of Legionellosis

Most infectious diseases are discovered in the wake of an outbreak; Legionnaires’ disease is
no exception [1]. In the 1960s, an unknown type of pneumonia broke out in several places,
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but most cases could not be traced back to a specific type of bacteria [32,33]. In July of
1976, at a convention of the American Legion in Philadelphia, Pennsylvania, there was
another outbreak of illness stemming from an unknown cause [1]. Following the outbreak of
Legionnaires’ disease in 1976, an extensive analysis was performed to determine the
causative agent; eventually, it was established that the same pathogen was responsible for
both Pontiac fever (PF)—named after the city of Pontiac, Ml—and LD [34]. Outbreaks of
legionellosis, the term used to collectively describe LD and PF, have continued since its
discovery 35 years ago [35].

One of the more recent outbreaks of Legionnaires’ disease occurred in Genesse County,
within which lies the city of Flint, MI [36]. In 2014, the city of Flint changed its water
source from Lake Huron to the Flint River to cut down on costs [37]. Following the switch
of the city’s water source, two separate outbreaks of Legionnaires’ disease followed: one
from June 2014 to March 2015 and the other from May 2015 to December 2015 [36,38].
During the first outbreak, there were 45 confirmed cases of LD reported, with seven deaths
[36]. The following year, during the second outbreak, an additional 46 cases of LD were
reported, with seven more fatalities [38]. In both outbreaks, a Genesee County hospital was
implicated as the potential source. In the two weeks prior to development of the disease,
51% of the cases in the first outbreak and 58.7% of the cases in the second outbreak had
been to this particular facility [36,38].

While outbreaks continue to occur, other sporadic cases are also common [39]. According to
data reported by the CDC, the number of legionellosis cases has increased 217% from 2000
to 2009 in the U.S., with 99.5% of reported cases causing LD and 0.5% of the cases causing
Pontiac fever [40]. However, the amount of cases reported by the CDC may be an
underrepresentation of the actual number of cases [8]. A study conducted in 1991 recorded
every case of pneumonia in two counties in Ohio, and this study was considered to be a good
representation of the U.S. [8]. The incidence rate for pneumonia caused by LD was between
7.0 and 7.9 cases per 100,000 people, meaning that there would be between 8,000 and
18,000 cases annually in the U.S. [8]. This is a stark contrast from the number of cases
reported by the CDC for the same year. In 1991, there was an incidence rate of 0.53 cases
per 100,000 people, and 605 people were diagnosed with legionellosis [41]. Therefore, the
number of cases reported by the CDC may be less than 10% of the actual cases. Not only
does LD affect the health of a potentially large number of people in the U.S. annually, but it
also bears a large financial burden [10]. The total cost of hospitalizations attributed solely to
LD is estimated at over 433 million dollars, costing on an average 33 thousand dollars per
hospital stay [10].

LD is not limited to the U.S. Europe also has a large number of cases reported annually
[11,42]. Due to its high and increasing prevalence, 36 countries united to form the European
Working Group for Legionella Infections to monitor its trends [42]. Data from this group
report that the incidence rate from 1993 to 2008 has nearly tripled, from 0.41 cases per
100,000 people to 1.18 cases per 100,000 people [42]. More recent data report that the rate
of all cases increased from 0.97 cases per 100,000 people in 2011 to 1.30 cases per 100,000
people in 2015 [11]. Australia has also formed a network that allows for the monitoring of
legionellosis [12]. In 2014, the most recent year that data are available, there were 424 cases
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[12]. Similar to other geographic regions, Australia experienced an increase in the number of
cases of legionellosis reported from 2009 to 2014 [12]. Since legionellosis continues to
affect many people both domestically and abroad, it is important to understand the
responsible etiologic agent.

2.2. Causative Agent of Legionellosis: Legionella

After the 1976 outbreak of LD, a bacterium was isolated in lung samples from patients, and
the isolated bacteria were unknown bacilli that ranged from 0.4 um to 0.8 pm in width and
ranged from 2 um to 4 um in length [43]. A number of standard tests were run, including
Gram staining to identify the responsible etiological agent [44]. However, the bacteria were
not successfully stained, as only some stained faintly as Gram-negative rods [45]. Since the
bacteria was not identified upon examination, a large relatedness study commenced
following the 1976 outbreak [46]. This study compared twelve unknown bacterial strains
suspected to cause LD to strains of known and well-characterized bacteria [46]. However, it
was determined that the strains were not related to any of these microorganisms [46]. This
result suggested that the unknown bacterial isolates were either members of an understudied
species or a previously unclassified group [46].

Further research found defining characteristics that excluded the unknown bacteria from
other classified families [47]. The unidentified bacteria were fastidious, required cysteine,
incapable of reducing nitrates, negative for degrading urea, and required some oxygen to
grow [48]. Based on both these characteristics and the results of the relatedness study, the
disease-causing bacteria were determined to be part of a novel family [47]. The proposed
name was Legionella pneumaophila, with the genus name referring to the American Legion,
where the disease was first discovered, and the species name roughly translating to “lung-
loving [47].” L. pneumophila was the first species in the newly classified family
Legionellaceae [47].

Members of the genus Legionella can be found in nearly all aquatic environments, including
lakes, premise plumbing, and even in rainforest canopies [49]. While Legionellathrive in a
specific temperature range or at a certain pH, this pathogen can survive in temperatures from
0 °C to 68 °C and in a pH range of 5.0 to 8.5 [49]. Although this microorganism can be
found in a variety of natural settings, including lakes and ponds, most cases of legionellosis
are linked back to premise plumbing and the water systems associated with it [18]. There are
documented outbreaks stemming from air conditioning units [34], cooling towers [14,44,50—
55], decorative fountains [16,56,57], grocery store mist machines [15], and whirlpool spas
[17,58].

While Legionella are fastidious microorganisms which require special nutrients to grow,
they have evolved to thrive in a variety of artificial environments, including mechanisms that
allow them to take advantage of other microbes present in water [59,60]. Specifically,
Legionella can infiltrate biofilms found in premise plumbing. One study determined that this
pathogen can colonize a biofilm successfully in two hours [61]. Furthermore, another study
sampled ten biofilms from different cooling towers and determined that L. pneumophila was
present in all samples [62]. While biofilms are found in a number of aquatic environments,
those associated with warm or hot water systems yield the greatest risk of being colonized
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by Legionella[63]. There are over 300 reports of LD occurring in premise plumbing water
systems found in various peer-reviewed literature and public-health reports [64].

Since this pathogen cannot replicate without all of its required nutrients, it developed an
adaptation that allows it to infect amoebae [65]. This novel mechanism, termed coiling
phagocytosis, is specific to Legionella [66]. After undergoing this novel type of
phagocytosis, the bacteria are enclosed within a membrane-bound cytoplasmic vacuole [66].
Traditional phagocytosis entails symmetrical edges engulfing the bacteria, while coiling
phagocytosis involves the pseudopod both interacting with and rolling into itself, creating a
whorl [67]. This special type of phagocytosis is thought to assist in uptake, as it may allow
for the more effective invasion of amoebae [67]. Typically, Legionella only multiply
extracellularly in the presence of complex media, however, intracellular reproduction can
occur while undergoing phagocytosis [68]. Therefore, by undergoing coiling phagocytosis
and infecting amoebae, Legionellathrive in environments that may not readily contain all of
its growth requirements [68]. When the nutrients from the host cell become limited, these
bacteria lyse the host and re-enter the aquatic environment [69].

Due to the etiological ramifications of Legionella, it is important to be able to detect its
presence in premise plumbing and related water systems. Currently, there is a variety of
methods used to detect this waterborne pathogen [60]. Traditional culture using Buffered
Charcoal Yeast Extract Agar (BCYE) is considered the ‘gold standard’ to determine the
presence of Legionellafrom both clinical and environmental samples [70]. However, due to
the slow growing nature of Legionella, results take at least five days to obtain [70]. The
traditional culture method can be coupled with other treatments and additives to the BCYE
agar to make culturing this organism easier, because BCYE is prone to overgrowth by non-
target bacteria that obscure Legionella colonies. Isolates from BCYE plates need to be
confirmed as Legionellaby streaking onto BCYE plates without L-cysteine, and then further
identified as L. pneumophila using latex agglutination tests specific for L. pneumophila.
Another culture-based method developed by IDEXX laboratories (Westbrook, MA, USA)
called Legiolert [71] detects L. pneumophila-only strains in potable and non-potable water
sources. While this method is relatively simplistic and less laborious than the traditional
culture method, it takes a full seven days to determine if the sample is positive for the
presence of L. pneuomphila. As mentioned above, one major issue with other culture
methods is overgrowth of non-target organisms. The manufacturer claims that this product
selectively grows L. pneumophila even in the presence of other non-target organisms.
However, further testing against various types of environmental water samples using this
method needs to be done to ensure its reliability due to its novelty [72,73]. Other methods,
such as direct fluorescent antibody staining, indirect immunofluorescence assays, and rapid
microagglutination tests, are less laborious ways to detect Legionella, although they are not
as sensitive or specific as the culture method [70]. Another common detection method for
suspected clinical cases is a urinary antigen test, which has both high specificity and
sensitivity [37]. However, because only 80% of patients with legionellosis excrete the
antigen through urine, this method cannot always achieve a proper diagnosis [37].
Polymerase chain reaction (PCR) is used for both clinical and environmental samples, with
100% specificity [37]. Furthermore, PCR identifies specific serogroups of a species of
Legionella, but can be relatively expensive and does not differentiate between live and dead
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cells [37]. While there are a number of methods used to identify the presence of Legionella
in both clinical and environmental samples, the culture is still considered optimal.

2.3. Species, Serogroups, and Strains of Legionella

More than fifty known species have been added to the Legionellaceae family since its initial
characterization in 1978, with some species further subcategorized into different serogroups
[46,64]. Of these species, however, less than half of them—around twenty—have been
linked to cases of disease [74]. One study analyzed cases of Legionnaires’ disease using data
from the U.S,, Italy, Switzerland, Australia, and New Zealand to determine what species
were most commonly cited as the cause [74]. The findings determined that, across all of the
countries analyzed, the same three species were responsible for the majority of the cases: L.
pneumaophila, Legionella micdadel, and Legionella longbeachae [74]. However, there was a
difference in the percentage of cases attributed to each species [74]. L. pneumophila was
responsible for 88.2% of cases in the U.S. and European countries [74]. In New Zealand and
Australia, however, the same species caused 45.7% of cases with L. Jongbeachae responsible
for 30.4% of cases [74]. This study suggested that there may be either a difference in
distribution of species, with some being more prevalent in some countries compared to
others, or a difference in virulence, as L. fongbeachae may have an evolved mechanism that
leads to increased virulence in some geographic locations [74].

Three different species are commonly cited as causing the majority of LD cases. Within
these species, specific serogroups are linked to more cases than others [75]. For example,
one study analyzed cases of Legionnaires’ disease reported to the CDC from 1980 to 1989
and found L. pneumaophila was responsible for nearly 95.4% of all cases [75]. Specifically,
L. pneumaophila serogroup 1 was the cause of 59.3% of all Legionnaires’ disease cases
reported during this time period [75]. Reported LD cases were confirmed by at least one
type of diagnostic testing method (e.g., urinary antigen test (UAT), serology, and culture). It
should be noted that most cases (>97%) are confirmed by UAT for L. pneumophila
serogroup 1 rather than culture. More recently, the CDC reported that about 35% of culture-
confirmed cases from 2014 to 2015 were not identified to a specific species, suggesting
underestimation of unidentified species responsible for LD cases. Similarly, of the 3645
culture-confirmed cases of LD reported to the European CDC from 2011 to 2015, 3511
(96.3%) were due to L. pneumophila, including 3020 (82.9%) due to L. pneumophila
serogroup 1 [11]. However, even within this serogroup, virulence seems to vary [76]. One
study examined the number of cases caused by two different strains of L. pneumophila
serogroup 1 [76]. The study examined two nearby hospitals that were well-colonized with
different strains of L. pneumophila serogroup 1 [76]. Between those two similarly situated
hospitals, one hospital reported only one case of nosocomial pneumonia, while the other
hospital had nineteen cases [76]; since both hospitals were similarly colonized and the
facilities were considered to have the same risk factors, the results of this study suggest that
virulence can vary greatly even within the same serogroup [76]. As there is variety in the
characteristics and virulence of different strains of Legionella, one strain may not be
representative of the entire species, let alone the species.

Water (Basel). Author manuscript; available in PMC 2021 March 02.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Carlson et al.

Page 7

3. Current Technologies for Control of Legionella in Premise Plumbing

Systems

Since premise plumbing and its associated water systems are the main mechanisms of
human exposure, effectively inactivating Legionellain drinking water is important.
According to a recent U.S. EPA report [20], six candidate treatment technologies to control
the risks from Legionellabacteria in premise plumbing systems are commonly applied
(Figure 2). In addition to these six technologies, in this section, we discuss two other
available treatment processes.

3.1. Chemical Treatment Technologies

3.1.1. Chlorine-Based Disinfection—Three different types of chlorine such as free
chlorine, monochloramine, and chlorine dioxide are widely used to inactivate pathogens in
drinking water treatment in the U.S. [77]. Chlorine inactivates pathogens by interacting with
the cell membrane, resulting in the leakage of macromolecules from the cell [78]. This
leakage then causes changes in the physical, chemical, and biochemical processes that take
place inside the cell [78].

(1) Free chlorine: One study examined the effectiveness of two concentrations of free
chlorine, 0.2 mg/L and 0.5 mg/L, on different strains of Legionella[77]. Table 1 depicts the
amount of time required to achieve a 4-log reduction [77]. While these concentrations are
much lower than the U.S. EPA guideline of 4.0 mg/L as a running annual average [79], they
are reflective of levels that would be commonly found in hot water loops of premise
plumbing [78]. At the lower concentration of free chlorine, neither strain of L. pneumophila
serogroup 1 achieved the 4-log reduction in the 24-min time frame tested [77]. While the
two L. pneumaophila serogroup 1 strains reached the desired decrease at the higher
concentration of free chlorine, both the laboratory and environmental strains required a
longer contact time than the other serogroups and species tested [77]. Furthermore, the
laboratory strain required twice the amount of time to achieve the same reduction when
compared to the environmental strain, demonstrating that there can be variance within a
single serogroup regarding the efficacy of inactivation [77].

In addition to laboratory experiments, Orsi et al. investigated the effectiveness of free
chlorine on premise plumbing systems that were well-colonized with Legionella [80]. For
continuous hyperchlorination, the concentration of chlorine was targeted to be between 0.5
mg/L and 1.0 mg/L of free chlorine [80]. The results of the study are summarized in Table 2.
Briefly, it was determined that continuous hyperchlorination resulted in significantly fewer
positive sites [80]. However, even after this treatment method was in place for five years,
there were still sites that tested positive for Legionella, suggesting that this technology could
not completely control for Legionella[80].

Physicochemical parameters such as chlorine concentration, pH, temperature, turbidity, and
concentration of natural organic matter (NOM) affect the efficacy of chlorination. Under
typical drinking water conditions, the microbial inactivation efficacy of chlorine is increased
at lower pH. Two main species of free chlorine include hypochlorous acid (HOCI) and
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hypochlorite ion (OCI™). The former is the stronger oxidant, and the ratio of these two
chlorine species is dependent on water pH (i.e., HOCI dominates at pH < 7 and OCI~
dominates at pH > 7). In chlorinated water distribution systems, typical water pH is >7,
diminishing the efficacy of chlorine disinfection in practice. While the bactericidal action of
chlorine is enhanced at a higher temperature, it is difficult to maintain chlorine residuals in
hot water systems due to rapid degradation of free chlorine [81].

Chlorine provides a disinfectant residual to inhibit microbial growth in a premise plumbing
system. However, one of the biggest potential water quality issues in chlorinated water is the
formation of carcinogenic disinfection byproducts (DBPs) such as trihalomethanes (THMSs).
Loret et al. reported that total THM levels exceeded the EPA drinking water standard of 80
ug/L in water plumbing systems with an applied chlorine dose of 2 mg/L [82]. In addition,
chlorination at high levels in premise plumbing systems can contribute to corrosion in high
density polyethylene (HDPE) and copper pipes, suggesting the addition of corrosion-
inhibiting chemicals (e.g., phosphate and silicate) [82-84].

While several studies demonstrated that chlorine is very effective to inactivate planktonic
Legionella in water [85], it is much less effective at penetrating established biofilms and at
controlling Legionella associated with biofilms [82,86]. Extracellular polymeric substances
(EPS) are produced by microorganisms, and its production is enhanced under stressful
environmental conditions. It is well documented that EPS can react with chlorine before the
disinfectant reaches microorganisms in the biofilm [87]. Moreover, Fisher et al.
demonstrated that chlorine-wall decay rates increase at lower chlorine residuals (below 0.5
mg/L) using accurate mathematical modeling [88]. In addition to the fate of chlorine,
interaction of Legionella with co-occurring amoebae increases the resistance of Legionella
to chlorine [89].

(2) Chlorine dioxide: Other forms of chlorine are also being examined as possible
technologies to control for Legionella present in drinking water [20]. Chlorine dioxide has
relatively high oxidation potential to inactivate various waterborne pathogens [90] and can
be effectively applied over a wider pH range, compared to other forms of chlorine [91]. The
addition of chlorine dioxide is one alternative, with the mechanism of inactivation relying on
its ability to easily diffuse through cell membranes of microorganisms and oxidize cellular
components [20]. A recent study investigated the effectiveness of chlorine dioxide for
inactivation of L. pneumaophila. For this experiment, the log inactivation of L. pneumophila
at different contact times was determined, both alone or co-cultured with different amoeba
[92]. The initial concentration of chlorine dioxide was 0.4 mg/L, with the results of this
study showing that L. pneumophila exposed to chlorine dioxide at this concentration can
achieve a 4-log reduction with a contact time of approximately 2 min (i.e., <1 mg min/L)
[92]. There was a significant reduction in the log-number of L. pneumophila when co-
cultured with various amoeba, suggesting it may be an effective technology to control for the
presence of Legionellain premise plumbing [92]. Furthermore, it appears to be superior in
penetrating biofilms like monochloramine (NH,CI) [91], and Loret et al. reported significant
biofilm reduction as well as the effective control of Legionellain the pilot-scale pipe loop
system [82]. Due to its success at inactivating Legionella in laboratory experiments, some
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facilities opted to install chlorine dioxide generators to remediate well-colonized premise
plumbing systems [93].

One such study examined the percent positivity of distal sites for Legionella over 40 months
after installation of a chlorine dioxide generator [93]. For this particular application, chlorine
dioxide was injected into the cold water at a concentration between 0.5 mg/L and 0.7 mg/L
[93]. Per U.S. EPA guidelines, no more than 0.8 mg/L of chlorine dioxide can be present in
finished drinking water [94]. Following treatment, the cold water had Legionella positivity
of less than 20%, with residuals averaging around 0.42 mg/L [93]. In the hot water, the
residual was consistently around 0.7 mg/L, with the percent positivity less than 10% [93].
There were significant reductions in the number of positive samples when compared to the
starting point; however, after 40 months of treatment, Legionellawas still present in the
system [93]. Chlorine dioxide does not produce high levels of chlorinated DBPs and is
widely used as an alternative disinfectant to free chlorine since the promulgation of the total
trihalomethanes (TTHM) regulation in the 1980s [95,96]. The main DBPs of chlorine
dioxide disinfection include chlorite and chlorate which can cause anemia and an enlarged
thyroid, respectively [24,97], and maximum contaminant level (MCL) of chlorite is 1.0
mg/L [22].

(3) Monochloramine is another form of chlorine being explored as a technology to mitigate
the risk of Legionellain premise plumbing [20]. Like the other types of chlorine
disinfectants, monochloramine (NH,CI) is a colorless water-soluble liquid with the
capability to maintain a disinfectant residual in premise plumbing systems. Monochloramine
has been commonly used in drinking water treatment plants for more than 100 years, and the
usage rate of monochloramine increased significantly since implementation of the Stage 2
Disinfectants and Disinfection Byproducts Rule (D/DBPR) [98]. While monochloramine
penetrates biofilms relatively fast and limits Legionella growth effectively in premise
plumbing [99], Herath and Sathasivan recently reported chloramine stress induces the
production of the chloramine decaying proteins (CDP) in biofilm which accelerate the decay
of chloramine [100].

The mechanism of inactivation involves the inhibition of proteins or of protein-mediated
processes [90]. Laboratory experiments were conducted to determine the efficacy of
inactivation [101]. For this study, a 4-log reduction was achieved at the initial concentration
of 0.8 mg/L of monochloramine after a contact time of ~27 min, demonstrating that
monochloramine can be an effective technology for inactivating Legionella[101].
Monochloramine was also successful at inactivating L. pneumophila co-cultured with
different amoeba [101]. One full-scale study analyzed the effectiveness of continuous
injection of monochloramine in premise plumbing systems at levels between 1.5 mg/L and
3.0 mg/L [101]. As seen in Table 3, monochloramine was successful at limiting the number
of positive samples, as there were significantly fewer sites that tested positive for Legionella
after treatment when compared to those before treatment [101].

It is well documented that chloramination reduces the formation of chlorinated DBPs such
as THM and haloacetic acid (HAA). However, chloramine species, including
monochloramine, are commonly associated with the formation of disinfection byproducts
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such as chlorates and N-nitrosodimethylamine (NDMA), which may be carcinogenic to
humans [102]. The United States Environmental Protection Agency (USEPA) monitors
NDMA as part of an unregulated contaminant monitoring (UCMR); results indicate that
NDMA was detected in about 10% of samples from public water systems [103]. According
to the USEPA, a 1 x 1078 cancer risk level and a screening level of tap water for NDMA are
0.7 and 0.42 ng/L, respectively [104,105].

Several operational practices need to be considered for successful application of
monochloramine in premise plumbing systems: (1) chlorine-to-ammonia ratio; (2)
appropriate pH; (3) chloramine residual maintenance; and (4) monitoring water chemistry
such as organic nitrogen. Monochloramine can cause pipe corrosion and degradation of
rubber and plastic material in a premise plumbing system like other chemical disinfectants
[21,82,106]. The concentrations of monochloramine maintained in the systems range
between 1.0 and 4.0 mg/L, and the ratio of chlorine-to-ammonia is 3:1 to 5:1.
Monochloramine is relatively stable under varying temperature and much more effective in
maintaining disinfectant residual than free chlorine in hot water [107]. Since relatively high
prevalence of Legionellahas been observed often in hot water possibly due to lack of
disinfectant residuals, monochloramination would be a useful tool to control Legionellain
premise plumbing systems.

3.1.2. Copper-Silver lonization (CSI)—Other methods are being explored as possible
alternatives because of the shortcomings associated with each of the aforementioned
chlorine species. One disinfection strategy that is commonly used in premise plumbing
systems with hot water recirculating loops, particularly hospitals, is CSI [91,108]. In order to
determine whether copper ions, silver ions, or a combination of the two are effective at
inactivating Legionella, different concentrations were tested in a laboratory setting to
determine the log inactivation [109]. While both copper and silver ions were used to
successfully reduce the levels of Legionella, when used together, they created a synergistic
effect, resulting in a higher inactivation rate [109]. The mechanism behind this inactivation
involves the copper ions reacting with and destroying the cell wall permeability, which allow
the silver ions to interfere with the synthesis of proteins and enzymes [109].

In addition to laboratory experiments, disinfection units that produce copper and silver ions
have been installed in various facilities. Walraven et al. studied the effectiveness of CSl in
five different buildings by tracking the Legionella positivity percentage [110]. Two of the
facilities had data regarding the percent positivity before the installation of the units, with
both experiencing significant decreases in the positivity of Legionella[110]. Of the sites that
were monitored strictly after installation, the majority had low levels of positivity with less
than 100 colony forming units (CFU)/mL in drinking water and less than 1000 CFU/mL in
cooling water [110]. The average injection level of copper and silver ions was 357 pg/L and
33 pg/L, respectively [110]. However, the measured levels at distal points in the systems
were 296 ug/L and 20 pg/L of copper and silver, respectively [110]. One of the major
challenges facing CSlI is ensuring that the added ions are flushed throughout the water
distribution system. This study found that decreased levels may have contributed to
increased positivity at distal points in the system. Another issue associated with CSlI is that
Legionella may develop resistance to copper and silver ions [25].
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Physicochemical parameters are critical for the efficacy of CSI treatment in terms of the
speciation of both metals in water. The higher levels of both metal ions, the better treatment
effectiveness. While pH plays an important role in the speciation of copper (i.e., copper ion
levels decrease significantly under alkaline pH), silver ions are relatively stable in the pH
range of 6-9. Some chemical parameters (e.g., chloride and phosphates added for
chlorination and corrosion control, respectively) react with copper and silver ions, and
consequently these metal complexes diminish their microbiocidal power [111-113].
Moreover, the latter metal complex chlorargyrite (AgCls)) contributes to the purple/grey
stains in bathroom porcelain [114]. Other physicochemical parameters such as organic
carbon, calcium, magnesium, bicarbonate, and temperature do not appear to impact the
treatment efficacy of CSI [112,115]. In addition to its treatment efficacy, Zhang and
Andrews reportedaccelerated chlorine decay and increased disinfection byproduct formation
at pH 8.6 in the presence of copper ions and natural organic matter [116]. CSI may result in
corrosion under some conditions in water plumbing similar to other chemical disinfectants
(e.g., chlorine, chloramine, chlorine dioxide, and ozone) [82,117,118].

3.1.3. Ozonation—Ozonation is another method used to treat pathogens that are present
in water, as it has two different mechanisms used for inactivation [119]. First, ozone oxidizes
the sulfhydryl groups and amino acids of a variety of cell components, such as enzymes,
peptides, and proteins, and creates shorter peptides [119]. Secondly, ozone oxidizes
polyunsaturated fatty acids to acidic peroxides, causing degradation of the cell envelope
[119]. Together, these mechanisms disrupt the cell and result in leakage of the cellular
contents [119]. Domingue et al. examined the effectiveness of ozone on L. pneumophila
serogroup 1 at different levels of pH and temperatures [120]. The log inactivation at each of
the tested levels is shown in Table 4 [120]. All the various combinations achieved at least a
2-log reduction, showing that ozone is an effective method at inactivating L. pneumophila
[120].

Another study analyzed the effect of ozonation on a premise plumbing system over the
course of three years; the results are shown in Table 5 [121]. When compared to the previous
three years, there was not a significant decrease in the percent of positive samples [121].
Furthermore, the average concentration of Legionella present in the positive samples was not
significantly different before and after ozonation [121]. Therefore, ozonation was not an
effective remediation strategy for this premise plumbing system [121].

The efficacy of ozonation to inactivate various waterborne pathogens including UV-resistant
adenovirus and chlorine-resistant protozoan parasites outpasses most disinfection tools,
suggesting an effective primary disinfectant [122,123]. However, ozone has limited its use as
a secondary disinfectant because it is not feasible to maintain a residual due to its rapid
decay rate under typical tap water conditions [122,123]. Ozonation can produce bromate
while treating water-containing inorganic bromide. The MCL of bromate is 10 pg/L. The
efficacy of ozonation mainly depends on (1) its decay rate and (2) disinfection efficiency. As
water temperature increases, the disinfection efficiency increases, but the ozone decomposes
faster (i.e., consequently lower contact time). For other operational conditions, the ozone
decomposes faster at a higher pH, and slower with increasing alkalinity.
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3.2. Physical Treatment Technologies

3.2.1. Thermal Inactivation—Another way of inactivating waterborne pathogens is
increasing the temperature of the water. The increased temperature denatures the proteins,
nucleic acids, and ribosomes inside the cell, resulting in cell death [124]. One study
examined the amount of time that certain temperatures require to achieve a 4-log reduction
of various strains of Legionella; the results are visible in Table 6 [77]. For all strains, the
higher temperatures tested resulted in shorter time periods required to reach a 4-log
reduction of Legionellawhen likened to the lower temperatures [77]. Comparing two strains
of L. pneumaophila serogroup 1 showed a significant difference in the amount of time
required to achieve a 4-log reduction at 50 °C and 55 °C, thus showing that the efficacy of
inactivation varies across different strains [77]. While the desired level of inactivation was
achieved in nearly a minute at 70 °C, heating domestic water to this temperature in various
facilities is usually not achievable [77,125]. International Building Code limits hot water
temperature to be no greater than 120 °F (~50 °C) at the first outlet of a plumbing system
[125]. At this temperature, some strains of Legionella require nearly an hour to achieve a 4-
log reduction, which may not be attainable in the time that the water travels from the hot
water heater to the first outlet [77]. While a thermostatic mixing valve would lower the
required time period by allowing for the set point of the water heater to be higher, these
pieces of equipment can be burdensome to maintain properly [31]. Furthermore, in the case
of failure with these devices or conducting emergency disinfection using superheat-and-
flushing, there is an increased risk of scalding due to the heightened temperatures of the
water [125].

Mouchtouri et al. investigated the effectiveness of heat flushing on 497 different premise
plumbing systems, including hospitals, hotels, and sports venues [126]. For this thermal
disinfection study, the water at the heater was increased to between 70 °C and 80 °C, with
temperatures at the faucets not falling below 65 °C [126]. The outlets were then flushed for
five minutes [126]. The study found a significant decrease in the number of water systems
positive for Legionella[126]. However, there were some positive systems that required a
second hot water flush. Even after the second flush, some facilities were again positive for
the presence of Legionella[126]. While heat flushing was effective for a number of the
facilities, not all sites experienced the same level of disinfection and the effects were not
sustained over time [126].

3.2.2. Media Filtration—Point-of-use (POU) filtration can be used as a temporary
measure for remediation situations when restricting tap water usage. There are two types of
filters that are commonly used in premise plumbing: carbon filters and membrane filters
[127,128]. Carbon filters are typically used at outlets designed for human consumption, as
they remediate bad taste and odors by removing chlorine and other compounds in drinking
water [113]. One study attempted to determine whether carbon filters were effective at
removing Legionellaand other heterotrophic bacteria by using lab-scale granular activated
carbon (GAC) filters [128]. GAC uses adsorption as the primary mechanism for removing
contaminants present in the water [128]. In this study, the GAC filters tested were exposed to
water spiked with Legionella, and daily samples were taken for the following three weeks
[128]. At the end of the study, Legionellawas present on both the GAC filters and in the
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effluent [128]. Similarly, Molloy et al. evaluated three types of carbon filters for their
removal efficacy of Legionellafor six weeks [129]. Legionellawas efficiently removed by
about 8-log, but Legionella colonization on the filter media was observed and moreover,
Legionella sloughed off over time. Thus, it was thought that this pathogen colonized the
filter on both the GAC particles and the inner surface. Since Legionella colonizes the carbon
filter while passing through, it is a challenging disinfection strategy that may result in a
greater presence of the pathogen in drinking water.

Membrane filters have a different mechanism of removing pathogens from water than
carbon filters [127,128]. Advances in membrane technologies improve the microbial
removal efficacy and increase filter lifespan. Several studies reported that various kinds of
membrane-based POU filters successfully controlled Legionellain hospital water systems
with a filter lifespan of four to eight weeks [130-132]. Legionellaand other pathogens can
be colonized on the filter media, if the POU devices are not regularly replaced. Appropriate
replacement rate is critical for microbial control. POU application can be implemented with
primary treatment technologies as an additional barrier to control Legionella.

One study analyzed the effectiveness of this filter type in a hospital setting by adding filters
to four faucets and having three faucets as controls without filters [127]. Samples were taken
throughout two weeks to determine whether they successfully removed Legionella from the
effluent [127]. The filters removed L. pneumophila completely, when compared to the
controls with concentrations of around 100 CFU/mL [127]. While membrane filters are
successful at removing Legionella, there are several practical shortcomings that make its
implementation throughout a large premise plumbing system challenging. The effectiveness
of filters depends mainly on the type of filter used [127,128].

3.3. Challenges in Physical and Chemical Treatments

The current physical and chemical treatment technologies discussed above have
demonstrated effectiveness in regard to inactivating waterborne pathogens in premise
plumbing systems [20]. However, each of those methods has drawbacks associated with it
[20]. The usage of chemical treatment technologies as a way to inactivate waterborne
pathogens in drinking water can result in potentially hazardous chemicals being added or
formed when these chemicals react with other chemicals in the water [20]. Chlorine and
monochloramine have maximum contaminant levels (MCL) of 4.0 mg/L, meaning that
exceeding these levels can result in adverse health effects [22]. Being exposed to high levels
of chlorine for extended periods of time can cause eye and nose irritation and stomach
discomfort, while monochloramine can result in adverse health issues in addition to anemia
[22]. Chlorine dioxide has an MCL of 0.8 mg/L, with exposure to levels above this
potentially resulting in anemia and nervous system effects in infants and young children
[22]. Monitoring the concentrations of copper and silver is critical to ensure levels
approaching the MCL of 1.3 mg/L and the secondary MCL of 0.1 mg/L, respectively
[25,133]. Exposure to copper at levels above its MCL can result in gastrointestinal distress
for short-term exposure or liver and kidney damage for long-term exposure [22]. Silver
levels up to the secondary MCL of 0.1 mg/L do not lead to the occurrence of argyria, which
is the main symptom of silver toxicity [134]. Chlorine, monochloramine, and chlorine
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dioxide also react with compounds in the water to form a myriad of different disinfection
byproducts, each with different health risks [20]. Therefore, use of these chemicals in
drinking water, particularly premise plumbing applications, must be constantly monitored in
order to ensure that both the disinfectants and their byproducts do not exceed EPA limits
[20].

Another challenge associated with injecting different disinfectants into drinking water is
ensuring that the residuals at distal outlets are significant enough to inactivate pathogens
[20]. Therefore, outlets must be regularly flushed to ensure the disinfectant is present [20].
An additional shortcoming of using chlorine, monochloramine, or chlorine dioxide is that
they dissipate in hot water, making a residual challenging to maintain [20]. This, coupled
with the requirement of regular flushing, can make maintaining residuals at distal outlets in
hot water premise plumbing systems very laborious and difficult [20]. Ozonation is also
problematic as a disinfection strategy, as it does not maintain a residual [135]. Furthermore,
studies on premise plumbing using ozonation as a technology for controlling the presence of
Legionellahave not shown promising results [135]. Therefore, it is not commonly used as a
disinfectant in premise plumbing applications, even though it has proven successful at
inactivating pathogens in a laboratory setting [120].

Different filters have successfully removed Legionella from drinking water; while membrane
filters are effective, carbon filters appear to harbor Legionella with an increased
concentration in the effluent [127,128]. However, membrane filters must be replaced at
regular intervals, ranging from weekly to semiannually [127]. Furthermore, most filters rated
for removing waterborne pathogens are designed for the POU, requiring one filter for each
of the fixtures [127]. Therefore, replacing these filters can be both laborious and a financial
burden, making it impractical to use filters as the sole disinfection strategy in large premise
plumbing systems with a high number of fixtures [127].

4. Emerging Treatment Technologies

4.1. Ultraviolet (UV) Irradiation

Due to the shortcomings associated with chemical and physical technologies, alternatives are
constantly being developed; one of these technologies is UV irradiation [136]. UV light
causes the formation of intrastrand pyrimidine dimers in the DNA strands [137,138]. These
dimers prevent DNA from properly replicating, thus causing cell death [138]. Knudson
analyzed the effectiveness of UV irradiation in inactivating four different strains of L.
pneumophilaand L. longbeachae [136]. At a fluence of 50 J/m?, or 5.0 mJ/cm?, there was at
least a 3-log reduction achieved for all strains and species tested [136]. The variation among
strains and species was not considered significant; therefore, they all had the same
sensitivity to UV [136].

Few studies have reported the efficacy of UV in controlling premise plumbing systems in
hospitals [99,139,140]. Hall et al. examined its effectiveness in a hospital that was recently
constructed [140]. After taking regular samples and testing for Legionella over 13 years,
there were no positive environmental samples [140]. Data pooled from other hospitals
showed a 51% positivity rate, which is significantly greater than zero percent positivity rate
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at the hospital with the UV lamp at the point-of-entry [140]. Furthermore, the facility across
the street experienced environmental samples that were positive for Legionella, meaning that
this pathogen was present in the water provided by the city [140]. This study suggests that
UV irradiation may be an effective way of preventing pathogens from entering a premise
plumbing system [140]. However, UV lamps do not create any type of residual, so they
cannot influence systems that are already well-colonized [140].

In addition to not providing a residual, the current technology of mercury lamps that is used
for UV irradiation has several shortcomings [141]. The most pressing concern is that
improperly disposed mercury lamps are hazardous to both the environment and public health
[141]. They are also not energy efficient because of their relatively low wall-plug efficiency,
which is between 15% and 35% [141]. Mercury lamps also have a short lifetime of around
10,000 hours [141]. Due to these shortcomings, UV lamps are not often used as a
disinfection technology [141].

4.2. UV Light Emitting Diodes (LEDSs)

While low-pressure (LP) mercury lamps are an effective way to treat water known to contain
Legionella, they have a number of drawbacks [141]. The emerging technology of LEDs,
however, has several advantages over mercury lamps [141]. One of the biggest advantages of
LEDs over LP mercury lamps is their ability to emit at targeted wavelengths [79]. LP
mercury lamps emit at 254 nm, while LEDs can emit at many different wavelengths in the
UV-B and UV-C [30]. Irradiating at specific wavelengths allows LEDs to target particular
components of a cell [30]. The maximum absorbance of nucleic acids is around 260 nm,
while proteins have a relative maximum absorbance of around 280 nm [30]. Targeting one of
the components may result in greater efficacy of inactivation. Furthermore, Legionella has
evolved mechanisms of photoreactivation and dark-repair that repair damages to DNA [34].
However, repair enzymes and proteins are required for these mechanisms to fix the formed
dimers [142]. By targeting the proteins of a cell, the ability to repair the damaged DNA may
be negatively impacted [142]. Thus, the ability to emit at targeted wavelengths may allow for
LEDs to have greater efficacy of inactivation when compared to low pressure mercury
lamps.

LEDs also have some practical advantages over mercury lamps [30]. While LP lamps
contain mercury, LEDs are made of gallium/aluminum nitride or aluminum nitride, neither
of which are toxic nor hazardous to the environment [30]. LEDs are also more compact and
robust than LP lamps, allowing for increased durability [31]. Additionally, LEDs can be
turned on and off with high frequency, while LP lamps require time to warm up [31]. By
2020, LEDs are projected to have a longer lifetime—over 100,000 hours—and less energy
consumption than LP lamps, as they are expected to operate at 75% wall plug efficiency
[31]. These physical properties, and the ability to emit at different wavelengths, would allow
LEDs to be more practical than LP lamps at treating waterborne pathogens [31].

Currently, few studies have analyzed whether LEDs have the same efficacy of inactivation as
LP lamps. One study compared LEDs emitting at 265 nm, 280 nm, and 300 nm to an LP
lamp emitting at 254 nm to determine whether the novel technology was comparatively
effective at inactivating L. pneumophila[143]. The LED emitting at 265 nm outperformed
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the LP lamp, but the LEDs emitting at 280 nm and 300 nm had decreased efficacy compared
to the LP lamp [143]. Therefore, the wavelength used seems to be a factor in whether LEDs
are as effective as LP [143]. Further studies should be conducted to determine whether other
wavelengths of LEDs are equally as effective as LP lamps. However, based on the current
research, LEDs may be a viable alternative to the current technology.

The development and validation of a POU device that uses LEDs may be done as a future
study. By creating a POU device, disinfection could occur immediately before it is used by
the consumer. This would be particularly important for premise plumbing systems that are
well-colonized by waterborne pathogens, as they would be inactivated right before reaching
the end user. Further studies could also be performed to determine whether there is a
synergistic effect between UV LEDSs and other common treatment technologies, such as
copper-silver ionization, chlorine, chlorine dioxide, or monochloramine. While UV
irradiation is commonly thought of as a point-of-contact strategy, the addition of the
aforementioned chemicals is typically used to treat systemic issues, as they have the ability
to maintain residuals throughout the premise plumbing system. If a synergistic effect
existed, lower doses of the chemicals may be used, resulting in the production of fewer
DBPs.

4.3. Innovative Point-of-Use (POU) Filters

With an updated focus on waterborne infection control, health care facilities are now seeking
guidance on proactive prevention approaches to improve water quality to meet this higher
standard. This can be achieved through additional water treatment or the use of POU filters,
particularly in these high-risk areas [144]. POU filters can provide a physical barrier
between waterborne pathogens and susceptible individuals and play an important role in
preventing LD and other waterborne infections. Several review studies indicate that POU
filters are an effective approach for preventing exposure to Legionellaspp [127,132].
Although carbon based POU filters were not recommended for the removal of
microorganisms, carbon filters can be used as a temporary measure for remediation
situations to remove waterborne pathogens. However, these filters are recognized as a
critical problem associated with the disposal of the contaminated filters due to microbial
clogging and bacterial regrowth on carbon filter media. In our recent study [18], electrically
heatable carbon nanotube (CNT) POU filters were developed for effective removal of
Legionella from water and in-situ inactivation of Legionellaon membrane surfaces to
overcome the microbial clogging issue using direct current power. The CNT POU filters
effectively removed Legionella (>99.99%) (i.e., below detection limit) and were able to
inactive them on the membrane surface at 100% efficiency within 60 s using Joule heating at
20 V [13]. The novel POU filters could be used as a final barrier to provide efficient
rejection of pathogens and thereby simultaneously eliminate microorganisms in public and
private water supplies.

5. Summary

As Legionellaand its associated diseases continue to capture public attention, it is important
to find effective ways to mitigate the risk posed by premise plumbing. There are many
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studies in the peer reviewed literature that demonstrate an ability to inactivate Legionella,
via either chemical or physical treatment. Possible chemical options include the injection of
chlorine, monochloramine, chlorine dioxide, ozonation, or copper-silver ions. While they
have all demonstrated variable effectiveness with inactivating Legionellain both bench-scale
experiments and real-world applications, they come with notable negative effects. These
include the risks of higher corrosion rates of plumbing and adverse health effects if ingested
above the maximum contaminant level. Additionally, to be effective, these chemicals must
reach the distal points of the systems at the required concentrations. This can be challenging
as many of these compounds degrade over time, resulting in the formation of disinfection
byproducts. Physical treatments, such as thermal inactivation or media filtration, were also
reported to have some successes with treating unsafe water. However, real-world
applications have found them laborious and time-consuming. Thermal inactivation requires
every potential outlet be flushed for extended periods of time, while filters must be changed
at regular intervals to ensure they do not foul. New technologies are being developed in
response to these shortcomings. UV irradiation has been used as a treatment method for
several years, but not typically in premise plumbing settings due to the short lifespan of
mercury lamps and its associated environmental hazards. Furthermore, while UV can
successfully inactivate pathogens at the point of installation, it cannot be used as a systemic
fix to a well-colonized system. The emergence of LEDs allows for a device effective at the
POU. This would disinfect drinking water prior to public consumption. As Legionella and
other waterborne pathogens continue to pose a public health threat, the development of novel
technologies, such as LED POU devices and CNT POU filters, will be important to promote
safe drinking water.
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Figure 1.
Common source of Legionellatransmission.
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Legionella Control in Premise Plumbing Systems

Chemical treatment technologies:
* Chlorine-based disinfection

Physical treatment technologies:
* Thermal inactivation

» Ultraviolet (UV) irradiation
» UV light emitting diodes (LEDs)
* Innovative point-of-use (POU) filters

» Copper-silver ionization (CSI) * Filtration
* Ozonation * Ozonation
Emerging treatment technologies: Other strategies:

* Superheat-and-flush disinfection
= Shock hyperchlorination

Figure 2.

Current treatment technologies for control of Legionellain premise plumbing systems.
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Table 1.

Time to 4-log reduction of various Legionella strains at two different concentrations of free chlorine. Adapted
from [77].

Time to 4-Log Reduction (Min)

Legionella Strains * i X
0.2 mg/L Free Chlorine 0.5 mg/L Free Chlorine

L. pneumophila serogroup 1

lab strain Not achieved 8
L. pneumaophila serogroup 1 environmental strain Not achieved 4
L. pneumaphila serogroup 7 9 2

lab strain
L. pneumaophila serogroup 8 environmental strain 20 3
- {ogpesctae 1 ;

*
Lab strains: serogroup 1 (ATCC 33152), serogroup 7 (ATCC 33823), L. longbeachae (ATCC 33462).

Water (Basel). Author manuscript; available in PMC 2021 March 02.



1duosnuep Joyiny vd3 1duosnuey Joyiny vd3

1duosnuey Joyiny vd3

Carlson et al. Page 29

Table 2.

Comparison of Legionella positivity before and after chlorination. Adapted from [80].

Condition Number of Positive Legionella Sites (%) Number of Negative Legionella Sites (%) p-Value

Before chlorination 43 (21.1) 161 (78.9)
<0.001

With continuous hyperchlorination 23 (5.5) 393 (94.5)
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Table 3.

Positive Legionella samples after monochloramine treatment. Adapted from [101].

Positive Samples

Treatment
Before Treatment After Treatment
Monochloramine system
- positive N (%) 22/22 (100%) 8/84 (9.5%)

- mean CFU/L (range) 22x10% (1.0x 102-9.5x 10%) 3.3 x 102 (25— 4.9 x 10%)
Control system

- positive N (%) 84/85 (98.8%)

- mean CFU/L (range) 1.0 x 10* (25 - 1.3 x 106)
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Ozone inactivation of L. pneumophila serogroup 1 at different parameters. Adapted from [120].

Table 4.

Different Parameters for Inactivation of Legionella Pneumophila Serogroup 1

pH

Temperature (°C)

Ozone Concentration (pg/mL)”

Log Inactivation

7.2
7.2
7.2
8.0
8.9

25
35
45
25
25

0.21
0.13
0.13
0.20
0.14

2.37
2.21
2.55
2.45
3.28

*
Mean concentration for the contact time of 5 min.
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Table 5.

Comparison of positivity before and after ozonation in a premise plumbing system. Adapted from Blanc et al.
[121].

Percent Positivity CFU/mL  p-Value

Before ozonation (66/100) 66% 109 +17
After ozonation (67/120) 56% 52+9.7

0.12
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Amount of time to 4-log reduction in various Legionella strains at different temperatures. Adapted from [77].

Table 6.

Legionella Strain *

Time to 4-Log Reduction (Min)

50°C/R? 55°C/R®  60°C/R®  65°C/RZ 70 °CIR?

L. prevmophila serogroup 1 117080 10/0.92 2/0.90 0.8/0.88 0.9/0.79

L. preumophilaserogroup 1 4104 g/0.98 3/0.83 1.4/0.90 0.6/0.82

L. pneumophila serogroup 7 400,97 251096 3/0.76 0.6/0.87 1.210.77

L. pnevmophila serogroup 8 gg0.97  16/0.89 4/0.94 0.8/0.90 0.7/0.99
L. fongbeachae 1500.94  2/088  Notachieved Notachieved Not achieved

lab strain

*
Lab strains: serogroup 1 (ATCC 33152), serogroup 7 (ATCC 33823), L. longbeachae (ATCC 33462).
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