RESEARCH NOTE

Real-Time Determination of the Efficacy of
Residual Disinfection to Limit Wastewater
Contamination in a Water Distribution System
Using Filtration-Based Luminescence
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ABSTRACT: Water distribution systems can be vulnesable to microbial
contamination through cross-connections, wastewater backflow, the
intrusion of soiled water after a loss of pressure resulting from an
electricity blackout, natiral disaster, or intentional contamination of the
system in a bioterrrorism event. The most urgent matter a water treatment
atility wourid face in this situation is detecting the presence and extent ofa
contamination event in real-time, so that immediate action can be taken to
mitigate the problem. The current approved microbiological detection
methods are culture-based plate count methods, which require ingubation
time (1 to 7 days). This long period of time would not be useful for the
protection of public health. This study was desigaed to simulate
wastewaler intrusion in a water distribution system. The objectives were
2-fold: (1) real-ime detection of water contamination, and (2) investiga-
tion of the sustainability of drinking water systems (o suppress the
contamination with secondary disinfectant residuals {chlorine and
chloramine). Fhe events of drinking water contamination resulfing from
a wastewater addition were determined by filtration-based luminescence
assay. The water contamination was detected by liminescence method
within 5 minutes. The signal amplification attributed to wastewater
contamination was clear—102-fold signal increase. After 1 hour;
chlorinated water could inactivate 98.8% of the bacterial contaminan,
while chloraminated water reduced 77.2%, Water Frviron. Res., 82 (2010).
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introduction
‘Water distribution systems may be vulnerable to contamination
by varlous causes, such as cross-connections—the intrusion of
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soil-contaminated water through cracks when the pressure is not
maintained (FCCCHR, 2004). Contamination of the drinking
water supply by a deliberate injection of pathogens in a terrorist
act is not unthinkable; however, in this case, overcoming the
pressure of the systemn is required (AWWA, 1984; WHO, 1970).
Extended blackouts tend to occur more often these days, partly
because of extreme weather resulting from climate change. The |
extended power loss causes a pressure loss in water pipes, unless
immediate backup power is provided. The pressure loss leads
back-siphonage of water containing soil around the pipes into the
water system through small fissures and leaking seals. When there
are leaking sewers close to the water mains, the problem gets
worse, because the wastewater may enter and be transported into
the water mains after the water pressure is restored. The constant
maintenance of disinfectant residual in the water distribution
system is important in suppressing microbial contamination and
controtling the bacterial regrowth in the water distribution system.
For this reason, secondary disinfectant is added to the finished
water before the water is distributed during the final step of water
treatment at a wafer utility. Chlorine and chiorine-derived
compounds, such as chioramine, which is made by combining
chlorine and ammonia, are the only disinfectants known that can
provide a continueus level of inactivation in a water distribution
system. In the United Staies, this secondary disinfection is
required by law for those water utilities required to disinfect their
water (AWWA,, 2009).

Water samples are tested regularly by water authorities for their
water safety, 1o prevent possible consumption of contaminated
water. R2ZA is the most commonly used standard method for
enummerating drinking water bacteria recommended by the U.S.
Environmental Protection Agency (APHA et al.,, 1998), because
the diverse ingredients at low strength support the growth of
injured bacteria in disinfectant-contained tap water, which has a
low level of autrients. It is known that R2A produces the greatest
bacterial counts originating from the water supply compared with
other agar plates (Reasoner et al., 1989). However, this culture-
based method takes 3 to 7 days to get bacterial colony counts, as a
result of the incubation period. Therefore, it is not possible to
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provide the timely results when a contamination event happens,
and this delay can never meet the purpose of the water testing,
which is protecting the public from the harmful consumption of
deteriorated water. However, there are a few rapid detection
methods that may be applied for examining bacterial levels in
drinking water. A few of themy use an adenosine triphosphate
(ATP) bioluminescence-based method, but this detects the total
bioluminescence of all possible ATP sources, such as yeast and
molds, in addition to bacteria. Therefore, this method s more
appropriate for measuring general surface hygiene (e.g.. MoniTek,
CLX Inc., Termecula, California) rather than determining bacterial
contamination. There s hardly any method that can solely
measure bacterial ATP. Most of the claimed rapid methods,
including ATP bioluminescence methods and roolecular tech-
nique-based methods, are not really “rapid”, because they require
a 12- to 48-hour enrichment step before their detection step {(e.g..
HybriScan, Sigma Aldrich [St. Louis, Missouri| and AKuScreen,
Celsis [Chicage, Illinois]). As a result, 2 need remains for
determining microbial contamination- in drinking water systems

near real-time. In this study, we uvsed a filiration-based

bioluminescence method for a near real-time (<5 minutes)
measurement of bacterial levels. The filtration procedure allows
concentrating bacteria, so that it lowers detection limits and
eliminates an enrichment step. This method consists of four
components—concentration, removal of non-bactérial cells and

conditioning, lysis of bacteral cells, and integration of lumines- -

cence signals. The ATP released from Iysed bacterial cells reacts
with added luciferine/luciferase, which then develops light. The
integrated light emission is measured with a microluminometer.
The extent of the emitted light is proportional to the ATP amount,
which is proportional to the bacterial numbers (Lee and Deininger,
1999, 2004). In previous sindies, the bacterial levels in drinking
water estimated with ATP bioluminescence assay correfated well

© with the bacterial counts measured with the R2A method

{Deininger and Lee, 2001; Meier et al., 2008). In this study, the
drinking water contamination events were simulated by adding
wastewater effluents to two different types of water, which had
different disinfectant tesiduals’ (chiorine and chloramine). The
effectiveness of the different disinfectant residuals in controlling
bacterial contamination was examined during the {irst 2 hours of
the contamination event, by using filtration-based bivlumines-
cence as a near-real-time assessing tool. Thus, when an
unexpectedly high signal is obtained using this filtration-based
luminescence, further identification of bacterial species can be
initiated, to verify the presence of pathogens.

Methodology

Simulation of Water Contamination. Water contamination
events were simudated in our laboratory, Fov this study, water
samples were obtained from two water eatment plants in
southeast Michigan. Each water plant uses a different disinfectant
(chlorine or chloramine). Wastewater samples were collected
from the secondary wastewater effluent at a wastewater treatment
plant in southeast Michigan. The water and wastewater samples
were {ransported to the laboratory on ice immediately after
collection, and the experiments were performed immediately. The
concentration of the disinfectants was imeasured using a Hach
chlorine analyzer (Hach Company, Loveiand, Colorado).

Based on our preliminary data (not shown), it was determined
that the filtration-based luminescence method is sensitive enough

to detect a 1% (v/v) addition of wastewater into drinking water.
This amount of wastewater was used during the study period. In
most cases, the experimental setup was spiking 5 ml. of a
wastewater sample info 500-mi. of a drinking water sample and
then gently mixing using a magnetic stirrer. The same setup was
used for each disinfectant-containing water sample (chloramine
and chlorine). The baseline bacteria levels in the drinking water
were measured by the rapid-filtration-based luminescence method
before injection of wastewater. The contaminated water samples
were analyzed immediately after the spiking of the wastewater (0
seconds) and during the time period of 2 hours at 1, 5, 10, 20, 40,
66, and 120 minutes. At each tirne interval, samples were drawn,
and the bacterial concentrations were determined by the rapid-
filtration-based luminescence method. All the measurements were
done in triplicate. The rapid method results were available within
5 minutes. The data were compiled using Microsoft Excel
{Microsoft Corporation, Redmond, Washington).
Filiration-Based Luminescence Procedare. The principle of
bioluminescence is to quantify the ATP extracted from the bacterial
cells collected from water samples. To remove the ATP source from
nomnbacterial cells that might be present in the water samples, the
filtered samples were washed with 250 uL somatic cell-releasing
agent (SRA), according to the manufactirer’s instructions (New
Horizons Diagnostics, Columbia, Maryland). This SRA treatment
not only removes nonbacterial cells, but also adjusts chemical
conditions, such as pH, for optimizing further the luminescence
reaction, which is pH-dependent. After the conditioning, the

" concentrated bacterial cells were lysed with 50 uL bacterial cell-

releasing agent (BRA) for ATP extraction. The extracted ATP was
then mixed with 50 uL-luciferin/luciferase. The integrated light
emission was measured with a microluminometer (integration time
= 30 seconds; New Horizons Diagnostics). and the results were
recorded as relative light unit (REUs). The final resolt was converted
to RLU/mL. after dividing by the volume of the water filtration. The
combination of “membrane filter-cuvette” format enables this entire
procedure, from the water concentration to the light emission
integration, in'a “single cuvette”, thus minimizing sample loss. The
prirciple of the light reaction between the ATP and the Tuciferin/
luciferase is as follows: LH2 (uciferin) + B (luciferase) + ATP — E-
LH-AMP (luciferyl adenylate complex) + PP (pyrophosphate), E-
LH-AMP + 02 — E-L-AMP (dehydoluciferyl adenylate) + light
{Qureshi and Patel, 1976). The activity of luciferin/luciferase is
checked with the ATP standard solution (Sigma, St Louis,
Missourt) each time a set of experiments was performed. Deionized
water was used as a negative control.

Results and Discussion

The hypothesis of this study was that the addition of wastewater
would increase the level of microbes in the drinking water samples,
but the presence of secondary disinfectant may be able to inactivate

-the microbial contaminant after certain period of contact time.

Another aim was to compare the effectiveness of two commonly
used secondary disinfectant residuals in these contamination events,
and we expected that chiorine would perform better than
chloramines, as a result of its oxidation property. After the water
samples were contaminated with wastewalter, the increased levels of
bacteria were measured at  seconds {wastewater addition) and 1-,
5-, 18-, 20-, 40-, 60-, and 120-minute imervals. The chlorine
concentration of the c¢hlorinated water was 3.1 (total) and 2.9 (free)
mg/L. The chlorine concentration of the chloraminated water was
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Figure t—Measurement of the change of bacterial level
resufting from wastewater contamination in chiorinated
drinking water using filtration-based luminescence.

2.3 (total) and 0.3 (free) mg/L. The baseline concentrations of
bacteria in water samples before the spiking of wastewater effluent
were 48 {chlorinated water) and 84 (chloraminated water) RLU/mL,
respectively. After the additon of the wastewater, the signal surged
0 6812 RLU/mL in the chlorinated water and 4068 RLU/mL. in the
chloraminated water (Figures 1 and 2). This phenomencn showed
that the wastewater contamination event can be detected clearly by
the amplified signal of an approximately 102-fold increase using
filtration-based luminescence in less than 5 minutes.

The extent of wasiewater contamination in drinking water that
could reasonably be detected by the filtration-based luminescence
system was calculated mathematically using the 99% upper
confidence interval of the baseline values. The standard deviation
of the chlorinated water baseline (average = 48) was 22.1. and the
confidence was 32.8 {alpha = 0.01). Thus, chlorinated water has
the upper limit of confidence intarval of 81, which comesponds to
0.0125% (v/v) wastewater contaminatiop. It is based upon the
assumption of a linear correlation between the contamination level
and the RLU wvalue. Using the same statistical calculation,
chloraminated water has the upper limit of 161, and it corresponds
to 0.04% (v/v) wastewater contamination (average baseline = 84,
standard deyiation = 52, confidence = 77.3, and alpha = 0.01).

From the simulated expetiments, it was possible to investigate
whether the sudden increase of bacterial levels coming from the
wastewater contamination in the water distribution system can be
controlled by the existing disinfectant residuals, which typically
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Figure 2—Measurement of the change of bacterial levei
resulting from wastewater contamination in chiorami-
nated drinking water using filiration-based luminescence,
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Figure 3—Comparison of the bacierial removal rate
resulting from the two types of residual disinfectants in
wastewater-contaminated drinking water.

are added in the form of secondary residual when the finished
water leaves the water treatment plant. The amplitied bacterial
level started to decline as fast as within 5 minutes, when the
residual type was chlorine, and, after 5 minutes, it removed 64%
of the microbial comtamination, which originated from the
wastewater addition, The spiked bacterial contaminants became
suppressed by the action of the disinfectant residuals with the
efficiency of 98.8% (chlorine) and 86.2% (chloraming) inactiva-
tion within the 2-hour test duration (Figure 3). This also indicates
that there is a difference in the effectiveness and speed of the
action of the two different disinfectants. Chlodne was more
effective and faster than chloramine in inactivating bacterial
contaminants. For example, after 60 minutes, 98% of the
increased level of the bacteria was removed by chlorine, while
77% of the bacterial contaminanis were removed in the
chloraminated water. This implies the significance of the constant
maintenance of recommended disinfectant residual level in water
distribution systems to prepare for events of accidental contam-
ination. The result of the fate of contaminated bacteria in drinking
water also shows that the bacterial levels can be determined by the
rapid fAltration-based uminescence in less than 5 minutes.

Conclusions

In conclusion, the increased level of bacterial levels in the
public water supply resulting from wastewater contamination can
be detected in less thas 5 minutes, without an enrichment step,
using the filtration-based luminescence. This method can serve as
a pin-pointing response tool during abnormal events to determine
the safety of water supply systerns. The resulis clearly indicate
that there exists a difference in the effectiveness between the two
types of secondary disinfectants—chlorine and chloramine.
Within the 120-minute period of the experiments, the increased
level of bacteria resulting from the wastewater contamination was
controlted with the removal rates of 86% (chloramine) and 9% %
{chlorine). This implies that it is crucial to maintain a disinfectant
residual continucusly throughout the water distribution system for
the protection of our water supplics. The estimated degrees of
wastewater contamination that could reasonably be detected by
the filiration-based Juminescence system are $.0125 and 0.04% (v/
v} in the chiorine- and chloramine-containing water disiribution
systemns, respectively.
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