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Chemical Warfare Agent

Dichlorobenzene

Distribution System Simulator
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Executive Summary

Chemical, biological, or radiological (CBR)
contamination events or attacks on drinking
water infrastructure could have significant
public health, economic, and social impacts.
The intentional introduction of harmful
contaminants into drinking water
distribution systems, for example, has the
potential to contaminate the water along
with pipes and pumps used to convey the
water, storage tanks, service connections to
buildings, and water-consuming appliances,
such as water heaters. Complicating the
situation is the propensity of some
contaminants to adhere to corroded pipes or
biofilms on the pipe walls, potentially
prolonging the impact of the contamination
by desorption, leaching, or otherwise
detaching from the surface and into the
water over time after the incident.
Contamination incidents could also impact
drinking water treatment plants, wastewater
treatment facilities, and storm and sewer
systems.

Treatment and decontamination strategy
involves determining what the contaminants
are, the extent and location of
contamination, whether to clean or replace
contaminated infrastructure, techniques for
remediating the contaminants and associated
hazardous degradation by-products, how
long it will take, how much it will cost, and
how to verify that cleanup is completed.
The United States Environmental Protection
Agency (EPA) and the water sector have
extensive experience in treatment and
cleanup, but must prepare for significant
new challenges posed by intentional attacks
using potent and difficult to decontaminate
non-traditional or unregulated contaminants.

Factors influencing the approach and
effectiveness of treatment and
decontamination are often complex and
multifaceted. For example, for some
contaminants that could be used in an attack,
fate and transport in the water environment
is not well understood. Contaminants may
react with or adhere to various pipe
materials differently under various water
flow patterns, or they may produce
degradation products that are as dangerous
as or more dangerous than the original
substance. There is a need for knowledge
and research on new or enhanced treatment
and decontamination technologies and
protocols. There are many data gaps that
must be filled through research.

This literature review summarizes available
data on the propensity of select
representative target CBR contaminants to
adhere to wetted drinking water
infrastructure surfaces, such as pipes, and
techniques for decontamination should
adherence occur. Persistence and
decontamination data included in this report
pertain to the most common types of water
pipes used in North America, including
cast/ductile iron, cementitious material like
cement-mortar lined ductile iron, and
plastics like PVC'2. Each section of this
report includes a discussion of the current
literature regarding persistence and
decontamination data for a range of CBR
agents on drinking water infrastructure.
This is followed by an analysis of
decontamination data from the literature on
drinking water infrastructure, or similar
materials and environments if no directly
applicable data was found. Conclusions
about techniques or methodologies for
drinking water infrastructure

1.Buried No Longer: Confronting America’s Water Infrastructure Challenge, 2012: American Water Works Association, Denver, CO.
2.Folkman, S., et al., Survey of water main failures in the United States and Canada. Journal of the American Water Works Association, 2012.

104(10): p. 70-79.



decontamination that can be drawn from the suggestions for future research are
literature review are presented. Finally, discussed.



Chemical Agents

Introduction

Research on chemical persistence on
drinking water infrastructure has often
focused on the adherence of inorganic
contaminants [1-4]. There are, however,
many other chemical classes of concern,
including organics, pharmaceuticals,
chemical warfare agents, and toxins.
Historically, research into drinking water
treatment of chemicals has focused on
regulated inorganic contaminants such as
heavy metals, disinfection byproducts, and
organics such as pesticides, herbicides, and
chemical discharges from industrial
processes. Many of these chemical agents
make their way into water distribution
systems through accidental releases,
discharge or agricultural runoff into ground
or surface water. Drinking water treatment
plants are typically designed to remove
many of these contaminants from water
before they enter the distribution system.
However, data on persistence of many
chemical agents that could potentially be
used to contaminate a drinking water
distribution system are very limited. This
section summarizes available adherence and
decontamination data for specific target
chemical contaminants in regard to water
distribution system infrastructure, identifies
contaminant classes for which little data
currently exists, and discusses which of
these may be suitable for future research.

Inorganics

Arsenic

In drinking water, arsenic will be found in
its oxidized forms as arsenic(l1) (arsenite)
or arsenic(V) (arsenate). In a drinking water
contamination scenario, arsenate would be
more pertinent since arsenite will be

oxidized in drinking water when it reacts
with disinfectant residuals (free chlorine or
chloramines or oxidants in the drinking
water process). Common arsenate and
arsenite compounds are soluble in water, but
solubility depends on the compound.
Sodium arsenate, for example, has a
solubility of 61g/100 ml water @ 15 °C [5].

Association of arsenic with infrastructure
surfaces, especially in drinking water, is
well documented. Numerous studies have
directly collected corrosion/scale samples
from drinking water distribution systems,
analyzed those samples for sorbed arsenic
through inductively coupled plasma mass-
spectrometer (ICP-MS), and included
inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) and X-ray
diffraction (XRD). All have shown the
presence of sorbed arsenic [4, 6-8]. In
general, arsenite (As(111)) is considered
more soluble and mobile, and arsenate
(As(V)) is considered more likely to
associate with solid surfaces . One study
found that arsenic can incorporate into
calcite [9]. Calcite can be present on iron or
cement-mortar pipe interiors, depending on
water quality conditions.

Decontamination information is limited, but
useful information has been presented by
two studies. One study showed that sodium
arsenite injected into chlorinated water does
adhere and persist on cement-lined iron
coupons cut from pipe sections [10]. The
coupons were conditioned in Cincinnati,
Ohio tap water and had an established
biofilm. Persistence of arsenic was not
influenced by flow rate. Decontamination
with flushing did not consistently remove As
from the coupons, and flushing with low pH
(pH=4) did not increase the removal of
sorbed As. Maximum removal observed
with flushing (using normal tap water pH
[8.5] and low pH water) was 51%. Flushing



with a phosphate buffer did not result in the
removal of any additional arsenic. Acidified
potassium permanganate consistently
removed 54-61% of adhered As.
Implementation of NSF Standard 60 Pipe
Cleaning Aid Products Flushing (NW-
310/NW-400 flushing, Floran Biogrowth
Remover ™/Floran Catalyst™ liquid
activator, and Floran Top Ultra™/Catalyst,
Blue Earth Labs, Lenexa, KS) resulted in
46-67% removal. Copeland et al. (2007)
show that As desorbs from iron scale over
time with increasing pH (testing between pH
6-9) [11]. Increasing pH above 9 may be an
effective way of removing adsorbed As [12].

Mercury

Mercuric compounds (Hg(l1)) are soluble in
ambient and drinking water matrices and are
better studied than mercurous compounds.
Oxidized mercury compounds of interest are
mercuric chloride, mercuric sulfate, and
mercuric nitrate. Mercuric chloride (HgCly)
is more soluble than other compounds, with
a solubility of 7.4 g/100 ml at 20 °C (3.6
g/100 ml at 0 °C) [5]. It is often assumed
that mercury in drinking water would
effectively be in an oxidized, soluble
compound due to the oxic nature of drinking
water with disinfectant. In some aquatic
systems, mercury can be transformed by
microorganisms to methylmercury, which is
highly toxic [13].

Mercury persistence on drinking water
infrastructure has not been studied in detail,
but persistence on biofilm has been
observed. One study showed that mercury
(Hg(I1), introduced as HgCl,) sorbed to
biofilms, but found that planktonic cells
were more susceptible to the toxic effects of
Hg than biofilm organisms [13]. This was
explained by the fact that diffusion may
prevent all of the dissolved Hg from
reaching the biofilm, but also that

extracellular polymeric substances material
in the biofilm may sequester Hg and prevent
it from impacting the biofilm organisms.
Other work observed that the biofilms
grown on glass slides did sorb Hg(ll) and
methylmercury [14]. After an initial spike,
the amount of Hg detected in the biofilms
decreased. This could be due to desorption,
but the authors of that reference attributed
the decrease to de-methylation of the
mercury followed by volatilization of
elemental mercury. Finally, a study focused
on wastewater showed that an Hg-resistant
strain of bacteria does uptake and reduce
soluble mercury in wastewater [15]. A
bench-scale study found less than 1%
attachment of mercury when introduced at
100 mg/L on pipes made of iron, galvanized
iron, PVC, cement-mortar and polyethylene,
epoxy and copper, some with biofilm [16].

Like persistence data, little information on
techniques for decontamination should
adherence occur was found. One study that
focused on drinking water found that
mercury injected as mercuric chloride did
persist on cement-lined iron with an
established biofilm [10]. Decontamination
results were mixed. Flushing results were
variable with more adhered mercury found
post-flushing in some experiments and 19-
51% removal in others. Low pH (pH 4)
consistently showed 21-23% removal.
Acidified permanganate removed 72-96% of
the adhered mercury. Mercury was injected
as Hg(ll) which is the fully oxidized state,
so oxidation was not the mechanism for
removal. It was speculated that the low pH
of the permanganate solution dissolved
adhered mercury and removed it from the
pipe surface.



Petroleum Products

One study examined petroleum product
persistence on drinking water infrastructure
and techniques for decontamination should
adherence to infrastructure occur. The study
focused on diesel fuel and cement-mortar
drinking water pipe that was extracted from
a water distribution system [10]. Diesel fuel
was found to be persistent on the cement-
mortar coupons, with 21-23 mg of diesel
adhering to each coupon (19 in). Flushing
removed 36-38% of the adhered diesel, but
Surfonic® TDA-6 surfactant (Huntsman
Corporation, The Woodlands, TX) removed
more than 96%. Surfonic TDA-6 is an
ethoxylate dispersant that is also effective
for chlordane and may be an effective
decontaminant for other petroleum products.
However, a case study of an accidental
diesel fuel contamination event in drinking
water showed that flushing and continual
use of water for household sanitation over
two days was enough to bring the amount
of fuel below the taste and odor threshold
[16].

Toxins

No data were found in the open literature on
plant, bacterial, fungal or algal toxin
persistence on drinking water infrastructure
material or techniques for decontamination
should adherence to infrastructure occur.
However, it is known that botulinum toxin
concentration is reduced by 99.90% to
99.99% in the presence of 0.5 mg/L free
chlorine at 25° C [17]. Ricin is also
sensitive to free chlorine, with 99.7+%
destroyed within 20 min [18]. Free chlorine
destroys cyanotoxin below pH 8, but free
chlorine is ineffective against anatoxin-a.
Ozone can destroy anatoxin-a as well as
microcystin and cylindrospermopsin [19].
Unless the water was dechlorinated or toxins

were introduced in large enough quantities
to eliminate the disinfectant residual, these
toxins would likely be destroyed by free
chlorine upon introduction into a drinking
water distribution system. Sensitivity to free
chlorine may limit persistence in drinking
water systems.

Chemical Warfare Agents

No data were found in the open literature on
CWA (chemical warfare agent) persistence
on drinking water infrastructure material or
techniques for decontamination should
adherence occur. However, since many
CWA are organophosphates, data on the
persistence and decontamination of the
organophosphate class may be used to
inform CWA class information (see the
Organic Chemicals section below).

Pharmaceuticals

No data were found in the open literature on
pharmaceutical persistence on drinking
water infrastructure material or on
techniques for decontamination should
adherence occur.

Organic Chemicals

Chlordane

A pilot-scale pipe loop study showed that
flushing with Surfonic TDA-6 effectively
removed chlordane from both cement-lined
ductile iron and clear PVC pipe surfaces.
The decontamination efficiency ranged
between 89% and 91% for the cement-lined
ductile iron pipe material and was 99% for
the clear PVC pipe material. Chlordane
showed strong adherence to both cement-
lined ductile iron pipe and clear PVC pipe
surfaces [10]. Another study also tested the
adhesion of chlordane applied to surfaces
that simulate cement-lined and PVC pipes.



Chlordane was shown to adsorb onto the
pipe material coupons. Flushing evaluations
suggested effective decontamination with
flowing water for chlordane on concrete and
PVC. Hyperchlorination with no flow was
not effective at decontaminating chlordane
on concrete or PVC [20].

Static bench-scale experiments using
sections of various types of iron, galvanized
iron, plastic and cementitious pipe showed
that chlordane adsorbed to all pipe surfaces,
although cement-lined ductile iron and
polyethylene results were inconclusive. The
insecticide demonstrated strong attachment
and a relationship between duration of
contaminant exposure and mass of material
attaching to the pipe wall. Chlordane was
selected as a high log Ko chemical
surrogate with a log K, value of 6.2.
Surfactants were found to be effective in
removing organic contaminants from pipe
surfaces. The recovery of chlordane was
relatively consistent by pipe material,
ranging from 68% for used galvanized pipe
to 120% for epoxy-coated steel pipe [16].

Chlordane was used by an unknown
perpetrator to contaminate a drinking water
system in Pittsburgh in 1980. A detailed
firsthand account of the response to the
incident is documented by an author of the
report titled “Guidance for Decontamination
of Water System Infrastructure” [16].
Investigations by the water utility and law
enforcement confirmed that the
contamination was intentional, but the
perpetrator was never found. Contaminated
water was contained in the distribution
system and a systematic campaign of
flushing was undertaken as a
decontamination method. Flushing was an
effective way to reduce the amount of
contamination in the water over the course
of days, but chlordane was still detected up
to nine months after the incident. Hot water

tanks in consumers’ homes were particularly
difficult to decontaminate. The research
studies cited in this section and this case
study show that more effective
decontaminants should be identified for
chlordane since it has been used as a
drinking water system contaminant.

P-dichlorobenzene

Static bench-scale experiments using
sections of various types of pipe showed that
p-dichlorobenzene (p-DCB) attached at rates
greater than 5% to iron pipe with biofilm;
new galvanized, used galvanized, cement-
lined ductile iron (with seal coat); and
epoxy-coated steel pipe under non-flow
conditions. There was relatively low
adsorption of p-DCB to chlorinated
polyvinyl chloride (cPVC) pipe surfaces.
Surfactants were found to be moderately
effective in removing p-DCB from pipe
surfaces, with a recovery efficiency that
ranged from 13% for cPVC to 60% for
epoxy-coated steel pipe [16].

Parathion

There is only limited data on persistence on
soils and river sediments, and no data on
interactions with pipes or techniques for
decontamination of infrastructure should
adherence occur. In surface water, parathion
will usually disappear within a week, mainly
by adsorption to suspended particles and
bottom sediments. Adsorbed parathion is
subject to degradation by microorganisms
and chemical hydrolysis. For typical
drinking water treatment techniques, one
article reported the following degradation
results: chlorine, 100%; chlorine plus
aluminum sulfate, 100%; ozone, 80%; ozone
plus aluminum sulfate, 80-90%; and
chlorine plus activated carbon plus
aluminum sulfate, 100% [21].



The chemical transformation process
involves the substitution of the sulfur atom
in the P-S bond of the pesticide with an
oxygen atom into its oxon (oxygen
analogues). This transformation is a
concern because chlorination is the most
commonly used disinfection technique in
many US drinking water treatment plants
and the product oxon of parathion is
generally considered to be more toxic than
the parent compound. Based on research on
the rates of sorption and partitioning of
contaminants in river biofilm, sorption to
pipe walls is possible [22-25].

Chloropyrifos

This review found no adequate information
on the adhesion of chloropyrifos on drinking
water system infrastructure or on techniques
for decontamination should adhesion occur.
Studies pertaining to water treatment or
persistence in the environment indicate that
chloropyrifos adsorbs strongly to soil
particles, adheres to sediments and
suspended organic matter in water sources,
and is persistent [26]. As with most
pesticides, chloropyrifos is not well removed
by typical physical treatment processes.
Removal from water improves with
oxidation using free chlorine or ozone
followed by conventional treatment [21, 27,
28]. However, rapid reaction with chlorine
in water treatment yields its oxon as a
primary by-product that is more stable in
chlorine and more toxic than the parent
compound [22, 25, 29]. Reaction with
monochloramine is substantially slower
[30]. There is no information about the
interaction with biofilm.

Sodium Fluoroacetate

Sodium fluoroacetate (SFA) is a long-
lasting, toxic, and miscible-to-highly-soluble
rodenticide. One bench-scale study tested
the adhesion of sodium fluoroacetate applied

to simulated cement-lined pipe and
decontamination by flushing and
hyperchlorination. SFA was shown to
adsorb onto the pipe material coupons.
Persistence and flushing evaluation
suggested that decontamination with flowing
water (1.5-2.0 fps) for SFA on concrete was
not effective. Hyperchlorination (25-50
mg/L) with no flow was not effective in
decontaminating SFA on concrete [20].

Chemical Research Discussion and
Conclusions

Arsenic adsorption to pipe material,
particularly corroded iron, is well
characterized. Decontamination options
have been explored, and some data suggests
that higher pH may be a decontamination
option for arsenic. NSF-60 pipe cleaning
agents removed arsenic, but results were
similar to simple flushing. Mercury was
shown to adhere to cement-mortar
infrastructure, but little data on iron
persistence were found. Decontamination
of mercury with acidified potassium
permanganate was effective and future
research should further examine
decontamination on other common
infrastructure materials such as unlined iron.

Diesel fuel has been studied in a model
drinking water system and an effective
decontaminant was used (Surfonic TDA-6).
Gasoline is similar in nature to diesel in that
they are both composed of hydrocarbons,
except that the hydrocarbon chains in
gasoline are shorter than in diesel. Since
gasoline is at least as prevalent as diesel,
determining its persistence on cement-
mortar, iron and PVC may be worthwhile.

No data was found on CWA or
pharmaceutical persistence on drinking
water infrastructure, nor was data found on



toxin persistence. However, it is known that
ricin and botulinum toxins are oxidized by
free chlorine, which may limit their ability
to persist on infrastructure in a drinking
water distribution system.

Little direct information on organic
contaminant persistence exists beyond
sodium fluoroacetate, p-dichlorobenzene
and chlordane. However, these three
contaminants represent a wide range of
octanol water partition coefficient with log
Kow Vvalues of -0.061, 3.4 and 6.2 for sodium
fluoroacetate, p-dichlorobenzene and
chlordane, respectively. As Ko, increases,
the propensity for a chemical to associate
with octanol (and not with water) increases,
which can be used as a proxy for the
tendency of a chemical to associate with a
solid surface, like drinking water
infrastructure, and not dissolve in water.
Data are available on chlordane and p-
dichlorobenzene on cement-mortar and iron
surfaces, and with cement-mortar for sodium
fluoroacetate. Future research could focus
on these three chemicals, and the resulting
data could be extrapolated to other
chemicals with similar Ko, values.

The existing data show that surfactants are
effective at removing chemical agents from
pipe materials. Surfonic TDA-6 removed
90% of the chlordane attached to cement
mortar infrastructure, and it was also
effective against p-dichlorobenzene.
Surfonic N-60 also achieved 90% removal
of p-dichlorobenzene adhered to cement-
mortar. Flushing and chlorination were not
effective at decontamination of sodium
fluoroacetate.

Future Chemical Research

Inorganics: Decontamination of adhered
arsenic with high pH flushing should be
explored on iron and cement-mortar

infrastructure. Mercury persistence on iron
infrastructure should be explored, and
decontamination with acidified potassium
permanganate should be attempted.

Petroleum Products: Diesel and/or gasoline
persistence on corroded iron should be
studied, and if they are persistent, the
effectiveness of Surfonic TDA-6 should be
assessed. Gasoline and diesel are both
widely used and available hydrocarbons and
are good candidates for future study.

Toxins: Further characterizing toxin
degredation in chlorinated and
chloraminated water may help determine if
toxins will persist in water long enough to
become attached to infrastructure surfaces.
Clearly, experiments directly examining
persistence on infrastructure materials
should also be conducted.

Organics: Further examination of
persistence on infrastructure materials and
techniques for decontamination of
infrastructure materials could be collected
with sodium fluoracetate, p-
dichlorobenzene, and chlordane since these
chemicals represent a wide range of Koy.
Specifically, sodium fluoroacetate should be
examined on corroded iron, and
decontamination with surfactants (like
Surfonic TDA-6) should be attempted.
Alternatively, a representative contaminant
from classes such as organophosphorous and
carbamate pesticides could be chosen and its
persistence on infrastructure materials could
be examined. No data on persistence of
pharmaceuticals or CWA were found, so
these may be priority areas of future
research. Organic contaminants often react
with chlorine or chloramines, so a summary
of their chlorine reactivity may indicate how
likely they are to persist in disinfected water
and reach drinking water infrastructure.
Chlordane decontaminants should be



researched further since this chemical has a
history of contamination in drinking water
systems.

General: A future research goal that crosses
all chemical classes would be the
development of methods for sampling and
analysis. Validated methods for extraction
of contaminant from coupons (iron, cement-
mortar, PVC) would be helpful in any future
research endeavor and lend increased
credibility to the data generated from the
study.



Biological Agents

Introduction

Compared to chemical and radiological
contaminants, substantial data for
persistence of biological agents (mainly
bacteria) are readily available. This is
primarily due to the fact that coliform
persistence and regrowth in drinking water
biofilm has been researched in conjunction
with the promulgation of the Total Coliform
Rule by the United States Environmental
Protection Agency. Much of this research
was conducted in the 1980s, prior to the
publication of the first Total Coliform Rule
in 1989, and the 1990s
(http://water.epa.gov/lawsregs/rulesregs/sdw
a/tcr/basicinformation.cfm) [31-40]. This
data set is a rich source of information on
persistence and, in some papers,
decontamination.

While vegetative coliform bacteria has been
the focus of a significant amount of
research, additional studies are needed on
spore-forming bacteria, such as Bacillus
anthracis (the causative agent of anthrax),
which are hardier and more persistent than
vegetative cells. If decontamination of
spore-forming bacteria from drinking water
infrastructure is successful, the same method
should also be effective for vegetative cells.
This chapter is divided into analyses of
literature about spore-forming bacteria and
vegetative bacteria persistence on drinking
water infrastructure and decontamination.
Data on virus such as bacteriophage are
more limited, but it is discussed where
applicable.

Spore-Forming Bacteria
Research on Bacillus spore adhesion in

drinking water systems has occurred on
copper, PVC, and galvanized iron coupons,

which are representative of new and old
household plumbing materials [41]. Results
showed that 1 mg/L free chlorine has little
effect on the number of spores in the bulk
water phase after 1 hour of contact, but 5
and 10 mg/L achieved 97% and 99.99%
removal, respectively. These inactivation
data are similar to results from other studies
in the literature [42-45]. Between 20 to 95%
of the spores inoculated into the model
system adhered to the pipe with the fewest
on PVC and the most on galvanized iron.
Although experimental conditions such as
temperature, pH, and flow were not reported
[41], the data confirm that spores injected
into a drinking water distribution system can
survive typical disinfectant residuals and
adhere to and persist on household plumbing
materials.

Bacillus spore persistence was examined in
a study funded by the Water Research
Foundation, formerly known as the
American Water Works Association
Research Foundation [16]. In this study,
pipe sections of various infrastructure
materials (iron, cement mortar, galvanized
iron, copper, PVC) were filled with water,
contaminated with a target contaminant, and
allowed to incubate under stagnant
conditions for seven days. Stagnant
incubation was used to mimic a scenario
where contaminated water is isolated in a
drinking water system, allowed to sit
stagnant until its disposition is decided, and
then flushed out.

Exposing spores that had been adhered to
galvanized iron pipe to 50 mg/L free
chlorine for 6, 60, and 1,200 min (Ct
[concentration x contact time] of 300, 3,000,
and 30,000 mg/L-min, respectively) resulted
in 65-84% removal when the initial number
of attached spores was 7x10* cfu. One
hundred percent removal was reported with
heavily tuberculated iron under the same


http://water.epa.gov/lawsregs/rulesregs/sdwa/tcr/basicinformation.cfm)
http://water.epa.gov/lawsregs/rulesregs/sdwa/tcr/basicinformation.cfm)

chlorination conditions. However, the
authors point out that few spores were
initially recovered from the iron surface
(500 cfu) and the results may not be reliable.
Poor recovery may have been due to
inadequate sampling. Initial chlorine
residual quickly decreased from 50 mg/L in
galvanized and tuberculated iron pipes to
nearly zero at 60 minutes and was
undetectable thereafter.

A series of experiments were conducted
using EPA bench-scale systems, which
include biofilm annular reactors (BAR), and
reactors developed by the US Center for
Disease Control and Prevention (CDC). In
one study, B. cereus spores were added to a
BAR that had biofilm of Pseudomonas
fluorescens grown on polycarbonate
coupons [46]. The authors estimated that up
to 3% of the 10° cfu/ml spores introduced
were adhered to the biofilm. Chlorination
with 2 to 3 mg/L for 7 to 8 days resulted in 2
to 3-log removal. Numerous spores still
remained in the single species biofilm.
Other BAR studies used iron, cement-
mortar, and PVVC coupons that are
representative of water distribution mains
currently in service [47]. Free chlorine
concentration up to 70 mg/L resulted in 3-
log removal of B. globigii spores, but
persistence was still observed [48].
Application of chlorine dioxide to the same
reactor/coupon set-up resulted in 4-log
inactivation of adhered B. globigii over the
course of 4 days [49]. Application of 5
mg/L free chlorine resulted in 2 to 4-log
removal of B. globigii attached to cement-
mortar coupons, with no detectable spores
remaining [50].

CDC reactors were operated with PVC and
copper coupons, which simulate household
plumbing materials. Spores persisted on the
coupons and contact with 103 mg/L free
chlorine and with 49 mg/L monochloramine
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produced 2-log removal in 60 minutes of
contact [51]. An extension of this study
examined germination of spores with L-
alanine and inosine before disinfection [52].
Application of germinant reduced the
number of attached spores by 1.5 to 3.0-log,
with up to 4.6-log reduction after application
of free chlorine at 100 mg/L. Log
reductions of 0.4 to 0.6 were observed with
chlorination alone. The results show that
germination can enhance the
decontamination potential of free chlorine.

The idea of germinant-enhanced
decontamination of spores was further
extended to a pilot-scale drinking water
distribution system simulator (DSS) [53].
Cement-mortar and corroded iron coupons
were inserted into a six-inch diameter pipe
with tap water flowing through it. After a
one-month conditioning period, the DSS
was contaminated with B. globigii spores.
Adhered spores were exposed to germinant,
then free chlorine at 5 and 25 mg/L,
followed by exposure to flowing water at a
mean velocity of 1 ft/sec. Germination
enhanced the effect of chlorination of
cement-mortar, while flushing was enhanced
on spores adhered to corroded iron.
Chlorination and flushing left viable spores
on each coupon type when used alone
(except cement-mortar at 25 mg/L free
chlorine), but adding a germinant enhanced
decontamination to the extent that no viable
spores could be detected on the coupons.

Other pilot-scale studies have supported the
previously mentioned research. B. globigii
spores were shown to persist on a 15 year
old pipe that carried drinking water in a
pilot-scale experimental system [54]. In
another pilot-scale study, sections of aged
cement-mortar lined pipe removed from a
drinking water distribution system were
placed into the DSS mentioned in the
germination study and contaminated with



spores at a concentration of 10* cfu/ml [10].
Flushing at a mean velocity of 2.5 ft/sec
resulted in no removal of adhered spores.
Disinfection with 200 mg/L free chlorine
and flushing (2.5 ft/sec) for two hours
decreased adhered spores by 95% (1.3-log),
with many viable spores remaining on the
coupons.

Vegetative Bacteria

Much of the research related to vegetative
bacteria persistence in biofilm has focused
on coliforms such as Escherichia coli and
Klebsiella pneumoniae [32-34, 39, 55-58].
The general trend of these studies is that
coliforms can adhere to biofilm and persist
or grow when exposed to simulated drinking
water conditions. The authors cite the
protection from disinfectants that biofilms
offer, but many of these studies used
dechlorinated conditions during injections of
coliforms. Beyond PVC, many of these
studies use glass or carbonaceous materials
that are not representative of water
distribution system infrastructure. One
study did examine coliform persistence on
mild steel with biofilm and found that 10
times more coliforms accumulated than on
PVC with biofilm [32].

Another study examined E. coli persistence
on PVC coupons colonized by drinking
water biofilm in a 4-inch diameter pipe [35].
Injected E. coli was detectable on the PVC
coupons up to 18 days in unchlorinated
water in the presence of flow. Another
study used corroded iron as a coupon
material and assessed Klebsiella
pneumoniae persistence in the presence of
flow [59]. Experiments were conducted in
chlorinated and unchlorinated water.
Persistence on iron was observed up to 17
days in unchlorinated water and up to 12
days with chlorine residual less than 1 mg/L.
Interestingly, K. pneumoniae cultured under
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low nutrient conditions persisted longer than
those cultured under rich conditions,
indicating that environmental isolates may
persist longer in drinking water systems.
However, both were not detectable on the
coupons after 17 days with constant flow of
1 ft/sec.

Legionella pneumophila persistence on
biofilm has been studied by multiple
researchers. Like much of the research into
coliforms, substratum materials used to
grow biofilm are not representative of
drinking water distribution systems
infrastructure. However, persistence was
observed for limited periods of time, usually
in unchlorinated conditions. One researcher
grew a drinking water biofilm on glass and
PVC slides and observed persistence
between 20 to 40 days [60]. Persistence was
observed for 15 days under similar
conditions using stainless steel slides [61].
A study on the persistence of L.
pneumophila on biofilm found that chlorine
and monochloramine were effective at
decontamination. However,
monochloramine worked faster than
chlorine, likely due to its lower reactivity
with various biofilm components [62].
Finally, two complementary studies found
that L. pneumophila persisted on coupons up
to 12 days in the presence of a free chlorine
residual of 0.2 mg/L [63]. However,
fluorescent in-situ hybridization found DNA
signatures on the coupons up to 38 days
after contamination, although it was not
determined if viable cells were present [64].

Data has been published on contamination
of drinking water supplies with vegetative
bacterial pathogens. E. coli 0157:H7 was
the cause of the contamination of the
Cabool, Missouri water supply, which likely
originated from a series of water main
breaks and meter replacements [65, 66].
The water supply was unchlorinated at the


http://www.google.com/url?q=http://en.wikipedia.org/wiki/Escherichia_coli&sa=U&ei=e6FjT4zFLYTL0QGgqqWOCA&ved=0CB0QFjAA&usg=AFQjCNH0nG5ijX4O0PZyq_g9J6Hl3OSCQg
http://www.google.com/url?q=http://en.wikipedia.org/wiki/Klebsiella_pneumoniae&sa=U&ei=5qFjT6rVC6nd0QGFxvV-&ved=0CBAQFjAA&usg=AFQjCNGiK-UdjapBpuIb-NkBJsTOLopX-w

time of the outbreak, which allowed the E.
coli to persist in the water column. A
program of chlorination (up to 3 mg/L) and
flushing to adequately spread the
disinfectant was used to decontaminate the
system. After decontamination (and a “Boil
Water” advisory) the number of cases of E.
coli infection dropped precipitously.

E. coli 0157:H7 was also the cause of a large
water supply outbreak in Walkerton,
Ontario, Canada [67, 68]. The cause of the
outbreak was attributed to infiltration of
runoff contaminated with animal waste, and
the susceptibility of the old corroded cast
iron pipes to harboring E. coli. Remediation
included distribution system flushing,
disinfection of building plumbing with
chlorine, as well as implementation of a
program to replace the old cast iron water
mains. These actions ended the outbreak,
indicating that flushing and chlorination can
be effective against E. coli.

Salmonella typhimurium was attributed to an
outbreak of illness that originated in the
water supply in Gideon, Missouri [69, 70].
Past research has shown the potential for
Salmonella spp. persistence on biofilm [60].
Contamination occurred from bird droppings
and feathers entering a water storage tank.
The water system did not contain a
disinfectant residual, and a flushing event
before the outbreak helped spread
contamination through the distribution
system. In addition to a boil water advisory,
the water tank was chlorinated, which
stopped the outbreak. However, a
systematic program of chlorination in the
distribution system was not undertaken. In
2008, Salmonella contamination occurred in
Alamosa, Colorado [71]. Prior to the
outbreak, the water supply was not
chlorinated. Chlorine was added to the
distribution system at 25 mg/L, with a goal
of maintaining at least 10 mg/L for 24 hours.

12

An extensive flushing program was also
implemented. This strategy was successful,
and the water supply was chlorinated
thereafter.

Viruses

Data on virus persistence in drinking water
biofilm is more limited than for other
microorganisms, but some studies exist.
Virus persistence was studied in a pilot-scale
unit using biofilm formed on PVC coupons.
Poliovirus 1 persisted for less than 6 hours
on the coupons, and a chlorine residual of
0.04 mg/L inhibits live virus persistence in
the bulk water and biofilm [72]. Limited
poliovirus persistence (6 days) was observed
in another study on polycarbonate with
drinking water biofilm [73]. However, the
viral RNA was observed up to 35 days with
no chlorine present.

Alternatively, calicivirus persisted on PVC
coupons with drinking water biofilm in the
presence of 0.15 mg/L free chlorine for 3
weeks [74]. Bacteroides fragilis phage B40-
8 and coliphage MS-2 persisted up to 30
days at low levels on PVC and stainless steel
[75, 76]. Interestingly, a consistent 0.5
mg/L free chlorine residual was present,
indicating that some viruses were unaffected
by the residual. A recent review article on
viral persistence in biofilms cites numerous
conference proceedings that support the idea
that viruses persist in drinking water
biofilms in the presence of free chlorine,
although the proceedings may not be readily
available [77].



Biological Agent Research
Discussion and Conclusions

A common theme that occurs in many of the
cited studies is that decontamination with
free chlorine leaves viable Bacillus spores
adhered to the coupons of drinking water
infrastructure. This is an important finding
since chlorine is commonly used in drinking
water treatment and is known to be a strong
oxidant. Numerous studies have shown that
Bacillus spores suspended in water with free
chlorine are resistant to inactivation, but
given enough contact time they are
undetectable by culture [42-45].

Data on spore inactivation in water would
support the conclusion that extending
decontaminant contact time should also
adequately decontaminate spores attached to
pipe material. This may be true for some
pipe materials, but common distribution
system materials such as corroded iron or
cement-mortar have been shown to be
difficult to decontaminate with free chlorine.
However, enhancing flushing or chlorination
with germination has proven to be more
effective than flushing or chlorination alone.
Alternative disinfectants such as chlorine
dioxide have also proven to be effective at
decontaminating adhered spores without
germination enhancement. Therefore,
germination with a chemical suited for the
Bacillus species followed by chlorination at
least 25 mg/L and introduction of clean
water moving at a velocity of at least 1 ft/sec
is more effective than chlorination or
flushing alone. Alternatively, application of
at least 25 mg/L chlorine dioxide is more
effective than chlorination at that level in
bench scale applications.

The amount of literature discussing
decontamination of vegetative bacteria
adhered to infrastructure surfaces in
experimental drinking water systems is
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limited. Much of the literature focuses on
initial attachment or persistence, often under
conditions somewhat relevant to drinking
water, but in dechlorinated water. The
literature related to decontamination of
vegetative bacteria includes numerous
studies examining real-world
decontamination incidents. Specific data on
the number of pathogens associated with an
infrastructure material before and after
decontamination was not collected in these
studies. However, the large drops in
infection after decontamination measures
were taken indicate that the measures were
successful. In the studies that examined
decontamination of adhered vegetative
bacteria, free chlorine with flushing was
commonly used.

Ultimately, chlorination may be adequate for
decontamination of drinking water
distribution systems contaminated with
vegetative bacteria, with the addition of
flushing to ensure adequate transport of the
disinfectant. In the studies cited in this
report, free chlorine levels used for
decontamination ranged from undefined to 3
to 25 mg/L. However, since vegetative
bacteria are more sensitive to disinfection
than spore formers, methods that are
effective for spore formers should also
decontaminate vegetative bacteria.
However, if pathogenic vegetative bacteria
are harbored by amoebae in drinking water
biofilm, they may be more difficult to flush
or disinfect [78].

It is well documented in the literature that
viruses in water are sensitive to various
disinfectants such as chlorine, chlorine
dioxide, and ferrate [79-83]. Although the
literature presents a mixed picture on virus
persistence, there is some evidence that they
do persist, even in the presence of a
disinfectant. The highest chlorine residual
used in the cited studies was 0.5 mg/L, and



high levels used for decontamination of
spores have not been studied. It is notable
that virus persistence was observed on glass,
PVC, and stainless steel coupons, which
should be easier to decontaminate relative to
iron or cement-mortar. In the absence of
any firm data on virus decontamination, the
techniques used for spore-forming bacteria
should be applied as suggested by the
Spaulding hierarchy [84].

Future Biological Agent Research

Spore-Forming Bacteria: Given the
effectiveness of chlorine dioxide on the
bench scale, this disinfectant and other
alternative disinfectants should be explored.
Ozone and peracetic acid are good
candidates for study as are peroxide,
acidified nitrite, monochloramine and mixed
oxidants.

Vegetative Bacteria: Additional data on the
adequacy of specific levels of free chlorine
to decontaminate infrastructure surfaces
(i.e., iron and cement-mortar) could confirm
or disprove what can be extrapolated from
the literature on disease outbreaks in water
supplies. It can also be assumed that if a
technique is effective at decontaminating
drinking water infrastructure surfaces with
adhered spore formers, then that technique
would also be effective against vegetative
bacteria. Research to confirm this
assumption would be of interest.

Viruses: Examine model virus persistence
on common drinking water infrastructure
materials such as iron and cement-mortar. If
persistence is observed, attempt
decontamination with disinfectants such as
chlorine (25+ mg/L), chlorine doxide, and
monochloramine.

14

Radiological Agents

Introduction

Historically, research related to
radionuclides in drinking water has focused
on two areas. The first is evaluating
treatment techniques to remove
radionuclides from source water [85-88].
The primary goal of treatment in the U.S. is
ensuring that alpha and beta emitters are
below regulatory limits. The second area of
research came from an observation that in
some communities, the amount of a
particular radionuclide (or alpha/beta
emitter) was sometimes observed to be
higher at a consumer’s tap than it was in the
water leaving a treatment plant [89-91].
Results from these papers show that low
concentrations of radium originating in
groundwater was accumulating on pipe
surfaces over the course of years.
Desorption due to sloughing of pipe material
or treatment changes led to observed
concentrations above regulatory limits at the
consumer’s tap. This research complements
other work focused on inorganics, such as
lead and arsenic, which accumulate on pipe
scales and later desorb [4, 92].

This section discusses similar research, but
in the context of contamination of drinking
water pipes with radionuclides of concern:
cesium, strontium, and cobalt. As
previously mentioned, radium and uranium
are found in groundwater and have a track
record of research in the peer-reviewed
literature. Cesium, cobalt, and strontium
have not previously been examined for their
persistence in drinking water systems.
Therefore, the literature review in this
section focuses on work from nuclear
cleanup sites where groundwater was
contaminated with these radioisotopes.
Information will be extrapolated to common



drinking water infrastructure materials (iron
and cement-mortar lined iron).

Cobalt

Of the three radionuclides discussed in this
section, the fewest number of papers were
related to cobalt. When dissolved in
disinfectant free water, cobalt forms a
soluble salt that adsorbs to magnetite, which,
along with hematite and goethite, is a
common corrosion by-product in iron
drinking water pipes [93]. Nearly 100%
desorption was observed when pH was
decreased below 3. Magnetite adsorption
has been seen in another study, but hematite
adsorption was also observed [94]. Parallel
experiments with cesium and strontium did
not show adsorption on hematite. The
authors of that study speculate that cobalt
may form a Co-Fe matrix, or precipitate on
hematite surface. Cobalt adsorption to clay
has also been observed, which may share
some chemical species with cement-mortar
(cement and sand), but are generally far
more complex [95]

Cobalt was observed to adsorb to corroded
iron that had been conditioned in a drinking
water distribution system simulator for one
month [96]. Cobalt was introduced as
water-soluble cobalt, which is in the +2
oxidation state. Cobalt reacted with free
chlorine in the water and oxidized to Co(lll),
which is insoluble in water. The Co(lll)
precipitated on the iron surface and persisted
for 42 days. It likely would have persisted
longer, but 42 days was the duration of the
persistence experiment. Co(lll) is only
soluble in acid, and contact with sulfuric
acid (0.36 M) removed over 90% of
precipitated cobalt. This treatment also
removed some of the corrosion layer, so,
while successful, it is uncertain whether this
decontamination method would be useful in
a real drinking water distribution system.
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Strontium

One study has specifically focused on
strontium [97] adsorption to drinking water
infrastructure, but numerous other studies
have examined agqueous strontium
adsorption to various iron oxides, clays, and
silica compounds. The research study that
focused on drinking water used a model
distribution system and examined strontium
persistence on iron oxides that form on
unlined iron conditioned in potable water
[98]. The iron oxides contained background
strontium since stable strontium was present
in the tap water used in the study. Strontium
was spiked into the model system at 100
mg/L and allowed to contact the coupons for
1 hour before being flushed out. The
amount of strontium adhered to the coupons
increased six-fold immediately after
contamination, but returned to the baseline
concentration one day after contamination.
This indicates that the mechanism of
strontium adherence to the iron oxides was
weak and reversible when the exposure was
transient, even at a relatively high
concentration of 100 mg/L. The baseline
strontium adhered to the coupons came from
long-term exposure (likely years) to low
levels (0.2 to 0.3 mg/L) of strontium. This
suggests that the longer strontium is in
contact with iron oxides, the greater the
chance it will become irreversibly adhered
or incorporated into the iron oxide complex.

Strontium adsorption to iron oxides has been
observed in numerous studies, although not
all of them directly examine desorption. In
one paper, strontium saturated the hydrated
ferric oxide (HFO) adsorption sites within
minutes of contact, and adsorption was
successfully modeled with the Donnan
diffusion model [99]. In another, strontium
adsorbed to HFO after 4 hours of contact
[100]. It was concluded that strontium
physically adsorbed to HFO (not



chemically), meaning that desorption was
possible. Later research showed that
strontium adsorbed to HFO but substantially
more was adhered when bacteria were
present [101]. This may indicate that
biofilm accumulation on iron oxides may
promote adhesion. A follow up to this study
showed that the mechanism of strontium
adsorption to HFO was inner sphere
complexation, or adsorption of strontium to
HFO with no intervening water molecules
[102]. Complexing of this nature means that
strontium could form a persistent bond with
HFO.

Research on strontium adsorption to iron
oxides does expand beyond HFO. Common
iron oxide/oxyhydroxide species in
corrosion by-products formed in drinking
water are Fe3O4 (magnetite), a-FeOOH
(goethite), and y-FeOOH (lepidocrocite).
Studies have reported strontium adsorption
to goethite [95, 103, 104] and magnetite
[94], but adsorption or bonding directly to
the goethite may not be the primary
mechanism at play. Data from one
manuscript is used to argue that strontium
adsorbs to goethite as a SrOH+ complex
when carbonate is not present [105].
However when carbonate is present,
strontium forms complexes with carbonate
that then adsorb to goethite. Dissolved
carbonate ions are present in distributed tap
water, and, depending on the water quality,
precipitated calcium carbonate can also be
present on iron scale. Strontium and
calcium are neighbors in the alkaline earth
metals column of the periodic table and
share many similar properties. Strontium
exchange with calcium in carbonate
compounds might also promote strontium
adhesion on goethite and other iron oxides.

Strontium-carbonate complexation and
exchange with calcium are also observed in
adsorption to cement or concrete-mortar.
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Drinking water infrastructure is commonly
lined with cement-mortar, which is a
mixture of Portland cement and sand.
Portland cement is largely calcium oxide
and sand is silicon dioxide, which is a
component of many clays. Cement-mortar
can also have precipitated calcium carbonate
(calcite). As with iron oxides, data shows
that strontium combining with carbonate
will precipitate onto the surface of cement,
silica, and kaolinite clays, and adsorption
can be reversible [104, 106, 107]. However,
strontium carbonate precipitation was
observed to be dominant below pH 8.6,
while strontium complexation with the silica
or kaolinite surface occurred above pH 8.6.
Other researchers have observed that at
strontium concentrations above 0.3 mmol,
strontium precipitates onto the surface of
clay. At concentrations below 0.3 mmol,
strontium substitutes with calcium in calcite
[108], which has also been observed in other
studies [109].

Data from other studies show that while
strontium incorporates into calcite
structures, it can be removed. In one,
strontium was put into contact with calcite
containing Portland cement for three days
and desorption of adsorbed strontium was
observed when clean water replaced the
strontium solution. Contact of clean water
with the strontium-contaminated cement
occurred for two days [110]. Desorption
with clean water took place after six
separate but identical sequential desorption
steps. In two other studies, strontium in
contact with kaolinite was found to
irreversibly incorporate into the clay
structure over weeks to months of contact
[111, 112]. These studies show that
strontium contact time with drinking water
infrastructure may influence how it persists.
Strontium adsorption has also been
examined under a range of pH. When
adsorption to goethite was studied under pH



ranging from 6 to 10, no strontium
adsorption was observed at pH 6, while
nearly all strontium spiked into a goethite
suspension adsorbed at pH 10 [105].
Similar results were observed with
magnetite [93]. This study was reinforced by
another paper that showed 95% of dissolved
strontium adhered to iron oxides above pH
7.6, but none adsorbed at pH less than 4.5
[113]. Increasing strontium adsorption
(uncomplexed) at higher pH is a general
trend shown in the peer-reviewed literature
[85, 114, 115]. When Sr sorbed to iron
oxide coated sand at alkaline pH was
washed at pH 3, nearly all adsorbed Sr was
released [116]. One review article discusses
how the high pH in the cement/cement-
mortar matrix influences strontium
adsorption and precipitation, which is
enhanced at high pH [117]. These studies
point to low pH flushing as a potentially
effective decontamination option for
adhered strontium.

Cesium

Two studies specifically focused on the
adsorption of cesium to drinking water
infrastructure, but other studies may offer
insight into how cesium interacts with
similar materials. In the first study, cesium
was spiked into a model drinking water
system at 100 mg/L and allowed to contact
the iron coupons for two hours [96]. After
this two-hour contact period, the cesium
solution was flushed out and clean tap water
was allowed to flow past the coupons for 42
days to assess persistence. The coupons
were then dissolved through microwave-
assisted digestions and analyzed through
ICP-OES. No cesium was detected on the
coupons one day after spiking or during the
42-day monitoring period. No change in the
100 mg/L bulk water cesium concentration
was observed during contamination. Unlike
similar experiments performed with
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strontium, samples from the cesium-
drinking water infrastructure study were not
taken immediately after the cesium was
flushed from the reactor. Samples were only
taken one day after cesium was flushed from
the reactor. So, if short-term persistence on
the iron occurred, it was not captured in this
study.

In the other study focused on drinking water,
iron (with and without biofilm), galvanized
iron (new and used), PVC (with and without
biofilm), cement-lined iron, copper,
polyethylene, PVC and epoxy pipes were
exposed to a stagnant solutions of stable
cesium chloride [16]. Adsorption of cesium
to the pipe interior surfaces was observed
with cement lined ductile iron, iron with
biofilm, and used galvanize iron with
percent attachments of 12.4%, 4.6% and
1.3%, respectively. Decontamination was
undertaken with a free chlorine solution (25
mg/L with 20 hours of contact time) and 1%
and 10% solutions of Simple Green®
cleaner (Sunshine Makers, Inc., Huntington
Beach, California). Free chlorine removed
23% and 26% of the adhered cesium from
the used galvanized and cement-lined iron
pipes, respectively. Simple Green at 10%
solution removed 45% and 47% of the
cesium adhered to cement-lined and
galvanized pipe, but a 1% solution was
significantly less effective. These results
show that common cleaning agents and
disinfectants can remove sorbed cesium
when it is delivered to a bench-scale
experimental pipe surface under stagnant
conditions.

Other experiments designed to provide
adsorption data for cesium-magnetite
isotherms over pH 6 to 9 can be used to
assess persistence. Isotherms were
generated by equilibrating cesium with
magnetite for one hour [93]. Cesium
initially adsorbed, but desorbed from the



magnetite as soon as pH was lowered to
below three. Another study found that
cesium equilibrium with magnetite and
hematite occurred after two hours of contact,
although very little cesium adhered to
hematite [94]. Taken together, these studies
point toward cesium adsorbing to iron
oxides, but not persisting if clean water
flows after the contamination slug.
Furthermore, low pH flushing may also be
effective at removing an adhered cesium.

Cesium interaction has been studied with
cement and cement-mortar matrices, mostly
in the context of nuclear waste storage in
concrete vessels. Data has shown that
mixtures of calcium oxide and silicon (the
main components of cement-mortar) adsorb
cesium, with the most adsorption occurring
at neutral pH [85]. It was also observed that
cesium retention was poor when ionic
strength was increased by adding salts. This
suggests that other ions out-compete cesium
for adsorption sites and that adsorption is
reversible. Data supporting this point shows
that the presence of competing ions such as
sodium, magnesium, and aluminum
deceases the adsorption of cesium on
magnetite and ferrite [118].

Although cesium has been shown to adsorb
to and persist on cement-mortar, some
authors have found that the process is
reversible. In one study, cesium was in
contact with cement for 147 days [106].
Equilibrium was achieved in this time, but
over 90% removal of cesium was observed
when the cesium-loaded cement was placed
in clean water. Like iron oxides, when ionic
strength is high (competing ions are
present), cesium adsorption on cement is
inhibited [107] and competing ions could
outcompete cesium for adsorption sites.

An observation from multiple studies is that
cesium uptake onto cement and kaolinite is
slow compared to radionuclides such as
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strontium. As previously mentioned,
equilibration with cement took 147 days in
one study [106]. Another study saw cesium
equilibration with kaolinite take 1 year
(compared to strontium, which equilibrated
in 1 day) [112]. An interesting observation
from this study is that not only did more
cesium adsorb to kaolinite with time, but
cesium also became more tightly bound to
the clay with time. This may be explained
by the fact that diffusion into the cement
pore space is concurrent with adsorption
[119].

Radiological Contaminant
Research Discussion and
Conclusions

The available results indicate that cobalt
interaction with drinking water
infrastructure is straightforward. Soluble
cobalt(I1) salt introduced into drinking water
with a disinfectant residual will oxidize to
cobalt(I11) and precipitate. Precipitation
occurs as soon as the cobalt is mixed with
the water, and it is known that cobalt(l1l) is
only soluble in acidic solution. Low pH
flushing with compatible acids is the only
known method of removing precipitated
cobalt in situ. The available literature
included data on drinking water with free
chlorine as a disinfectant, corroded iron as
an infrastructure material, and acid as a
decontaminant. It may be beneficial to
study cobalt persistence with other
disinfectants and infrastructure materials to
determine if the published results with free
chlorine and iron translate.

Strontium has been shown to adhere to both
iron and cement mortar infrastructure
materials, but time and pH influence its
persistence. Transient exposure to iron does
not appear to lead to long-term persistence,
but persistence increases the longer
strontium is in contact with infrastructure



materials. Strontium does associate with
cement/cement-mortar. Strontium can
precipitate and substitute for calcium in
calcium carbonate, so the presence of
carbonate greatly influences strontium
persistence. Alkaline pH leads to greater
strontium persistence, and low pH removes
strontium from iron and cement materials.
This means that adsorbed strontium may be
removed with low pH flushing, but this
should be tested.

Cesium interaction with iron has been
studied, and although adsorption can occur,
cesium does not appear to persist on iron
when flow is present. Persistence was
observed under completely stagnant
conditions and decontamination with free
chlorine and Simple Green® was
moderately effective. Cesium adsorption to
iron oxides is also inhibited by competing
ions. Cesium adheres to cement, cement-
mortar, and clays, but adsorption is slow
(compared to strontium), taking months or
up to a year. Some data suggests that longer
cesium contact time with cement will lead to
stronger binding, which could make
decontamination difficult. Little data on
cesium adsorption to cement-mortar was
found in a drinking water environment, and
this should be researched further. However,
the best option for decontamination appears
to be flushing at low pH and with competing
ions such as sodium or magnesium present.
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Future Radiological Contaminant
Research

Cobalt: Precipitation on cement mortar in
the presence of free chlorine should be
examined. Soluble cobalt should also be
introduced into chloraminated water to
assess whether precipitation is similar to
chlorinated water. Chelating agents (like
EDTA) could be effective at sequestering
cobalt.

Strontium: Persistence on cement-mortar
drinking water infrastructures should be
assessed under alkaline conditions since this
may lead to the most persistence. Low pH
flushing should be tested as a
decontamination method if persistence is
observed.

Cesium: Persistence on cement mortar under
drinking water conditions should be
examined. If persistence is observed,
decontamination with flushing, low pH
flushing, and removal with competing ions
should be studied.

Overall Concluding Remarks

The analysis in this report shows that
decontamination options for drinking water
infrastructure have been explored, but
important data gaps remain. In general,
microbial persistence in drinking water has
been studied more extensively than chemical
agents and radionuclides. Several studies
have been published that focus specifically
on decontamination of spore-forming
bacteria from drinking water infrastructure.
The data show that increasing chlorine
levels in a drinking water distribution
system may not be effective at
decontaminating spores. Techniques such as
germinating spores before chlorination or
using an alternative disinfectant such as
chlorine dioxide have shown promise.

However, the feasibility of a technique such
as germination will depend on whether
sufficient quantities of an effective
germinant can be realistically added to a
distribution system. Decontamination of
vegetative bacteria has been successful
using free chlorine and flushing. However,
it is possible that methods successful at
decontamination of spores would also be
effective for vegetative bacteria. Little
information is available on virus persistence
and techniques for decontamination of water
infrastructure should adherence occur.
Future studies focused on virus persistence
in both disinfected water and on drinking
water infrastructure would be beneficial.

Past research on radionuclide persistence on
drinking water infrastructure has focused on
radium and uranium, which are found in
ground water. This study reviewed
literature on cesium, strontium, and cobalt,
which are fission products or are found in
commercially available items and medical
devices. Cobalt persistence was
straightforward since soluble cobalt chloride
was found to react with free chlorine and
precipitate onto iron coupons. The
precipitated cobalt solids were only soluble
in acids. Future research should confirm
precipitated cobalt persistence on other
common infrastructure materials like
cement-mortar, and examine
decontamination solutions beyond
acidification. Cesium was not found to
persist on iron infrastructure when flow was
present, but it did persist when in contact
with iron pipes under stagnant conditions.
Free chlorine and a common household
cleaner removed some adhered cesium, but
more effective decontamination methods
should be studied. Cesium persistence is
possible on cement-mortar, and this should
be studied further. Strontium persisted for
less than one day on iron coupons,
indicating that strontium adhesion to the iron



matrix is weak and reversible. Further
research on strontium persistence on
cement-mortar should be undertaken.

Available data on chemical agent
persistence is piecemeal. This analysis
found that persistence and decontamination
data exists for chlordane, p-dichlorobenzene
and sodium fluoroacetate, which could be
characterized as having low, medium and
high affinity water based on their octanol-
water coefficient. Decontamination data
showed that chlordane, p-dichlorobenzene,
and diesel fuel were effectively removed
(greater than 90%) from drinking water with
a commercially available ethoxylate
dispersant (Surfonic TDA-6). This
dispersant can be used as a decontaminant
for other chemicals as well. Sodium
fluoroacetate was not as persistent as the
other compounds, but flushing and
chlorination were not effective
decontamination techniques. Future study
of organic agents could use one
representative contaminant from a
contaminant class (e.g., organophosphorous
pesticide, carbamate pesticides) or use a
measure of a chemical’s affinity for water
like octanol-water coefficient. Data on
inorganics (arsenic and mercury)
demonstrates persistence, and
decontamination was observed with flushing
and application of commercially available
decontamination solutions. However, most
studies showed removal between 40-70%, so
other decontamination techniques should be
studied. No data on persistence, or
techniques for decontamination should
adherence to infrastructure occur, was found
for pharmaceuticals, CWAs, or toxins.

21



Reference List

Gerke, T.L., et al., Physiochemical
characterization of five iron tubercles
from a single drinking water distribution
system: Possible new insights on their
formation and growth. Corrosion
Science, 2008. 50(7): p. 2030-2039.
Schock, M.R,, et al., Replacing
polyphosphate with silicate to solve
lead, copper, and source water iron
problems. Journal of the American
Water Works Association, 2005. 97(11):
p. 84-93.

Lytle, D.A. and M.R. Schock, Impact of
stagnation time on metal dissolution
from plumbing materials in drinking
water. Journal of Water Supply:
Research and Technology-AQUA, 2000.
49(5): p. 243-257.

Lytle, D.A., T.J. Sorg, and C. Frietch,
Accumulation of arsenic in drinking
water distribution systems.
Environmental Science & Technology,
2004. 38(20): p. 5365-5372.

Budavari, S., ed. The Merck Index - An
Encyclopedia of Chemicals, Drugs, and
Biologicals. 1996, Merck and Co., Inc.:
Whitehouse Station, NJ. 1471.

Jain, A., K.P. Raven, and R.H. Loeppert,
Arsenite and arsenate adsorption on
ferrihydrite: surface charge reduction
and net OH- release stoichiometry.
Environmental Science & Technology,
1999. 33(8): p. 1179-1184.

Schock, M.R., R.N. Hyland, and M.M.
Welch, Occurrence of contaminant
accumulation in lead pipe scales from
domestic drinking-water distribution
systems. Environmental Science &
Technology, 2008. 42(12): p. 4285-
4291.

Lytle, D.A., et al., Particulate arsenic
release in a drinking water distribution
system. Journal of the American Water
Works Association, 2010. 102(3): p. 87-
98.

22

10.

11.

12.

13.

14,

15.

16.

17.

Bardelli, F., et al., Arsenic uptake by
natural calcite: An XAS studly.
Geochimica et Cosmochimica Acta,
2011.75(11): p. 3011-3023.

USEPA, Pilot-scale tests and systems
evaluation for the containment,
treatment, and decontamination of
selected materials from T&E building
pipe loop equipment
(EPA/600/R08/016). 2008, US EPA:
Cincinnati, OH.

Copeland, R.C., D.A. Lytle, and D.D.
Dionysious, Desorption of arsenic from
drinking water distribution system
solids. Environmental Monitoring and
Assessment, 2007. 127(1): p. 523-535.
Pierce, M.L. and C.B. Moore, Adsorption
of arsenite and arsenate on amorphous
iron hydroxide. Water Research, 1982.
16(7): p. 1247-1253.

Najera, |., et al., Effect of chemical
speciation on toxicity of mercury to
Escherichia coli biofilms and planktonic
cells. Environmental Science and
Technology, 2005. 39(9): p. 3116-3120.
Hintelmann, H., R. Ebinghaus, and R.D.
Wilken, Accumulation of mercury(ll) and
methylmercury by microbial biofilms.
Water Research, 1993. 27(2): p. 237-
242,

von Canstein, H., et al., Removal of
mercury from chloralkali electrolysis
wastewater by a mercury-resistant
Pseudomonas putida strain. Appl.
Environ. Microbiol., 1999. 65(12): p.
5279-5284.

Welter, G., et al., Guidance for
decontamination of water system
infrastructure (Project # 2981), A.R.
Foundation, Editor. 2009, AWWA
Research Foundation: Denver, CO.
Brazis, A.R,, et al., Effectiveness of
halogens or halogen compounds in
detoxifying Clostridium botulinum
toxins. Journal of the American Water
Works Association, 1959. 51: p. 902-
912.



18.

19.

20.

21.

22.

23.

24,

25.

26.

Burrows, W.D. and S.E. Renner,
Biological warfare agents as threats to
potable water. Environmental Health
Perspectives, 1999. 107(12): p. 975—-
984.

Agency, U.S.E.P., Cyanobacteria and
Cyanotoxins: Information for Drinking
Water Systems (EPA/810/F-11/001).
2012, USEPA: Washington, DC.

USEPA, Chemical Contaminant
Persistence and Decontamination in
Drinking Water Pipes: Results using the
EPA Standardized Persistence and
Decontamination Experimental Design
Protocol (EPA/600/R/12/514).2012,
USEPA: Cincinnati, OH.

Ormad, M.P., et al., Pesticides removal
in the process of drinking water
production. Chemosphere, 2008. 71(1):
p. 97-106.

Duirk, S.E., L.M. Desetto, and G.M.
Davis, Transformation of
organophosphorus pesticides in the
presence of aqueous chlorine: kinetics,
pathways, and structure—activity
relationships. Environmental Science &
Technology, 2009. 43(7): p. 2335-2340.
Headley, J.V., et al., Rates of sorption
and partitioning of contaminants in
river biofilm. Environmental Science &
Technology, 1998. 32(24): p. 3968-
3973.

Sharom, M.S,, et al., Persistence of 12
insecticides in water. Water Research,
1980. 14(8): p. 1089-1093.

Wu, C. and K.G. Linden, Degradation
and byproduct formation of parathion
in aqueous solutions by UV and
UV/H202 treatment. Water Research,
2008. 42(19): p. 4780-4790.

Acero, J.L., et al., Chlorination of
organophosphorus pesticides in natural
waters. Journal of Hazardous materials,
2008. 153(1-2): p. 320-328.

23

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kamel, A., et al., Oxidation of selected
organophosphate pesticides during
chlorination of simulated drinking
water. Water Research, 2009. 43(2): p.
522-534,

Magara, Y., et al., Degradation of
pesticides by chlorination during water
purification. Water Science &
Technology, 1994. 30(7): p. 119-128.
Duirk, S.E. and T.W. Collette,
Degradation of chlorpyrifos in aqueous
chlorine solutions: pathways, kinetics,
and modeling. Environmental Science &
Technology, 2006. 40(2): p. 546-551.
Duirk, S.E., et al., Chloramination of
organophosphorus pesticides found in
drinking water sources. Water
Research, 2010. 44(3): p. 761-768.
Berman, D., E.W. Rice, and J.C. Hoff,
Inactivation of particle-associated
coliforms by chlorine and
monochloramine. Appl. Environ.
Microbiol., 1988. 54(2): p. 507-512.
Camper, A.K., W.L. Jones, and J.T.
Hayes, Effect of growth conditions and
substratum composition on the
persistence of coliforms in mixed-
population biofilms. Appl. Environ.
Microbiol., 1996. 62(11): p. 4014-4018.
Camper, A.K. and G.A. McFeters,
Chlorine injury and the enumeration of
waterborne coliform bacteria. Appl.
Environ. Microbiol., 1979. 37(3): p. 633-
641.

Camper, A.K., et al., Growth kinetics of
coliform bacteria under conditions
relevant to drinking water distribution
systems. Appl. Environ. Microbiol.,
1991. 57(8): p. 2233-2239.

Fass, S., et al., Fate of Escherichia coli
experimentally injected in a drinking
water distribution pilot system. Water
Research, 1996. 30(9): p. 2215-2221.



36.

37.

38.

39.

40.

41.

42.

43.

44,

LeChevallier, M.W., T.M. Evans, and R.J.
Seidler, Effect of turbidity on
chlorination efficiency and bacterial
persistence in drinking water. Appl.
Environ. Microbiol., 1981. 42(1): p. 159-
167.

LeChevallier, M.W., W. Schulz, and R.G.
Lee, Bacterial nutrients in drinking
water. Appl. Environ. Microbiol., 1991.
57(3): p. 857-862.

McMath, S.M., et al., The fate of
environmental coliforms in a model
water distribution system. Letters in
Applied Microbiology, 1999. 28(2): p.
93-97.

Morin, P., et al., Colonization and
disinfection of biofilms hosting coliform-
colonized carbon fines. Appl. Environ.
Microbiol., 1996. 62(12): p. 4428-4432.
Pryor, M., et al., Investigation of
opportunistic pathogens in municipal
drinking water under different supply
and treatment regimes. Water Science
and Technology, 2004. 50(1): p. 83-90.
Calomiris, J.)., Bacillus anthracis spores
in @ model drinking water pipe system,
in presented at the ASM Biodefense and
Emerging Diseases Research Meeting.
2006, American Society for
Microbiology: Washington, DC.

Rice, E.W., et al., Inactivation of spores
of Bacillus anthracis Sterne, Bacillus
cereus, and Bacillus thuringiensis subsp.
israelensis by chlorination. Applied and
Environment Microbiology, 2005. 71(9):
p. 5587-5589.

Rose, L.J., et al., Chlorine inactivation of
bacterial bioterrorism agents. Applied
and Environment Microbiology, 2005.
71(1): p. 566-568.

Sivaganesan, M., N.J. Adcock, and E.W.
Rice, Inactivation of Bacillus globigii by
chlorination: a hierarchical Bayesian
model. Journal of Water Supply:
Research and Technology-AQUA, 2006.
55(1): p. 33-43.

24

45.

46.

47.

48.

49.

50.

51.

52.

Rose, L.J., et al., Monochloramine
inactivation of bacterial select agents.
Applied and Environment Microbiology,
2007. 73(10): p. 3437-3439.

Altman, S.J., et al., Integration and
decontamination of Bacillus cereus in
Pseudomonas fluorescens biofilms.
Journal of Applied Microbiology, 2009.
107(1): p. 287-299.

USEPA, Report from the study of
biological contaminant persistence and
decontamination in drinking water
pipes (under review, available by
request from NHSRC), in under peer
review. 2011, USEPA: Cincinnati, OH.
Szabo, J.G., E.W. Rice, and P.L. Bishop,
Persistence and decontamination of
Bacillus atrophaeus subsp. globigii
spores on corroded iron in a model
drinking water system. Applied and
Environment Microbiology, 2007. 73(8):
p. 2451-2457.

Hosni, A.A., J.G. Szabo, and P.L. Bishop,
The efficacy of chlorine dioxide as a
disinfectant for Bacillus spores in
drinking water biofilms. Journal of
Environmental Engineering, 2011.
137(7): p. 569-574.

Shane, W.T., J.G. Szabo, and P.L. Bishop,
Persistence of non-native spore forming
bacteria in drinking water biofilm and
evaluation of decontamination
methods. Environmental Technology,
2011. 32(8): p. 847-855.

Morrow, J.B., et al., Association and
decontamination of Bacillus spores in a
simulated drinking water system. Water
Research, 2008. 42(20): p. 5011-5021.
Morrow, J.B. and K.D. Cole, Enhanced
decontamination of Bacillus spores in a
simulated drinking water system by
germinant addition. Environmental
Engineering Science, 2009. 26(5): p.
993-1000.



53.

54.

55.

56.

57.

58.

59.

60.

61.

Szabo, J.G., et al., Germinant enhanced 62.

decontamination of Bacillus spores
adhered to iron and cement-mortar
drinking water infrastructure. Applied
and Environment Microbiology, 2012.
78(7): p. 2449-2451.

Szabo, J.G., et al., Bacillus spore uptake 63.

onto heavily corroded iron pipe in a
drinking water distribution system
simulator. Canadian Journal of Civil
Engineering/Revue Canadienne de
Genie Civil, 2009. 36(11): p. 1867-1871.
Camper, A.K., et al., Growth and
persistence of pathogens on granular
activated carbon filters. Appl. Environ.
Microbiol., 1985. 50(6): p. 1378-1382.
Camper, A.K., et al., Bacteria associated
with granular activated carbon particles
in drinking water. Appl. Environ.
Microbiol., 1986. 52(3): p. 434-438.
Camper, A.K., et al., Effects of motility
and adsorption rate coefficient on
transport of bacteria through saturated
porous media. Appl. Environ. Microbiol.,
1993. 59(10): p. 3455-3462.

Bauman, W.J., et al., Retention of a
model pathogen in a porous media
biofilm. Biofouling, 2009. 25(3): p. 229 -
240.

Szabo, J.G., E.W. Rice, and P.L. Bishop,
Persistence of Klebsiella pneumoniae on
simulated biofilm in a model drinking
water system. Environmental Science &
Technology, 2006. 40(16): p. 4996-
5002.

Armon, R., et al., Survival of Legionella
pneumophila and Salmonella
typhimurium in biofilm systems. Water
Science & Technology, 1997. 35(11-12):
p. 293-300.

Murga, R., et al., Role of biofilms in the
survival of Legionella pneumophila in a
model potable-water system.
Microbiology, 2001. 147(11): p. 3121-
3126.

25

Donlan, R., et al., Monochloramine
disinfection of biofilm-associated
Legionella pneumophila, in Legionella,
R. Marre, et al., Editors. 2002, American
Society for Microbiology: Washington,
DC. p. 40-410.

Storey, M.V,, et al., The fate of
Legionellae within distribution pipe
biofilms: measurement of their
persistence, inactivation and
detachment. Water Science &
Technology, 2004. 49(11-12): p. 269-
275.



64.

65.

66.

67.

68.

69.

70.

71.

Langmark, J., et al., Accumulation and
fate of microorganisms and
microspheres in biofilms formed in a
pilot-scale water distribution system.
Appl. Environ. Microbiol., 2005. 71(2):
p. 706-712.

Geldreich, E.E., et al., Searching for a
water supply connection in the Cabool,
Missouri, disease outbreak of
Escherichia coli 0157:H7. Water
Research, 1992. 26(8): p. 1127-1137.
Swerdlow, D.L., et al., A waterborne
outbreak in missouri of Escherichia coli
0157:H7 associated with bloody
diarrhea and death. Annals of Internal
Medicine, 1992. 117(10): p. 812-819.
Danon-Schaffer, M.N., Walkerton's
contaminated water supply system: a
forensic approach to identifying the
source. Environmental Forensics, 2001.
2(3): p. 197-200.

Hrudey, S.E., et al., A fatal waterborne
disease epidemic in Walkerton, Ontario:
comparison with other waterborne
outbreaks in the developed world.
Water Science & Technology, 2003.
47(3): p. 7-14.

Angulo, F.J., et al., A community
waterborne outbreak of salmonellosis
and the effectiveness of a boil water
order. American Journal of Public
Health, 1997. 87(4): p. 580-584.

Clark, R.M., et al., Tracking a Salmonella
serovar typhimurium outbreak in
Gideon, Missouri: role of contaminant
propagation modelling. Journal of
Water Supply Research and Technology
- AQUA, 1996. 45(5): p. 171-183.

Falco, R. and S. Isreal-Williams,
Waterborne Salmonella outbreak in
Alamosa, Colorado March and April
2008. 2009, Colorado Department of
Public Health and Environment: Denver,
co.

26

72.

73.

74.

75.

76.

77.

78.

79.

80.

Quignon, F., et al., Poliovirus-1
inactivation and interaction with
biofilm: a pilot-scale study. Appl Environ
Microbiol, 1997. 63(3): p. 978-82.
Helmi, K., et al., Interactions of
Cryptosporidium parvum, Giardia
lamblia, Vaccinal Poliovirus Type 1, and
Bacteriophages X174 and MS2 with a
drinking water biofilm and a
wastewater biofilm. Appl. Environ.
Microbiol., 2008. 74(7): p. 2079-2088.
Lehtola, M.J.,, et al., Survival of
Mycobacterium avium, Legionella
pneumophila, Escherichia coli, and
caliciviruses in drinking water-
associated biofilms grown under high-
shear turbulent flow. Appl. Environ.
Microbiol., 2007. 73(9): p. 2854-2859.
Storey, M.V. and N.J. Ashbolt,
Persistence of two model enteric viruses
(B40-8 and MS-2 bacteriophages) in
water distribution pipe biofilms. Water
Science & Technology 2001. 43(12): p.
133-138.

Storey, M.V. and N.J. Ashbolt, Enteric
virions and microbial biofilms - a
secondary source of public health
concern? Water Science & Technology,
2003. 48(3): p. 97-104.

Skraber, S., et al., Pathogenic viruses in
drinking-water biofilms: a public health
risk? Biofilms, 2005. 2(2): p. 105-117.
Lau, H.Y. and N.J. Ashbolt, The role of
biofilms and protozoa in Legionella
pathogenesis: implications for drinking
water. Journal of Applied Microbiology,
2009.107(2): p. 368-378.

Page, M.A,, J.L. Shisler, and B.J.
Marifias, Kinetics of Adenovirus Type 2
inactivation with free chlorine. Water
Research, 2009. 43(11): p. 2916-2926.
Schink, T. and T.D. Waite, Inactivation
of f2 virus with ferrate (VI). Water
Research, 1980. 14(12): p. 1705-1717.



81.

82.

83.

84.

85.

86.

87.

88.

89.

Sproul, 0.J., et al., Comparison of
chlorine and chlorine dioxide for the
inactivation of an amoebic cyst.
Environmental Technology, 1983. 4(8):
p. 335 -342.

Thurston-Enriquez, J.A., et al.,
Inactivation of enteric Adenovirus and
feline Calicivirus by chlorine dioxide.
Appl. Environ. Microbiol., 2005. 71(6):
p. 3100-3105.

Rice, E.W.,, et al., Chlorine inactivation
of highly pathogenic avian influenza
virus (H5N1). Emerging Infectious
Diseases, 2007. 13(10): p. 1568-1570.
Rutala, W.A., APIC guideline for
selection and use of disinfectants.
American journal of infection control,
1996. 24(4): p. 313-342.

Apak, R., et al., Sorptive removal of
cesium-137 and strontium-90 from
water by unconventional sorbents. |I.
Usage of coal fly ash. Journal of Nuclear
Science and Technology, 1996. 33(5): p.
396-402.

Baeza, A, et al., Elimination of man-
made radionuclides from natural waters
by applying a standard coagulation-
flocculation process. Journal of
Radioanalytical and Nuclear Chemistry,
2004. 260(2): p. 321-326.

Gafvert, T., C. Ellmark, and E. Holm,
Removal of radionuclides at a
waterworks. Journal of Environmental
Radioactivity, 2002. 63(2): p. 105-115.
Palomo, M., et al., Radioactivity
evaluation of Ebro river water and
sludge treated in a potable water
treatment plant located in the South of
Catalonia (Spain). Applied Radiation
and Isotopes, 2010. 68(3): p. 474-480.
Valentine, R.L. and S.W. Stearns, Radon
release from distribution system
deposits. Environmental Science &
Technology, 1994. 28(3): p. 534-537.

27

90.

91.

92.

93.

94.

95.

96.

97.

Field, R.W., et al., Radium-bearing pipe
scale deposits: implications for national
waterborne radon sampling methods.
American Journal of Public Health,
1995. 85(4): p. 567-570.

Fisher, E.L., et al., Dissolution of
*Radium from pipe-scale deposits in a
public water supply. Environment
International, 2000. 26(1-2): p. 69-73.
Peng, C.-Y., et al., Characterization of
elemental and structural composition of
corrosion scales and deposits formed in
drinking water distribution systems.
Water Research, 2010. 44(15): p. 4570-
4580.

Ebner, A.D., J.A. Ritter, and J.D. Navratil,
Adsorption of cesium, strontium, and
cobalt ions on magnetite and a
magnetite-silica composite. Industrial &
Engineering Chemistry Research, 2001.
40(7): p. 1615-1623.

Todorovi¢, M., et al., Adsorption of
radioactive ions ©*’Cs*, #sr**, and *°Co**
on natural magnetite and hematite.
Separation Science and Technology,
1992. 27(5): p. 671-679.

Gutierrez, M. and H.R. Fuentes,
Competitive adsorption of cesium,
cobalt and strontium in conditioned
clayey soil suspensions. Journal of
Environmental Radioactivity, 1991.
13(4): p. 271-282.

Szabo, J.G., et al., Persistence and
decontamination of surrogate
radioisotopes in a model drinking water
distribution system. Water Research,
2009. 43(20): p. 5005-5014.

Falco, R. and S. Isreal Williams,
Waterborne Salmonella outbreak in
Alamosa, Colorado March and April
2008. 2009, Colorado Department of
Public Health and Environment: Denver,
co.



98.

99.

100.

101.

102.

103.

104.

105.

Gerke, T.L., et al., Strontium adsorption
and persistence with iron corrosion
products from a model and actual
drinking water distribution system.
submitted, 2012.

Hofmann, A,, et al., Sorption kinetics of
strontium in porous hydrous ferric oxide
aggregates Il. Comparison of
experimental results and model
predictions. Journal of Colloid and
Interface Science, 2005. 283(1): p. 29-
40.

Axe, L., et al., An XAFS analysis of
strontium at the hydrous ferric oxide
surface. Journal of Colloid and Interface
Science, 1998. 199(1): p. 44-52.

Small, T.D., et al., Sorption of strontium
by bacteria, Fe(lll) oxide, and bacteria-
Fe(lll) oxide composites. Environmental
Science & Technology, 1999. 33(24): p.
4465-4470.

Small, T.D., L.A. Warren, and F.G. Ferris,
Influence of ionic strength on strontium
sorption to bacteria, Fe(lll) oxide, and
composite bacteria-Fe(lll) oxide
surfaces. Applied Geochemistry, 2001.
16(7-8): p. 939-946.

Collins, C.R., D.M. Sherman, and K. Vala
Ragnarsdottir, The adsorption
mechanism of Sr+2 on the surface of
geothite. Radiochima Acta, 1998. 81(4):
p. 201-206.

Sahai, N., et al., X-ray absorption
spectroscopy of strontium(ll)
coordination: Il. sorption and
precipitation at kaolinite, amorphous
silica, and goethite surfaces. Journal of
Colloid and Interface Science, 2000.
222(2): p. 198-212.

Carroll, S.A., et al., Surface
complexation model for strontium
sorption to amorphous silica and
goethite. Geochemical Transactions,
2008. 9(2): p. doi:10.1186/1467-4866-9-
2.

28

106.

107.

108.

109.

110.

111.

112.

113.

114.

Atkinson, A. and A.K. Nickerson,
Diffusion and sorption of cesium,
strontium, and iodine in water-
saturated cement. Nuclear Technology,
1988. 81(1): p. 100-113.

Hietanen, R., T. Jaakkola, and J.K.
Miettinen, Sorption of cesium,
strontium, iodine and carbon in
concenrete and sand, in Proceedings of
the Material Research Societiy
Symposia. 1985. p. 891-898.

Parkman, R.H., et al., A study of the
interaction of strontium ions in aqueous
solution with the surfaces of calcite and
kaolinite. Geochimica et Cosmochimica
Acta, 1998. 62(9): p. 1481-1492.
Pingitore Jr, N.E., et al., Mode of
incorporation of Sr** in calcite:
Determination by X-ray absorption
spectroscopy. Geochimica et
Cosmochimica Acta, 1992. 56(4): p.
1531-1538.

Wieland, E., et al., Strontium uptake by
cementitious materials. Environmental
Science & Technology, 2008. 42(2): p.
403-409.

Choi, S., et al., Strontium speciation
during reaction of kaolinite with
simulated tank-waste leachate: bulk
and microfocused EXAFS analysis.
Environmental Science & Technology,
2006. 40(8): p. 2608-2614.

Chorover, J., et al., Linking cesium and
strontium uptake to kaolinite
weathering in simulated tank waste
leachate. Environmental Science &
Technology, 2003. 37(10): p. 2200-
2208.

Langley, S., et al., Sorption of strontium
onto bacteriogenic iron oxides.
Environmental Science & Technology,
2009. 43(4): p. 1008-1014.

Atun, G. and Z. Kaplan, Influences of salt
concentration, loading and pH on
strontium adsorption. Journal of
Radioanalytical and Nuclear Chemistry,
1996. 211(2): p. 425-434.



115.

116.

117.

118.

119.

Mishra, S. and D. Tiwary, lon
exchangers in radioactive waste
management VII. Radiotracer studies on
adsorption of Ba(ll) and Sr(ll) ions on
hydrous thorium oxide. Journal of
Radioanalytical and Nuclear Chemistry,
1995. 196(2): p. 353-361.

Hansen, B.O., et al., Use of iron oxide-
coated sand to remove strontium from
simulated Hanford tank wastes.
Environmental Science & Technology,
2001. 35(24): p. 4905-4909.

Atkins, M. and F.P. Glasser, Application
of Portland cement-based materials to
radioactive waste immobilization.
Waste Management, 1992. 12(2-3): p.
105-131.

Sheha, R.R. and E. Metwally,
Equilibrium isotherm modeling of
cesium adsorption onto magnetic
materials. Journal of Hazardous
materials, 2007. 143(1-2): p. 354-361.
Muurinen, A., J. Rantanen, and R.
Ovaskainen, Diffusivities of cesium and
strontium in concretes and mixtures of
sodium bentonite and crushed rock, in
Materials Research Society Symposium.
1985: Pittsburgh, PA. p. 883-890.

29



(o)
\V’EPA PRESORTED STANDARD

y POSTAGE & FEES PAID
United States

Environmental Protection EPA

Agency PERMIT NO. G-35

Office of Research and Development (8101R)
Washington, DC 20460

Official Business
Penalty for Private Use
$300




	Disclaimer
	Abbreviations and Acronyms
	Acknowledgements
	Executive Summary
	Chemical Agents
	Introduction
	Inorganics
	Arsenic
	Mercury

	Toxins
	Chemical Warfare Agents
	Pharmaceuticals
	Organic Chemicals
	Chlordane
	P-dichlorobenzene
	Parathion
	Chloropyrifos
	Sodium Fluoroacetate

	Chemical Research Discussion and Conclusions
	Future Chemical Research

	Biological Agents
	Introduction
	Spore-Forming Bacteria
	Vegetative Bacteria
	Much of the research related to vegetative bacteria persistence in biofilm has focused on coliforms such as Escherichia coli and Klebsiella pneumoniae [32-34, 39, 55-58].  The general trend of these studies is that coliforms can adhere to biofilm and ...

	Viruses
	Biological Agent Research Discussion and Conclusions
	Future Biological Agent Research

	Radiological Agents
	Introduction
	Cobalt
	Strontium
	Cesium
	Radiological Contaminant Research Discussion and Conclusions
	Future Radiological Contaminant Research

	Overall Concluding Remarks
	Reference List



