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ABSTRACT

In order to ensure virologically acceptable drinking
wat er, the US EPA pronulgated the Surface Water Treat ment
Rule and is preparing the groundwater disinfection rule (as
wel | as anmendments to the SWIR) to define requirements for
disinfection to achieve specified degrees of virus
inactivation. Wile free chlorine disinfection has been
wi dely used since the early 20th century, the recent
evi dence that THVs and other chlorine by-products are
carcinogens and cause other adverse health effects has
focused attention on alternate disinfectants, including
monochl orami ne and chl orine dioxide. Although previous
studi es have exam ned both disinfectants at high doses on

inactivation of some inportant waterbome viruses, little
information is available at realistic concentrations used in

water treatment plants and at a range of pH levels.
Therefore, in order to further characterize NHCL and
CL02 disinfection, inactivation kinetics were examned for
two viruses: (1) HAV, a mjor waterbone pathogen, and (2)
M52, an indicator virus. Experinments were conducted using
purified, monodispersed virus stocks in 0.01 M phosphate
buffers at pH 6, 8, and 10. Disinfectant concentrations were
at the realistic levels of 2.0 and 0.5 ng/1, respectively,
for NH2CL and CL02. Inactivation kinetics were determned by
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conputing the proportions of surviving viruses at carefully-
neasured time intervals. Viruses were assayed by plague
techni gues and both disinfectants were measured using the

DPD col orinetric nethod.

In order to conpare inactivation data for the two
viruses and the different test conditions, times to achieve
a specified percent of virus inactivation as well as val ues
for disinfectant concentration (G x time for specified
percent inactivation (T), or CT values were conmputed. In
In previous studies inactivation data were treated as first-
order in extrapolating to the tinmes for 99.99% (4 | og"*)
virus reduction. Fromexamnation of the experinmental data
fromour experinents, it was evident that HAV and MS2
I nactivation kinetics did not conformto the first-order
nodel and were instead of the retardant die-off type.
Subseguently, five alternative mathematical nodels were
constmcted and used to predict the kinetics of HAV and Ms2
inactivation based in the experinental data. These nodels
included: (a) a one-popul ation nmodel which assumes a
decreasing disinfectant concentration over tine, (b) a one
hit, two-popul ations model assumng two subpopul ations wth
different rate constants of inactivation, (c) a third nodel
simlar to (b) with the exception that the concentration of
the disinfectant decreases over tine, (d) a multistate nodel
in which various stages of sublethal injury are assumed
prior to inactivation, and finally (e) the distributive rate
constant nodel, which is based upon a spectrum of
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Inactivation rate constants for the viruses. The neasure of
fit was determned for each nmodel using the |east-squares
method and the results for 2, 3, and 4 log, Q inactivation
times were conpared to the standard first-order regression
nodel .

The results indicate that a large discrepancy in the
predicted times is found both between the various nodel s and
within the nodel s when experinents of different sanpling
time points are used. Consequently, these data suggest that
the assunption of first-order disinfection kinetics
underestinmate the time necessary for adequate reduction of

viruses in drinking water.


NEATPAGEINFO:id=321BAABD-7CB6-4235-8098-E83EDBB28956




NEATPAGEINFO:id=8D0DEC24-5B46-4981-AC22-0B37C1354252


TABLE OF CONTENTS
Page
Ll ST @ O Fl1 GURES v/
L1 ST OF— T ABL ES vi
ACKNOW_EDGENVENTS v i
I NT FRCOOUJICT I O L
Ll TERATURE REVI EVvwW 4
A. 2.0 Drinking Water and Pat hogens 4

B. 2.0.1 Hi storical Perspective 4
2. O. 2 Out br eaks e B

2.0.4 Hepatitis A Virus 6

2.0.5 Bacteri ophages: Ms2 10
G 2. 0. 6 Detecti on Mt hods 12

.
D. 2. 0.3 Enteric Viruses 5
E.
F.

H 2.0.7 Drinking Water Regul ations 13

. 2.1.1 Treatnent of Drinking Water 14
2.1. 2 Current Practice 15

J.
<. 2. 2 DI si Nnfecti on 16
L.

2. 3 Monochl oram ne: H story 20
M 2.4 Monochl oram ne: Chem stry 21
N. 2.5 Monochl or am ne: Mode of | nactivation 22
0. 2.6 Previous Studies Using Mnochl oram ne 23
P. 2.7 Hi story of Chlorine D oxide 25
Q 2.8 Chlorine D oxide: Chem stry 27
R 2.9 Chlorine D oxide: Mode of I|nactivation 28

S. 2.10 Previous Studies Using Chlorine Dioxide 29


NEATPAGEINFO:id=51042C04-E761-4C80-B9A2-6482C3AF45C2


T. 2.11 Disinfection as a Kinetic Process 31

I B NMNETHODS AND NMATERI ALS 3 9

1 \/. =E<<FPPERRI VEINNT SsS a4 =
/. ODA T A ANNAL sl s 4 LY
N1 - N O OE—L 1 NS =1 =
N1 | - REESSUJL T = L= @D J
71 11 Dl SCuUIIsSssSsSIHI o S
1 > CONNIClUs1 aord =
>} RE—ERENNCE—S= =S
>1 . AP RPENNDD =<K ] L= R
><1 1 . ARPRFPENDT < I | 3133
>1 1 1 . ARPRFPENDI X< 1 1 1 aA=227

>l \. AP RPFPENIED < 1 \7 a1 330


NEATPAGEINFO:id=2F13D158-EABF-44BA-A781-BEA92183A09D


VI |
LI ST OF FI GURES

PAGE

2.0 Cases of Hepatitis A Virus 9
2. 1 Bal anci ng R sks 1.8
2.2 Rati o of Monochl oram ne Fornmati on 22
2. 3 D si nfecti on Cur ves 35
1- 6 Mbnochl oram ne Di si nfecti on Curves 54-58

7-8 Chlorine D oxide D sinfection Curves 69-70

9-10 Modeling | nactivation Curves 128-129


NEATPAGEINFO:id=8B3FAFBC-79D2-4E2C-829C-11907D59E1BF


Vi1 X

LI ST OP TABLES

PAGE
2. 0 Characteri sti cs of HAV 8
2.1 Characteristics of Bacteriophage M52 11
2.2 Reductions of Pathogens in Water Treatnent 16
2.3 Conpari son of D sinfectants 19

2.4 CT Val ues of Various M croorganisns 34
1-8 Predicted I nactivation Tinmes: Monochl oram ne 59-67

9-12 Predicted Inactivation Tines: Chlorine D oxide 71-74

<«


NEATPAGEINFO:id=A776EAC7-E13F-4FB1-87D2-36AC67954D75


ACKNOW._EDGEMENTS

How does one begin, to tell the story of how great a
| ab has been? Forenost, ny gratitude should be expressed for
Dr. Mark Sobsey- who provided nme with not only lots of extra
experiments, but the enthusiasmto conplete them | would
also like to thank Dr. Crawford-Brown for all the hours
spent with the mouse/nodeling...and Dr. Ricardo DeLeon for
hel ping ne pack to avoid a "disaster” at custons in Peru!
al so want to express ny appreciation for the nenbers of the
lab, for all the tinmes you saved ny agar!

Bushki, thanks for your patience and flowers. Ann-non
am e-may you finish soon and join ne south of the border!
Ram .. NI MYRA PUDI NG ...thanks for everything.

Al t hough the research described in this paper has been
funded by the U S. Environmental Protection Agency through
Assi stance Agreenent Nunmber CR816673 to the University of
North Carolina at Chapel Hill, it has not been subjected to
agency review and therefore does not necessarily reflect the

views of the agency and no official endorsement should be

i nferred.


NEATPAGEINFO:id=31F539F7-9061-4772-A518-56C573BF8D24




NEATPAGEINFO:id=B102B95E-105D-4FA8-AE04-D6CB9A5D0C14


I NTRODUCTI ON

In recent years, the responsibility of water
treatment plants to provide adequate renoval or disinfection
of pat hogens has been conplicated by the negative inpact of
di si nfection by-products. Wth the discovery that free
chl orine conbines with natural organic matter to form
tri hal onet hanes (THVs) and ot her by-products that are
i mpl i cated as carci nogens and toxicants, the Environnental
Protection Agency (EPA) and ot hers responsible for drinking
water quality are considering nore seriously the use of
alternative disinfectants. A drinking water disinfectant
must neet the Surface Water Treatnent Rul e' s maxi nkam
contam nant |evel for THW while effectively destroying
pat hogens. Monochl oram ne has becone a nore attractive
di sinfectant due to its low THMform ng potential as well as
stability in the distribution system However, the efficacy
wi th which mcrobes are inactivated by nonochloramne is
general ly | ower when conpared to other agents such as free
chlorine, chlorine dioxide and ozone. Chlorine dioxide use
in the US. has been primarily limted to the control of
taste and odors. It is a strong oxidant and has not been
shown to produce THVs. However, other by-products are
produced by chl orine di oxi de such as the chlorite ion which

has been shown to cause henolytic anema (Couri et al..
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1982) when adm nistered to rodents via drinking waiter.

In 1980, the Safe Water Drinking Conmmtted (1980)
sel ected the CT concept (concentration of a disinfectant in
mlligrans per liter nultiplied by the tinme in mnutes for a
speci fied percent inactivation) to allow conparison of
various disinfectants. According to the Surface Water
Treatnent Rule, it is assvined that a 99. 9% reduction in
G ardia cysts by nonochloramne will result in a 9 9.99%
reduction of. viruses, if chlorine is applied prior to
ammoni a. These reductions are based upon data assxi m ng
first-order reaction kinetics. Previous extrapol ation
studi es have questioned the validity of the |og-Ilinear nopdel
(Young and Sharp, 1985; Haas and Karra, 1984). Devi ations
froma sinple first-order relationship may be due to a
number of factors, including aggregation of mcroorganisns,,
variations of susceptibility within the m crobial
popul ati on, and changes in disinfectant species and
concentration (Chang, 1971; Hoff, 1986).

The purpose of this study was to further characterize
the disinfection capabilities of prefornmed nonochl oram ne
and chl orine di oxide using hepatitis A virus and the nodel
col i phage M52 in a demand-free system The EPA has
identified the latter virus as a nodel organismin
devel opi ng CT val ues and conducting pilot plant studies. The
foll ow ng experinents were perfornmed: 1) One hour-I|ong

experinments to determne the role of pH as a factor in
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di sinfection 2) Three day-long experinments with

nonochl oram ne to docunent the inactivation kinetics of

t hese organi sms over longer time periods 3) and three day-
| ong studies using nonochl oram ne in which additional

viruses or nonochl oram ne were added to test alternative
di sinfection kinetic nmodels, such as a state-vector node

and a distributive rate constant nodel, both based on virus

popul ati on heterogeneity.
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LI TERATURE REVI EW

2.0 DRI NKI NG WATER AKD PATHOGENS

2.0.1 Historical Perspective Prior to the devel opnent
of sanitary water systens, epidenics of cholera and ot her
wat er bor ne i nfecti ons cl ai ned t housands of |ives in urban
areas such as New Del hi, New York Gty and London (Ml nick
1971, Keswi ck 1984). Typhoid fever, hepatitis, and
dysentery-were regularly transmtted by drinking water
contam nated with human waste. Today, strict neasures in the
U S. ensure, at least theoretically, that human sewage does
not contam nate drinking-water sources, and in nost
devel oped countries many of these di seases have been
controlled or elimnated. Drinking water in nost nunicipa
wat er systens using surface sources is filtered and
chlorinated to elimnate contam nants. However, pathogens
still find their way into the water supply. Water filtration
and disinfection systens break- down or are poorly naintained
and operated. Faulty distribution systens and cross-
connections re-contam nate water delivered to the consuner.
Faulty septic tanks and sewer |ine breaks flood or otherw se
reach nearby wells.

2.0-2__Qutbreaks Overall, approximately half of al

wat er bor ne out breaks of.gastrointestinal illness are
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transmtted by groundwater that is inadeguately treated or
untreated, and nearly 25% are related to contani nat ed
surface water. The renminder are attributed to post-
treatnent (distribution system problens (Craun, 19 88).

Approxi mately half of all waterborne outbreaks are
desi gnated as "acute gastrointestinal illness of unknown
etiology”. It is suspected that nuch of this GI1. is due to
enteric viruses. Furthernore, it has been estimated that
viral gastroenteritis produces 30 to 40 percent of the
docunented cases of infectious diarrhea in the U S.,
out nunbering the docunented cases of both bacterial and
parasitic diarrhea (Dupont, H L. and Pickering, LK, 1980).
Acute gastroenteritis is the second nost comon i nfectious
disease in the U S (to respiratory infections), w th about
1-1.5 episodes per person per year. Much G 1. illness
occurrs as individual endem c cases and "househol d
epi dem cs", but other sources and settings of epidemc GI.
are well docunented, including outbreaks in canps,
hospitals, day care facilities and nursing hones as well as
cont am nat ed water or food.

2.0.3 Enteric Viruses Several characteristics of
enteric viruses and that influence their risk of infection
t hrough contam nated water include: 1) their genera
persistance in water, in which they can survive for weeks or
nonths, 2) their inability to multiply in water because they

are obligate parasites and the need for a suitable host to
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initiate a new nultiplication cycle, and 3) their |ow
infective dose, with as few as one infectious virus units
capable of initiating infection in a susceptible host.
Several studies have therefore been conducted to determ ne
whet her drinking water provided by nunicipalities is :Cree of
viral contam nation.

Coin was the first to isolate viruses fromdrinking
water in France, with the cause attributed to inadequate
treatnment (settling and marginal chlorination). Currently,
Rose (1990) clainms that " viruses can be recovered from
treated drinking water because approxinately 53 percent of
the reported isolations came fromwater with conplete
treatnent, while 26 percent came fromwater which was only
di sinfected and 15 percent came fromuntreated water."
According to one study by Payment et al. (1989), " Virus
were detected in seven percent of the finished water
sanples... and the water nmet the current standards of water
qual i ty".

O the many viruses which can be found in potential
drinking water sources, hepatitis A virus has been studied
recently and is used in disinfection experiments which serve
as the basis for U S EPA drinking water regul ations.

2.0.4 Hepatitig A Virus The main characteristics of
Hepatitis A virus (HAV) are listed in Table 2.1. HAV was the
first viral disease to be conclusively shown to be
transmtted by water (Gerba, et al., 1985). Waterborne
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di sease out breaks of HAV continue to pose a public health
threat in both the U S. and devel opi ng countries. According
to Mosley (1967) and Gol dfield (1976), nore than 80

out breaks of HAV traced to contam nated drinking water have
-been docunented between the years 1967-1972.

Hepatitis Ais also transmtted by person to person
contact and ingestion of contam nated food, such as bivalve
nol | uscan shellfish. According to the Viral Hepatitis
Surveill ance Program (VHSP), contact with a person infected
with hepatitis A association with a day care center, and
international travel were factors strongly linked to
acquiring the disease (MWR Vol. 34, No. 135,1990) Overall,
the rates of infection by hepatitis A have remained fairly
constant in the years 1981-1990 (see Figure 2.0). The
reported nunber of cases for the year 1990 is 31,441 ( MWR
Vol . 39, No. SS-1, 1990).

Hepatitis A was identified by radi oi munoassay as the
causative agent of a waterborne outbreak involving 3 6 cases
of illness in Georgetown, Texas. The outbreak was traced to
pat hogens in the drinking water fromcity wells (Hejkal, et
al.. 1982). Since then, nore efficient nethods of HAV
concentration and detecti on have been devel oped whi ch have
associ ated hepatitis Awth nore outbreaks and cases of
wat erborne ill ness (Sobsey et al.. 1985; Bosch, et al..
1991). Due to the severity with which HAV manifests itself

in the host, the high levels of its excretion by infected
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individuals, its persistence in the environment and in
treatment processes and the documented evidence that it
causes wat erborne di sease (Sobsey, 1988; Rao, 1988) , this

virus has been chosen by the U S EPA as the target virus for
which disinfection criteria are to be established.

Table 2.0 : Characteristics of Hepatitis A Virus

Feat ur e

Fam | y/ Genus

Si ze/ Genone

| ncubati on peri od
Rout e

Host range
Seasonal ity

Age group

virus in bl ood
and f eces

Ef f ecti ve vacci ne

Adapted from Vol k et al.

Description
Pi cornaviri dael/ Enterovirus 72

27-30 nm ssRNA

15-40 days

fecal - or al

humans and possi bly ot her prinates
higher in fall and w nter

much hi gher incidence in children

2-3 Wks prior to illness, 1-2 wks

after recovery

currently being devel oped

, 1991
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2.0.5 Bacteriophages; M2

As nentioned previously, the difficulty in isolating
human enteric viruses from environnental sanples, as well as
the hazards involved in their use in pilot plant studies,
have led to the use of surrogate nodel of fecal

contam nation indicators. A list of attri butes for an i deal

i ndi cator were described by Bonde (1966). They i ncl ude:

1} presence when pathogen is present

2) presence only when the presence of pathogens is an

i mm nent danger (no proliferation to any greater extent

in the environnment)

3) occurrence in nmuch greater nunbers than pat hogen

4) greater resistance to the envirozu&ent and di sinfectants
t han pat hogens

5} grov readily on relatively sinple nedia

6) yield characteristic and sinple reactions eneGsling an
unanbi guous i.d. of the group

7) randomdistribution in the test sanple, or ability to
obtain random di stri bution by sinple honpgeni zati on

8) growth i ndependent of other organi sns present when
i noculated in artificial nmedia

Bact eri ophages are very simlar to enteric viruses both
physically and in their relative resistance to chenica

di sinfectants (see Table 2.1). The coliphage group are
candi dates as potential indicators of fecal pollution
because they infect E . coli (which are found in the gut of
war m bl ooded mamal s). They are found in high nunbers in
sewage and polluted water sources, and are not known to

multiply in the environnment. Ml e-specific coliphages, such
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as M52 and fd, are a subgroup which, by virtue of their
ability to attach to their -bacterial hosts only at elevated
tenperatures (the bacteria's receptor sites are only-
produced at or near body tenperature) have been pronoted as
a nmodel indicator organism MS2 has been studied previously
as to its resistance to disinfectants relative to other

pat hogens (Fuji, 1988; G-abow, 1983; Kruse, 1968). It was
therefore included in this project to furnish nore conplete

information about its inactivation kinetics by realistic

doses of both npbnochl oram ne and chl ori ne di oxi de.

Tabl e 2.1: Characteristics of Bacteriophage Ms2

Feat ur e Descri pti on
Fam |y Levi vi ri dae

Si ze/ genone 24 nnm ssRNA

Mor phol ogy i cosohedral / no tai
Host male Ej . coli

Att achnment site F-pi|i of Ej_ col i

Il nacti vati on ki netics
conpared to HAV by 10 ng/L relatively simlar*

NH2C ; pH 8 and 0.5 ng/L free
chlorine, pH 6, 8, and 10

* See technical report by Fuji (1988)
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2.0.6 Detection Methods Frequently, conmon so-urce
out breaks due to water and food vehicles are over before the
public health officials can collect and anal yze sanples in a
tinmely fashion. Even nore gernmane to the difficulties

involved in identifying the infectious agents that cause
epidem cs are the paucity of nethods for detecting viral

pat hogens in both clinical and environnmental sanples-.

In the case of environnmental sanples, where
concentrations of the causitive agent are likely to be
relatively low, the nmedia itself may contain interfering
paraneters such as organic material, turbidity, and high
salinity (Safe Drinking Water Comm ttee, 1977) that bias
testing. This is especially pertinent for assays designed to
detect viruses. Current virological techniques involving
cell culture and radi oi nmunof ocus assays require expensive
materials and are cunbersone, or are not possible with
several as yet non-culturable viruses such as the Norwal k
virus. Methods presently bei ng devel oped i ncl ude pol ynerase
chai n reacti on and gene probes. A caveat exists, being that
" a disadvantage of utilizing a new nethod is the |ack of
rigorous testing and confirmation by other investigators
t hat conventional nethods often have undergone" (DeLeon and
Sobsey, 1991). If these novel nethods can be vali dat ed,
their rapidity and high sensitivity will anmeliorate the

ability to detect viruses in environmental sanples.
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2.0.7 Drinking Water Recnlations In order to regulate the
qual ity of drinking water, the U S. EPA has enbarked on the

establishment of a series of drinking water regulations that
will require states to assure disinfection of all ground
water sources and filtration and disinfection of all surface
water. The Surface Water Treatnent Rule (SWIR) recpiiring
mandatory filtration and disinfection has already been
pronul gated. Mcrobial contamnants to be regulated included
enteric viruses, Gardia lanblia. Legionella and
heterotrophic plate count bacteria (Federal Register, 1989).
The 1986 ammendnents to the SDWA require all public water
suppliers, including those fromboth ground and surface

waters, to disinfect drinking water prior to distribution.
Specific objectives of disinfection include:

1) A3 log and 4 log inactivation of Gardia [anblia cysts
and enteric viruses, respectively 2) assure control of other
harnful mcroorganisms 3) not inpart toxicity to the
disinfected water 4) mnimze the formation of undesirable
di sinfection by-products and 5) meet the Maxi mum Contam nant
Level s (MCLs) for the disinfectants used and by-products
that may form According to the goals defined by the
American Water Works Association (AWM) Disinfection
Commttee,"a functional |y ideal water should contain no

pat hogeni ¢ organisns and be free frombiological forns that
may be harnful to human health or aesthetically

obj ectionabl e" (Disinfection Committee Report, 1982
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Despite these goals and regul ations, the task of
regul ating the nore than 59,000 comunity water systens
(public or investor-owned water conpanies that serve 25 or
more year-round residents) and 140,000 nonconmunity systens
(such as those found in institutions and parks) is
I nfeasible (Regli, personal communication). In 1985, 60
percent of all waterborne outbreaks occurred in noncomunity
wat er systems (Craun, 1986). Another 40 mllion people get
their drinking water fromprivate wells and other individual

systens (Cerba et al., 1985).

2.1 Treatnent of Drinking Water

2.1.1 Historical Background The | ethal chol era
epi demic of 1854 in London ironically provided an
opportunity for a mlestone in public health to be
established. Dr. John Snow suggested water as being the
neans of transm ssion of the disease, and as an experinent
removed the handle fromthe punp which delivered the
suspected water. He subsequently elimnated the outbreak,
and the link between contam nated water and ill ness was made
(Cohen and Snow, 1969). The rapi d devel opnent of the
di scipline of mcrobiology during the second portion of the

19th century clarified the role of bacteria and | ater

viruses as the agents responsible for many waterborne

di seases.

The renoval and destruction of disease-producing
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contam nants in polluted drinking water has been studied and
nmet hods of achieving this goal have been devel oped- One of
the first attenpts to counter an epidemc of typhoid fever
by disinfection was at the Austro-Hungary naval base of Pol a
in 1896 by using bleaching powder. In the US. the first
full-scale application of gaseous chlorine to a public water
supply took place at Wl mngton, DE, in 1913 (Houston,

1913) .

2.1.2 Current Practice Contenporary nethods of water
treatment in the U S. consist of 1)screening 2)
coagul ation/floccul ation 3) sedinentation 4) filtration and
5) disinfection. The nultiple barrier concept..... The
predi cted efficiency of these processes with respect to
renoval of viruses and Gardia is listed in Table 2.2. It is
clear that although processes prior to disinfection are

effective to a limted extent, it is this step which

provi des the highest degree of elimnation of pathogens.
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Table 2.2: Expected Virus and G ardia Reductions in a Water
Treat nent System

Tr eat rent Process Log 10 Reducti on
Vi ruses G ardi a

Coagul ation/fl occul ati on and

sedi ment ati on 2 2
Direct filtration 1 2
Sl ow sand filtration 2 2
di sinfection (free chlorine) 3+ 4

Adapt ed from Federal Register, Vol. 54, No. 124

The nost recently established guidelines pertaining to
wat er treatment and mcrobial contam nants were pronul gated
in 1989 as the Surface Water Treatnment Rule. Regul ations
require finished water to have a 99.9% renoval of Gardia
cysts and a 99.99% renoval of viruses. A systemis
considered in conpliance with this requirenment if it
utilizes the treatnent technol ogy requirenents specified in
the rule. Goundwater regulations currently being devel oped
w Il require mandatory disinfection of all drinking water
suppl ies derived fromground water sources. The target
organisns to be controlled are enteric viruses, wth HAV

again cited as a main concern.
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2.2 Disinfection

All of the standard net hods of water treatnent in the
U. S. involving physico-chem cal nethods (e.g. coagul ati on-
flocculation, filtration, adsorption) renove potentially
harnful m croorgani sns to sone extent, thus reducing their

nunbers prior to the final or termnal disinfection stage.
However, it is this latter process which functions
specifically to destroy infectious agents in the water.

D sinfecting agents can be classified into the
foll ow ng general groups: (1) physical agents such as heat
and ionizing and WV radiation (2) oxidizing agents (3)
cations of heavy netals '(4) quaternary ammonium and pyridi ne

conpounds and (5) others. ldeally, a disinfectant used in

wat er treatnent should eradi cate the causati ve m crobes of

wat er borne i nfecti ous di seases at concentrati ons which are

harm ess to the public, while not produci ng any offensive
odors or tastes. Additionally, the disinfectant shoul d be
econom cal and provide residual protection in the
distribution system Realistically, no one disinfectant has
all of these qualities. In the past, the nethod of choice
was chl orination. However, studies by Rook (1974) and Sell er
(1974) suggested possible health risks associated with the
formati on of halofornms during chlorination. Hal oforns are
produced by the reaction of free chlorine with naturally

occurring humc and fulvic substances. Subsequent nationw de
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I nvestigations were conducted by the EPA which identified
trihal omet hanes as a mmajor organic constituent produced in

drinking water during chlorination. A significant

associ ati on was confirnmed between bl adder cancer and the

| evel s of haloforns in drinking water by Cantor (1977) using
i nformation gathered by the National Organics Reconnai ssance
Survey (NOVS) .

Al though further research is necessary in the field of
di si nfection by-products, one result of the preceding
studi es was the set of regulations created by the 1979
treatment rules ained at reducing the levels of
trihal onethanes to 100 ug/1 in finished waters (Federal
Regi ster 44, No. 231).

Consequentially, a search for alternatives to chlorine
are being explored. The risk trade-offs nmust be bal anced
between the original goal of disinfection in reducing the
chances of waterborne illness and the | ong-tenn cancer risks

of disinfection by-products (see figure 2.1).

FI GURE 2. 1
Rl SK TRADE- OFFS

SOURCE WATER & TECHNOLOGY

AFFECT SLOPE Ds/ DBPs-
REGULATORY RANGE

risk

m cr obi al

di si nfection


NEATPAGEINFO:id=139EC18F-F06B-43B5-BEDF-035A7091F7E2


19

Proposed alternatives to chlorine include ozone,
chlorine dioxide, nmonochloramne, and W light. A conparison

of their advantages and di sadvantages are nmade in Table 2. 3.

Monochl oram ne and chlorine dioxide, used in this study, are

di scussed in further detail in the follow ng sections.

Tabl e 2.3: Conparison of Disinfectants

Di si nf ect ant Advantages

Chl orine Effective; w dely used;
Variety of application
poi nts.

zone Very effective; few

har nful byproducts

Chlorine Ef fecti ve; |l ow cost ;| ow
di oxi de THM pr oducti on

Monochl oram ne Long-I| asting residual
| ow THM producti on; | ow
cost

Di sadvant ages

Hal ogenat ed by-
products

Requi res

secondary
di si nf ect ant;

sti mul at es
m cr obi al
growh in

wat er .

Sone har nt ul

bypr oduct s;
gener ated on-
site; nay not
persist in the
distr. system

Sone har nt ul

bypr oduct s;
poor bioci de
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2.3 Monochl"T->i Tni ne History

Chloramnes were first applied to water treatment in
Qtawa, Canada in 1917 by Race who was seeking an
alternative to sodiumhypochlorite (Race, 1918). Since that
time, nonochloram ne usage in the U S. became popular in the
193 0s as a technique to control taste and odor problenms and
regrowt h of bacteria in distribution systens (Ruth, 1931;
Skinner, 1932). However, the understanding of breakpoint
chlorination (Giffin and Chanberlain, 1941) and the
shortage of ammonia during WNI led to a decrease in the use
of chloram nes in general

A resurgence of interest in nonochloramne was driven
by the discovery that chlorination produced by-products

harnful to human heal th. Monochloramne is not as strong an

oxi di zer as chlorine and is less reactive in water. Recent
t oxol ogi cal studies by More (1982) have suggested that
nmonochl oram ne i s not absorbed into the bl ood stream and
that the liver and kidneys are able to detoxify and excrete
any harnful products. Nevertheless, other studies have
shown that kidney dialysis patients were at risk of
conplications due to the inability of facilities to remove
chloram nes fromthe water used to nake their dialysate
solutions (Krasner et al., 1986). As of now, no reference
dose has been devi sed based on either noncancer health

effects or cancer assessnent for nonochl oram ne.
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2.4 Monochl oram ne chem stry

Monochl oram ne can be produced in three ways: (1)
adding chlorine to water containing anmonia (as is often the
situation in wastewater treatment) (2) adding anmonia to
wat er containing chlorine, and (3) mxing the two conpounds
together prior to application. Wen water, chlorine and

ammoni a are conbined, the followi ng reactions are observed:

NH3 + HOO = H'O «(> NH*A (nonochl or am ne)
NH'Cl + HOd H*O + NHCI 2 (di chl oram ne)
NHCj + HOO = HO + N3 (nitrogen trichloride)

The species of chloram nes produced depends upon several
factors, with the ratio of ammonia to chlorine and the pH
val ues having a strong influence on the resulting dom nant
species (see Figure 2.2). The product at a pH of 8 and

hi gher is predom nantly nonochl oram ne when a > 3:1 ratio of
anmmoni a: chlorine is used. In the pHrange of 5-8, a mxture
of mono- and dichl oram nes are produced. Dichloramne is

formed readily between pH 4-5, and is catalyzed by the

presence of H3O*. Excess ammonia will retard the reaction
rate (White, 1972).
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Figure 2.2;Effect of pH and d..; NHd+ Rati o on Mnoehl oram ne

For nati on

Chl ori n«: N noi a rotio

EiTect of pHand CL: NH mlar ratjo on frac-
tional nnpunt of combin e chlonne eX|st|ng as
monoehl oramine at cqui Uiriu \..

2.5 MonotshirtrM ni net Mode of | nactivation

Several studies have been perforned to elucidate the
mechani snms involved in inactivation of pathogens by
nonoehl oram ne. This subject is inportant because if a
disinfectant is only capable of destroying the protein
structure and not the infectious genetic material, it may
still allow the pathogen to cause di sease in hunmans.
According to a study by Fujioka et al. (1981) nonoehl oram ne

I nactivates poliovirus by attacking the protein coat, while
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the extracted RNA was shown to still be viable. Mre

detail ed research using the bacteria Ej. coli has indicated

t hat "nonochl oram ne reacts with the whol e nucleic acid and
with free purine and pyrimdi ne bases rather than with

nucl eoti des or nucleosides...and reacts nore readily with
am no acids than with nucleic acids." (Jacangel o and
Aivieri, 1986). In light of these sonewhat conflicting

results, caution should be exercised when considering the

use of nonochl oram ne. Further work shoul d exam ne whet her

m cr oorgani sns exposed to nonochl oram ne are indeed still

i nfecti ous i n humans and ot her hosts. -

2.6 Previous virus Disinfection Studies Using Mnochl o-rwi ni T"A
Several experinents have been conducted which used
conbi ned chl orine, but did not distinguish the exact
proportions of nono- di- or trichloramnes in the reaction.
For exanple, Kelley and Sanderson (1960) exam ned the
i nactivation kinetics of coxsackie and polio viruses using
chl oram ne concentrations of 1 ng/L. At pH 10, where
nmonochl oram ne can be assuned' to be the dom nant species, 3
| 0g”Q i nactivation was not reached for both viruses after
nore than five hours.
Addi ti onal work by Shah and McCam sh (1972) using
col i phages Tj and fj and poliovirus | also indicates the
hi gh resi stance of pathogens to nonochl oram ne. A 99%

reduction in poliovirus titer took 45 mnutes, while the f~
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phage was markedly nore resistant, requiring over 190

m nutes. Unfortunately, although the concentration of
conbi ned chlorine was reported as 4 ng/L, neither the pH
used nor the speciation of chloram nes was reported.

The inactivation kinetics of fA coliphage upon exposure

t o nonochl oram ne was further studied by Mchael Snead
(1974)- Using a demand-free system and a range of
di si nfectant concentrati ons, he denonstrated that the rate
of inactivation was dependent on nonochl oram ne
concentrations only if they exceeded 4 ng/L. The
bact eri ophage al so foll owed a bi phasic pattern of
i nactivation, with scarcely nore than a 99% reduction in
titer after 3 hours.
In a recent review article (Sobsey, 1989) it was
summari zed that "studies on indicator bacteria such as E.
coli, coliforms and HPC bacteria and pat hogens such as
Sal nonel l a and Shigella show that chl oram ne residuals of 1-
2 ng/L and contact times of up to hours are needed to
produce appreciable inactivation. Furthernore, conpared to
t hese bacteria, sone other health-rel ated bacteria such as
nycobacteria as well as viruses (e.g. HAV and rotaviruses)
and G ardia cysts are extrenmely resistant to chl oram nes."
Cel | -associ ated and di spersed HAV were studi ed under
demand-free conditions using nonochl oran ne concentrations
of 10 ng/L (Sobsey et al., 1988). Wile the cell-associ ated

formwas about 40% nore resistant than di spersed virus, both
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fornms of HAV indicated a strong resistance to

monochl oramne, with CT values for 4 log, Q (99.99%
inactivation estimated at 1,740 and 1225 ng-mn/L.
Wi le a considerabl e amount of research has been

performed regarding monochl oram ne inactivation of viruses,

a significant lack of quantitative information is available
concerning the doses and times necessary to achieve specific
level's of inactivation of some inportant pathogens,

including HAV at realistic doses and over a range of typical
pH levels in drinking water. This is especially pertinent to
the Safe Water Drinking Water Act, the SWIR and its future
amendnents and the forthcomng groundwater disinfection
rule. The disinfection requirenents of these rules wll have

profound effects on drinking water treatment practices in

the U. S.

2.7 Hstory of chlorine dioxide

Chlorine dioxide was initially produced by Davy from

the reaction of potassiumchlorate and hydrochloric acid in
1811 (MI1er, et al., 1978). It has been used extensively as

an industrial bleaching agent (Wite, 1972) but only

recent|y has it been enployed by the water industry, mainly
to control taste and odor problems. Froma recent of survey
of large water utilities serving more than 50,000 people (of
whi ch there were 438), 45 used chlorine dioxide in their

pre-oxidation step and only 9 used it as a post-disinfectant


NEATPAGEINFO:id=434E4472-2E22-4F23-92FE-0E458197DB35


26

for surface water (Water Infornation Database, 1991). Recent
interest in chlorine dioxide is largely a result of the

upcom ng Federal regulations on disinfection by-products,

and the current concern over THMs.

Simlarly to monochl oram ne, chlorine dioxide has al so
been stringently tested for potential toxicity or
carcinogenicity for humans. The principal concern with the
use of chlorine dioxide is the potential toxicity of the
chlorite and chlorate ions produced. Wite (1972)
substantiated the general acceptance of the production of

chlorite being the end-product of A Q reactions in water.

Hefferman et al. claimthat chlorite " carries the oxidation

of henogl obin to methogl obin in vivo" and recomend the

concentration of chlorite to be zero due to the adverse

ef fect upon nursing babies when the oxidation reaction takes
pl ace. (Hefferman, 1979). In 1987, the Subcomm ttee on

Di sinfectants and Disinfectant By-products concluded that
thyroid and neurol ogi cal disorders observed in |aboratory
animals could be due to the oxidation of dietary iodine by
chlorate in the intestinal tract (Lykins et al., 1990). In
contrast, in a prospective epidemological study, Mchael et
al . (1981) conpared 197 people exposed to water treated with
chlorine dioxide (avg. cone, of 0.7, 5.1 and 0.7 ng/L of
CdQ, chlorite and chlorite, respectively) to 112 unexposed

subj ects and found no increased risk of adverse health

effects associated with the use of (. Due to the
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conflicting reports, the USEPA currently reconmends a
maxi mum conbi ned concentration of chlorine dioxide and its
by- products of no nmore than 0.5 ng/L. Analyses are now in
progress to better define the health effects criteria for

chlorine dioxide and its by-products in drinking water.

2.8 Chlorine dioacide chenistry

At room tenperature, chlorine dioxide exists as a
yel | ow-greenish gas. It has an irritating odor above
concentrations of 45 ppm and due to its instability must be
generated on-site (Wite, 1972). One of its nost significant
properties is its solubility in water, which is five times
that of chlorine. The soliibility of chlorine dioxide is 2.9
g/L at roomtenperature (Gordon, 1972).

The nmost routine method of generating chlorine dioxide
by the water industry is to react a strong chlorine solution
having a m ni mum concentrati on of 500 ng/L with a
concentrated stream of sodiumchlorite (m ninmm
concentration of 300 ng/L). Qther researchers have found
t hat using an excess of chlorine both prevents the
potentially toxic salt fromgetting into the water supply
and creates the optimal conditions for rapid conversion and
nearly 100%vyield of the chlorine dioxide. The reaction is

as foll ows :

2Na0 Qg+ C2gh =2 0@ gas + 2 Nad
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The formati on of the undesirabl e by-products, chlorite and
chlorate, occur mainly at pH val ues greater than 11 and even
then is a slow kinetic process (Masschel ein, 1979). However,
even at neutral pH chlorine di oxi de has been shown to

di sproportionate upon reacting with organics in the water
with the main by-product being the chlorate ion (Rav-Acha,

et al., 1983):

2 dQ + 20H = A®* (Chlorate) + @ (chlorite) + HO

Sever al nethods have been devel oped to reduce these unwant ed
by- products including: (1) passage through a granul ar

acti vated carbon (GAC) colum (2) reduction by sul fur

di oxi de, and (3) reduction by ferrous chloride. Though no
process is 100% successful, progress has been made in
significantly reducing the levels of chlorate and chlorite

in drinking water.

2.9 Chl ori ne di oxi de; Mode of | nactivati on

Several studi es have been perfornmed with both bacteria

and viruses to determnm ne the nechani sm of attack of chlorine
di oxi de. Roller (1980) stated that "G Q does not appear to
i nactivate bacteria by altering the DNA and oxi di zes the

thiol group to the sulfoxide or sul phone stage, which is

biologically irreversible.” Alverez and O Brien (1982) used
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poliovirus 1 in their study and found that GG inactivates
the virus by reacting with the viral RNA and inpairing the
ability of the viral genone to act as a tenplate for RNA
synthesis. They al so exam ned the hypothesis that the

di sassoci ation products of chlorine dioxide were responsible

for the observed inactivation, especially at higher pH.

However, the neasured anount of chlorate and chlorite
present was |ess than 5% of the total chlorine dioxide
species and therefore could not account for the virucidal
action. They concluded the increased inactivation at
el evated pH was due to the elevated sensitivity of viruses
under al kali ne conditions.

Since chlorine dioxide appears to act upon the viral
RNA and irreversibly danages bacteria, it nmay be capable of
conmpl etely destroying these pathogens. Further research with
ot her m croorgani sms needs to be conducted to determne if

this assunption is justified. If it holds true, chlorine

di oxi de could be used with confidence, at |east with respect

to its biocidal ability.

2.10 Previous disinfection studies using chlorine dioxide
Several investigations.have reported that chlorine

di oxi de disinfection capabilities are enhanced at hi gher pH

val ues using E* coli. bacteriophages, and enteroviruses

(Brett and Ridgeway, 1981; Noss and Qivieri, 1985; Scarpino

et al.,1979). In a recent repoirt by Chen and Vaughn (1990),
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rapid inactivation of rotavirus was observed at pH 8. A

99. 9% reduction in virus titer was achi eved after 10 seconds

versus >600 seconds at pH 6 and 8 respectively, with a d O
residual of 0.05 ng/L. In the sane study, under identical

conditions it was concluded that under acid or"neutral pH

Qg was inferior to ozone and chlorine while above pH 7

ozone was still the nost effective virucide, foll owed by

A Qg and lastly chlorine. Unpublished data by Sobsey and
Battigelli again suggest enhanced inactivation of HAV and
col i phage M52 at pH 9 versus pH 6 in a buffered denmand-free
system Simlar results were reported by Bedulvich et al.
(1953), in which dQ possessed a higher bacteriocidal
efficiency than chlorine against Zj. coli. Sal nonella typhi,
and Sal nonel | a par at yphi .

G ardia has al so been targeted by the Surface Water
Treatnment Rule, in which a 99.9% renoval is required by
drinking water utilities. The effect of pHon CQ
i nactivation of Gardia nuris is analogous to that of other
pat hogens, with the protozoan being slightly nore resistant
to A Qg than viruses or bacteria.

No information at increnmental pH val ues between 6-10
and ot herwi se constant conditions are avail abl e concerning
I nactivation kinetics of viruses by A G . Such data would be
useful in establishing regulations for disinfection of

drinki ng water supplies derived fromground or surface

sSour ces.
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2.11 Disinfection as a lcinetic process

The first docunented study of the process of
disinfection was realized by Kronig and Paul (1897) . Sanples
of surviving mcroorgani sns taken at precise intervals
during the disinfection experinent were quantified .
Anal ysis of their data indicated that the disinfection
process occurred in an orderly manner and that the rate of
i nactivation decreased as the nunber of survivors
di m ni shed. A decade |ater, Midsen and Nyman and Harri et
Chi ck independently concluded that during the process of
chem cal disinfection of anthrax spores (using phenol and
mercuric chloride), the surviving fraction over tinme
followed a logarithmc pattern. In essence, the nunber of
spores destroyed per unit tinme was proportional to the
nunber present in a unit volvine of the nediumat that
moment. These early observations became the foundation for
t heeexponential |aw describing the action of disinfectants
over time in their ability to destroy various
m cr oor gani sns.

Chick's Law (Chick, 1908), w dely accepted due to its
sinmplicity and conveni ence, considers the rate of
I nactivation of mcroorganisms to follow a first-order
rel ationship dependent on the number of organi sns present at

any instant:
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NNo = e "*

where N = nunber of organisas at tine t

nxi mber of organisms at tine o

&

k = proportionality constant

t = tine

| deal |y, the plot of the log of NNNo against tine should
produce a straight [ine. Although this is often the case
with chemcals, this is seldomthe result with mcrobial
suspensi ons. Several proposed reasons for this deviation
fromfirst-order kinetics include: (1) resistant subspecies
(2) aggregated organisms (3) the presence of severa
Inactivation sites or "targets" on the organism (4) changes
in the properties of the disinfectant, and (5) interfering
agents in the suspension media, such as particul ates.

Wth the devel opment by Sal k of the formal dehyde-
I nactivated polio vaccine (Salk, 1954), extrapolation from
experinmental data becanme necessary in determning
I nactivation kinetics below the |evel of detection. Accuracy
becane an i ssue which had direct ram fications on human
heal th. Since then, the use of kinetic nodels to describe
and conpare disinfectants used in water treatnent has
functioned as the basis for current regul ations.

The currently accepted nethod of anal yzing disinfection
data in the U S. has been terned the "CT concept”. It is
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based on the enpirical relationship Ic = C t know as

WAt son' s Law, where :

k = rate constant of inactivation
C = concentrati on of disinfectant
t = tine

coefficient of dilution

n

Baumann and Ludwi g (1962) proposed the use of this
relationship in predicting the tine and concentration of

di sinfectant necessary to achieve a certain reduction in
m croorgani sms, given a specific pH and tenperature. This
i dea

was disregarded until 1980 when the Safe Drinking Water
Comm ttee selected CT values as the method for comparing

bi ocidal efficiency. As nentioned earlier, deviations from
first-order kinetics limt the definitude of this nethod.

Table 2.3 lists the CT values for several mcroorganisms
when t he disinfectants nonochl oram ne and chl ori ne di oxi de

are used.
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Tabl e 2.3: CT Values of Various M croorgani sms

_ L. T ' PH Ccr va_l ue*
Or gani sm D si nf ect ant (?510 (ng*min/ L)
6.5 0. 60

E. coli a o > 6. 5 0. 29
E. coli ag io - 0 3. 60
pol i ovirus | aqg - 7 0 0. 90
poliovirus | ag : 6.0 0. 22
sim an rotavirus ag 8 10. 0 0.18
siman rotavirus C102 s 2 0 11.2
giardia nmuris C102 o5 7 0 5. 30
giardia nuris C102

. 7.0 22.0
E. coli NHI d 25 9.0 37.0
E. coli"” NHJ d 5 9 0 1420
pol i ovirus | Nll:lll d o5 9.0 216
poliovirus | NH C : s o 4034
siman rotavirus NHd N - 0 496
giardia nuris NH O - 7.0 848
giardia nuris NH G

*CT value for 99%i nactivation
Adapt ed from Hoff, 1986.

The USEPA has stated that "the CT values for CIC2, (8, and
NH2C! are based on [imted data conpared to the nore
extensive data that provide the basis for the Q) CT values,
and that, for these disinfectants, new data are nore |ikely
to becone available in the near future that nay support
different CT values or other means of determning what
percent inactivation of Gardia cysts and viruses a
di si nfectant achieves."

Avariety of different curves generated from
disinfection experinents are depicted in Figure 2.3
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O T e (@] s me=
Exponenti al Ki netics Concave Upward Kinetics
(I'nitial "Shoul der" Curve)

o
Ti me Ti me
Concave Downward Kinetics Mul tiple Kinetics
("I'nitial Rapid Rate" Curve) (eTailing Of" Curve)
Fi gure Typical survival curves for disinfection experinents.

Arter; Prokop and Hunphrey (1970)

6
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Several attenpts have been made to construct nathemati cal
nodel s which better conply with the disinfection curves

di spl ayed previously. The "shoul der curve" has been

hypot hesi zed by nunerous studies as being the result of
aggregation (Floyd and Sharp, 1977; Chen et al., 1985; Hoff
and Akin, 1986; Hom 1972.)

The nmulti-hit theory, in which a single target nust be
hit "n" nunmber of times before it is destroyed, was al so
proposed as being a nodel for shoul der curves. Atwood and
Nor man (1949) devel oped the foll ow ng nmat hemati cal
rel ati onshi p:

NN = 1- (i-e**)" where: NNH' = surviving

fracti on
« hits to kill

; sensitivity vol\inme

D = dose

Mechani stic effects have al so been proposed as being
responsi ble for the deviations fromfirst-order, |og-Iinear
ki netics in disinfection experiments. For exanple, an

i nfectious particle could develop a resistance to the

I nactivating process as the reaction proceeds. Taking data
fromexperinents in which poliovirus 1 was exposed to

f or mal dehyde. Card (1957) devel oped the follow ng formula:

ngcryoﬁ = -alog (1-bt) where NN = surviving

a = sensitivity
b = potency of disinf.
t = tinme
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Het er ogenei ty of organi snms, where a distribution of

susceptibility to a disinfectant is inherent to the

popul ation, has al so been the subject of several nodeling
approaches. H att (1964) clainmed that a suspension of

vi nees nmay becomne increasingly heterogeneous as the

di sinfection process continues, and constructed the

fol | owi ng nodel

NN = (1- p)e-A* #FRE L<pfPunr \here:

= surviving fraction
probability of infection
= inactivation constant 1

C, S inactivation constant 2
t = tine

Haas (1984) adopted a kinetic nodel which accounted for
changes in disinfectant species in a given system For

exanpl e, the dissociation of nonochloram ne to hypochl orous

aci d:

Ch = CM[x exp(-lc,t) + (i-x)exp(-1C2t)-exp(-IC3t) wher e:

cr conmbi ned chl ori ne

Cg = chlorine dose _
X" = fraction of conbi ned

chl ori ne decayi ng by
rapi d pat hway

kA = fast rate constant of
decay

Ic” = slow rate constant of
decay

| C3 = pseudo-first order rate
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const ant of conversi on

of free to conbi ned
chl ori ne

So far, no attenpt at nodeling the kinetics of
di sinfection data has enconpassed the wi de range of not only
di sinfectants, but also the m croorganisms resistance under
different environnmental conditions. Neverthel ess, the
pursuit of nore reliable nodels has produced information
whi ch can be used in devising regulations ai ned at

protecting public health.
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METHODS AND NMATERI ALS

Preparati on of d assware and Hal oaen- Denand- Free WAt er and
Buf f er s

Experimental water was prepared by passing tw ce-
dei oni zed, activated carbon-filtered water through a
macroreticul ar scavenging resin bed to produce water of the
qual ity describedin Standard Methods (A P.H A, 1989).
G assware was rendered demand-free by soaking in a tank
containing 25-50 ng/L chlorine solution for a mninmumof 6
hours. The gl assware was rinsed in hal ogen-demand-free (HDF)
water four times, wapped in alumnumfoil and baked at 200
degrees Celsius for 6 hours. Al buffers for the experinents
were nmade demand-free according to the protocol in Standard

Met hods (A P.H. A, 1989).

Monochl or ani ne Reagents and Monochl QT-am w«» Anal ysi s

St ock solutions of nmonochl oram ne were prepared the day
of the experiment to produce an approxi mate concentration of
100 ng/L by nodification of the nethod established by Hernman
and Hoff (1984). Househol d bl each (5.25 % sodi um
hypochlorite) was diluted in HDF 0.01 M phosphate buffer, pH
9.5, to a concentration of 200 ng/L free chlorine.
Concurrently, anmonium chloride was diluted in identical

buffer to achieve an 800 ng/L solution. Equal volume? of
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each of these solutions were conbined in HDF gl assware and
m xed thoroughly to ensure formation of nonochl oram ne.
These stock solutions were diluted in phosphate-buffered,
HDF water at the desired pHto a final concentration of 2.0

nmg/ L.

Concentrations of nonochl oram ne in stock sol utions

and sanmpl es taken during the course of the experiments were

measured by the N, N, Di et hyl - P- Phenyl enedi am ne ( DPD)
colorinmetric nethod as described in Standard Met hods

(A P.H A 1989).

Chlorine Dioxide Reagents and Chlorine Dioxide Analysis

Chl orine dioxide was generated according to the
techni que described in Standard Methods (A P.H A, 1989)
with slight nodifications as described in the technica
report of Karen Werdehoff (Werdehoff, 1986), and shown
diagramatically in Appendix IV, Figure |. A solution
consisting of 750 ms HDF water supplenmented with 10 g
sodiumchlorite was placed in the reaction vessel. The
proceedi ng tower contained sodiumchlorite flakes noistened
with 4-5 ms HDF water. 3 ass wool was placed on top to

prevent any flakes frombeing carried out of the tower. The

chlorine dioxide collection bottle consisted of 1500 m s HDF
water. This bottle was wapped in alumnumfoil and the

entire systemwas connected with teflon tubing.

A steady streamof N gas was initially passed through
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a gas scrubber consisting of a 5% Kl solution. The follow ng
sequence was performed at five-mnute intervals for twenty

mnutes: 1) 5 ms 1.8 N H SO" were added to the generating
bottle 2) The gas flow was augnented to the point that mld

bubbl i ng was observed in the collection bottle 3) After five
mnutes the gas flow was interrupted and the system

di sconnected at point W4) 5 ms of acid were again added
and the systemreconnected, 5) After twenty mnutes 5 ms of

acid were again added and the gas flow allowed to continue

for an additional 30 ninutes.

The resulting stock solution ranged in concentration
from500-800 ng/L AG. Yields were anal yzed using the DPD
nmet hod as described in Standard Methods (A P.H A, 1989).

A standard curve was devel oped the sane day using the
DPD colorinetric nethod described in Standard Mt hods

(A P.H A, 1989). Experiments were performed within 48

hours. Stock solutions of 12 were diluted in phosphate-
buffered HDF water to a target concentration of 0.5 ng/L.

D si nfectant residuals were neasured as descri bed for the

st andard curve.
Preparation of Mnodi spersed Hepatitis A Viruses

HAV, a cytopathic strain HML75, was grown and
assayed enuneratively by the plaque technique in confluent
| ayers of FRhK-4 (fetal rhesus kidney-derived) cells as
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previously described (Croneans et al., 1987; Sobsey et al.,
1991) .

Viruses were propagated, purified and concentrated
by the method described previously (Sobsey et al., 1991).
Confluent |ayers of host cells were infected" at
multiplicities of 0.01-0.1 infectious units/cell. After an
I ncubation period of one week, HAV was harvested fromthe
infected cells by freezing and thaw ng and then centrifuging
at 3,000 X g for 20 mnutes. Viruses in the resulting
supernatant were precipitated with 12% pol yet hyl ene gl yco
(PEG and extracted to separate free viruses from cel
debris using chloroform HAV in resuspended PEG precipitates
and cell extracts was pelleted at 105,000 x g for 3 hours at
5 degrees Celsius. The pellets were pooled and resuspended
i n HDF phosphate buffer. Cesiumchloride was added to
achieve a density of 1.33 g/m, and then ultracentrifuged to
equilibriumfor three days at 90,000 x g and 5" Cin a self-
generated gradient. Fractions of the gradient were assayed
to determne the location of the virus peak and those
portions were desalted using centrifugal ultrafilters
(100,000 nol ecul ar wei ght cut-off). The desalted fractions
were then [ayered onto 10 to 30 %sucrose gradients in
phosphat e- buf f ered HDF water and ultracentrifuged under
conditions such that the peak of single virions mgrated
approxi mately 2/3 down the tube (Sobsey et al., 1988). Those
gradient fractions found to contain the peak of single
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virions were collected and stored at 4 degrees Cel sius for

use i n experinents.

Preparati on of Monodi spersed M52 Bact eri ophages

Col i phage Ms2 ( ATCC 15597-Bl) was grown and assayed
by the top agar plaque nethod (Adans, 1959) in E~ coli C3000
(ATCC 15597). The top agar of plaque assay pl ates having
confluent lysis was scraped into 3-5 m/ plate of phosphate
buffered saline, extracted with equal volunes of chloroform
and centrifuged at 10,000 x g for 15 m nutes. The
super natant was col |l ected and ultracentrifuged at 90,000 x ¢
and 5° C for 4 hours to pellet the phage. The pellets were
pool ed i n phosphat e-buffered HDF wat er, supplenented wth
CsCl at a final density of 1.44 g/m and ultracentrifuged to
equilibriumin self-generated gradients for three days at 5°
C to concentrate the phages. The gradient fractions
containing the virus peak were pool ed and desalted as
described for HAV. To ensure that the phages were
nonodi spersed, the desalted portions were filtered
successi vely through Tween-80-treated 0.2 and 0.08 um pore

si ze pol ycarbonate filters.

EXPERI MVENTS

The general procedures for the disinfection
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experiments were as described by Sobsey et al. (1991) with
the follow ng additions or nodifications.
1) Monochloramne at a final concentration of 2.0

ng/L or chlorine dioxide at a final concentration
of 0.5 ng/L was used.

Both M52 and HAV were added to test sanples to

give titers of approximtely 10" infectious

units/m.

Experinents were perforned in phosphate-buffered
HDF water adjusted to pH values of 6, 8 and 10.

In addition to 60 mnute long experinents, three
day |ong experinents using nonochl oram neat pH 8
were conducted, with additional sanples taken at
1440, 2880 and 4320 m nutes using nmonochl oram ne.
Two types of three day long "re-dosing"

experinents were perforned with nonochloramne at a
pH val ue of 8. At time=»0, sanples were placed in
reaction tubes as usual. After the 1440 mnute
sanpl es had been taken, one reaction tube was dosed
with additional HAV and MS2 bacteriophage to achieve
a final concentration of approximtely 10"
infectious units/m. A second reaction tube was
suppl emented with additional monochloramne at a
target concentration of 2.0 ng/L. A third tube

2 recelved no supplemental viruses or monochl oram ne,

as in previous 3 day-long experinents. Sanples were
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taken at specified time intervals as described above
for 3 day-long experinents and virus control and
hal ogen control tubes were al so sanpl ed

peri odi cally.

Dat a Anal ysi s

Disinfection data as plaque formng units (PFU) per
m for M52 and HAV were cal cul ated as average val ues from
triplicate cultures. For each tinme point, the average
vi rus/ phage concentration (Nt) was divided by the nean
val ue of the virus/phage concentration of the controls (No).
These val ues were then log**-transforned (10g"Q [Nt/ No]) and
t he val ues averaged for each set of replicate experinents.

To conpute the estimated time for 99.99% virus

inactivation, linear regression was perforned on each
experinent and the tine estimated fromthe best fit of the
regression equation. This value was nultiplied by the
average di sinfectant concentration throughout the experinent

to obtain the concentration x time (CT) val ue.

MODEL I NG

Anal yti ¢ approach
Each set of data was interpreted through five

distinct and separate theories of the relationship between
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disinfectant concentration, time of exposure and fraction of
viruses surviving treatment. The intent of the analysis was
to determne (1) the ability of the various theories to
adequately predict the data, (2) the paraneter val ues
obtained through the fitting of each theory to the data and
(3) the sensitivity of predictions of 99.99 %reduction to
variations in experinental run, virus type, and theoretical
framework of analysis. The various theories enployed in the

study, their mathematical fornulation, and their associated
bases of axions, are described bel ow

Theory 1: One Popul ation

It is assumed here that inactivation proceeds through
first-order kinetics with rate constant k (per unit
concentration). Al viruses possess identical values of this
rate constant. The concentration of disinfectant decreases
throughout the treatment period with first order kinetics
and rate constant *. Let Nt be the nunber of viruses present
inthe sanple at time t after the onset of disinfection. The
differential equation describing the rate of change of the

nunber of viruses then is:
dNt/dt = -kC, e-**

where Co 15 the initial concentration of the disinfectant.
The solution to the above equation is:
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and where NV, is the initial nunber of viruses. The surviving

fraction may then be obtained through division of both sides

of the above equation by N‘, or

S(t) = e-kCo(I-e-Xt)/X

Theory 2; One Hit-Two Popul ati ons |

It is assuned here that there are two separate
subpopul ati ons of viruses. Each subpopulation is inactivated
by first order kinetics, the first with rate constant Kkl
(per unit concentration) and the second with rate constant
k2 (per unit concentration). The concentrati on decreases
t hroughout the treatnent period, with renoval rate constant
*. If fl is the fraction of viruses in the first
subpopul ation and f2 is the fraction of viruses in the
second popul ation, the solution is anal ogous to that

obtained in theory 1 and vyi el ds:
S(t) = fie -ki Co(l-e-Xt)/X + f2¢ -k2Co(I-e-Xt)/X

Theory 3 : One Hit-Two Popul ations 11
The assunptions here are essentially those of theory 2,
wWith the exception that the concentration of disinfectant is

assuned constant at c throughout the period of treatnent.
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The survival fraction then is:

S(t) =fie-kiCt +1f2e -k2Cot

Theory 4 : Miultistate

It is assumed here that viruses nust pass through
two substates in being inactivated. The first substate
represents sublethal damage to a virus. The second substate
represents additional damage which is lethal to the virus.
The fraction of initial viruses in the first substate is f,.
The fraction of viruses totally undamaged is f],. The
transition rate constant fromstate zero (undamaged) to

state one (sublethal damage) is kj, (per unit concentration) .
The transition rate constant fromstate one (svibletha

damage) to state two (inactivated) is k" The concentration
of disinfectant is assumed constant at C* throughout the

treatment period. The differential equation for the rate of
change of the nunber of viruses in the three states thenis:

State O dNJt)/dt = -kACON, (t)
State I dNT(t)/dt = k"C'NIt) - KACPN, (t)
State 2. dN2(t)/dt = kACMN, (1)

The fractions of viruses surviving treatment at time t then
Is equal to the fraction in state zero plus the fraction in
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State one (or 1 minus the fraction in state two). This

surviving fraction is given by:

sy = Fhe-koot + the-Ki Cot + JoigskoCot. -k Cot)

Theory 5 : Distributive Rate Constant

It is assuned here that the individual viruses are

i nactivated by the disinfectant through first-order

ki netics. The inactivation rate constant, k, however, is
assuned to be a distributed quantity with probability
density function P(k). The concentration is assunmed to

change with renoval constant Cand initial concentration c”.

The fraction of surviving viruses then is:

2

S(t) = JP(K)e-kOo(I - - Xt )/ Xtk

In this study, it was assuned that P(k) is a | ognor nmal
distribution with a geonetric standard deviation of 3.0. The
above equation was integrated niinmerically to obtain the

surviving fraction.

Measure of fit;

Each of the above theories was fit to the vari ous
sets of data to obtain estimtes of the necessary
paranmeters. "Best" fitting paraneter estinates were

determ ned through use of a |least squares routine applied to
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the log transformati on of the predicted and neasured val ues.
The data points were assigned differential weight based on
the tenporal density of the data points throughout the

domai n. The equation of the |east-square enployed was:

Measure of fit =1 W (In(pred)i - In(meas)i)2

where W. is the weighting for the ith data point and the
sunmation is over all data points for a given set of data.
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DATA | N THE APPENDI X

A summary of the raw data for each experinent is

presented in Appendix 1. This consists of the surviving
fraction of viruses at each time point as well as the

control sanples at the start and conclusion of the
experiment. \Wen cal cul ating the percent of original virus
titer remaining at each tine point (Nt/No), the average of
the virus control titers were used as "No" to account for
factors other than the disinfectant which nay have been
responsi bl e for any observed reduction in titer. The graphs
depicting the averaged val ues of inactivation for each tine
point (for experiments perforned under the sane conditions)
are also presented in Appendix Il. The error bars on the

I nactivation curves indicate the range of Iog Nt/No val ues
as W thin one standard deviation of the value plotted.

In addition, Appendix IIl contains graphs conparing
actual experinental inactivation curves with the
inactivation kinetics predicted by the nodels. Both act ual
and predicted survival curves were plotted as the surviving
fraction of viruses versus tine. Gaphs are not presented
for chlorine dioxide at pH values of 9 and 10 due to the
initial drastic drop in virus titer and the consequenti al
| ack of sufficient data points for nodeling purposes.
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RESULTS

MONOCHL ORAM KE

experinents on inactivation of dispersed HAV and M52 by a
dose of 2.0 ng/L nonochloramne at 5° C are presented
graphically in Figures 1-2, in which nean log,0 N(/No is
plotted against contact tinme in mnutes. Figure 1 plots HAV
and M52 individually with respect to inactivation at al
three pH levels (6, 8 and 10). Figure 2 plots both viruses
at a given pH (pH 6, 8, and 10), with data for each pH
pl otted separately.

Both M52 and HAV reacted simlarly to doses of
nonochl oram ne at the different pH val ues, indicating that
M52 is an adequate nodel indicator of HAV and perhaps ot her
enteric viruses. After 60 m nutes of contact, inactivation
of M5-2 and HAV was about 1 log,0 or 90 % For HAV,
I nactivation was sonewhat greater at pH 10, than at pH 6 and

8 (Figure 1). However, under no condition was there greater

than one log,Q virus reduction at 60 m nutes.

Three dav-lona experinents. Figures 3-5 illustrate
the results of standard three day-1ong experinments as well
as experinents in which additional virus or disinfectant was

added after 24 hours (Figures 4 and 5). It is evident from
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the results shown in Figure 3 that inactivation kinetics of
both M52 and HAV are of the retardant die-off type.

| nactivation proceeded at a slightly higher rate for MS2
than for HAV. At the end of three days, there was slightly
nore than a 2 | og"”" reduction of MsS2. HAV was nore
persistent, wth sonewhat |ess than a two | og"Q reduction
after 3 days.

The three day-long experinents in which suppl enental
nmonochl oram ne or virus stock was added are displayed in
Figures 4 and 5. After 72 hours, the total |o0g"Q reduction
of HAV and MS2 was approximately 1.5 and 2, respectively,

when nei ther virus nor nobnochl oram ne was added. Both
replicate experinents under each test condition exhibited
simlar patterns of inactivation (data not shown). When the
reaction m xture was supplenmented with additiona

nonochl oram ne at a concentration of 2.0 ng/L at 24 hours, <
0.5 log”Qvmt of additional inactivation was observed at

the end of the 72 hour period. In contrast, the virus

i nactivation kinetics in the reaction m xtures in which

addi tional viruses were added at 24 hours suggest that

"suppl enental viruses" react with the sane inactivation

ki netics as the virus popul ation present at the onset of the
experinment. However, total inactivation of "supplenental

viruses" did not exceed 1.0 and 1.5 log,p units for HAV and
M52, respectively.
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Model i ng The predicted tines for inactivation of 2, 3 and 4
l0g"Q (99, 99.9 and 99.99 % of initial viruses by

nmonochl oram ne are summari zed in Tables 1-7 and they are
shown graphically in Figure 10.

CGeneral ly, the one popul ati on nodel consistently
predicted the shortest tines followed by the sinple |inear
regression nethod currently enployed by the EPA. This is
true for all pH val ues using nonochlorzonine. It is of
interest to conpare the predicted tinmes derived fromthe 60
m nute-1 ong and 3 day-1ong experinents in which
nonochl or ami ne was used. The calculated tines for a
particul ar extent of inactivation vary considerzibly between
the two types of experinments by nore than two orders of
magni t ude. For exanple, the nultistate nodel predicts 99.99
% inactivation tinmes for HS2 of 544 and 8, 356 m nutes using
the data of the 60-and 3-day-experinments respectively. In
sone cases, the time predicted for a 4 log,o0 inactivation
cannot be determ ned. As reported in Table 7, both the two
popul ati on with changi ng concentrati on nodel and the
di stributive rate constant nodel indicate that the
nonochl oram ne woul d be depleted prior to 99.99 %renoval of
viruses. This phenonenon is only discerned when the data
fromthe 3-day | ong experinments are used in conjunction with
t he nodels.

Overall, all nodels (with the exception of the one

popul ati on nodel ) predicted |onger tinmes necessary to
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achi eve a 99. 99% reduction than did the first order nodel.
The neasure of the goodness-of-fit of the npdels to the
actual data revealed that the two popul ati on with changi ng
concentrati on nodel predicted the data npst accurately (data
not shown).

In addition, to elimnate any doxi bt that the inactivation
of viruses was due to npbnochl or euai ne, and not di chl oram ne,
t he speciation of chlorani nes were exanmi ned during a pH 6
di si nfecti on experinent (see Table 8). This pH val ue was
chosen since it is nore likely that dichloram ne would be
present under nore acidic conditions. Fromthe results, it
can be seen that nonochloram ne is the dom nant species and

di chl oram ne woul d have a negligible effect on the

i nacti vati on Kinetics observed.
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Table 1: Times for 99.99% i nactivation of HAV and M52 by
doses of 2.0 ng/L prefornmed nonochl oram ne at
°C 60 mnute |ong experinents; pH 6

Model vi rus Time (nm C X T val ue*
one pop' n HAV 340 n. a.

nul ti st ate HAV 440 n. a.

two pop' n HAV 440 n. a.
const ant C

two pop' n HAV 465 n. a.
change C

di stri buti ve HAV 1210 n. a.
li near rec. HAV 380 733**
one pop'n M32 215 . n.a.

mul ti state M2 760 n. a.

two pop'n M2 950 n. a.
const ant C

two pop'n M2 1085 n. a.
change C

di stri butive M2 560 n. a.
li near rea. M2 300 579**

* Only applicable to Iinear regression where a direct
relationship between tinme and concentration i s assuned.

** avg. concentration of NH O (C) = avg. cone, at TO and T60
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Table 2: Tines for 99.99% i nactivation of HAV and M52 by
doses of 2.0 ng/L prefornmed nonochl oram ne at
5° C, 60 mnute long experiments; pH 8

Model vi rus Time (mn) C X T val ue*
one pop' n HAV 235 n.
nul ti st at e HAV 525 n.

two pop' n HAV 525 n
const ant C

two pop' n HAV 560 n. a.
change C

di stri buti ve HAV 760 n. a.
linear rea._____ HAV 321 626
one pop' n M52 235 n. a.
nul ti st ate M52 54 5 n. a,

two pop'n M2 545 n. a
constant C

two pop'n M2 580 n. a.
change C

di stri buti ve M2 440 n. a.
linear reg.__ __ MB2 235 449

* Only applicable to Iinear regression where a direct
relationship between tinme and concentration is assuned.

** Avg. cone, of NH A (CQ = ayg cone, at TO and T60
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Table 3: Tines for 99.99% i nactivati on of HAV and MS2 by
doses of 2.0 ng/L prefornmed nonochl oram ne at
5° C, 60 mnute long experinents; pH 10

Model Vi r us Tinme (nmin) C X T val ue~*
one pop' n HAV 155 -
mul ti st ate HAV 390 n.
two pop' n HAV 390
const ant C
two pop' n HAV 410 n.a.
change C
di stri buti ve HAV 440 n. a,
li near rea. HAV 233 443
one pop'n M52 155 n.a.
nul ti state M2 390 n. a.
. constant C
two pop'n M2 390 n. a.
const ant C
two pop'n M2 410 n. a.
change C
di stributive M2 465 n. a.
li near rea. M52 274 523

* Only applicable to Iinear regression where a direct
rel ati onship between tine and concentration i s assuned.
** average cone. NH2Cl1 (C)= avg cone, at TO and T60
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Table 4: Predicted times for 2,

tivatjon of HAV and MS2
owmdnmqygmamneat
p

I na
pre
exper| ment s

Model

one pop'n
mul ti state
two pop'n
const ant C
two pop'n
change C

di stri butive

li near rea.
one pop'n
mul ti state
two pop'n
const ant C
two pop'n
change C

distributive

l'i near req.

Vi rus

HAV
HAV
HAV

HAV

HAV
HAV
M5 2
M5 2
Ms2

M5 2

MS 2
MS 2

99%
(i nactivation)

167
209
208

214

353
190
106
300
374

393

173
J42

3, and 4

cycles of

by %OS%% A&

99. 9%

254
324
323

337

736
280
160
531
662

724

351
225

99. 99%

343
439
438

464

1218
380
215
761
950

1084

563
300

64
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Table 5: Predicted tinmes for 2, 3, and 4 log, (j cycles of
i nactivation of HAV and MS2 by doses of 2.0 ng/L

preformed nonochl oranm ne at 5 C, 60 nminute | ong
experinents; pH 8

Mbdel Vi rus 99% 99. 9% 99. 99%
finactivati on)

one pop' n HAV 116 17 6 237

mul ti state HAV 240 384 528

t Wwo pop' n HAV 237 381 525
const ant C

t Wwo pop' n HAV 245 401 562 -
change C

di stri buti ve HAV 116 176 237

li near rea. HAV 160 238 320

one pop'n Ms 2 116 176 237

mul ti state VB 2 215 379 544

two pop'n VB 2 213 378 542
const ant C

two pop'n \V; Sy24 219 397 583
change C

distributive M52 A137 278 443

Il i near reo. MS 2 110 170 240
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Table 6: Predicted tinmes for 2, 3, and 4 log.,(j cycles of
i nactivation of HAV and M52 by doses of 2.0 ng/L
preformed nmonochl oramine at 5 C, 60 minute | ong
experinents; pH 10

Model Vi rus 99% 99. 9% 99. 99%
ri nacti vati on»

one pop'n HAV 77 116 - 156

mul ti state HAV 161 277 392

t wo pop' n HAV 160 276 391
const ant C

t wo pop' n HAV 164 286 411
change C

distributive HAV 137 278 443
l'i near rea. HAV 110 170 230

one pop' n M52 77 116 156

mul ti state MBS 2 161 276 391.

t WO pop' n M52 160 276 391
const ant C

two pop'n M52 164 286 411
change C »

di stributive M2 125 252 401

li near rea. VS 2 122 200 270
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Tabl e 7: Predicted times for 2, 3, and 4 log,p cycles of
i nactivation of HAV and Ms2 by doses of 2.0 ng/L

preformed nonochloramne at 5 C, 3 day-1ong

experi nents;

Model

one pop'n
mul ti state
two pop'n
const ant C
two pop'n
change C
di stri butive
|l i near rea.
one pop'n
mul ti state
two pop'n
constant C
two pop'n
change C
di stributive
li near rea.

* nunber is survivinpg fraction of viruses at
di si nf ect ant

Vi rus

HAV
HAV
HAV

HAV

HAV
HAV
M5 2
M52
M5 2

M5 2

\V] Sy24
Vs 2

pH 8

99% 99. 9%

ri nacti vati on)

3428 7964
4593 16, 106

, 4581 16, 094
3400 (0. 005)*
2878 (0.0011) *
3620 5900
2613 5085
2599 5477
2599 5477
2271 9763
2201 7340
2500 o' 5000

i's depleted.

99. 99%

(0. 00034) *
27, 619
27, 607

(0.005) *

(0.0011) *
9000

12, 817
8356

8355

(0. 0007) *

(0. 0005) *
7200

poi nt in which
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Table 8 : Determi nation of speciation of chloram nes; pH 6
2.0 ng/L preformed nonochl oram ne at 5° C

Time (mn) ' NH2C (ng/L) ~ NHCj (ng/L) %as NHCO |
O 2. 00 O. O3 a. a4s
B 2. 00 O. O6 2. 94
10 a. 80 OoO. 1LO 5. 26
20 aAa. 84 oOo. 1.2 SsS. 22
30 aA. 76 O. 11 5. 8383
S O a. 7= oOo. 12 sS. 32
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CHLORI NE DI OXI DE

Effect of pH Il evels on chlorine dioxide The inactivation
kinetics of a 0.5 ng/L dose of chlorine dioxide on
nonodi spersed M52 and HAV are illustrated in figures 7-9.

Figure 8 conpares both viruses as to their 10g”"Q survival at

each of the pH values of 6, 8, 9 and 10. I nactivation of
each virus by chlorine dioxide at all four pH values is
represented in graph 7.

Unl i ke nonochl oram ne, disinfection kinetics due to
chl orine dioxide were influenced substantially by pH As the
pH was rai sed, the resulting inactivation of both M52 and
HAV was i ncreased. At pH 10, the viruses were inactivated
within the first 20 seconds (>3 | og""j, as marked by the
“"l'imt of detection" points. This detection limt is based
upon ability of the assay to detect at |east one viable
organismin the least dilute sanple (ten-fold dilution),
inoculated in triplicate for a total volune of 0.6 m. At pH
6 and 8, both HAV and M52 were considerably nore persistent
then they were at pH 9 and 10, with <3 log”j,. inactivation by
60 m nutes. At pH 6 and 8, inactivation kinetics were
simlar. Therefore, the largest change in virus inactivation

rates occurs between pH 8 and 9.

Model i ng The predicted tines for inactivation of 2, 3 and 4

log, Q (99, 99.9 and 99.99% of initial viruses by chlorine

di oxi de are sumrari zed in Tables 9-12. Mdeling was
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perfornmed to predict inactivation at pH levels of 6 and 8
only, due to limtations on detectibility of viruses after
the initial tinme point at pH 9 and 10. The predicted tines
for 99.99% i nactivation of both viruses at pH 6 and 8
according to each nodel are summari zed in Tables 9 and 10,
respectively. By way of exanple, the actual experinental

i nactivation data and the predicted data for each nodel are
shown graphically in Figure 3, where |0og"Q Nt/No is plotted
versus contact tinme. At pH 6 and 8, where virus inactivation
can be followed, the first-order nodel now used by the U S
EPA and the one popul ati on nodel predicted the shortest
times for virus inactivation. A 4 |og"g (99.99%

inactivation tinme for M52 at pH 6 and 8 could not be

determ ned for one nodel incorporating a decreasing
concentration of disinfectant because it was predicted that
t he chl ori ne di oxi de woul d be exhausted before this
reduction could be achi eved. The nopdels that appeared to
best fit the experinental data, the nmultistate and the two
popul ati on-constant concentration, often predicted |onger
times to achieve 99.9 and 99.99% virus i nactivati on than the
first order and the one popul ati on nodels. In sone cases,
the tines to achieve the desired degree of inactivation are
hi gher by a factor of two-fold or nore than the tines

estimated by the first-order nodel.
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FI GURE 7

I NACTI VATI ON OF HAV AND Ms2 BY CHLORI NE DI OXI DE

(0.5 ng/| DOSE: 5°C. 0.01 MPO4 BUFFER pH 6, 8, 9 & 10)
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FI GURES

| NACTI VATI ON OF HAV AND M2 BY CHLORINE DI OXI DE (0.5 my/l DOSE; SC; 0.0IMPC4 BUFFER pH 6. 8. 9 & 10)
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Table 9: Predicted tinmes for 99.99% i nacti vati on of HAV and

M52 by doses of 0.5 ng/L chlorine dioxide
at 5" C, 60 mnute |ong experiments; pH 6

Model vi rus Time (mn) C X T val ue~*

one pop' n HAV 62 n. a.

nul ti st ate HAV 86 n. a.

two pop' n HAV 86 n. a.
constant C

two pop' n HAV 136 n. a.
change C

di stri buti ve HAV 163 n. a.
Unear y&q.__ HAV _104_ 40. 6**
one pop' n M2 114 n. a.

mul ti state M2 132 n. a.

two pop'n M2 131 n. a.
constant C

two pop'n MS2 (2.1e"*)* n. a.
change C

di stri butive M52 163 n. a.

] neay yeg.  MS2. 98 ?8. ?**

* Only applicable to linear regression where a direct
__relationship between time and concentration is assuned.

avg. cone, of @ (C= avg cone, at TO & T60» 0.39 ny/L
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Table ID: Predicted tines for 99.99% i nacti vati on of HAV and

M52 by doses of 0.5 ng/L chlorine dioxide
at 5** C. 60 mnute |long experinents; pH 8

Model Vi rus Tinme (min) C X T val ue*

one pop'n HAV 89 n.a

mul ti state HAV 107 n. a.

t wo pop' n HAV 107 n. a.
const ant C

t wo pop' n HAV 204 n. a.
change C

di stri butive HAV 163 n. a.

li near rea. HAV 83 31. 5**

one pop'n M5 2 94 n. a.

mul ti state MS 2 111 n. a.

two pop'n VB2 110 n. a.
const ant C

two pop'.n MS2 (1.3e-*)* n. a.
change C

di stributive M2 > 163 n. a.

|l i near peg. ?f S2 89 33. 8*~*

* Only applicable to |inear regression where a direct
rel ati onship between tinme and concentration is assxi ned.

avg. cone, of A2 (C» avg cone, at TO & T60« 0.38 ng/L
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Table 11: Predicted tines for 2, 3, and 4 |og"g cycles of
i nactjvation of HAV and MS2 by dose€s o 5 my/L
chlorine dioxide at 5° C, 60 mnute Iong
experinments; pH 6

Model Vi rus 99% 99. 9% 99. 99%
ri nacti vati on)

one pop'n HAV 26 42 62

mul ti state HAV 17 51 86

two pop'n HAV 16 51 86
const ant C

two pop'n HAV 14 56 136
change C

distributive HAV 28 68 163

li near rea. HAV 42 75 100

one pop' n M 2 40 69 114

mul ti state VS 2 41 86 132

two pop'n VB2 40 85 131
const ant C

two pop' n VB 2 28 96 (2. 1le-*)*
change C a

di stributive w2 28 68 163

li near rea. VS 2 45 73 97

* nunmber 1S surV|V|ng fraction of viruses at point in which
di sinfectant is depl eted.
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Table T2: Predicted tines for 2, . 3, aqg 4 IQQAA cycles o}
I nactivation of V and M52 by dosés of
chl ori ne di oxi de at 5 C 60 mnute | ong

experinments; pH 8

Model Vi rus 99% 99. 9% 99. 99%
ri nacti vati on®

one pop'n HAV 33 57 89

mul ti state HAV 32 69 107

t WO pop' n HAV 31 69 107
const ant C

t WO pop' n HAV 27 78 204
change C

distributive HAV 28 68 163

li near rea. HAV 38 65 85

one pop' n \V Sy24 35 60 a 94

mul ti state M52 29 70 111

two pop'n M5 2 28 69 110
const ant C

two pop'n Ms2 28 96 (0.00013) *
change C s

di stri butive MS 2 28 68 163

;4. near "eq- Ms 2 ?8 65 90

* nunber is surviving fraction of viruses at point in which
di sinfectant is depl et ed.
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DI SCUSSI ON
Monochl or ani ne

When the inactivation kinetics of M52 and HAV by
nmonochl oram ne are conpared, both viruses exhibit simlar
retardant die-off patterns. The kinetics results indicate
that at pH 10, the two viruses have nearly identical
inactivation rates. At the pH levels of 8 and 6, HAV was
slightly nore resistant to nonochl oram ne than was MsS2. This
suggests that at al kaline conditions HAV nay be nore
sensitive to nonochl oram ne since its inactivation was
sonmewhat increased frompH 8 to 10 while MS2 inactivation
remai ned generally the sane at all pH levels. Sone
i nvestigators have reported that the inactivation efficiency
of monochl oram ne i ncreases with decreasing pH and
according to Hoff (1986), this may be due to the activity of
free chlorine, which is in equilibriumwth nonochl oranm ne.
However, the results of this study, in which efforts were
made to mnimze the presence of free chlorine during
nonochl oram ne production, indicate that pH levels in the

range of 6-10 have only a mnor influence on virus

i nacti vati on ki neti cs.

The 3 day-1ong experinents were performed in order
to determine if the tailing-off of virus inactivation

observed in the 60" |ong experinments was consi stent over
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Il onger tine periods. The results indicated that clearly this
was the case. After 60 nminutes, |ess than one additi onal
| 0g”Q i nactivation was observed after as |ong as 3 days.
This tailing-off has been described by Prokop and Hii nphrey
(1970) as a typical type of curve generated from
di sinfection data. Many researchers have attenpted to
describe this departure fromlinear, first-order kinetics
(Card 1957; Chang, 1971; Horn 1972). Several of the
expl anations offered are: 1) virus aggregation 2) variations
wi thin the population with respect to response to a
particul ar disinfectant and 3) different states of
infectivity or "virility" of the viruses, with some being
healthy (nore infectious) and ot hers damaged (|l ess or non-
i nfectious)

Anot her step in further characterizing the
di sinfection kinetics of HAV and M52 by NH C was to test

the effect of adding supplenmental virus or NH C on

i nactivation kinetics. Wien additional viruses were added,
they followed the sane inactivation kinetics as the origina
viruses did at the beginning of the experinent: an initial
sharp decline, followed by a leveling off of inactivation.

The overall log,Qinactivation of viruses was |ess for the
suppl enental viruses than the viruses present at the start
of the experinent, which could be due to the fact that the

original concentration of nopnochl oram ne had decreased at

day 1 by nearly 30% Suppl emental nonochl oram ne but no
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added viruses only marginally increased the anmount of virus
i nactivation. These experinents indicate that the retardant
di e-of f kinetics observed are probably a result of a
resistant fraction of viruses in the population. This could
be due to: (a) aggregation, in which viruses |located within
aggregates are protected from being destroyed, (b) various
states of "health" of the viruses, or (c) subpopul ati ons of
viruses with different responses to inactivation by

nmonochl oram ne. Simlar results have been reported by Snead
(1972), in which the nodel indicator virus f2 (a mal e-
specific coliphage simlar to M5-2) was used in re-dosing
experiments with nonochl oreuni ne.

El ectron m croscopy was used to visualize the
physical state of the viruses in sonme sanples taken at
different tine points during the disinfection experinents in
order to determne if aggregates of viruses existed. This
was done using the kinetic attachnment nethod of Sharp
(1974). \When M52 was exam ned, both aggregates and single
virions were observed (data not shown). Wether the relative
proportions of these two physical states of viruses
correspond quantitatively to the inactivation kinetics

observed in these disinfection experinents has yet to be

det er m ned.

Chl ori ne di oxi de

As expected fromthe results of previous studies, the
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rate of inactivation of the viruses by chlorine dioxide was
greater at al kaline pH values. Figures 7 and 8 show t hat at
all pH values tested, this assunption was validated. In
fact, at pH 10 both HAV and M52 were inactivated by nore
than 3 log,Qunits in the first three mnutes. It has been
suggested by others that the enhanced activity of chlorine
di oxide at high pHis the result of the fornmation of free
hydroxyl radicals and it is these which are responsible for
the biocidal action (Brett and R dgeway, 1981).

The inactivation kinetics of M52 and HAV were nearly
identical at corresponding pH values of 6, 8 and 10. It is
interesting to note that, unlike their responses to
nonochl oram ne, HAV was slightly nore susceptible to
chl ori ne di oxi de than was Ms-2 at pH values of 6, 8 and 9
(see figure 8).

The retardant die-off Kkinetics observed with
nonochl or anmi ne were al so observed when chl ori ne di oxi de was
used. Although the tailing-off effect is not as pronounced,
the results fromthe experinents conducted at pH 6 and 8
"indi cate the presence of a heterogeneous population with
respect to susceptibility to chlorine dioxide. Experinents
of longer duration wll serve to elucidate the pattern of
i nactivation of these viruses as was done previously with
nmonochl oram ne. This is especially inportant at pH
conditi ons where chlorine dioxide is not as potent a

virucide. In addition, it is inportant to determnm ne whet her


NEATPAGEINFO:id=96B4F972-8D9B-49D1-96D9-EE056B8F2B40


81

other disinfectants which are al so strong oxidants, exhibit

the same virus inactivation patterns.

MODEL S

The nodel s devel oped to characterize the disinfection
kinetics of viruses by nonochl oram ne and chl orine dioxide
vary, in their basic assxinptions. Therefore, their predicted
times for a given anount of inactivation exhibit
consi derable variability. The one hit one popul ation node
consistently predicted the shortest tines for 4 log"|,
Inactivation. This nodel is simlar to Chick's |aw, which
forms the basis for the Cx T concept, where S(t) = e*''A. The
maj or assunption of Chick's law is that inactivation of
mcroorganisns is a first-order reaction. Due perhaps to
their structural conplexity and variation in susceptibility,
it is the rule rather the exception that many viruses do not
adhere to this tenet. The C x T concept is not applicable to
the other nodel s because according to the theoretical
framework of the nodels, concentration and time cannot be
Interchanged to result in a certain Cx T product. For
exanple, a concentration of 1 ng/L chlorine dioxide applied
for 60 mnutes would not have the same effect as a 5 ng/L
solution applied for 12 mnutes, despite the fact that both
conditions give a Cx T value of 60 ng-mn/L.

The times predicted for inactivation by chlorine

di oxi de and nonochl oram ne are consistently | onger using the
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multistate, distributive rate constant and two-popul ati on
model s. This reinforces the idea that the sinplicity of the
Chi ck- WAt son npbdel renders it unreliable-in predicting the
i nacti vati on ki netics of disinfectants over extended tine
peri ods.

For nonochl orani ne, conpari sons were al so made bet ween
the predictions for surviving fraction of viruses when
experimental data fromeither 60 ninute | ong or 3 day-I|ong
experiments were used. These results indicated that the
predicted tines for 4 log,Q (99.99 % inactivation differ
consi derably, with nore than an order of nagnitude

di fference predicted for HAV by the two popul ati on and

nultistate nodels. In some instances, 4 10g"Q (99.99 %

inacti vation tines could not be determ ned because the

model s i ncorporati ng a decreasi ng concentrati on of

di si nfectant predicted that the npbnochl oram ne woul d be
exhaust ed before this reduction could be achi eved. A caveat
can be inferred fromthe large differences in the predicted
times for 4 1og,(, (99.99 % inactivation when experinments of
different duration are used. Using data from experinents of
short contact tine (e.g. 60 mnutes) may severely
underestinate inactivation tine with respect to weak

oxi dants such as nonochl oram ne. Such experinents are bi ased
towards that fraction of viruses which have the higher rate
constant of inactivation. In |onger disinfection

experiments, where data exhibit retardant die-off kinetics,
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resulting predictions are based on a higher proportion of
data points derived fromthat part of the virus popul ation
exhibiting a slower rate constant of inactivation.

Several assunptions in devising the nodels when applied
to nonochl oram ne may not be valid for chlorine dioxide.
Therefore, these nodels shoul d be considered as an endeavor
to inprove and expand the current methodol ogy of nodeling
I nactivation kinetics. They should not serve as a
repl acenent for the current first-order nodel until nore
expansi ve applications of these nodels are tested on data of
many inactivation kinetic experinents.

CONCLUSI ONS

The results of this study indicate that
monochl oramne is a weak virus disinfectant, regardless of
pH Based on log,(, inactivation times, as observed in the
experinents and predicted fromthe various nodels,
monochl oram ne shoul d not be considered for use as a primry
disinfectant. In addition, its use as a secondary
di si nfectant should al so be cautioned due to its | ow
efficiency of inactivating viruses that may be introduced
subsequently into a distribution system( Snead, et al.,
1980) .

Chl orine dioxide was efficient in destroying both
viruses in a relatively short period of tine. If used at pH
values of 9 and above, it is a potent virucide. Athough it

Is used extensively in Europe as a primary disinfectant.
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nost water authorities in the U S. only use chlorine dioxide
as preoxidant to control for taste and odor problens or

limt the formation of THMs. This difference in treatnent
practices nmay be due to the current EPA recommendati on that
t he conbi ned residual of Cl102, Cl102-, and Cl03- not exceed
1.0 ng/l in finished drinking water. Recent research efforts
have indicated that the nost effective way to mnim ze the
fornmati on of chlorate ion is to avoid those conditions that
result in alowreaction rate, such as high pH values or |ow
initial reactant concentrations and the presence of free
HOCl-. Perhaps if these potentially harnful by-products
could be kept at a m ninmal concentration, the use of
chlorine dioxide in the US. wll increase.

As with the results of nodeling virus inactivation by
nmonochl oram ne, the tinmes predicted for inactivation by
chl ori ne di oxide are higher using the nmultistate,
distributive rate constant and two-popul ati on nodels. This
reinforces the idea that the sinplicity of the Chick-Wtson
nodel renders it unrelieible in predicting the inactivation

ki netics of disinfectants over extended tinme peri ods.

RECOMVENDATI ONS
Furt her disinfection studies should be conduct ed
using field sanples to determ ne whether the rel ative
resi stance of HAV and other enteric viruses existing in

natural waters and those cultured in the | aboratory have
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most water authorities in the U'S. only use chlorine dioxide

as preoxidant to control for taste and odor problens or

limt the formation of THMs. This difference in treatnent
practices nmay be due to the current EPA recomendati on that
t he conbi ned residual of C102, Cl102-, and C103- not exceed
1.0 ng/1 in finished drinking water. Recent research efforts
have indicated that the nost effective way to nininize the
formati on of chlorate ion is to avoid those conditions that
result in a lowreaction rate, such as high pH val ues or | ow
initial reactant concentrations and the presence of free
HOCl-. Perhaps if these potentially harnful by-products
could be kept at a niniml concentration, the use of
chlorine dioxide in the US. wll increase.

As with the results of nodeling virus inactivation by
nmonochl oram ne, the tines predicted for inactivation by
chl orine di oxi de are higher using the nultistate,
distributive rate constant and two-popul ati on nodels. This
reinforces the idea that the sinplicity of the Chick-Watson
nmodel renders it unreliable in predicting the inactivation

ki netics of disinfectants over extended time peri ods.

RECOMVENDATI ONS
Furt her di sinfection studi es shoul d be conduct ed
using field sanples to deterni ne whether the relative
resi stance of HAV and other enteric viruses existing in

natural waters and those cultured in the | aboratory have


NEATPAGEINFO:id=BA0949B0-1653-4316-979D-D4EEE689F28C


85

simlar inactivation kinetics. Different natural isol ates of
the sane enterovirus type can exhibit dramatic differences
in inactivation kinetics (Paynent and Trudel, 1985).
Furthernore, viruses repeatedly exposed to disinfectants

may becone sel ectively nore resistant (Bates, 1977).

Addi tional experinments should al so use paraneters of
virus quality and physical state, disinfectant dose and
residual, contact time, mxing and other hydraulic
condi tions which reflect conditions in actual water
treatnment plants and distribution systens. Studies should be
done ultimately with natural virus populations that tend to
be aggregated and solids-associ ated because such viruses may
be nore resistant to disinfection (Sobsey et al., 1991). It
woul d al so be valuable to use water that is not hal ogen
demand-free in order to exam ne and conpare the stability of
nonochl oram ne and chlorine dioxide in water nore typical of
nat ural systens.

The validity of using the C X T concept to ensure
safe drinking water needs to be reassessed when weak
oxi dants such as nonochl oram ne are being used. This nmay
al so be tzrue of stronger disinfectants such as chlorine and
chlorine dioxide where simlar retardant die-off Kkinetics

are observed under certain conditions.
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APPENDI X I
RAW DATA FROM DI SI NFECTI ON EXPERI MENTS
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TEST CONDi TI OSS. SHkC

SAMPLE PFU/ mi
m n.
EXP,
45900
1 34500
) 11900
10 8170
30 5330
60 4600
EXP
.33 . 25300
1 15300
12000
10 10100
30 9 480
60 8970
EXP.
0. 33 58600
1 44300
3 10600
10 8820
30 6520
60 55040
AVERAGE
0.33 513667
1 385667
3 93300
10 88267
30 56867
60 42433

Nt

©coo0o0o00

, pH 6;

I NO

. 466
. 282
. 221
186
175
165

1.1
0.2
0. 17

0. 12
0. 11

1,,09

0,,21

0,,09

0 degrees C, 'AS2

LOG N t/\o

-0

0. 01
. 011

-u. 57
-0.74

0. 92

-0. 33
-0.55
-0. 66
-0.73

0. 76

-0.78

-0.7

-0.7 7

- 0.
-0.
- 0.
- 0.
- 0.
-1.

0.91
0. 95

095
092

701
727
913
046

vco
VC60

VCO
VC60

VCO
VC60

VCO
VC60

93

PFU/ ' mi

47600
41200

PFL/ ml

71600
37000

PFUY m

56300
50300

PFU/ m

58500
42833. 33
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TEST CONDITIONS: N, K2Ci; pK 8; 5 degrees C, M2

94
SAMPLE PFU/ Nt / No LOG Nt/ No
m n.
EXP. i
0. 33 53000 1. 06 0. 027
1 3S00C 0. 783 -0. 106
3 9180 0. 184 -0.734 PFU/ m
10 8150 0. 164 -0. 786
30 5820 0.117 -0.932 vco 58000
60 4150 0. 083 -1.079 VC60 41500
EXP. 2
0. 33 58300 1.14 0. 057
1 43300 0. 88 - 0. 057
9330 0. 19 -0.724 PFU r al
10 8940 0. 18 -0.742
30 5300 0.11 - 0. 969 VCO 58700
60 4730 0. 096 -1.02 VC60 40000
EXP. 3
0. 33 44800 1. 069 0. 029
1 33400 0. 797 - -0.1
3 9480 0. 226 -0. 65 PFU/ mi
10 9390 0. 224 -0. 65
30 5940 0. 142 -0. 84 VCO 49000
60 3850 0. 092 -1.04 VC60 34800
AVERAGE
. oo 52033 1 0897 0. 0377
1 38567 0. 8200 -0.0877
3 9330 gy 2000 -0. 7027 PFLVmMi
10 8827 0, 1893 -0. 7260
30 5687 i).. 1230 -0.9137 VCO 55233
60 4243 0, 0903 -1. 0463 VC60 38767
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5 degrees

TEST COSDITIONS:  NK2G;  pH
SANVPLE PFU M Nt/ No LOG
m n.
EXP. 1
0. 33 8940 0. 83 -0.08
1 8410 0.78 -0.11
3 6760 0. 63 -0.2
10 3730 0. 35 -0. 46
30 1790 0. 17 -0.78
60 1880 0. 17 -0.78
EXP. 2
0. 33 9300 0. 22 -0.6
1 9180 0. 22 -0. 67
3 8000 0. 19 -0.73
10 6450 0. 15 -0.82
30 4090 0.1 -1.02
60 2390 0. 06 -1.25
EXP. 3
0. 33 11500 0. 258 -0.59
| 9330 0. 21 - 0. 68
3 8600 0. 193 -0.714
10 7030 0. 158 -0. 801
30 4420 0. 099 -1
60 2800 0. 063 -1.2
AVERAGE
0. 33 9913 0. 4360 -0. 233
1 8973 U. 4033 - 0. 4867
3 7787 0. 3377 - 0. 5480
10 5737 0. 2193 - 0. 6937
30 3433 0. 1230 -0.9333
60 2357 0. 0977 -1.0767

N t/ No

C M2

95

PFt;/m
vCco 11800
VC60 9800
PFU m
VCO 54000
VC60 30900
PFU/ ni
VCO 49100
VC60 40000
PFU/
VCO 38300
VC60 26900
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TrST LONDITI'jN
SAMPLE FFi ./ m
mi n.
[ XP. i
u . Aj 32300
1 31 100
3 26400
10 24 100
30 15000
60 8400
EXP
0. 33 24800
1 21200
3 17600
10 13600
30 8730
60 6970
EXP. 3
0. 33 34400
i 28900
3 24200
10 18600
30 13000
60 6520
AVERAGE
0J 1 i 0500
1 2706 7
3 22733
10 18767
30 12263
60 7297

sH'G; pH

Nt/ No

88’
854
. 725
562
.412
20 i

=ooooo

0.8
. 69
57
.44
28
23

©coooo0

[

.04
0. 88

0. 564
0. 394
0. 197

9090
8080
6750
5553
3620
0. 2193

6;

5 degrees

LOG N t/No

« 0. 052
-0.07
-0. 14
-0.18
0. 377
- 0. 63

-0.16
-0. 25
0. 36
-0. 55
0. 65

0. 018
-0. 058
-0. 135

-0.25

-0.41
-0.704

-ii 0447
-0 0960
-0 . 1750
-0, 2633
-0 . 4457
-0 .6613

HAV

PFU mi
*vCO 40000
e v" 60 32700
PFU/ m
VCO 33000
VC60 28800
PFU/ mi
VCO 34700
VC60 31200
PFI /m
VCO 35300
VC60 30900

96
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TEST COS DITICSS; S H2CG ; pH 8 ; 5 degrees C HA

SAMPLE

mn .

t Ar . I

10
30
60

EXP,

. JO

10
30
60

EaP ,

i O
30
60

AVERAGE

-

10
30
6i."

FFU m

00
25800
21200
17030
6450
Ul U

33800
23800
; 12000
11100
5870
5300

20900
18800
14500
9090
6670
5330

28800
2 283;->
19233
12407
6 330
5547

O O o o0 - o

N t/No

984
804
. 658
529
0.2
187

cooo

e

1. 037

0. 675
0. 34
0. 18

0. 163

0. 92
0. 83
0. 64

0.4
0. 29
0. 2: -

9803
7880
6577
4230
. 2233
1933

LOG Nt/ No

- 0. 007
- 0. 095
-0. 186
-0.277
-0. 698
-0.729

0. 016
-0.137
-0.171
- 0. 468
-0.745

-0.7S

-0. 04
-0. 08
-0.19

-0.4
-0.53
-0. 64

- 0. 0103
-0. 1040
-0. 1823
- 0. 3817
-0. 6577
-0. 7197

VCO
VC60

VCO
VvC60

VCO
VC60

VCO
VC60

97

PFLVmM

3 3900
30500

PFU/ n

35600
30300

PFU/

25000
20300

PFL/ m

3 1500
27033
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THST CONDI TIONS: NH2(. i

S. vIMPLt
mn .

10
30

EXP. 2

10
30
60

EXP. 3

A . ER ACE

.03

10
30
60

PFL/ m

36 7 00
1 0800
3640
5970
2030
13S0

16600
10200
8120
50':)0
4610
294 0

11500
9330
8600
7030
4420
2800

21600
10110
87fc7
600u
3687
2377

Nt/ No

i . 07
0. 66
0. 52
0. 323
0.29 7

0. 258
0. 21
0. 193
158
. 099

©c©°

7393
. 3767
. 3143
. 2Cm0
. 1187
. 0343

Log Nt/ No

-0. 05
-0 . 56

-0. 84
-1.31
-1.47

-0.182
-0. 281
-0.491

-0.53

-0.722

-1 .

-0.59
-0. 68
0.714
0. 801

-1
1.201

203: . -.
480 7
3417
7107
9467
1310

, pH 10; 5 degrees C K Al

vco
VC60

VCO
VC60

VCO
VC60

VCO
VC60

98

PFQ' m

48800
33600

PFL/ m

13800
17300

PFU/

24320
25600

PFL/ m

28973. 33
25500
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TEST . " ONDI TI ONS:

SAM Lc.

mn .

tL\t

i O

30

60
i -540
2880
4320

EXP.

10
30
60

1440
2880
4320

AVERAGE

10
3G
60

1440
i;sso
4 32v:'

PFIl /

4460000
1920000
4170000
2780000
2030000
113000
71500
29600

2770000
1040000
739000
536000
126000
67600
39700
24200

3615000
1480000
2454500
1658000
10 7 8000
90300
55600
26900

"\ H2G

Nt / No

(0]

o

Ooo0o0O0Oo0o

©Cooooo

. 2114
0. 091
. 1976
. 1318
. 0962
0054
. 0034
. 0014

1.4
. 525
. 373
. 271
. 064
. 034
0. 02
0. 012

OO0 O0oo

. 8057
0. 308
. 2853
. 2014
. 0801
. 0197
. 0117
. 0067

; pH 8; 5 deg.

LOG Nt/ No

-0.6749
-1.041
-0. 704

-0. 88
-1.017
-2.271

-2.47
-2.85 3

0. 146

-0. 28
-0.428
-0. 568
-1.196
-1. 467
-1.698
-1.913

- 0. 26445
- 0. 6605
- 0. 566
-0.724
-1. 1065
-1.869
-2.084
-2.383

M5 2; 3-day

vCco
VC60

VCSday

VCO
\ C60

VL3day

VCO
({ilele}

VC3da. v

99

PFU/ i

21500000
29400000
12400000

PFU/ m

2210000
2050000
1690000

PFU/ mi

11855000
15725000
7045000
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ol el el ol el el ol

=

(

AN

|f-.

TEST CONDI TI ONS;
SAMPLE PFU/ mi
nm n.
EXP. 1
0. 33 80600
3 29700
10 26400
30 11300
60 10400
1440 6880
2880 6520
4320 6220
EXP. 2
0. 33 342000
3 196000
10 157000
30 92700
60 1100
1440 3240
2880 1030
4320 1480
EXP. 3
0.33 32700
3 41500
10 17900
30 19000
60 4720
1440 1300
2880 1030
4320 830
AVERACE
0. 33 151767
89067
80 67100
3 41000
60 5407
1440 3807
2880 2860
4320 2843

NH2CLl; pH 8; 5 deg. C HAV, 3-day

Nt / No

. 364
. 503
. 447
. 191
. 176
. 116
0.11
0. 105

O000O0 R

0.776
0. 444
0. 356
0. 2102
0. 0249
0. 007
0. 002
0. 003

0. 142
0. 18
0. 078
0. 0823
0. 02
0. 006
0. 0045
0. 0036

. 761
. 376
. 294
. 161
. 074
. 043
. 039
. 037

OO0OO0O0O00OO0OO0

LOG Nt/ No

0. 135
-0. 299

-0.35
-0.719
-0. 755
-0.934
- 0. 957
-0.978

-0.11
- 0. 352
-0. 449
-0.677
-1.603
-2.134
-2.632
-2.474

-0. 849
-0.746
-1.111
-1.085

-1.69

-2.25
-2.351
-2.4450

-0. 275
-0. 466
-0. 637
-0. 827
-1.349
-1.773
-1.980
-1. 966

VCO
VC60

VC3day

VCO
VCG60

VC3day

VCO
VC60

VC3day

VCO
VC60

VC3day

PFU/ i

71400
62800
43000

PFU/ i

939000
205000
180000

PFU/ m

426000
43900
35500

PFU/ ni

478800
103900
86166. 67

100

ol SN

p 0

— = =T
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TEST i;00DTIQS; \HLi; 5 deg. C  >ICELING M2
101
SAVFLH FFL/ mi M No LOG Nt/No

m n.

St andard no  suppl enent

205000 0. 435 -0.:56i

100000 0.212 -0.673

10 83800 0. 178 -0. 75
30 70000 0. 149 - 0. 828
60 15600 0. 033 -i . 48
1440 5780 0. 012 -1.811
2880 4650 0.0 - 2. 006
4320 3470 0.00 7 -2. 133

suppl enent al

Vi rus
3 32S000 0, 06 I -0. 27
30 136000 0, 222 -0. 654
60 88700 0, 145 -0.84
1440 4 3500 0, 071 -1.149
2880 34 700 0 057 -1.247
suppl enent al
NH2 Ci
3 3330 0, 007 -2. 151 PFU mi
30 2830 0, 007 -2.151
60 1620 0 003 -2. 464 VCD 659000
1440 1670 0, 004 -2.45 VC60 514000
2880 1300 0 003 -2.559 VC3day 242000


NEATPAGEINFO:id=4AB3430F-5800-4C06-B7C6-BACA8136D13A


102

TEST (."ONLiI TIOnS ; NH2G ; 5 deg o @iCDEL LMl i

SAMPLE PFL/ mi St/ No LU.j ;\t./No

mn .

St andard no suppl enent

u. 33 121000 0. 284 - 0. 5466
3 10900 « i 0. 256 -0.592
iO 93700 0. 22 -0. 6576
30 61000 0. 143 -0.84 41
oO 46400 0. 109 - 0. 9629
1440 4270 0.01 -1.999
2880 2890 0. 007 -2.1685
2700 0 . 006 -2.198

suppl ement a

Vi rus
965000 57 34 0. 1985
30 685000 1211 0. 0496
50 532000 8707 -0.06
1440 8850 0145 -1.838
2880 7700 0126 -1.8996
suppl enent a
:nH2C1
2300 0, 007 -2.2677 PFU i
30 " " 0, 006 -2.3241
60 1980 0, 005 -2.3241 VCO 470000
2230 0, 005 -2.2611 VC60 383000
2880 16 20 0. 004 -2.42 VC3day 84500
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103

TEST CONDI TIONS: NH2C1; 5 deg. C, MODELING HAV

SAMPLE rsrl /m Nt/ No LOG .\ z /So
mi n.

St andard no suppl enment

0.33 102000 0.5231 -0.2814
3 84200 0. 4318 20.3647
i O 55800 0.2862  .0.54 34
30 37700 0.1S33 -0.7137
60 5880 0.0302 -1.5207
14 40 5180 0. 0266 -1 .5757
2880 4760 0.024 -1.6124
4320 2590 0.0133 -1 .8767
suppl enment al
VI rus
3 5330000 8514 -0 0698
30 4320000 7359 -0 1046
60 689000 1101 -0 9583
1440 545000 0871 -1 0602
2880 456000 0728 -1 1376
suppl enent al
N H2G
g 2590 0.0133 _1.6(01 PFU m
30 2020 0. 0104 -1.9847
60 1 530 0.00 78 -2, 10.53 vco 230000
1440 1n00 0.008L -2,0859 VCB0 1'5900(;
2880 6.7 U. 0032  -ij..49s7 VC3day i CoOCoO
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104

1t?. 1 "SDITiIiOXS: SH2Ci D aeg MODELI NG i | ; HAV
SAMPLE t-r L/ mi >t 1 No LOG N t/ No
mn .

St andard no suppl enent

0.-33 120000 .28 - 0. 369
3 950Uu 0 336 -0. 47

io 74500 0 265 -0.576
30 20500 u 073 -1.136
60 i 5600 0 056 -i.255
14 40 12800 0O 045 -1.341
2880 i 1500 0 041 -1. 388
4320 0. 0133 -1.513

suppl enent al

Vi rus
3 / © auuuU 218 0. 086
30 5020000 0.8 - 0. 097
60 2080000 332 -0.479
1440 14 70000 234 -0.63
2880 106000 169 -U.7 72

suppl enment al

NH2C1
3 7860 0. 028 -1 .553 PFU mi
30 688 0 0. 024 -1.611
60 52- 10 0. 019 -1.73 vco 377000
1440 4680 0.017 -1.778 \VC60 300000
2380  5i 240 0. 014 -1.853 VC3day 165000
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TEST CONDI TIONS: Ci02; pH 8; 5 degrees C, :'1S2

106
SAMPLE PFU/ m Nt / No LOG Nt/ No
m n.
EXP. 1
. 33 194000 0. 469 - 0. 329
1 187000 0. 452 - 0. 345
3 8550 0. 021 -1.685 PFW m
10 5150 0. 012 -1. 905
30 5850 0. 014 -1.85 VCD 524000
60 33 8E- 05 -4.099 VC60 303000
EXP,
. 33 213000 0. 88 - 0. 055
1 185000 0. 765 -0.117
3 655 0. 027 -1 .567 PFU m
10 491 0. 02 -1. 693
30 421 0. 017 -1 .76 v CO 275000
60 100 0. 0004 -3. 384 VC60 209000
EXP. 3
0. 33 2820 0. 215 - 0. 667
1 1830 0. 14 - 0. 854
3 1780 0. 136 -0.867 PFU mM
10 1240 0. 095 -1.024
30 906 0. 069 -1.16 VCO 18800
60 500 0. 038 -1.418 VC60 7410
AVERAGE
0. 33 135607 0. 5213 - 0. 3503
1 124610 0. 4523 -0 4387
3 3B62 0. 0613 -1 .3730 FFU/ m
10 224 0. 0423 -1 5407
30 2392 0. 0333 -1 5900 VCO 272600
60 211 0. 0128 -2 9670 VC60 173136. 7
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rEST COND ITIGSS ; Ci02; pK 10; 5 degrees C,

SAVPLE

m n.

cvr - [}

. 33

-

10
30
60

EXP. 2

. 33

10
30
60

EXP.

10
30
60

AVERAGE

W = w

10
30
60

33
33
33
33
33
33

33
33
33
oo
33
33

oo
33
33
33
33
33

LOG Nt/ No

Nt / No

0. 0001 -3
0. 0001 -3
0. 000 1 -3
0. 0001 -3
0. 0001 -3
0. 0001 -3
0. 0006 -3. 238
0. 0006 - 3. 238
0. 0006 -3. 238
0. 0006 -3.238
0. 0006 - 3. 238
0. 0006 -3. 238
0 0006 -3 213
0 0006 -3 213
0 0006 -3 213
0 0005 -3 ~ xo
0 0006 -o 213
0 0006 -3 213
0 .000 4 -3. 1503
0 oox4 7 1503
0 . 0004 -3. 1503
0 . 0004 -3. 1503
0 . 0004 -3. 1503
0 ,00042 -3. 1503

"e15 2

VCG
VC60

VCD
VCG60

VCO
VC50

VCO
VC60

107

FFL/

38800
28800

PFU m

108000
6100

PFU/ m

100000
7780

PFU m

82266. 67
14226. 67
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I Cst

"."ONu I T i ~ANS ;

SAMPLE prL/orni
mn .
=. Ar
. 33 92400
1 42100
3 o4uu
10 1590
30 933
60 238
EXP. 2
. 33 29500
1 56 50
3 1910
10 1470
30 683
60 183
EXP.
>, 33 6700
1 8630
3 1830
10 T
30 766
60 433
AVERAGE
33 4 9533
i 18793
3 4047
10 1342
30 794
60 285

".."ii"2; pH o;

Nt/ No

O 0O © O <@ o

. 811
. 36s
. 074
. 014
008
. 002

©oooo0o0

0. 583
0. 131
0. 044

0. 016
0. 004

516
167
035
019
015
008

o ooop oo

5700

0510
1243
0130
0047

LOG st/ No

-0. 091
-0. 433
-1. 133
-1. 856
-2.037
-2.68

-0. 166
- 0. s8C
-1.354
-1. 468
-1.801
-2.373

- 0. 287
-0.778
-1.451
-i.729
-1. 829
-2.077

6 380
3127

- 6343

9057
-2 3767

5 aesr-aes C, HAV

vco
VC60

VCO
VC50

VCO
VC60

VCO
VC6u

108

PFU/ ra

120000
108000

PFU/ m

4500
40500

PFU/ mi

69600
33800

FFU/ i

7 8500
60766. 67
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JEST CO M DI TI ONS

SAMPLE PFU/ mi
m n.
x?. 1
0. 33 107 00
1 5060
3 4750
10 600
30 100
60 10
EXP.
0. 33 11300
1 3240
3 2060
10 1390
30 867
60 400
EXP.
0. 33 35700
1 8940
3 3670
10 1970
30 200
60 33
AVERAGE
0. 33 19557
1 5747
3 3493
10 1320
30 389
60 148

Cl& ; pH 8; 5 degrees C

St / No LOG Nt/ No
0. 744 20. 128
0. 352 -0.454
0. 33 -0. 481
0. 042 -1.38
0. 007 -2. 158
0. 0007 -3.158
0. 312 - 0. 505
0. 09 -1.048
0. 057 -1. 245
0. 038 -1.415
0. 024 -1.62
0. 011 -1. 956
0 . 856 - 0. 058
0. 208 - 0. 681
0. 086 -1. 068
0. 046 -1. 338
0. 005 -2.331
0. 0008 -3.114
0. 6373 -0.2337
0. 2167 -0.7277
0 1577 -0.9313
0, 0420 -1.877f
0 0120 -2. 0363
0 0042 -2.7427

I_iAI

PFU/ i

vco 24200

VCG60 4550
FFU/ m

VCO 56400

VC60 5950
PFU m

VCO 60900

VC60 24800
FFU/ i

50500

11766. 67

109


NEATPAGEINFO:id=BCA82413-8603-4754-A746-A3AFCBA91B7F


TEST CGNDITIGn'S ; Ci02; pH 10.; 5 degrees C KAV

110
S. aMFLE PFU/ m Nt / No LOG Nt/ No
m n .
c\r . 1
0.) 33 0. 0006 -3. 216
i 33 0. 0006 -3.216
3 33 0. 0006 -3. 216 PFU m
10 33 0. 0006 -3.216
30 33 0. 0006 -3. 216 vco 105000
60 33 0. OUO6 -3. 216 VC60 3670
EXP. 2
.33 742 0. 0043 -2.369
367 0. 0021 -2.674
3 17 0. 0001 -4 ?FU/ m
10 17 0, 0001 -4
30 17 O OO -4 VCO 295000
60 17 0. 0001 -4 VC60 51700
EXP. 3
0. 3: i 0. 0006 - 3. 255
1 i 7 0. 0006 - 3. 255
3 17 0. 0006 - 3. 255 PFU m
10 17 0. 0006 - 3. 255
30 17 0. 0006 - 3. 255 VCO 54700
60 17 0. 0006 - 3. 255 VC60 6520
A' VERAGE
0. 53 «J . Wi 3 94.
1 139 0. 0011 - 3. 0483
3 0. 0004 - 3. 4903 PFU/ m
10 0o 0. 0004 - 3. 4903
22 0. 0004 - 3. 4903 VCO 151566. 7

60 22 0. 0004 - -3.4903 VC50 20630
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TEST CONDI TIONS: Ci02; pH 9; 5 degrees C, HAV

111
SAMPLE PFI /M Nt / No LOG Nt/ No
m n.
EXP. 1
0. 33 17 0. 0002 -3 . 5959
1 17 0. 0002 - 3. 6959
3 17 0. 0002 - 3. 6959 PFU m
10 17 0. 0002 - 3. 6959
30 17 0. 0002 - 3. 5959 VCO 124000
60 17 0. 0002 - 3. 6959 VvC60 44800
EXP,
0. 33 383 0. 0278 -1.5567
1 17 0. 00123 -2.9094
3 17 0. 00123 -2.9094 PFU mM
10 17 0. 00123 -2.9094
30 17 0. 00123 -2.9094 VCO 189000
60 11 0. 00123 -2.9094 VC60 88300
AVERAGE
0. 33 200 0. 014 -2.6263
1 17 0. 000715 -3. 30265
3 17 0. 000715 -3. 30265 PFW mi
10 17 0. 000715 - 3. 30265
30 17 0. 000715 - 3. 30265 VCO 156500
60 17 0. 000715 - 3. 30265 VC60 66550
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Il rail ONDI fi ONS:

SAMPLE
tnin .

EXP,

.33

10
30
60

EXP,

10
30
60

A\ " ERAGE

f'FL /nx

i 6'60
1 bo
200
17
17
11

985
d7
17
17
17

933
773
20 7
27

o
164

i02 ; pH?9

Nt/ \o

U . 0348
v 0146
0, 0037
0 0003
u . 0003

0. 0239
0. 0143

0. 001
0. 0002
0. 0002
0. 0002

0. 0189
0. 0157
0. 0042

0. 00055
0. 00034
0. 00034

0. 02586
0. 01486

0. 0141

0. 00026
0. 00028
i-. 00028

LOG KX. /" <o

-i.4582
-1 .835&
-2.4314
-3. 5019
-3. 5019
-3. 5019

-1.6221
-1. 8435

-3
- 3. 6065
- 3. 5065
- 3. 6065

-1.7237
-1. 8054
-2.3778
-3. 2624
-3. 4633
-3. 4633

-1.6013
-1. 8283
-2.603 1
-3. 4569
- 3. 5239
-3.5239

5 degrees O0;

vco
VC60

VCO
VC60

yc 0
VCB0

VL U
VC 6 0

FFI /7 m

64400
43600

PFU m

74000
63300

PFU m

78700
20000

PFU/

72371) 6 .67
4 2 300

112
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APPENDI X 11
DI SI NFECTI ON EXPERI MENTS W TH ERROR BARS

113
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0. 500

0. 000

- 0. 500-

-1. 000

-1. 500

-2. 000

20

NH2Cl ;

pH 6; MS2; 5 deg. C

error bars Indicate 1 standard devi ati on

O Q

20 4 O S O SO 100

Time (mn)
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w0

NH2Cl ;

0. 500

pH 8; MS2; 5 deg. C

error bars indicate 1 standard devi ati on

0. 000 - 4

- 0. 500-
1. O00-
-1, 500

-2. 000
- 20 O

ao

20 4 0O S O 80 100

Time (mn)
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NH2Cl; pH 10; MS2; 5 deg. C

0. 500
error bars indicate 1 standard devi ation

0. 000
0.500 4-
.1.000 +

-1.500 +

2. 000
- 20 20 4a0 S O 100

Time (mn)
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2:

0. 200

0. 000-

- 0. 200-

- 0. 400-

- 0. 600-

- 0. 800-

-1. 000
20

NH2Cl ;

error

pH 6; HAV; 5 deg.C

bars indicate 1

st andard devi ati on

20 4 O S O 100

Time (mn.)
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NH2CI; pH 8; HAV: 5 deg. C

0. 200
error bars indicate 1 standard devi ation
0. 000

0. 200

0. 400 +

-0. 600 +
-0. 800 +

-1. 000
20 O 20 440 S O 80 100

Time (mn.)
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NH2Cl: pH 10; HAV: 5 deg. C
0. 500
error bars indicate 1 standard devi ation
0. 000
- 0. 500-
1. 000-

-1. 500

2. 000


NEATPAGEINFO:id=C9F6F4FF-8B4B-476F-A324-515D123F6CC9


3-day exp.; NH2Cl; pH 8; MS2: 5 deg. C

error bars indicate 1 standard devi ati on

1000 O 1000 2000 3000 4000 5000

Time (mn)

02
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3-day oxp.; NH2Cl; pH8; HAV, 5 deg. C

error bars indicate 1 standard devi ation

- 1000 0 1000 2000 3000 4000 5000
Time (mn.)
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CL02; pH 6; MS2; 5 deg. C

error bars indicate 1 standard deviation

220 20 4ao 60 8O0 100
Tinne (mn.)

122


NEATPAGEINFO:id=BB068E89-877B-4FD1-ADF6-1DF9AC6FF528


CLO2; pH 10; MS2; 5 deg. C

-5
-1.000  -0.500

0.000

er=detection limt

error bars indicate 1 standard deviation
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EPA DI SINFECTION : CLOZ ; pH 8 : M2

error bars indicate 1 standard deviation
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CL02; pH 6; HAV, 5 deg. C

error bars Indicate 1 standard deviation

NN"T NN

125


NEATPAGEINFO:id=27DC64A1-D67B-48DC-9ADA-4CA5666A0AEF


1n

126

CL02; pH 8; HAV, 5 deg. C

error bars indicate 1 standard devi ation
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CLO2; pH 10; HAV; 5 deg. C

errors bars indicate 1 standard devi ation
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FI GURE 10
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