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PREFACE

. This book describes the chemical and microbiolagical basis of the treatment
of drinking, swimming and wastewater with chlorine, bromine, iodine and
ozone. ‘The main concern of water disinfection practice.long has been with
chiorine and its effectiveness in killing bacteria. Today, toxic compounds
formation as a result of chlorination, and the questionable efficiency of
chlorine as a bactericide and also as a cyst- and virucide, prompt the need
for critical analysis of the alternatives to water disinfection by chlorine. The
primary objective is better control of water chlorination and/or disinfection
with other chemicals—to. produce a minimal impact on man and our environ-
ment. Control of water disinfection practice is presented by discussing
~ analytical methods available to assure that the minimum concentration of -
disinfectant has been added, consistent with the combined objectives of
microbiological safety and minimum environmental impact.

Chemistry of water chlorination is discussed because the analytical
methodology measures the effective disinfectant forms of free available
chlorine, hypochlorous acid, as well as many relatively poor disinfectants
such as hypochloride ion and the chloramines. Judging the effectiveness
of microbiological disinfection depends on the quantitative assessment of
the germicidal efficiency of the disinfectant. The concentration of the ef-
fective chemical species of disinfectant, multiplied by the time that this
concentration has been in contact with the microorganism to be disinfected,

equals the total dose. However, this total dose response to disinfection
* processes is not simple, but requires careful treatment and analysis.

This volume answers the question of how to assess efficiency of disinfec-
tion so that the process can be controlled with an analytical method of
required selectivity, at the minimum necessary and desirable concentration
(avoiding cost and toxicity problems caused when excess disinfectant is
used). '

Unfortunately, many problems are associated with the safety of handling
gas chlorine, such as toxicity, tastes and odor, and also the ineffectiveness



of chloramine residual. This makes it necessary to continue the search for
better disinfectants and application methods in water and wastewater treat-
ment. Bromine, bromine chloride, iodine and ozone have recently enjoyed
considerable renewed interest as possible alternates-to chlorination. The -
chemistry and microbiological efficiency of these disinfectants is discussed

and compared (among themselves, and especially with chlorine) in their-

effectiveness against the more difficult to disinfect microbiological systems:
viruses and cysts.

Sanitary engineers, chemists and blologlsts, as well as water and waste-
water treatment plant personnel will find practical data on how to do a
better job in treating their water and wastewater. Tools are also presented
for developing a more critical understanding of the disinfection process,
for the classical old as well as the new, soon to be tried water disinfectants.

Much of this volume evolved from conferences sponsored by the division
of environmental chemistry of the American Chemical Society. Congideriible
additional material thén was required to make a complete arid useful book.

J. Donald Johnson
Chapel Hill, June 1975
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' CHAPTER 1

ASPECTS OF THE QUANTITATIVE ASSESSMENT
OF GERMICIDAL EFFICIENCY

J. Carrell Morris

Division of Engineering and Applied Physics
Harvard University )
Cambridge, Massachusett

Although the bases for the quantitative expression of the effectiveness
of germicidal agents have been known for more thag 60 years, there has ..
been relatively little application to the systematic tabulation of the relative
potencies of disinfectants. Only a very small fraction of the total published
literature on germicidal action is sfficiently complete or in form suitable
for satisfactory quantitative analysis. Moreover, there is no consensus on
which method of tabulation is most convenient. Probably the most com-
Mon technique is to list the concentrations required to give a fixed percent-
age of kill with a given time of contact, but there is no unanimity with -
regard to either the percentage or the time. Other workers prefer to use
the Chick’s Law constant as a measure of relative effectiveness.

In recent years interest in germicidal research has been siimulated by
concern for disinfection of wastewaters and inactivation of pathogenic
viruses. A growing fraction of these studies give full attention to the dy-
namics of the germicidal process, providing the sort of information that
can lead to fundamental tabulations. . »

It i time to try to achieve some general acceptance of terminology and
forms for presentation of germicidal data. Proposals will be made in this
paper in the hope that any discussion initiated will lead to a rational, sys-
tematic, and broadly accepted concordance of dxsmfectant efficiency for
aqueous solutions.
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THE SPECIFIC LETHALITY COEFFICIENT

Let us begin with a presentation of hypothetical but typical germicidal
data in which the logarithms of the surviving populations of organisms, N,
are plotted as a function of t, the time of contact of germicidal agent with
the organisms, as shown in Figure 1-1. Often the data points for such a
study are made to relate by a smooth curve of some sort, such as that of
the dashed trace in Figure 1-1. Any such smoothed curve represents some
degree of conceptualization, however; the soundest way to relate such data
is empirically to connect the adjacent points by straight lines, as shown by
the solid traces in Figure 1-1. '
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Figure 1-1. Graphical representation of model germicidal data.

N = numbers of viable organisms per standard unit sample
t = time of action of germicidal agent.

Each line segment connecting adjacent points may be represented by an
equation

fn (Njy /ND = -N (4 -
=\ A 1))

where - is the slope of the line. These equations may also be written
Nj, = N; exp (-NAti) (¥))
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Moreover, the total decrease in N over the total t intervals of time is given
by the expression

t .
N, = N, exp (-iz:l KiAti) _ 3

There is no requirement that the successive A; values be the same. When.
they are, the data conform to Chick’s Law, but in the general case the N
may vary with the course of the germicidal action as a result of changing
response of the organisms, of changing concentration or form of germicide,
of changing temperature, or possibly other factors. Depending on the
situation A may be treated as a function of the time or as a function of
the surviving fraction of organisms, Nt/No

It should be noted also that, in common with: other ﬁrst-order processes,
the summation of equation (3) gives the same result as would be obtained
if all the intermediate points were lgnored and equation (2) were written
simply for N and N_.

The parameter, >\ is a reflection of the ease or rapidity thh which the
organisms are destroyed or inactivated. It may, therefore, be termed, ap-
propriately, the susceptibility coefficient. It contains, as some kind of
factor, the concentration of the germicidal agent, the dependence being
generally expressed in the form

N=Ag" @
where n is called the coefficient of dilution. Substitution of this relation
into the term ZAAt, of equation (3) then gives the expression

Z\Ay = z Aicin At )
1 1
When C; is unity, the right side of this equation reduces to Z AAt.

Values of A, relate to the germicidal process in two waysl one, they
indicate the sensitivities or resistances of organisms to inactivation; two,
they give the relative potencies of disinfectants at unit concentration. Ac-
cordingly, A may have two designations, one the specific susceptibility
coefficient when organisms are compared, the other the specific lethality
coefficient when germicides are compared.

Since there is no dependence on concentration of germicide in A, any
-variation in this parameter at constant temperature should involve the
properties of the organisms being inactivated. Indeed, the most likely
explanation for the variations in the logarithmic rate of inactivation at
constant temperature and concentration of germicidal agent that are com-
monly observed in laboratory studies of disinfection appears to bea
clumping or aggregation of the organisms. Yet it is not at all clear that
this behavior is a fundamental property of the organisms, for the methods
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employed to culture and purify highly concentrated populations of micro-
organisms so that large N values may be realized may serve also to induce
clumping. '

If this is the case, then natural populations of the microorganisms should
exhibit A values more nearly constant throughout the disinfection process,
with values characteristic of isolated rather than clumped organisms. Asa
xeroth approximation and to facilitate additional considerations, it will be
assumed throughout the remainder of this paper that A is a constant for a
given reagent and organism at a specified temperature. The objective of
quantitative germicidal studies then becomes the evaluation of values for
A—specific lethality coefficients.

A problem that remains is the estabhshment of a single parameter equiva-
lent to A for germicidal reactions in which X is found to vary significantly
during the course of the action. Methods are available for particular forms
of variation; some of these appear in articles in Disinfection.”' Discussion
of such individual evaluations is beyond the scope of this chapter.

THE GERMICIDAL DOSE

If A is constant throughout the course of germicidal action, then equa-
tion (3) becomes

(N /N) =AZ ci"Ati )
1

The latter part of this expression, Ci“Ati, which can also be written as
1

fCMdt for situations in which the concentration of agent changes continu-
ously as a function of time, may be termed the germicidal dose. Then

dose =D = Z C"Ay, = f! c"at ™M
1

E. L. Hall has fruitfully utilized this concept of dose to assess the effec-
tiveness of chlorination in waters with considerable demand.? In his pre-
sentation, however, the additional simplification was made that n = 1.0, so
that equation (7) was reduced to

D= ZCAY = fcat
: i
b

Hall justified this simplification at some length for the germicidal species
and organisms with which he was concerned. The simplification appears
broadly-applicable to other systems, at least in approximate fashion and
provided the data are used for the same order of magnitude of concentra-
tions as those from which they were obtained. Most of the evidence for
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n values much different from unity with potent aqueous germivides is based
on scanty or unreliable data. It is difficult to carry out experiments over
a wide range of concentrations to establish n reliably without encountering
serious problems of bias in the measurement of time or of concentration.

TABULATION OF SPECIFIC LETHALITY COEFFICIENTS

Whether the simplification that n.= 1.0 is used, the fundamental germi-
cidal equation with A constant can be written in the form

N, =N, exp(-AD)

where D is the dose as defined previously. For further discussion the sim-
plified formulation D = fCdt will be used, however.

The particular dose, D = X!, can now be called a lethal unit or a lethe
of the germicide under cons1demhon It is the dose required to reduce N,
to No/e. So, it is equal to the constant concentration needed to reduce No
to No/e within unit time. The specific lethality coefficient, A, then is also
the number of }éthes provided by unit concentration for unit time.

There is a question of units for parameters like A and Dy . For practical
reasons of size, intelligiblity and ease of application, I favor the use of mg/l
~ and minutes as the standard concentration and time units respectively.
Molar units of some sort are needed for theoretical comparisons, but such
units are not likely to have broad engineering utility. B

The use of specific lgthality coefficients or some similar parameter for
comparison of the potencies of germicides has the major advantage that the
number is greater the more potent the agent, whereas tabulations of con-
centrations yielding a' specified fraction of inactivation in a certain time
exhibit the inverse relation. So, also, do tabulations of times neqmred for
a specified fraction of kill at a standard concentration. ‘

Values of A can, however, be obtained readily from the other types of
data. For example, this author presented in 1967 a tabulation of concen-
trations giving 99% inactivation of organisms within 10 minutes.> The
equation

Nt/No = exp.(- ACt)

then becomes
0.01 = exp(- ld AC99:10) I .

from which k

10 AC99:10 .= 4.6

A= 0.46/C99:10



6 Disinfection—Water and Wastewater

Values of A so computed from the 1967 tabulation are shown in Table
1-1.

Table 1-1. Values of A at 5°C
Ain (mg per 9 (min)™

Enteric Amoebic
Agent Bacteria Cysts Viruses Spores
O3 500 0.5 5 2
HOCl as Cl, 20 0.05 1.0 up 0.05
OCI" as Cly 0.2 0.0005 <0.02 <0.0005
NH,Cl as Cl, 0.1 0.02 0.005 0.001
THE KILLING TIME

One of the problems encountered in simplifying the results of germicidal
studies is the lack of an adequate concept of complete kill or inactivation,

* either practically or theoretically. Theoretically the percentage of inactiva-
tion according to standard equations is always something less than 100.
Practically, the number of surviving organisms is reported as less than one

per 0 many milliliters because of limitations of test methods and sample
sizes.

There is a way around th1s dilemma, making use of the idea of a “whole-
life” developed by H. A. Thomas for radioactive decay processes,® but
equally applicable to any other first-order process with constant A. The
presentation that follows is essentially his, with some embellishments and
emendations.

Assume a population of N, particles—organisms in this. instance—with a

_ die-away parameter, A, such that

d&nN/dt= A

The probability that a given organism will survive for a time period of
zero to t is exp(-At). The probability that it will die or be inactivated is
then equal to 1 -exp (-At). With an initial N, organisms at t = 0, the
probability that exactly x of these will have died or been inactivated for
the interval zero to t is the product of the probabilities for each of x or-
ganisms to die and each of (Ng-x) to survive. This is given by

No
P(x) = ( ) a- e)\t)x -At(No-x) ©
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The probability that all the organisms will have been inactivated in time
t,is

N
PON,) = (N°) (1-eMNo MMNo) _ (AN, 10
o

Set P(N,) = . For example, a might be 0.5, in which case there would
be equal probability for complete disinfection and for incomplete disinfec-
tion. The previous inability to describe a complete killing time is shifted
to a less than unit probability of complete kill, but this latter concépt is’
easier to handle for it is used all the time intuitively in daily living.

The rationale for this approach is, in part, the fact that the mathematical
equation relates to a continuum whereas the particles decaying or organisms
being devitalized are a collection of discrete unitary individuals. When the
numbers involved are small and particularly when the mathematical equa-
tions yield numbers indicating survival of a fraction of an organism, then
the numbers must be interpreted on a statistical basis. Results can then be
expressed either as a most probable number, as is done with standard tube
methods, or as the probability of finding one or more survivors. The accu-
racy of data or computations is not decreased by expressing them in either
of these ways. The true significance and variability are made explicit.

Equation (10) may be solved for t in terms of the chosen value for a,
and known or specified values for A and No. The resulting time, designated
t or t;00, may be considered the “killing time” (’l’homas s “whole life”) for
the population, N,.

From equation (10) and a = P(N,)

of1/No) _ 1 _ exp(AD) (11a)

Af = £af1 -of1/No)) 11b)

=L pnp1-1/No)} 1 110
X (

Because of the relation between  and A, it is also possible to express i
or tygo in terms of other commonly used kinetic parameters. Thus, the
relation between { and tyo is given by

£ = ti00 = too logof1-alt/No))! a2
Define Vo
.  e=1-al/No) a3)
Then from equation (11b)

At=-fne 14)
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From equation (13)
oMNo=1.¢
(1/Ng) tn a = (1 -€) ‘(15)

If the Stirling approximation, n(1 -€) = -, is made, then
(/No) tha=-¢ 16)

This approximation is valid within 5% for € < 0.1, corresponding to
Ny = 10 to 100, depending on the value assigned to «. In most instances
values of N, will be much greater in germicidal studies.
Substitution of the approximate value of € from (16) into equation (14)
gives
£= (1/0 &l(1/No) & (1/0)]
= 1/M|Ny(fn o)1) an

This equation provides a simplified relationship between t and N, for the
selected a and established A.

The choice of a is an arbitrary one, depending on the certainty of com-
plete kill that is required. Three natural or simplifying choices are possi-
bilities for an agreed-upon standard:

(a) Choice of a = 0.5 is an instinctive on, .. .csenting a 50%
chance that complete kill has been attained. For this choice of @ and with
the substitution A = tg, log e, there results

t=t100 = tgo log (No/0.693)
= t90(0.16 + log Ng) 18)

(b) If somewhat less certainty of complete kill than & = 0.5 can be
accepted, then a choice of a@ = e™! = 037 is useful, for it leads to additional
simplification. With a = e™! equation (15) simplifies to

ti100 = tgo log No ‘ 19)
and the total decay or reaction time is directly proportional to log N,,.

(c) If considerable certainty of complete kill is wanted, then a value
of @ near 0.9 seems logical. This would mean that 9 out of 10 samples
would give negative findings. Such a result conforms approximately to the
coliform standard that permits 10% of 10-m! MPN tubes to be positive. A
convenient specific choice is 2n a™ = 0.100, correspondmg to a = 0.903,
for then
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t100 = too log (No/0.100) = toq log 10 Np ©(20)

The last of these possible choices provides the most advantages for use
in working with disinfectants for water systems and is suggested as a stan-
dard definition of “killing time” or “complete kill.” -

Each of the equations (18), (19) and (20) predicts a linear vamtlon of
ty00 With log N regardless of the particular value of a. That this variation
~ does occur can be shown, for example, from the data of Chang on the
thermal destruction of cysts of E. histolytica.* In Figure.1-2, the minimum
times to achieve apparent complete kill are shown plotted against the
logarithms of the initial inocula of organisms, N,. The linear relationship
is clearly shown.

7

4
log /6
N 45°C.
0O
/ i
4 /
12

/

0 100 ¢ min. 200 300

Figure 1-2. Variation in killing time with initial numbers of microorganisms.
Thermal destruction of cysts of E. histolytica at 45°C.5

As pointed out by Chang, the data also suggest that he needed about
six viable cysts to get a positive culture. The value of N, at the intercept
ti00 = O for the linear plot in Figure 1-2 may be regarded as a threshold
No, @2 number of organisms required for a positive test result. It is clear
that, according to the plot, values of N, equal to or less than the threshold
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value will show complete inactivation even when no biocide is present.
With-an intercept of log N, = 0.78, the corresponding threshold N, is 6.

There remains some question about the volume of water to which N,
refers. This must be the sample size or volume in which it is expected
that zero active organisms will be found. So for example if, as in the
standard MPN tests, it is the portions of 10 ml in which negative results
are expected 90% of the time, then N, should be the initial population of
organisms per 10 ml. The quantity, 10 N,,, is then the organisms per 100
ml, a unit already in widespread use in water and wastewater standards.

The time for complete kill is related to the specific lethality coefficient,
A, by the relation, AC = 2n 10/tgo. This yields

1

tioo = AC 2n(10 No) 21

with equation (20). From this equation can be plotted either times required
for complete kill at a given concentration(s) for complete kill in a given
time, or doses for complete kill, all as a function of the initial population.
Any one of these is a rational guide to disinfection practice, for it is clear
that the degree of treatment needed for adequate disinfection will vary with
the initial degree of contamination of the water.
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