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Experiments for the characterization of inactivation were performed in a series of batch processes with
the total coliform used as a general indicator organism based on the chlorine residuals as a disinfectant.
The water samples were taken from the outlet of a settling basin in a conventional surface water treat-
ment system that is provided with the raw water drawn from the mid-stream of the Han River. The
inactivation of total coliform was experimentally analyzed for the dose of disinfectant, contact time, fil-
tration and mixing intensity. The curves obtained from a series of batch processes were shaped with
a general tailing-off and biphasic mode of inactivation, i.e. a sharp loss of bacterial viability within 15
min followed by an extended phase. In order to observe the effect of carry-over suspended solids on
chlorine consumption and disinfection efficiency, the water samples were filtered, prior to inoculation
with coliforms, with membranes of both 2.5 pm and 11.0 pm pore size, and with a sand filter of 1.0
mm in effective size and of 1.4 in uniformity coefficient. As far as the disinfection efficiency is con-
cerned, there were no significant differences. The parameters estimated by the models of Chick-Wat-
son, Hom and Selleck from our experimental data obtained within 120 min are: log(IN/N)=-0.16CT
with n=1, logN/N,)=-0.71C**'T with n# 1 for the Chick-Watson model, log (N/N,)=-1.87C*"T** for
the Hom model, log (N/N,)=-2.13log (1+CT/0.11) for the Selleck model. It is notable that among the
models reviewed with regard to the experimental data obtained, the Selleck model appeared to most
closely resemble the total coliform survival curve.
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Chlorine has long been used as the most effective disin-
fectant against water-borne pathogenic organisms because
of its many advantages (White, 1992; Gerald, 1997).
Coliform bacteria are historically the conventional indi-
cator organisms to demonstrate and measure whether
drinking water has been adequately treated at the source
to protect people from contamination. Chlorine is most
often used in spite of the fact that newly emerging patho-
genic protozoa such as Giardia cysts and Cryptosporid-
ium oocysts are fairly resistant to the normally used dose
of chlorine (Bitton, 1994; EPA, 1991).

The effectiveness of disinfection is influenced by such
factors as detention time, disinfectant dosage, pH, tem-
perature, the presence of reducing substances and mixing
intensity (Donald et al., 1979). It is generally accepted
that the time required for the disinfection process is
inversely proportional to the concentration of the disin-
fectant residual. Mixing has been shown to be an impor-
tant parameter in all disinfection systems. White (1974)

* To whom correspondence should be addressed.
(Tel) 82-02-447-8367; (Fax) 82-02-447-8367
(E-mail) yjlee@konkuk.ac.kr

found that all treatment plants exhibiting good disinfec-
tion systems had good mixing in common. Camp and
Stein (1943) first proposed the use of the velocity gradient
G, as a measure for mixing.

Disinfection kinetic models are the basis for assessing
the disinfection performance and the design of contactor
systems (Trussell and Chao, 1977). Over the years, a number
of kinetic models have been proposed for the formulation
of disinfection design criteria. Model adequacy is depen-
dent upon the robustness of the underlying inactivation
rate law if the model accounts for the disappearance of the
chemical disinfectant during the contact time.

This study was carried out to review experimentally the
limited kinetic models applied frequently for potable
water disinfection with regard to the dosage of disinfec-
tant, contact time, prefiltration and mixing intensity.

Materials and Methods

Sample preparation and laboratory materials
In this study, the samples were taken from a water treat-
ment plant having a nominal capacity of 1,450,000 m*/
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Table 1. Characteristics of water samples

Parameter Cendition
pH 72
Temperature (°C) 22.0
DO (mg/l) 8.2
TOC (mg/l) 2.54
NH,-N (mg/l) 0.09
Turbidity (NTU) 1.2
HPC (cfu/ml) 10
Total coliform (number/100 ml) ND

Table 2. Summary of design configurations for sand filter

. ) Item Conditions
Diameter (m) 0.05
Height (m) 1.2
Sand layer (m) 1
Flow rate (m*/d) 0.44
Linear velocity (m/h) 9.35
Empty bed contact time (min) 7.69

day, supplied with Han River water; the treatment train
consists of coagulation, sedimentation, filtration and chlo-
rination. Samples were collected at the point of filter inlet.
The characteristics of samples used are described in Table
1. Water samples were collected aseptically with sterilized
1 liter Pyrex bottles which had been specially treated by
acid-washing and baking at 300°C to remove carbon com-
pounds. Appropriate volumes of sample were filtered
through the sand columns in our laboratory. The design
configurations for the sand filters are represented in Table
2. To find out the effects of suspended matter or turbidity-
causing matter in different size on disinfection, the filtra-
tions of target water samples were done with the filter
paper of 2.5, 11 um in pore size and the sand columns
before chlorination.

Deionized laboratory water was obtained from an ultra
pure water system (Pure up 700, Mirae Scientific) oper-
ated at a resistivity of at least 18 MQcm. Phosphate buffer
was prepared with disodium hydrogen orthophosphate
(Na,HPO, 7H,0) and potassium dihydrogen orthophos-
phate (KH,PO,). Chlorine stock solutions of 15 mg/l were
prepared daily with the sodium hypochlorite (NaOCl)
solutions containing 15% available chlorine and oxidant-
demand-free water.

Preparation for bacterial inoculums

The samples for preparing stock inoculums were collected
from the sewer manhole adjacent to Konkuk University,
which is located in the eastemn part of Seoul. They were
filtered through membrane filters (pore size: 11 um). The
filtrate of 10 ml were placed on m-Endo medium in a
Petri dish and incubated for 24 h at 35+ 1°C. The colo-
nies were placed on the solution of nutrient broth and
incubated at 25°C for 24 h. The coliform bacteria were
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isolated by centrifugation at 5x10°> G for 5 min, washed
twice and resuspended in the buffer solution free from
chlorine demand at pH 7. The coliform bacteria isolated
from the media were mixed by a vortex mixer. The fresh
cell suspensions in the chlorine-demand-free solution
were used in all experiments. The density of cells was
between 2x10° and 8x10° cfu/100 ml in total coliforms.

Analytical methods

Experiments were performed at pH 7 at 20°C. Aliquots
were withdrawn in accordance with the predetermined
nine intervals up to 180 min. They were immediately dechlo-
rinated by adding 0.2 ml of 3% sodium thiosulfate
(Na,S,0,). Free chlorine levels were determined by the
DPD colorimetric method with a chemical chlorine kit
(Hach Chemical). The pH was determined by a digital pH
meter, which was standardized several times a day with
pH 4, 7, 10 buffers.

Total coliforms were enumerated in accordance with a
membrane filtration procedure in the US standard method
9222B (APHA er al, 1995). The samples containing
coliform bacteria were filtered through the Millipore
membrane sterilized (0.45 pm in porosity). Each station in
the filtration system was sterilized. A membrane was
placed under sterile conditions on the apparatus. The ali-
quots of 1, 10 and 100 ml were filtered. The membranes
were then placed on m-Endo agar medium in Petri dishes
and incubated for 24 h at 35+ 1°C. Results are expressed
as coliform colony per 100 mlL

Results and Discussion

Filtration effect

The filtration effects on the disinfection were experimen-
tally observed. We defined the disinfection effectiveness
as the time required for a level of bacterial inactivation as
measured by the log unit survival ratio (log N/N,). The
data presented in Fig. 1 were produced by chlorinating
water in 1 liter bottles for 3 hr at pH 7, 20°C on the fixed
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Fig. 1. Total coliform inactivation by chlorine in the filtered and unfil-
tered water.
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Fig. 2. Chlorine decay in the filtered and unfiltered water.

basis of 1 mg CL/L.

The log survival ratio for 180 min was found to be 4.88
for the filtrate (2.5 um), 4.78 for the filtrate (11 pm), 4.73
for the effluent from sand filter, and 4.01 for the unfiltered
sample. The disinfection effectiveness of filtrates was bet-
ter than that of the unfiltered sample. The findings for the
filtrates suggest that the size of particulates to the mag-
nitude encountered does not affect the disinfection effec-
tiveness.

As shown in Fig. 2, the chlorine consumption was less
for the filtered samples. It might be attributable to the
removal of reductants such as chemically oxidizable
organic matter, ammonium particles etc. in the suspended
matter.

Effect of mixing velocity gradient
The effects of initial mixing on the disinfection of
coliform bacteria were carefully observed. The results are
shown in Fig. 3. The data were produced by chlorinating
the water in the bottles of 1 liter equipped with paddles
for 2 hr at pH 7 and 20°C. The chlorine dosage was fixed
at 3 mg/l. The series of mixing intensities were at the G
value of 0, 250, 500, 1000 and 1500/s.

The curves indicate that the total coliform inactivation
by chlorine was increased as the G value increased -4.93,
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Fig. 3. Effects of mixing velocity gradient on inactivation of total cioliforms.
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Fig. 4. Free chlorine residuals on mixing velocity gradient.

-5.40, -5.60, -5.64, -5.71 log,, reduction by 120 min. At
the G value above 500/s, there was a little difference in
disinfection effectiveness. White (1974) used to believe
that the G value should be approximately 1,000/s for
superior mixing. The results obtained from the experi-
ments revealed that the acceptable values of G could be
less than 1,000/s at the turbulence levels evaluated, but it
should be noted that the G value at 1,500/s still gave bet-
ter inactivation of the target indicator organism. It showed
clearly that a rapid dispersion of chemical disinfectant to
react on the microorganisms is a key influential factor in
the disinfection process.

Effect of chlorine concentration
In the range of initial chlorine concentration from 0.1 to
3 mg/l as free chlorine, the curves shown in Fig. 5 are a
typically biphasic mode with little inactivation occurring
after a contact time of 15 min. The reduction of total
coliform was performed at the chlorine concentrations of
0.1, 0.5, 1, 3 and 5 mg/l as free chlorine. The results
obtained in the elapse of time are as follows:

After a contact time of 30 seconds, the inactivation of
initial total coliform was in the order of 0.20, 0.91, 0.95,
1.00 and 1.05 log ,reduction. After 15 min contact time,

log (N¢/Ng)
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Fig. S. Total coliform inactivation on initial chlorine concentration.
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the inactivation was 1.16, 2.06, 3.60, 4.45 and 5.86 log,,
reduction . After 120 min., the inactivation was 1.86, 2.15,
4.06 and 6.06 log,, assuming that the hydraulic retention
time would be 120 min at minimum in clear wells. When
the contact time was extended up to 180 mir., the inacti-
vation ratios of total coliform was 60, 93, 74 and 60%
respectively. Most parts of the reaction on the indicator
organism was achieved in 15 minutes when the chlorine
concentration did not exceed 1 mg/l. For potable water
disinfection in water filtration plants, this level of chlorine
concentration is meaningful in a practical sense.

For the inactivation of 99.9% (3 log), the contact time
required was 3.05, 3.00 and 1.00 min at a chlorine con-
centration of 1, 3 and 5 mg/l, respectively. For the 99.99%
(4 log) inactivation, the contact time needed was 95.00,
5.40 and 2.75 min at a chlorine concentration of 1, 3 and
5 mg/l, respectively. It is notable that in cases of chlorine
concentration levels of both 0.1 and 0.5 mg/l, the disin-
fection level required could not be achieved because the
coliform reduction had 1.9 log and 2.2 log for 180 min on
the basis of 99.9%. The higher initial concentration of
chlorine as disinfectant, the better disinfection efficiency
on coliforms. However, in some cases, the high concen-
tration of chlorine in water in the presence of organic mat-
ter as precursor may form the THMs (trihalomethanes)
that are cancer-causing chemicals.

In the process of inactivation of coliform bacteria, the
chlorine concentration diminished about 50-72% within 5
min. Residuals persisted by 15 min as shown in Fig. 6. At
a contact time of 120 minutes, the chlorine residuals were
0.04, 0.06, 0.13, 0.42 and 0.80 mg/] for the chlorine dose
of 0.1, 0.5, 1, 3, 5 mg/l. In this context, the chlorine resid-
ual of 0.2 mg/l in distribution systems corresponds to the
chlorine dose of 1.4 mg/l.

Disinfection kinetics

An essential feature of kinetic modeling is not only to
simplify, but also to idealize, a complex phenomena of
disinfection systems. With the data from these experi-
ments described above, we attempted to determine the
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Fig. 6. Free chlorine residuals on chlorine dose.
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coefficients of selected models. The major precepts of dis-
infection kinetics were enunciated by Chick and recog-
nized the close similarity between microbial inactivation
by chemical disinfectants and chemical reactions (Chick,
1908).
IndY = ks (1)
Ny
where N = a number of microorganism at contact time t,
N, =a number of initial microorganism at contact
time, t = 0
k* =reaction rate constant,
¢ =contact time.

Watson (1908) proposed an empirical logarithmic func-
tion to relate the rate constant of inactivation, k to the dis-
infectant concentration C. In general, disinfection systems
are designed by the Ct values derived from Chick-Watson
kinetics based on the data obtained from laboratory inac-
tivation studies.

k* = kC" ()

logY = kC't 3)
Ny
where k = constant for a specific microorganism and set
of conditions,

disinfectant concentration,

coefficient of dilution.

C
n

The Watson function, (3), is based on the assumption
that microorganisms are genetically similar and of a single
strain of synchronous development and the killing action
would be a single-hit and single-site type. The assump-
tions are necessary in order to derive the Chick-Watson
model based on a chemical reaction mechanism. In many
cases, the n value for Chick-Watson law is close to 1.0
and hence a fixed value of the product of concentration
and time (Ct product) results in a fixed degree of inacti-
vation (AWWA, 1999). The inactivation degree on Ct
value presented in Fig. 7 indicates the experimental results.

® experiment
— y=-0.16x

log (N¢Ng)

0 10 20 30 40 50 60 70
Ct

Fig. 7. Relationship between log survival ratio and and Ct.
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As seen in eq. (3), our experiments found 0.16 for the
value of k.

N
log— =-0.16Ct 4
g N )
From the data in Fig. 5 and Fig. 6, the Chick-Watson
model with n# 1 generates this equation (5) :
N 0.87
log—=-0.71C""t 5
g N &)

Hom generalized empirically the Chick-Watson pseudo
first-order rate law (Hass and Karra, 1984)

dN

== —kmNC"{™! : ©6)

Integration of Eq. (6) gives the empirical Hom model

logXN = k't %
Ny
where N = number of coliform organisms per unit volume
N, = number of coliform organisms at initial time zero
n = coefficient of dillution
m = m order and n order reaction rate constant

From the experimental data, the constants of k, n and m
are 1.87, 0.47, and 0.36 by means of multitiple linear
regression as shown in Fig. 8 and equation (8).

logN = _1.87¢°470% )

Ny

Depending upon the value of m, both shoulders and tail-
ing may be depicted by Equation 7. For the case in which
m is greater than unity, the survival curve displays an ini-
tial shoulder, while a tailing-off effect is produced when m
is less than unity (Hass and Karra, 1984). In this case, the
tailing inactivation curves (m<1) are shown in Fig. 5.
Tailing inactivation curves may be explained either by a
vitalistic hypothesis in which individuals in a population

log (-log N¢No)

Fig. 8. A maximum likelihood approach to Chick-Watson Model.
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Fig. 9. Survival ratio of total coliforms with an initial chlorine of 1 mg/l.

are not identical, and their inherent resistance is distrib-
uted in a permanent (time-independent) manner, or by a
mechanistic concept (Cerf, 1977).

The following rate law was proposed by Selleck (1978)
to describe chlorine inactivation of coliform bacteria in
wastewater effluent. Although the Selleck model was ini-
tially derived for chlorine inactivation of bacteria in
wastewater, it is an empirical model and therefore appli-
cable to any chemical disinfectant, organism and test
water.

N _ cr
log}v0 = nlog(l + k) )]
Values of k, n were 0.11, 2.13 when applied to the data

by computation, yields

N Ct
log}vo— 2.1310g(1+0'11) (10)

The survival ratio of coliform bacteria based on the
selected models is illustrated in Fig. 9 with an initial chlo-
rine concentration of 1mg/l, which had disappeared at the
rate of 0.075 mg/l/min at pH 7 and 20°C in the beginning.
The Chick-Watson model with n=1 significantly underes-
timates levels of inactivation compared to other fitting
models. The Chick-Watson model with n# 1 is shown to
overestimate the level of bacteria killed at contact times
greater than 15 min. Among the models selected, the Sell-
eck model best reflected the data produced from these
experiments.

This study was performed to investigate experimentally
the disinfection effects with chlorine on total coliforms in
water and a maximum likelihood was used to estimate the
key parameters for the limited kinetic models. The con-
clusions drawn from the study are as follows:

1. Among the models reviewed, it was found that the
Selleck model best reflected the total coliform survival
curve obtained with our experimental data.

2. Inactivation curves indicated a tailing-off mode of
inactivation and characteristic biphasic mode.

3. Filtration of water samples with the membrane of 2.5
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um in pore size improved slightly disinfection efficiency,
but no significant difference in disinfection efficiency was
shown between the filtrates with a membrane of 11 um in
pore size and sand filter effluent.

4. For a complete mix of the chlorine solution, the
intensity of initial mixing might not need to be as high as
1,000/s of G value. The G value above 500/s showed little
difference in disinfection effectiveness.

5. Chick-Watson (n=1), Chick-Watson (n# 1), Hom and
Selleck model parameters were estimated respectively as
follows:

log(N/Np)= —0.16CT, log(N/Np= —0.71C**'T, log(N/N,)
= —1.87C*'T%*, log(N/N )= —2.131og(1+CT/0.11).

Acknowledgment

This study was supported by Konkuk University in 1999.

References

APHA, AWWA, WEEF 1995. Standard methods for the examination
of water and wastewater (19th edition), American Public
Health Association, Washington.

AWWA. 1999. Water quality and treatment, 5th Ed, p. 22-32.
McGraw-Hill, New York.

Bitton, D. 1994, Wastewater microbiology, p. 113-138. Ann Arbor
Science Publishers, Michigan.

Camp, T.R and PE. Stein. 1943. Velocity gradient and internal work
in fluid motion, J. Boston Soc. Civil Eng., 30, 219-220.

J. Microbiol.

Cerf, O. 1977. Tailing of survival curves of bacterial spores.
Applied Bacteriology, 43, 1-19.

Chick, H. 1908. An investigation of the laws of disinfection, J.
Hygiene, 8, 92-158.

Donald, EG., R.G. Steven, and B.M. Cornelius. 1979. Design opti-
mization of high-rate disinfection using chlorine and chlorine
dioxide. J. WPCF, 51, 351-357.

EPA. 1991. Guidance manual for compliance with the filtration and
disinfection requirement for public water, p. 141-152, AWWA,
Denver.

Gerald, F.C. 1997. The chlorination/chloramination handbook,
AWWA, Denver, New York.

Hass, C.N. and S.B. Karra. 1984. Kinetics of microbial inactivation
by chlorine II, Kinetics in the presence of chlorine demand.
Water Research, 18, 1444-1449.

Hom, L.W. 1972. Kinetics of chlorine disinfection in an ecosystem.
J. Sanitary Eng. Div, 98, 183-193.

Selleck, R.E., B.M. Saunier, and H.F. Coilins. 1978. Kinetics of
bacterial deactivation with chlorine. J. Environmental Engi-
neering, 104, 1197-1212.

Trussell, R.R and J.L. Chao. 1977. Rational design of chlorine.
Contact Facilities, 49, 659-667.

Watson, H.E. 1908. A Note on the variation of the rate of disin-
fection with change in the concentration of the disinfection. J.
Hygiene, 8, 536-542.

White, G.C. 1992. The handbook of chlorination and alternative
disinfectants, 3rd Ed., p. 290-478. Van Nostrand Reinhold,
New York.

White, G.C. 1974. Disinfection practices in the San Francisco Bay
area, J. WPCF, 46, 89-93.



