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Abstract
Trihalomethanes (THMs) formation and species distribution in the discharged chlorinated cooling seawater of a nuclear power 

plant was assessed during Aug 2010 to July 2011. The monthly variation of chlorine demand of the source seawater under laboratory 
chlorination conditions was studied for the same period. The entire period can be divided into two separate zones; viz. Feb, Mar, Apr, 
Sep, Oct (low chlorine demand), and May, Jun, Jul, Aug, Nov, Dec, Jan (high chlorine demand) months. Bromoform was found to be the 
single dominant THMs species in the chlorinated cooling seawater discharge. The THMs concentration was observed to be highest for 
the month of Nov 2010 (41 µg/L), and lowest for Feb 2011(12 µg/L). Under laboratory chlorination of intake seawater with 1 ppm Cl2, 
the concentration of THMs that was formed within 5–15 min is in agreement with the actual concentration in the discharge water. A 
simplified predictive approach is proposed for the total THMs concentration at the cooling discharge outlet of a power plant, based on 
the actual chlorine demand of source water.
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1. Introduction

The benefit of using chlorine as a biocide for water treat-
ment has been on serious review after the discovery of trihalo-
methanes (THMs) in chlorinated water [1]. THMs are a group 
of four toxic compounds (CHCl3, CHCl2Br, CHClBr2, and CHBr3) 
suspected of causing cancer, liver and kidney damage, retarded 
foetal growth, birth defects, and possibly miscarriage [2]. THMs, 
haloketones, haloacetic acids, and haloacetonitrile etc. are the 
predominant chlorination by-products formed, due to the re-
action of chlorine with the organic matter present in the water; 
and THMs are the major fraction among them. Chlorination to 
control biofouling in their condenser cooling water system is an 
important and widely used process adopted by thermal power 
plants all over the world. A typical nuclear power plant of 1,000 
MW(e) capacity uses about 30–45 m3/sec of water in its cooling 
system for effective heat transfer. Seawater is extensively used for 
this purpose, due to the availability of copious quantity at rela-
tively cheaper rates. Seawater used for once-through condenser 
cooling is chlorinated at the intake point, i.e., before entering 
into the cooling conduit; and the chlorinated seawater is dis-
charged back again into the sea. Extensive temporal and spatial 
variation in the chemical characteristics of seawater causes ir-
regular chlorine demand variations, making it difficult to main-
tain the desired residual chlorine up to the end of the cooling 
system outlet. Thus, chlorine demand of the source water needs 

to be monitored frequently, to avoid over/under chlorination. 
Further, formation of THMs due to chlorination and mixing of 
it into the sea raises concern, owing to its toxicity to marine or-
ganisms, and consequently to humans through the food chain 
process. 

Chlorination in seawater has features that differ greatly from 
that of terrestrial waters, due to the phenomenal complexity 
of the chemical characteristics of seawater. In chlorinated sea-
water, hypobromous acid (HOBr) is the dominant oxidant spe-
cies, leading to preferential formation of various brominated 
by-products, unlike in fresh water systems, where HOCl is the 
dominant oxidant species, and the formation of brominated by-
products is negligible. Formation of these THMs in chlorinated 
seawater needs to be controlled, due to their possible adverse 
effects on marine organisms [3-5], volatilization of THMs with 
attendant effects on the atmosphere [6], and permeation into 
drinking water produced by seawater desalination [7]. Despite 
recent successes in the exploration of halogenation reactions of 
terrestrial natural organic matter (NOM) [8, 9], the mechanisms 
and speciation of THM formation in seawater remain to be ex-
plored in much detail. Very sparse literature is available on THM 
formation in cooling water discharge, particularly from Indian 
coastal waters. Therefore, this research is undertaken to investi-
gate various factors that influence the formation of THM in chlo-
rinated cooling seawater discharge. 

The objective of the present study is to investigate the month-
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2.2. Analytical Methods

Samples were collected in clean dry glass bottles and brought 
to the laboratory within 30 min of collection, and preserved at 
4°C in the dark until use, to avoid any possible thermal or pho-
to degradation of the organic matter. All glassware used was 
washed with detergent water, rinsed with tap water, ultrapure 
water (18.2 MΩ), rinsed with acetone and baked at 200°C for 2 hr, 
to avoid interference from any volatile contaminants. All chemi-
cal and standards used were of high purity, high performance 
liquid chromatography (HPLC) or gas chromatography (GC) 
grade. Stock standard solutions of THM mixture were prepared 
in methanol. Chlorine stock was prepared by dissolving Ca(OCl)2 
in Milli-Q water (18.2 MΩ), diluted to the required concentra-
tion, and standardized by titrimetric method just before use. 
Chlorine doses of 1 and 3 ppm were added by calculated amount 
of standardized Ca(OCl)2 solution at various experimental tem-
peratures. Chlorinated samples were taken at different time in-
tervals for analysis of THMs. Before chlorination, seawater was 
incubated at constant temperature for about 2 hr to equilibrate 
the water, and constant experimental temperatures were main-
tained throughout the experiments. Chlorination experiments 
were carried out both at room temperature and at 40oC. THM 
was analyzed with a GC equipped with an electron capture de-
tector, according to the US Environmental Protection Agency 
(EPA) method 501.2 with some modifications. 100 mL of sample 
was extracted with 5 mL of pentane, and 1 µL of extract was intro-
duced to the BPX 50 capillary column for separation and quanti-
fication of individual THM species. External reference standards 
with different concentrations of chloroform (CHCI3), bromodi-
chloromethane (CHCl2Br), dibromochloromethane (CHCIBr2), 
and Bromoform (CHBr3) were prepared in seawater for calibra-
tion and quantification of THMs. The four THMs species, CHCl3, 
CHCI2Br, CHClBr2, and CHBr3 are well resolved under the chro-
matographic conditions, with retention time of 2.41 ± 0.02, 3.22 
± 0.02, 4.66 ± 0.02, 6.49 ± 0.02 min, respectively, as shown in Fig. 
2. The limits and sensitivities of detection for the present instru-
mental condition is in the following order: CHCI2Br (0.01 µg/L), 
CHClBr2 (0.01 µg/L), CHBr3 (0.02 µg/L), and CHCl3 (0.03 µg/L).

3. Results and Discussion

In this study, concentration distributions of four THM species 

ly chlorine demand behaviour of the source seawater for the op-
timisation of chlorine used by power plants, and its relationship 
with THM formation at the discharge outlet. A simplified predic-
tive approach for the total THMs (TTHMs) concentration at the 
cooling water discharge outlet of a power plant is proposed.  

2. Materials and Methods

2.1. Study Area 

For this study, samples were collected from the discharge 
water of Madras Atomic Power Station (MAPS), Kalpakkam 
(12º33΄N; 80º11́ E) located on the Bay of Bengal coast, India. 
MAPS consists of two pressurized heavy water reactors, and uses 
approximately 35 m3/sec seawater for the once-through cooling 
system. Seawater drawn for MAPS condenser cooling is chlori-
nated at the intake point, and the treated water is discharged 
back to sea through a 500 m long canal (Fig. 1). Seawater is 
drawn by gravity through a submarine tunnel of 468 m long and 
3.8 m diameter, built 53 m below the seabed. The intake system 
is such that it takes approximately 5–7 min for the seawater to 
travel from the intake to the discharge outfall. Continuous low 
dose chlorination of about 1 ppm is adopted in this power plant, 
so as to maintain a residual level of 0.1–0.2 ppm at the discharge 
outlet. Seawater samples from the MAPS cooling water discharge 
area were collected once a month. One portion of the samples 
were treated with excess Na2S2O3 solution to quench the residual 
chlorine and analyzed on the same day; the other portions were 
incubated for 5 days before analysis, to obtain maximum TTHM 
formation potential. Seawater from the intake point that is de-
void of any chlorine, and is representative of the ambient sea-
water used for cooling, was collected simultaneously for blank 
background value and laboratory chlorination experiments. 

Fig. 1. Study area and sampling location. MAPS: Madras Atomic 
Power Station.

Fig. 2. Pentane extracted chromatogram of 10 µg/L each trihalomethane 
species.



59 http://www.eer.or.kr

Chlorination of Seawater

with 10 ppm Cl2 dose for seven days contact time, to investigate 
formation of CHCl2Br and CHClBr2. A maximum of 1.2 µg/L of 
CHCl2Br and 20.16 µg/L of CHClBr2 were observed during the 
chlorination experiment, indicating formation of these species 
at more intense chlorination conditions, though at a very lower 
rate and concentration compared to CHBr3 formation.

Due to the complexity of seawater, the combined effects of 
the changes in the complex and heterogeneous water charac-
teristics lead to remarkable temporal and spatial variation in its 
chlorine consumption efficiency. This makes it extremely diffi-
cult to predict the chlorine demand of seawater precisely; and 
thus empirical studies on the chlorine demand must be made at 
frequent intervals, to avoid under/over chlorination. Though it is 
more or less possible to quantify the effects of various operation-
al conditions, viz. Cl2 dose, contact time, temperature, pH, etc., 
it is exceedingly unlikely to be able to quantify the chlorine re-
activity behaviour of numerous unknown complex organic con-
stituents present in the seawater. Moreover, intense qualitative 
and quantitative site specific variation in the NOM character, 
and the combined effect of various factors in its reactivity limits 
the development of any universally acceptable predictive model 
for chlorine demand and THM formation. NOM variability poses 
the major limitation in the applicability of various THM predic-
tion models for treated waters [13]. Many studies proposed vari-
ous complex mathematical models to predict chlorine decay and 
THM formation in chlorinated cooling and drinking water [14, 
15]. But universal applicability of these models is not devoid 
of uncertainties. In some studies [16, 17], a positive linear cor-
relation of the applied chlorine dose and residual chlorine with 
THM formation has been suggested for THM prediction. Though 
concentration dependence of chlorine reactivity induces higher 
Cl2 demand on increasing chlorine dose, the assumption of lin-
earity in changes of chlorine demand of water with any applied 
chlorine dose is erroneous. Further, it is theoretically opposite to 
propose a positive correlation of THM formation with residual 
chlorine. Chlorine demand, being the source for THM forma-
tion, should be the principal component of any mathematical 
proposition to predict THM formation in chlorinated water. 

Here we have proposed a simplified predictive approach for 
the possible load of THM formation at the discharge outlet of an 
atomic power station, exclusively taking into account the labo-
ratory chlorine demand of the source seawater. A logarithmic 

were determined in the discharge cooling water during Aug 2010 
to July 2011. Monthly variation of chlorine demand of the source 
seawater and formation of THM under various laboratory con-
ditions were studied for the same period. Chlorine demand (10 
min) of the intake seawater for 1 ppm chlorination at laboratory 
ambient condition was found to vary between 0.4–0.8 ppm (Fig. 
3). With respect to the monthly chlorine demand behavior of 
the seawater, the entire period can be divided into two separate 
zones; Feb, Mar, Apr, Sep, and Oct as low chlorine demand, and 
May, Jun, Jul, Aug, Nov, Dec, and Jan as high chlorine demand 
months. Increase of organic content in the Seawater during the 
monsoon (Nov–Jan), and enhanced phytoplankton growth dur-
ing summer (Jun–Jul), might be the reason for experiencing 
higher chlorine demand during that period. From the result it 
can be inferred that the practice of low chlorination of about 1 
ppm by the power plant under study may be optimum to main-
tain the desired residual level of 0.1–0.2 ppm, for biofouling con-
trol during high demand months. However, for lower chlorine 
demand months, chlorine addition can be further optimized, to 
reduce over chlorination and by-product formation. The average 
of TTHM load at the discharge outlet varied between 12–41 µg/L 
during the study period, of which bromoform was found to be 
the main constituent (Fig. 4). 96–98% of the TTHM formed was 
observed to be bromoform. Similar observations have been re-
ported by others [6, 10] for chlorinated seawater. The dominant 
formation of bromoform is attributed to the conversion of Br- 

present in seawater to HOBr, due to the reaction of HOCl and 
Br- in water [11].

Cl 2 + H2O                 ↔                 HOCl + H+ + Cl-                       (1)
HOCl + Br- → HOBr                 Rate298 = 2.95 × 103/sec         (2)

Reaction (2) is fast enough to make 99% conversion of HOCl 
to HOBr in typical seawater of salinity 35 psu in about 10 sec [12]. 
A few seconds after chlorine addition, this leads to the absence 
of any HOCl molecules to coexist with HOBr; ensuing bromine 
incorporation by the reaction of HOBr with NOM as the principal 
halogenations process. Though bromoform was the only THM 
formed at the very initial stage on seawater chlorination, higher 
chlorine dose, longer contact time, and high reaction tempera-
ture causes formation of a considerable amount of CHCl2Br and 
CHClBr2. A chlorination experiment was carried out at 40°C 
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Fig. 3. Monthly chlorine demand variation of seawater for 10 
minutes contact time with 1 ppm chlorine dose. Source seawater 
characteristics; temperature: 25.9–29.9°C, pH: 7.9–8.2, and total 
orgainc carbon: 1.2–1.8 ppm.

Fig. 4. Monthly total trihalomethane (TTHM) variation at the 
discharge outlet of Madras Atomic Power Station, Kalpakkam, India.
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acids (e.g., oleic acid), are generally slow. All these slow reacting 
species result in slow increase in demand and continual forma-
tion of THMs occur at a slower rate, even at long after chlorine 
addition. In addition to applied [Cl2], the chlorine demand of 
raw water mainly depends upon four parameters, namely pH, 
temperature (T), contact time (t), and the amount of dissolved 
organic matter present in the water; in other words, chlorine de-
mand can be expressed as: 

Chlorine demand = f (pH, T, DOC, t, Cl2)                      (3)

Multi-parameter power function predictive models are avail-
able for THM formation in raw water and treated waters, and in 
general take the following form [13, 14]:

THM = k [DOC]a[Br-]b[Temp]c[Cl2]d(pH)e(Time)f               (4)

In other words, the above can be written as:

THM = f (DOC, Br, Temp, Cl2, pH, Time)                        (5)

In seawater, the bromide content is approximately 65 ppm, 
which is much in excess of the chlorine concentration normally 
adopted by any power plant for cooling seawater chlorination. 
Moreover, any minor temporal change in seawater bromide con-
centration, which may occur, is not supposed to shift the equilib-
rium or alter the kinetics of Eq. (2). Thus, the contribution of Br- 
for THM formation for seawater chlorination can be considered 
constant, and can be appropriately eliminated from the Eq. (4). 
Again, chlorine demand being a function of all of the other pa-
rameters involved, all of these can be replaced with it, and Eq. (5) 
can be reduced to a single parameter function. On aqueous chlo-
rination, the time course of chlorine decay is always much faster 
than the comparatively sluggish THM formation. Due to the 
large difference in their long term time dependence character, a 
separate time function (t) must be included in the time depen-
dence THM prediction formula, and Eq. (5) can be rewritten as:

THM = f (Chlorine demand, t)                               (6)

The above hypothesis forms the basis for the proposed site 
specific predictive approach. In the power plant under study, the 
seawater takes only 5–7 min to travel from the point of chlorina-
tion to the discharge outlet. For such a shorter contact time, a 
separate time factor in Eq. (6) is also not required, and the short 
term chlorine demand kinetics of source water alone can effec-
tively be used to predict the THM load in the cooling discharge. 
In the present study, the above hypothesis is tested for its ap-
plicability to predict THMs in the cooling discharge water of a 
nuclear power plant practising short duration (5–7 min) low level 
chlorination of seawater.

The time course profile of chlorine demand for all source sea-
water samples irrespective of the month of collection fits well to 
a logarithmical correlation, with R2 values ranging from 0.9191 
to 0.9888. The logarithmic correlation of chlorine demand equa-
tion from the graph Fig. 5(b) can be generalised as: 

Chlorine demand = A + B * ln t                               (7)

where, 
A: The chlorine demand at time t = 0 can be taken as the instanta-
neous chlorine demand responsible for the initial phase kinetics, 

correlation of time course profile of the chlorine demand of sea-
water taken at various months with time is presented in Fig. 5(a). 
It has been observed, irrespective of the period of study, that for 
low level chlorination of a 1 ppm Cl2 dose to the source seawater, 
the kinetics of chlorine decay showed two distinct phases. The 
initial phase fast decay of residual chlorine can be referred to as 
true organic demand, owing to the fast reactive fraction of NOM 
present in the seawater. The second sluggish continual chlorine 
demand is attributed to several competitive reactions, including 
reaction of chlorine with low reacting species, as well as chlorine 
self-decomposition, and can be referred to as combined chlorine 
demand. It is generally accepted that the reaction between chlo-
rine and humic substances, a major component of NOM, is re-
sponsible for the production of organochlorine compound. Hu-
mic and fulvic acids show a high reactivity towards chlorine, and 
constitute 50–90% of the total dissolved organic carbon (DOC) 
in all water systems [18]. The reaction of chlorine with humic 
acids may lead to a fast reaction rate at first. Other fractions of 
the DOC comprise the hydrophilic acids (up to 30%), carbohy-
drates (10%), simple carboxylic acids (5%), and proteins/amino 
acids (5%). The reactivity of carbohydrates and carboxylic acids 
towards chlorine is low, and they are not expected to contribute 
to the production of organochlorine compounds. Free chlorine 
reacts with water constituents by three general pathways: oxida-
tion, addition, and substitution [19]. Chlorine can undergo an 
addition reaction if the organic compound has a double bond. 
For many compounds with double bonds, this reaction is too 
slow to be of importance in water treatment. The oxidation re-
actions with water constituents, such as carbohydrates or fatty 
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very good linear correlation. Though the load of THM formation 
is known to be dependent on various physicochemical charac-
teristics of water and operational variables, the chlorine demand 
itself as a function of all independent variables, which contrib-
utes solely to THM formation, can be fairly used alone to pre-
dict the load of THM formation at the discharge outlet of cooling 
seawater. 

4. Conclusions

The chlorine demand of the source seawater needs to be 
monitored at frequent intervals, to avoid under/over chlorina-
tion. The total THM load at the cooling seawater discharge outlet 
varied between 12–41 µg/L, which is well within the stipulated 
US EPA guideline values of 80 µg/L. Bromoform constitutes 96–
98% of the TTHM formed in the chlorinated seawater. Data on 
the short time course chlorine demand of intake seawater alone 
can be effectively used to predict the THM concentration at the 
discharge outlet, with acceptable uncertainties.
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