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Abstract 
In this study, the factors that leading to loss of chlorine resid-
ual in water distribution systems were investigated. A series 
of experiments performed on real water samples collected 
from effluent of water treatment plant before chlorination. The 
results showed that bulk chlorine decay rate varied signifi-
cantly with the initial chlorine concentration and the organic 
content of water.

Further, this paper explores the performance and the poten-
tial applicability of the parallel first order model and second 
order model to represent the bulk chlorine reactions. The mod-
elling and simulation study lead to define the bulk chlorine 
coefficients as a function of initial chlorine concentration (Co) 
and COD by developing mathematical equations related to 
these parameters.
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1 Introduction 
The disinfection is an important treatment process as a bar-

rier against the pathogenic microorganism in water distribution 
system. The advantages of chlorine disinfection are well known 
and include such benefits as simplicity, low cost, and a broad 
range of effectiveness [1]. Bulk chorine demand is influenced 
by the components in the raw and treated water. Water treat-
ment processes change the concentration of these components 
in the drinking water and are likely change the chlorine demand 
of water. Therefore, modelling chlorine decay is important to 
find input parameters that can reflect the changes in water qual-
ity characteristics [2].

Chlorine reacts with a variety of organic and inorganic com-
pounds present in bulk water (e.g., ammonia, sulfides, iron, 
manganese, and organic matter), and with pipe walls material 
or sediments exist at these walls in the network. Chlorine reac-
tions with organic material provides some  by-products such 
as trihalo methane (THM), haloacetic acids (HAAs) and other 
compounds that can be assessed with the adsorbable organic 
halogen (AOX) measurement. AOX are mutagenic products 
and may have harmful effects on human health and the envi-
ronment [3]. However, it is well known that chlorination is not 
the best solution for disinfection the water if it has high organic 
compounds concentrations [4].

Chlorine decay models help in understanding chlorine reac-
tions with contaminants in the bulk phase and with biofilm and 
pipe wall surfaces during water distribution. Few models have 
been developed to study chlorine kinetic in bulk phase [5].

The aims of this work are (1) investigating the influence of 
the initial chlorine concentration and the organic content on 
bulk chlorine decay (2) studying the ability of parallel first 
order model and second order model to simulate the bulk chlo-
rine decay in several water samples with different organic mat-
ter contents and with a wide range of initial chlorine concentra-
tions (3) comparing the efficiency of each model in predicting 
the bulk chlorine residual (4) modelling the bulk reaction rate 
coefficients and parameters for each model as a function of ini-
tial chlorine concentration and COD.
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2 Modelling of bulk Chlorine decay
Generally, bulk Chlorine decay can be divided into first order 

and non-first order reaction kinetic models. One of the conven-
tional chlorine decay kinetic models is the first order model. It 
includes expressions to describe reactions occurring in the bulk 
fluid [6]. The differential form of this model is given by:

dC
dt

kC= −

Where k is the decay rate (1/time) and C is the chlorine con-
centration at a certain time t (mg/l). Several attempts [7]  were 
made to upgrade and compensate the defects of the simple first 
order model. The yielded models were: the n-th order model, the 
limited first order model, and the parallel first order model which 
assumes that chlorine concentration can be divided in two parts; 
each part is decaying according to first order model. A fraction of 
the initial chlorine concentration (x Co) decays with rate constant 
(k1) and the remainder [(1−x) Co] decays with different rate (k2). 
The differential form for this model is given by (2):

dC
dt

k C k C= − −
1 1 2 2

And the integrated form is:

C t C x e C x eO
k t

O
k t( ) = + −( )−( ) −( )1 21

C C x C C xO O1 2
1= = = −( ),

Where, C(t) is the chlorine concentration at any time t (mg/l); 
Co the initial chlorine concentration (mg/l); x the fraction of the 
chlorine demand attributed to slow reactions; k1 the first-order 
rate constant for slow reactions (1/h); and, k2 the first-order rate 
constant for rapid reactions (1/h).

Clark [8] developed a second order chlorine decay model 
which is based on the concept of reaction between chlorine and 
another notional substance on the assumption that the balanced 
reaction equation can be represented as follows (5):

aA bB pP+ →

Where A and B are reacting substances; A could be rep-
resentative for chlorine and B a summation of all individual 
organic and inorganic species which potentially react with 
chlorine. P is an overall representative for the product of the 
reaction. Thus, the rates of reaction are given by:

dC
dt

k C C dC
dt

k C CA
A A B

B
B A B= − = −,

Where kA and kB are the decay rates (1/time), CA and CB are 
the concentrations of chlorine and reactive component (mg/l), 
respectively, at a certain time t. Clark proposed an analytical 
solution for this model, which was the first prosperous trial for 
a second-order model:

C t
C K
K eA

A o
ut( ) = −( )

− 
−( )

,
1

1

K
aC
bC

B o

A o

=
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,

,

Where, CA(t)  is the chlorine concentration in mg/l at time 
t [h], K is dimensionless constant and u [1/h] is rate constant. 
The value for the rate constant (u) can be rewritten as follows:

u M K M
bk C
a

M

A A o= −( ) =

>

1

0

,
,

Where, M (1/h) must be estimated. Clark and Sivaganesan 
[9] developed non-linear empirical regression models to esti-
mate K and M that depend on natural water characteristics such 
as temperature, pH, TOC and Co. Boccelli [10] noticed that 
Clark and Sivaganesan’s regression equations were inconsist-
ent with the theoretical relationships of K and M provided by 
(8) and (9), where K was not linear in 1/CA,0  and M  was inde-
pendent of CA,0 . 

Huang and McBean [11] found out a wrong in deriving 
method of equation (7). On the other hand, Fisher et al. [12] 
could prove that Clark equation (7) was right except of missing 
a negative sign, which did not have any effect on the final result.

In most of studies, bulk chlorine decay rates have been 
observed to affect by different factors. Powell [13] showed 
the dependence of bulk decay coefficient on temperature, total 
organic carbon (TOC), UV and the initial chlorine concentra-
tion (Co). On the other hand, Vasconcelos [1] reported an exten-
sive study of the effect of temperature and total organic carbon 
concentration (TOC) on chlorine decay rates. They reported a 
linear relationship between the first order decay constant and 
TOC, but no data were given to verify their equation. Al-Omari 
[14] concluded a logarithmic relationship between the bulk 
chlorine kb , the initial chlorine concentrations (Co), TOC and 
temperature (T). 

In this work, the parallel first- order and second -order mod-
els, have been examined and the result of calibration has been 
compared with the measured data. 

3 Methodology and Experimental Work
3.1 Analysing Samples

The experiments were applied on water samples collected 
from outlet of an operating water treatment plant (WTP). The 
treatment process in this plant has been changed since five 
years ago to be as follows: aeration, fluidized bed filtration 
with microbiological NH4+ removal, UV disinfection, rapid 
sand filtration, disinfection by chlorine gas, treated water tanks 
and safety filter (Fig. 1). A full-scale analysing was performed 
on chemical, physical and microbiological water quality data 
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collected by the water utility over 10 years. The analysing 
results showed that concentrations of ammonium, iron and 
manganese in the finished treated water (TW) decreased signif-
icantly after replacement the treatment technology. In contrast, 
increasing in THM concentrations was observed, this rising 
could be attributed to increasing in free chlorine concentrations 
and decreasing in chloramine concentrations which was domi-
nated before. However, increasing of THM concentration did 
not exceed the Hungarian Standard limit for THM (50 µg/ l).

Fig. 1 Treatment processes in  the studied water treatment plant 

3.2 Experiments
The effect of the initial chlorine concentration was studied 

by adding chlorine to finished treated water samples (TW) to 
achieve five different initial concentrations: 1.0, 1.5, 1.8, 2.0 
and 2.5 mg/l, then the residual chlorine concentrations were 
measured by bottle test and plotted versus time to show the 
kinetic of chlorine disintegration. Due to the observed increas-
ing in THM concentration in the studied water supply system, 
the effect of the natural organic content on bulk chlorine decay 
was studied. In this work, the organic content was evaluated 
by determining the permanganate index and indicated as COD. 
In most of developing countries, the measurement possibility 
of the total organic carbon (TOC) is not available as the situa-
tion in the studied water system. However, TW samples were 
diluted by distilled water (DW) to vary the COD concentra-
tions. The dilution ratios of the distilled water to the treated 
water (DW: TW) were defined as follow: 1:1, 1:2, 1:3, 2:1 and 
3:1. COD concentration was measured in each diluted sample 
by using potassium permanganate method (KMnO4, N 0.01). 
For every measurement, a blank titration with distilled water as 
sample was run. COD values in the diluted samples have been 
ranged between 0.8 to 1.6 mg/l.

The diluted samples were chlorinated by using sodium 
hypochlorite solution. They dosed in 2 liter glass bottles, and 
then carefully distributed into 100 ml glass vials and tightly 
closed with caps. Two initial chlorine concentrations 1.2 and 
1.5 mg/l have been used to dose each sample. Prior to chlorina-
tion, the strength of the dosing solution was measured several 
times to ensure the accuracy. A blank sample was prepared 

using the same amount of deionized water and chlorinated 
under the same conditions. This blank was used as a reference 
to establish the initial chlorine concentration. In each sample, 
the residual chlorine concentration was measured by using the 
DPD (N, N-diethyl-p-phenylenediamine) method. The colour 
which developed was measured in photometer (Nanocolor 400 
D). In this study, 16 set of data were observed through the tests, 
12 of them were selected randomly for model calibration and 
the remaining four set was used for model validation. 

4 Result and discussion
As it was mentioned previously, the parallel first order model 

and second order model have been applied on the experimental 
data. The parallel first order model characterized the chlorine 
decay by two phases: an initial fast phase where fast reactions 
occur with coefficient rate k2 , followed by a second, slower 
phase with coefficient rate k1 , where less reactive species react 
with the disinfectant. However, the model coefficients  (k1 , k2 , 
x) which are presented in Eq. (3) were calculated by optimizing 
their values to minimize the sum of the squared errors between 
the modelled and observed chlorine concentrations, then, plot-
ted versus the independent variables (Co and COD).

Figures 2 and 3 present the linear relationship between par-
allel first order model coefficients and the reciprocal of initial 
chlorine concentration (Co). 

The determination coefficients (R²) were found to be 0.92 
for both the rapid and slow decay coefficients, which show 
very strong relationship between 1/ Co , k1 and k2 . This finding 
agrees with those of [13] and [15]. As well, it was observed 
a clear increasing in the fraction of chlorine slowly reacting 
(x) by increasing the initial chlorine concentration (Co) as be 
shown in Fig. 4 and thus, the fraction of chlorine rapidly react-
ing (1-x) was decreased by Co increasing.

Figures 5 and 6 illustrated the influence of COD on k1 , k2 

and x in case of the initial chlorine concentrations 1.2 and 
1.5 mg/l. It was observed that bulk chlorine decay coefficients 
have been to increase by COD increasing. However, the results 
showed exponential relationships between k1, k2 and COD. 
These observed relationships were stronger in case of k2 with
(R2 > 0.9) comparing to the correlations between k1 and COD 
with R2 > 0.77. This could indicate to the importance of organic 
compounds reactions with chlorine in the fast phase of decay.

Concerning x, an inverse relationship was found between 
this fraction and COD. For high COD concentrations, values 
of chlorine fraction slowly reacting (x) were low. As it can 
be seen from Fig. 7, the correlation between COD and x was 
good (R2 = 0.97) in case of high initial chlorine concentration
(Co = 1.5) mg/l, and on the other hand, it was poor (R2 = 0.58) 
in case of low Co (1.2) mg/l.
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Fig. 2 Relationship between k1 and 1/Co

Fig. 3 Relationship between k2 and 1/Co

Fig. 4 Influence of the initial chlorine concentration (Co) on x

Applying the second order model on the same experimental 
data, showed other results concerning the effect of Co and COD 
on the model parameters. Equation (7) was used to model the 
measured bulk chlorine concentration at laboratory. At first, K 
and M were determined by minimizing the sum of the squared 
errors between predicted and observed values of chlorine con-
centrations, then, the influence of Co and COD on these param-
eters was investigated. Figure 8 appears a proportional relation-
ship between COD and K for two different Co concentrations 

(1.2, 1.5) mg/l where the determination coefficients were 0.79 
and 0.69 respectively. This relation was also detected between 
COD and M with R2 > 0.76, Fig. 9. However, it can be seen that  
K and M values increased by increasing COD concentrations in 
water samples.

Fig. 5 The relationship between k1 and COD

Fig. 6 The relationship between k2 and COD

On the other hand, the influence of the initial chlorine con-
centration on these parameters (K, M) was reported in Figs. 10 
and 11. It was observed an inverse correlation between K, M and 
Co, where R² was 0.72 in case of K and 0.85 in case of M. Here, 
it was found that the parameter of second-order model (M) sig-
nificantly depend on the initial chlorine concentration (Co).

Fig. 7 The relationship between x and COD
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4.1 Modelling the combined effect of initial chlorine 
concentration and COD on the parameters

In attempting to predict the coefficients of parallel first order 
model (k1 , k2 , x) and the second order model (K, M), various 
functional relationships have been tested to describe the behav-
iour of these coefficients. The initial chlorine concentration 
(Co) and COD were the dependent variables in the mathemati-
cal models. In this study, the bulk chlorine decay coefficients 
(k1 , k2) and fraction of chlorine (x) of parallel first order model 
have been modelled as follows: (Eqs. (10), (11), (12)) :

k p C eo
m n COD

1 1
1 1= −( )

k p C eo
m n COD

2 2
2 2= −( )

x d C CODo
d d= −

1
2 3

Where (p1 , p2 , m1 , m2 , n1 , n2 , d1 , d2 , d3) are constants and 
should be estimated.

Fig. 8 Effect of COD on K

Fig. 9 Effect of COD on M

On the other hand, empirical relationships between Co, 
COD and the second order model coefficients (K, M) have been 
derived (Eqs. (13) and (14)) :

K f COD Cg o
h= −

1
1 1

M f COD Cg o
h= −

2
2 2

Where (f1 , f2 , g1 , g2 , h1 , h2) are constants. To estimate the 
previous constants, equations from 10 to 14 have been trans-
formed into natural logarithms, and then Multiple Regression 
Analysis was run. The yielded equations were given by:

k C eo
COD

1

3 2 3 42
0 00057= −
.

. .

k C eo
COD

2

1 02 0 44
1 53= −
.

. .

x C CODo= −
0 52

0 71 0 63
.

. .

K C CODo= −
0 61

0 28 0 74
.

. .

M C CODo= −
1 29

2 33 1 26
.

. .

The determination coefficients (R²) of the best fit between 
the predicted and observed  k1 , k2, x, K and M values were 0.95, 
0.89, 0.65, 0.84 and 0.81 respectively.

Fig. 10 Effect of (Co) on K

Fig. 11 Effect of (Co) on M
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4.2 Model validation
For models verification, the remaining set of the observed 

data have been used. Equations from (15) to (17) were uti-
lized to calculate the parameters for Eq. (3), which represent 
the parallel first order model, and then the predicted bulk chlo-
rine concentrations were plotted versus the observed one as 
it can be seen in Fig. 12. It can be seen that the parallel first 
order model achieved good fitting between the modelled and 
observed data with determination coefficient 0.79. Addition-
ally, the second order model was applied to predict the bulk 
chlorine concentrations for the same set of data. In this case, 
the determination coefficient was higher (0.88) comparing to 
the parallel first order model, as well, the slope of the straight 
line, which represent the agreement between the predicted and 
the measured data, was 1.02 in case of  the second order model 
and 1.0 for the parallel first order model, Fig. 13.

Although the differences between parallel first- and second-
order models may often be slight, it could be suggested that the 
second-order model is significantly better for describing chlo-
rine decay where it has the best fit between the predicted and 
the observed bulk chlorine concentrations.

Fig. 12 Fitting between the predicted and observed bulk chlorine 
concentrations for parallel first order model

Fig. 13 Fitting between the predicted and observed bulk chlorine 
concentrations for second order model

5 Conclusions
In this work, it was found that the rate of bulk chlorine 

decay is influenced by the initial concentration of chlorine 
and organic matter. Two different kinetic models, parallel first 
order and second order model have been applied in this study 
to simulate the bulk chlorine decay. The decay coefficients 
of both models were observed to show significant variation 
with the initial chlorine concentration (Co) and COD of water. 
To account for combined effects of Co and COD on chlorine 
decay rate, empirical equations had been developed relating 
these parameters with constants of both parallel first order and 
second order model. It was found that the parameter of second 
order model (M) was dependent on the initial chlorine con-
centration Co, and this result is corresponds to the theoretical 
relationships of M (Eq. (9)). 

However, these equations could be used to update and 
improve the decay constants in water quality models. The rela-
tionship between chlorine decay parameters and water charac-
teristics may be defined from experimental data and then can 
be used to predict decay parameters from periodical quality 
control performed on that same system.

The parallel first order model and second order model 
appear good fitting between the measured and predicted data, 
but the second-order model was shown to perform better than 
parallel first order model. However, the magnitude of differ-
ence between the two model performances is dependent both 
on the water quality characteristics and the experimental condi-
tions through chlorination. As the result, it was clear that bulk 
chlorine decay coefficients depend on the nature of the source 
water and the treatment it has received.

For future research, it could attempt to predict the residual 
chlorine concentrations in water sample collected from water 
supply network and to test the second order model compatibil-
ity with hydraulic models, such as EPANET.
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