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Abstract 

Temperature is one of the most important factors affecting chlorine decay rates in drinking water 

systems. In this present paper, the temperature effect on chlorine decay rates in raw and treated 

waters was discussed. Results show that temperature affects differently the fast and slow decay 

phases, the latter being more sensitive to temperature variations, as higher values of the 

activation energy parameter were obtained. Accordingly, an improvement of the temperature 

dependent two reactant models (a parallel second-order model), in which the activation energies 

of each decay phase are distinct, is proposed and successfully used for chlorine decay modeling. 

In waters from transport and distribution systems, however, the fast decay phase is mostly 

negligible. In such cases, a single phase second-order model in which the activation energy 

parameter is given by the slow phase reaction is likely to describe the temperature effect on 

chlorine decay accurately. 
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1.1 Introduction: 

 

Chlorine is the disinfectant residual most widely used to preserve the microbiological safety of 

drinking water supply systems. To be effective and to avoid the excessive formation of toxic 

disinfection by-products, chlorine concentration must be kept within a quite narrow range, 

usually between 0.2 and 1.0 mg/L (WHO, 2011). The management of chlorine residuals is not 

straightforward, as chlorine concentration decays as the water travels through transport and 

distribution systems. Such decay is mainly due to chemical reactions of chlorine with natural 

organic matter (NOM) dissolved in the water (bulk decay) and with the pipes’ internal surface 

materials (wall decay) (Kien e et al. 1998). Decay rates are influenced by many factors, such as 
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temperature, initial chlorine concentration, NOM nature, and concentration and hydrodynamic 

conditions (Powell et al. 2000; Menaiaet al. 2003; Brown et al. 2011), which enlarges the 

difficulty in predicting the disinfectant concentration in supply systems water through modeling. 

While of great usefulness for the management of disinfectant concentrations in transport and 

distribution systems, chlorine residuals modelled largely relies on the accuracy of chlorine decay 

description. Among the factors that significantly influence chlorine decay rates and must be 

integrated into decay models, the temperature has been pointed out as one of the most 

determinant (Fisher et al. 2011b). Temperature significantly increases chlorine decay rates 

(Judas-Hcart et al. 1992; Roccaro et al. 2008) which may double its value for every 5C rise 

(Fisher et al. 2011b). In addition to significant seasonal variations (Serodes et al. 2003; Torrez & 

Uyak 2005), increases in average water temperature in water supply systems are forecasted in the 

context of the ongoing climate changes, particularly in the northern latitudes (Clark 2014). The 

temperature effect on chemical reaction rates coefficients is described by the empirical Arrhenius 

equation. 

                                                                 K=Ae (E
A/RT)                                                                       (1) 

 

Where k is the reaction rate coefficient, A is the frequency factor, EA is the activation energy, R 

is the ideal gas constant [8.31J/(molK)] and T is the temperature. The Arrhenius parameters (A 

and EA) are specific of each chemical reaction. According to the transition state theory, EA is the 

energy required for the formation of activated complexes of reactant molecules during the 

reaction, that is, the minimum energy for the reaction to occur. Generally, high values of EA 

reflect increased sensitivities of reaction rates to temperature variations. The use of the Arrhenius 

equation allows to successfully describe the temperature influence on first order chlorine bulk 

decay coefficient (Hua et al. 1999; Powell et al. 2000; Courtis et al. 2009). By fitting Arrhenius 

equation to experimental results from waters of different sources, Powell et al. (2000) found/R 

values between 4660 and 9560C, corresponding to a 1.8- to 3.2-fold rise in bulk decay 

coefficients when water temperature increased from 10C to 20 C. Other authors have reported 

distinct EA/R values for their tested waters (Hallam et al. 2003; Fisher et al. 2012), including 

seasonal variations in one water source (Hallam et al. 2003). These findings suggest that in 

predicting chlorine decay rates depend on temperature EA/R must be estimated for each water 

and every time there is a significant change in the water’s NOM composition. Chlorine decay in 

International Journal of Scientific Research and Review

VOLUME 8, ISSUE 3, MARCH - 2019

ISSN NO: 2279-543X

Page No: 1614



water typically exhibits a first rapid phase followed by a slower decay phase (Judas-Hcart et al. 

1992). This decay profile can be described by a parallel second-order model, as the two reactants 

(2R) model (Kastl et al. 1999), which is based on the concept that the water’s NOM comprises 

two main types of compounds, one that reacts rapidly with chlorine (fast reducing agents) and 

other that reacts slowly (slow reducing agents). Accordingly, chlorine decay may be described 

by Eq. (2) (Fisher et al. 2011a 

 

                                      
    

  
 

   

  
 

   

  
                             (2) 

 

where CCl is the concentration of free chlorine (mg/L), CF and CS are, respectively, the 

concentrations of fast and slow reducing agents (mgCl-equiv/L) and kF and kS are the fast and 

slow reaction rate coefficients [L/(mgClh)], respectively. Recently, Fisher et al. (2012) 

augmented the 2R model by incorporating the temperature effect on the reaction rate coefficients. 

The authors considered each k as having a base value at a reference temperature of 20C (k20) 

and used the Arrhenius equation to define the reaction rate coefficients at a given temperature 

(kT) as a function of k20 [Eq. (3)]. 

 

                                           
           

                                                                                    (3) 

 

In their augmented two reactant models (2RA), Eqs. (2) and (3) are combined: 
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In the 2RA model, kF20 and kS20 are the fast and slow reaction rate coefficients at the reference 

temperature of 20C.  

Thus, the approach allows replacing the A parameter of the Arrhenius equation [Eq. (1)] by the 

rate coefficients at a reference temperature. The latter parameters are of more practical physical 

meaning and can be easily compared. Fisher et al. (2012) demonstrated the suitability of their 
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2RA model to describe chlorine decay in waters from three sources. However, for each water, 

they derived and used a single EA/R-value, although acknowledging that different reactions—

namely those of fast and slow decay phases— must have a different EA / R. Kohpaei et al. 

(2011) addressed this issue and, in the raw water studied, they concluded that the use of different 

or single EA/R for fast and slow reactions lead to similar results when using a parallel second-

order model to describe chlorine decay. In the present study, the effect of temperature on 

chlorine decay rates was investigated for a diversity of raw and treated waters of several origins. 

The aim was to get insights on the effect of temperature on chlorine decay in waters with 

different types of NOM and to assess whether fast and slow decay phases are differently affected 

by temperature. 

 

1.2 Methods 

A variety of waters (9) of different NOM concentration and nature were collected and tested for 

chlorine decay at different temperatures (Table 1). To cover waters dissimilar in the 

concentration and reactivity of their chlorine consuming compounds, particularly NOM, raw and 

treated waters were tested. By the same token, studies included treated water, which had or had 

not undergone final disinfection with chlorine. Raw water samples (2) were collected from 

reservoirs located in the south (R1) and center (R2) of Portugal. Treated water samples (5) were 

collected from three different plants (WTPs) that treat reservoir and river water by conventional 

processes [coagulation/flocculation/sedimentation (or flotation) and rapid sand filtration]. 

Samples T1 and T2 were collected at the same WTP with a two year interval. Samples T3 and 

T4 were collected at another WTP with a one-year interval. Sample T5 was treated with river 

water. Samples T1, T2, and T5 had undergone oxidation with chlorine and T3 and T4 with 

ozone. All T samples were collected before the final disinfection. Samples N1 and N2, which 

were collected at the inlet of a drinking water trunk main with an 8-month interval, had the same 

origin and treatment of T3 and T4 but were collected at different times and remained in a service 

reservoir for about 6 h after final disinfection with chlorine. Water sample types R and T were 

membrane filtered (0.45 lm, polypropylene, Pall) and stored at 4C in amber glass bottles until 

being analyzed (within a week). N samples were collected, immediately transported to the lab 

and tested for chlorine decay. Each water was sampled once in enough volumes, so that it could 

be divided into subsamples, each to be used in a decayed state given temperature (Table 1). The 
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water’s pH and conductivity were determined potentiometrically. Dissolved organic carbon 

(DOC) was determined with a TOC analyzer (Teledyne TOC Fusion). A UV/VIS 

spectrophotometer (Jasco V-630) was used for measuring UV absorbance at 254 nm with a 5 cm 

path length quartz cell. SUVA values were estimated as UVA254/DOC. Alkalinity was 

determined according to standard methods (APHA et al. 1998). The analyzed waters’ 

characteristics are shown in Table 1. 

Table 1: Water Characteristic and Tested Temperature 

 SAMPLE PH DOC 

(MG C/L) 

Suva254 

(L/mg 

C/m) 

Conducti

vity 

(μS/cm) 

Alkalinity 

(mg Ca 

Co3/L) 

Tested 

temperatu

res (
o
c) 

R1 RAW 

WATER 

7.2 2.5 2.17 120 34 12,20,30 

R2  7.1 1.5 2.00 83 14 5,10,15,2

0,25,30 

T1 TREATE

D 

WATER 

6.4 0.4 2.11 108 - 15,20,25 

T2  6.9 1.1 1.46 122 28 5,10,15,2

0,25,30 

T3  7.8 1.8 0.66 217 64 12,20,30 

T4  6.8 1.8 0.74 232 58 10,15,20,

25,30 

T5  6.9 3.3 1.80 414 41 10,15,25 

N1 TRUNK 

MAIN 

INTEL 

7.5 1.4 0.71 219 76 10,15,20,

25,30 

N2  7.5 1.4 0.83 207 71 10,15,20,

25 

 

1.3 Chlorine decay tests 

Chlorine decay was examined in 100 mL amber glass bottles using a procedure similar to that 

described by Powell et al. (2000) for the bottle tests. The bottles were previously treated with 10 

mg/L free chlorine in milli-Q water to remove any chlorine demand. Each bottle was filled with 
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100 mL of water sample and chlorinated with sodium hypochlorite (Panreac, 5% w/v), except for 

N1 and N2 samples which were already chlorinated when collected. Initial free chlorine 

concentration was 1.0 mg/L to R and T samples, 0.83 mg/L in N1 samples and 0.73 mg/L in N2 

samples. Each assay, was conducted with bottles kept in the dark at controlled temperatures 

(Table 1) in an incubator (Leech P3C, UK), during one week or until the chlorine concentration 

had decayed to ca. 0.1 mg/L. Two bottles were sampled at time intervals and analyzed for 

chlorine with the DPD (N, N-diethyl-p-phenylenediamine) calorimetric method (APHA et al. 

1998). 

1.4 Data analysis 

To describe chlorine decay in bottles, the two reactants model was used [Eq. (2)]. The initial 

concentration of fast reducing agents (CF0), as well as the initial concentration of slow reducing 

agents (CS0), was assumed to be identical in each subsample. Model parameters were estimated 

by the sum of residual minimization between observed and predicted chlorine concentrations 

using scientists R (Micromath) software and the Euler integration method. A constraint of non-

negativity was included for all estimated parameters (kF and kS at each temperature, CF0, and 

CS0). The goodness of fit of the models to experimental data was assessed by the root mean 

squared error (RMSE) and coefficient of determination (R2). The estimated kinetic constants kF 

and kS for each temperature were then fitted with Arrhenius equation [Eq. (1)] by linear 

regression with Excel R (Microsoft). 

 

1.5 Results and discussion 

1.5.1 Chlorine decay modeling 

Chlorine decay in bottles tests was accurately described by the two reactant model [Eq. (2)], as 

Figure 1 shows. Decay profiles, however, depicted differences among tested waters. Fast and 

slow decay phases were clearly observed in chlorine decay curves of both raw and treated 

glasses of water. However, the fast phase was shorter and less pronounced in treating water, and 

apparently absent in trunk main inlet waters (Figure 3). In addition, the time scale of chlorine 

decay tests was much different, as overall chlorine decay was much faster in raw water than in 

treating water samples. Most likely, these differences in chlorine decay profiles reflect 

dissimilarities in the waters NOM composition like those arising from the treatment. 
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Fig: 1. Chlorine decay profile in R1 and T2 samples at 20
o
C and two recent models [Eq. (2)] 

fitting. 

 

1.5.2 Temperature effect on decay coefficients 

The effect of temperature on the kinetic constants yielded by Eq. (2) was assessed by examining 

the Arrhenius plots and the corresponding linear regression equations (Fig. 2). For both raw and 

treated glasses of water, decay coefficients of fast and slow decay phases were affected quite 

dissimilar, as significant differences in Arrhenius equations slopes (EA/R) indicate. Among raw 

and treated waters, it was also observed that EA/R values of the slower reactions were higher 

than those of the fast reactions for virtually all samples. Accordingly, slow reactions rate 

coefficients were more sensitive to temperature variations than those of fast reactions. Overall, 

these results suggest that accurate modeling of temperature effects in chlorine decay in raw and 

treated waters cannot rely on a single EA/R-value, as in the 2RA model. For samples N1 and N2, 

however, it was not possible to establish a linear relationship between Ln (F) and 1/T, as KF 

values seem to randomly vary with temperature. This might be due to the nonexistence of a 

significant fast decay phase in these waters, as they had already contacted chlorine for about 6 h 

before entering the trunk main and, hence, the fast reducing agent concentration is expected to be 

near zero. Therefore, the two reactant modeling approach may not be necessary for describing 

chlorine decay in transport and distribution systems waters (Monteiro et al. 2014), as it is likely 

that the fitted kF values render meaningless. Accordingly, a single phase decay model, in which 

the activation energy parameter value is that of the slow decay phase is likely to be suitable for 

describing chlorine decay in such waters. 
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1.6 Conclusions: 

(1) The occurrence of two types of chlorine decay reaction sets with distinct activation 

energies was demonstrated for raw and treated waters. Thus, the determination of the 

activation energy parameters for each decay phase may be required for proper chlorine 

decay description with temperature dependent models based on the two reactant 

approaches.  

(2)  The EA/R values found in the slower decay phase was mostly higher than those of the 

fast phase, i.e., chlorine decay rates in the slow decay phase were more sensitive to 

temperature variations than the fast decay ones. For the slow reactions, the ones 

occurring in transport and distribution systems, EAs/R varied from 5163 K to 13333 K, 

which represents a 1.9 to 5.0-fold rise in decay coefficient when temperature increases 

from 10 to 20C.  

(3)  An improvement to the augmented two reactant model was proposed and tested. The 

model included the two activation energy parameters and accurately described chlorine 

decay with no significantly increased complexity. 

(4)  The fast decay phase may be negligible in chlorinated waters of transport and 

distribution systems. A second order single reactant model accurately described chlorine 

decay in such type of waters. This model may be used for chlorine modeling in full-scale 

systems, then simplifying the use of temperature dependent chlorine decay models. 
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