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1. Introduction

Disinfection of water and wastewater is paramount to ensure public 
health and environmental protection. Chlorination is the most com-
monly used disinfection method because of its advantages such 
as relatively low cost, ease of application and residual bactericidal 
effect [1]. However, the application of chlorine suffers drawbacks 
due to the formation of disinfection by-products (DBPs) which 
are carcinogenic to humans. There is therefore a great need to 
explore the use of alternative disinfectants such as ozone which 
is a strong germicide against bacteria, viruses and protozoa because 
of its high oxidizing capacity (standard oxidation potential 2.07 
V) [1, 2]. Its oxidizing power is superior to that of chlorine, chlorine 
dioxide, and chloramines for the inactivation of different waterborne 
pathogens and therefore requires shorter contact times (4 to 5 times 
less than chlorine) for antimicrobial action [3, 4]. In wastewater 
treatment, apart from disinfection, ozone also simultaneously oxi-

dizes organic compounds, forms limited DBPs, and can remove 
undesirable odours and colour, thus improving the overall wastewater 
quality [1]. Similarly, ozonation reduces the overall toxicity of waste-
water [5, 6]. However, consideration should be taken during waste-
water treatment using ozone since the competitive reactions of ozone 
with the water matrix contribute to the ozone demand [7]. 

Generally, ozone disinfection occurs by disrupting the cell mem-
brane and protoplasm of microorganisms, which impedes cell re-
activation in bacteria, coliform, viruses, and protozoa [8]. Moreover, 
ozone can easily diffuse through the cell membrane into the cyto-
plasm of cells and cause direct oxidation of cellular components 
[9]. Disinfection studies mainly use E. coli as a model indicator 
microorganism and its presence indicates possible contamination 
with waterborne  pathogens [10, 11]; based on this, most national 
wastewater treatment standards focus only on coliform bacteria 
such as E. coli [12]. However, apart from E. coli, information regard-
ing the behaviour of other bacteria during disinfection is very lim-
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ited, even though the bacterial content of wastewater comprises 
different species which differ markedly in their sensitivity to various 
disinfecting agents [13]. Furthermore, the absence of coliforms and 
E. coli in treated water should not be relied upon as adequate 
assurance that the pathogens will also be absent since most of 
the indicator bacteria are non-pathogenic [14]. This makes it neces-
sary to investigate the ozone disinfection of different water patho-
gens in addition to E. coli. 

Previous studies on ozone disinfection efficacy have been done 
using pure cultures in synthetic water [15], surface water [11], 
well water [16]. There is a need to investigate ozone disinfection 
of municipal wastewater intended for reuse. Therefore, ozone detox-
ification and disinfection of municipal wastewater is important 
to enable water-scarce countries explore opportunities for waste-
water reuse. Some disinfectants temporarily inactivate bacteria and 
thereafter the bacteria may become active and still pose risk to 
water consumers. This is more prevalent in wastewater since it 
contains biological nutrients that can provide nutrition for the 
bacteria. To determine whether complete disinfection has occurred, 
bacterial re-growth post-disinfection studies should be conducted. 
This study goes beyond just assessing the disinfection performance 
of ozone against the indicator bacteria, E. coli; it assesses the perform-
ance against three other bacteria. It also evaluates the kinetic model-
ling of disinfection data using non-linear models; most studies 
assume first order kinetics only. The study also evaluates bacterial 
reactivation and regrowth after disinfection and suggests ways to 
overcome this.

The degradation of organic micro pollutants using ozone was 
investigated in a previous study [17], and the present study thus 
focuses on the disinfection aspect. The objectives of this study 
were therefore: (1) to investigate the efficacy of ozone for inactivating 
E. coli, Salmonella species, Shigella species, and Vibrio cholerae 
in different water matrices; (2) to describe the inactivation kinetics 
using log-linear and Weibull disinfection models based on the 
Geeraerd and Van Impe Inactivation Model Fitting Tool (GInaFiT); 
and (3) to perform microbial re-growth studies to determine the 
effectiveness of ozone disinfection.

2. Material and Methods

2.1. Reagents

Potassium iodide (KI), sodium thiosulphate, hydrochloric acid, 
starch, trypticase soy agar (TSA), xylose lysine deoxycholate (XLD) 
agar, and thiosulphate-citrate-bile salts-sucrose (TCBS) agar were 
obtained from Merck (Pty) Ltd (South Africa). All chemicals used 
were of analytical grade and were therefore used without any 
modification. All solutions were prepared using Milli-Q water. 
Ozone was produced using an air-fed ozone generator (Wassertec, 
Light Blue ozone generator).   

2.2. Water Samples

Synthetic water (SW) and secondary wastewater (SWW) effluent 
were used in this study. All glass apparatus used in the experiments 
were autoclaved at 121oC for 30 min and aseptic handling of materials 
and laboratory facilities was observed in order to maintain sterility.

2.2.1. Preparation of synthetic water
Fresh bacterial cultures were maintained in nutrient agar (Biolab, 
South Africa) plates and incubated at 37oC for 24 h. One loop 
full of this bacterial culture was inoculated into 100 mL of sterile 
nutrient broth (Biolab, South Africa) and incubated for 24 h at 
37oC in a shaking incubator (Scientific, Lasec SA (Pty) Ltd) at 
a speed of 100 rpm. Thereafter, 1 mL each of the four cultures 
was serially diluted in 9 mL saline water (0.9% w/v NaCl) and 
pour-plated onto the media as follows: TSA for E. coli, XLD agar 
for Salmonella species and Shigella species, and TCBS agar for 
V. cholerae. The plates were incubated at 37°C for 24 h and the 
resulting colonies were counted to obtain the initial bacterial con-
centrations (CFU/mL). Aliquots of the bacterial cultures correspond-
ing to 106 CFU/mL were inoculated into 1 L of sterile saline deionised 
water (0.9% w/v NaCl) and shaken vigorously to ensure proper mixing 
and then pumped in the reactor. Three trials were done to evaluate 
the performance of the ozonation systems in treating the synthetic 
water. The concentrations of the target bacteria were quantified before 
and after treatment using the pour-plate method [18]. 

2.2.2. Characterization of municipal wastewater
The SWW effluent was obtained from Daspoort wastewater treat-
ment plant in Pretoria, South Africa. The wastewater samples were 
collected in sterile 5 L plastic buckets. The wastewater samples 
were also collected in sterile 1 L glass bottles to detect and enumerate 
the initial concentration of bacteria before treatment. The samples 
were transported to the laboratory and assayed for microbiological 
and physicochemical parameters using standard methods [18] with-
in 4 h to determine the wastewater quality prior to treatment. 
The composition of SWW is shown in Table 1. Following the pre-en-
richment step, the four bacteria were quantified using membrane 
filtration [18]; and also after treatment. Three trials were also done 
and average values calculated.

2.3. Ozonation Equipment Set-Up and Process Description

The experimental system employed is similar to the one used in 
a previous study [17]. Briefly, the ozonation system consisted of 
a cylindrical reactor (700 mL) with continuous ozone supply from 
an ozone generator (Wassertec, Light Blue ozone generator). Ozone 
was generated by corona-discharge method using dry compressed 
air and bubbled into the bottom of the reactor by means of a pipe 
diffuser. The mixture of ozone and the bacterial suspension was 
gently stirred using a magnetic stirring bar in order to ensure a 
homogeneous distribution in the reactor (Fig. S1). Samples were 
periodically collected in sterile bottles via a Teflon tap placed 
at the bottom of the reactor. The samples were analysed in triplicate 
using the pour-plate method to quantify the microbial inactivation. 
The plates were incubated at 37oC for 24 h after which colony 
counts were determined. To investigate the ability of bacteria to 
undergo repair after ozone disinfection, bacterial re-growth studies 
were conducted for samples in which complete microbial in-
activation was achieved. These samples were stored at room temper-
ature in sterile vials for 24 h; thereafter, the pour-plate technique 
was used to establish whether any bacterial re-growth had taken 
place. Similarly, control experiments were conducted using air 
instead of ozone. 
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2.4. Analytical Methods

The chemical oxygen demand (COD) was determined using standard 
method 5220 [18]. Turbidity was measured using a 2100N 
Laboratory Turbidimeter (Hach, USA). The pH was measured using 
an HQ30d portable pH meter (Hach, USA). The mass of ozone 
collected in the KI trap was determined using the standard method 
2350E [18]. Dissolved oxygen (DO) was measured using an LDO 
meter (Hach, USA).

2.5. Disinfection Kinetics and Modelling of Survival Curves
The disinfection efficiency (R) was calculated as:

(1)

where R is the disinfection efficiency, No and N are the number 
of viable microorganisms (CFU/mL) at the start of the process and 
at an ozonation time t, respectively.

Disinfection efficacy was also expressed in terms of log reduction 
values (LRVs):

(2)

The bacterial survival was predicted using two models, namely 
the Chick-Watson model and the Weibull model for comparison. 
The Chick-Watson model is expressed by the following equation 
[19, 20]:

(3)

where k is the disinfection kinetic constant, c is the concentration 
of the disinfecting agent at time t, and n the reaction order. 

The concentration of the disinfecting agent (ozone) was kept 
constant and consequently, Eq. (4) can be written as follows:

(4)

where k’ is the microbial inactivation rate constant (min-1). This 
log-linear model was used to fit the ozone disinfection data.

The Weibull model for bacterial inactivation is expressed as [21]:

(5)

where δ (min) is time for the first decimal reduction and β is 
a parameter related to the scale and shape of the inactivation curve 
and the other parameters have the same meaning as stated before. 

The log-linear and Weibull models were fitted to the disinfection 
data using the GInaFiT tool [22] and evaluated for goodness of 
fit. 

2.6. Evaluation of Bacterial Reactivation 

To evaluate the reactivation of bacterial cells after 24 h retention 
in the dark, the percentage degree (D) of reactivation or decay 

was quantified using a method in the literature [14]:

(6)

where Nr (CFU/mL) is the concentration of the bacteria in treated 
wastewater after 24 h retention in the dark. 

Eq. (6) gives the percentage of reactivated bacterial cells after 
ozone disinfection. 

2.7. Statistical Analysis and Model Performance Evaluation

The root mean square error (RMSE), which measures the average 
deviation between the observed and the fitted values, was used 
to evaluate the performance of the models [23]:

(7)

where yexpi values represent the experimental observations; ypre 

values represent model predictions; nt values represent the number 
of data points; and np values represent the number of estimated 
model parameters. 

The model with the smaller RSME value was considered the 
best fit for the respective inactivation curve. Regression analysis 
of the microbial inactivation data was performed and the coefficient 
of determination (R2) was calculated and used to compare the fitting 
of models to experimental data. The differences of inactivation 
among the pathogens investigated were analysed using a paired 
t-test at 95% confidence level. To further evaluate the model pre-
dictions with observations, the fractional bias (FB) and the normal-
ized mean square error (NMSE) were also determined.

(8)

(9)

where Cp is model predictions and Co is observations. For a perfect 
model, the FB and NMSE = 0.0 [24].

3. Results and Discussion 

3.1. Operating Conditions

Ozone concentration of 20.83 mg-min/L was used based on a pre-
vious study which showed that this concentration was optimal 
for high contaminant abatement as well as high ozone utilisation 
efficiency of 95% [17]. The pH of the wastewater (pH 6.8) was 
not adjusted prior to ozone disinfection, because the majority of 
human pathogens prefer a neutral pH. It is because of this that 
most of the  disinfection studies reported have been performed 
in the pH range of 5-8 [25, 26]. A control experiment was conducted 
(using air instead of ozone) and no disinfection was observed, 
indicating that the performance reported in this study is attributed 
to the action of ozone.



Environmental Engineering Research 25(6) 890-897

893

3.2. Effect of Water Matrix on Ozone Disinfection 

3.2.1. Treatment of synthetic water (SW) spiked with microbes 
(103 CFU/mL)

The efficacy of ozone disinfection can be demonstrated readily 
when the target microorganisms are spiked in pure water (with 
low ozone demand) than in complex matrices such as wastewater. 
Disinfection of synthetic water spiked with 103 CFU/mL of microbes 
was conducted and the results are presented in Fig. 1. The dis-
infection efficacy increased with contact time; within the first 2 
min inactivation efficiencies of 75 to 80% were observed. The 
highest inactivation efficiency (R = 99.5%) was obtained for V. 
cholerae, and near complete deactivation occurred within 5 min, 
while the other pathogens were completely deactivated within 10 
min (Fig. 1 and Table S1). At a contact time of 10 min, the disinfection 
efficiency was observed to be higher than 99.9%, corresponding 
to a 3-log reduction for all the pathogens (Table S1). These results 
corroborate the findings of Xu and co-workers [27] and 
Michael-Kordatou and colleagues [28] who reported 3-log reduction 
of E.coli within 15 min. For all the four bacterial species tested, 
ozone was effective and no bacteria were detected in the treated 
water after 10 min. This could mean that the microbes were well 
exposed to ozone leading to the oxidation and lysis of the bacteria 
as the synthetic water did not contain any interfering ions and 
organic compounds. The solution pH of the bacterial mixture drop-
ped from pH 6.8 to pH 6.0 within 10 min of ozonation. This could 
be attributed to the oxidation and lysis of the bacteria thereby 
leading to the release of intracellular components that are acidic 
[29]. Furthermore, the dissolved oxygen concentration also in-
creased from 5.5 to 6.9 mg/L within 5 min because of ozone decom-
position to oxygen and then levelled off for the rest of the reaction 
time probably due to attainment of the saturation level [30].

Fig. 1. Disinfection of synthetic water spiked with microbes (103 CFU/mL).

3.2.2. Treatment of SWW
The composition of the SWW was presented in Table 1. The SWW 
contained significant concentrations of the target waterborne patho-
gens as well as an organic load represented as COD. Disinfection 
of SWW showed that although there was a drastic reduction in 
the bacterial concentrations during the initial stage (5 min), complete 
removal was only achieved in 45 min especially for E.coli which 
had the highest concentration in SWW. Furthermore, complete 
inactivation of V. cholerae and Shigella species was achieved in 
approximately 10 and 15 min, respectively. This could be attributed 
to their relatively low concentrations in the wastewater. Moreover, 
1 to 2.3 log reductions were attained (Table S2). Based on the 
fact that the bacterial concentration in SWW was one order of 
magnitude lower than that spiked in the SW (Fig. 2), the presence 
of other constituents such as organic matter (COD) and indigenous 
non-target microorganisms in the SWW could have increased the 
ozone demand and hence reduced the effectiveness of ozone 
disinfection. This consequently increased the contact time required 
for complete disinfection [31]. This demonstrates the need to con-
duct disinfection studies using real wastewater samples rather than 
synthetic water so as to obtain realistic results. 

Fig. 2. Disinfection of secondary wastewater.

3.2.3. Treatment of SWW spiked with 106 CFU/mL bacteria
To evaluate the performance of ozone disinfection at high microbial 
concentrations in wastewater, the SWW was spiked with the target 
microbes since their concentrations in the environmental samples 
were low. Moreover, to eliminate the effect of other non-target 
microorganisms present in the wastewater, the wastewater sample 
was autoclaved (121oC, 30 min) and cooled to room temperature 
and then spiked with 106 CFU/mL of each of the target pathogens. 

Table 1. Composition of the Secondary Effluent
Parameter pH E. coli Salmonella species Shigella species V. cholerae COD T

Unit - CFU/mL CFU/mL CFU/mL CFU/mL mg/L NTU
Value 6.8 200 159 95 10 32 < 1a

COD- chemical oxygen demand; T – turbidity; adecanted water
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Prior to use, the sterility of the wastewater was aseptically checked by 
pour plate methods. The disinfection results are shown in Table 2. 
Complete disinfection of all the pathogens was achieved within 
45 min; this is approximately the contact time that was required 
to disinfect SWW (Table 2). This finding supports the idea that 
municipal wastewater contains a complex indigenous microbial 
community whose composition and physiological state can influ-
ence the efficiency of inactivation of target bacteria [14]. Therefore, 
by eliminating this effect, the study was able to show the effective-
ness of ozone in treating high concentrations of the target bacteria 
in SWW.

3.3. Modelling of Microbial Inactivation Kinetics 

3.3.1. Modelling ozone treatment of SWW
The disinfection data presented in Table S2 were fitted to the 
Weibull model as shown in Fig. 3(a)-(d) and to the log-linear model 
as shown in Fig. S2(a)-(d). The Weibull model provided a better 
fit of the data unlike the log-linear model; hence, the first-order 
kinetics does not adequately describe the data. It was further ob-
served that the survival curves for all the pathogens were concave 
downward (β > 1) indicating that the cells had become increasingly 
damaged with increasing contact time [32]. This means that the 
microorganisms were possibly inactivated or killed during ozone 
treatment. The best-fit kinetic parameters for the two disinfection 
models were compared and are summarised in Table S3. Similarities 
among the different microorganisms tested were observed with 
respect to population reduction and the overall pattern of survival 

a b

c d

 

Fig. 3. Experimental survival curve values (measured) and model fitted 
values (identified) derived from Weibull model for bacterial 
pathogens in SWW.

curves. The Weibull model was appropriate for representing the 
survival data for all the microorganisms. Higher coefficients of 
determination (R2) values were obtained (0.9975-0.9993) using the 
Weibull model compared to those obtained using the log-linear 
model (0.8946-0.9832). Furthermore, lower RMSE values were ob-
tained using the Weibull model compared to the log-linear model 
in all cases, suggesting that the data fitted the Weibull model better. 
This was also confirmed by values of FB and NMSE being 0.0 
for Weibull model (depicting a perfect fit), while higher values 
were obtained using the Log-linear model. Moreover, with respect 
to bacterial population reduction and the pattern of survival curves, 
no significant differences (p > 0.05) were observed among the 
four tested waterborne pathogens in municipal water. This could 
be attributed to the fact that they are all Gram-negative bacteria 
and therefore could display a common response to the disinfectant.

3.3.2. Modelling ozone disinfection of SWW spiked with 106 CFU/mL 
bacteria

The disinfection data presented in Table 2 were modelled using 
the Weibull and log-linear models as shown in Fig. 4(a)-(d) and 
Fig. S3(a)-(d). Large discrepancies were observed between the classi-
cal first-order approach and the Weibull model in terms of the 
goodness-of-fit of the experimental data. The Weibull model fitted 
the data well which implies that it can be valuable in modelling 
ozone inactivation of high concentrations of microbes more 
realistically.

The model fitting parameters are summarised in Table S4. It 
is observed that the R2 values for the Weibull model were high 
(> 0.96) while those of the log-linear model were comparatively 

a b

c d

Fig. 4. Experimental survival curve values (measured) and model fitted 
values (identified) derived from Weibull model for bacterial patho-
gens in 106 CFU/mL SWW.

Table 2. Disinfection efficiencies and LRVs for treatment of 106 CFU/mL spiked SWW
R LRV

5 min 15 min 30 min 45 min 5 min 15 min 30 min 45 min
E. coli 96.5 99.9 99.995 99.9999 1.46 3 4.3 6

S. enterica 93.8 99.925 99.9955 99.9999 1.21 3.12 4.35 6

S. flexneri 94 99.935 99.9965 99.9999 1.22 3.19 4.46 6
V. cholerae 95 99.945 99.997 99.9999 1.3 3.26 4.52 6
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low (< 0.5). Similarly, the RMSE values were much lower for 
the Weibull model (0.1-0.2) compared to those of the log-linear 
model (1.5-1.7). Similarly, values of 0.0 were obtained for FB and 
NMSE for Weibull model, while much higher corresponding values 
were obtained using the Log-linear model. The implication of this 
is that the use of the first-order kinetics to describe ozone disinfection 
does not present a realistic inactivation profile especially at high 
bacterial concentrations. The higher the accuracy of model fitting, 
the more reliable the prediction of the microbial inactivation [33]. 

3.4. Evaluation of the Inactivation Models

The log-linear model (Eq. (5)) has traditionally been used to describe 
microbial inactivation. However, ozone disinfection systems do 
not generally display first-order kinetics [10]. Typical log-log surviv-
al plots exhibit “shoulders” (concave downward) or “tailing” 
(concave upward) which necessitates the use of a model that in-
cludes the shape parameter (β). The Weibull distribution displays 
upward concavity in the survival curve if β < 1 and downward 
concavity if β > 1; moreover, the Weibull model obeys first-order 
kinetics for β = 1. The importance of the Weibull model is that 
although it is of an empirical nature, links with physiological effects 
can be made. For instance, in the present study, the survival curves 
were concave downward (β > 1), thereby indicating that the micro-
bial cells were weakened and became increasingly susceptible to 
damage during ozone treatment [32, 34]. It was further observed 
that the inactivation seemed to occur in two stages: an initial rapid 
stage and a final slow stage exhibiting a tailing mechanism especially 
for high bacterial concentrations. This decreasing inactivation dur-
ing the second stage is probably as a result of the self-defence 
mechanisms adopted by the bacteria in order to limit oxidative 
stress [35] or as a result of an inhibition phenomenon produced 
by the competition for the disinfectant by the organic products 
released to the medium during cell lysis [36]. Overall, the RMSE, 
FB, NMSE and R2 values obtained for the Weibull model were 
better than those obtained for the log-linear model. These results 
corroborate the findings of Bialka and colleagues [37] who reported 
that the Weibull model described the ozone disinfection kinetics 
better than the first order kinetics. 

3.5. Evaluation of Bacterial Re-growth 

To determine whether complete disinfection of SW and SWW had 
been achieved, bacterial re-growth studies were conducted on the 
samples after 24 h and the results are shown in Fig. 5. It was 
observed that there was bacterial re-growth in the SW as well 
as the SWW samples for all the bacterial species despite complete 
inactivation having been achieved (Fig. 1 and 2). The bacterial 
reactivation (D value) was lower in SW (1 to 3.9%), compared 
to SWW (0 to 5%), notwithstanding the initial bacterial concen-
trations of the two water types. Nevertheless, the increase in the 
number of culturable bacteria during the 24 h post-ozonation phase 
could be attributed to the nutrition provided by the organic matter 
in the wastewater as well as new sources of nutrition arising from 
the oxidation of the biomass in the wastewater [38]. These nutrients 
could provide a food source for the injured bacteria thereby enabling 
them to metabolise and reproduce. Furthermore, in some instances, 
the temporarily inactivated bacteria may enter a viable but non-cul-

turable stage and then recover their culturability after a period 
of more favourable conditions during storage of treated wastewater 
[25]. Moreover, these results show that re-growth of the micro-
organisms cannot be prevented during ozonation because of the 
difficulty in maintaining residual ozone. This is attributed to the 
fact that ozone is a highly unstable molecule with a very short 
half-life in water (shorter than in air) and relatively low solubility 
in water [16]. Therefore, it has been recommended that ozone 
be used as a primary disinfectant and a secondary disinfectant 
such as chlorine must then be used to maintain a residual protection 
[16]. This will substantially reduce the amount of chlorine required 
and therefore minimise the formation of chlorination disinfection 
by-products. Furthermore, the use of a stronger oxidant such as 
ozone as a primary disinfectant will effectively damage the cell 
wall surfaces and therefore enhance the facile penetration of sub-
sequently applied free chlorine.

a

b

Fig. 5. (a) Reactivation values after ozonation of SW and storage in 
the dark (1,440 min); (b) Reactivation values after ozonation 
of SWW and storage in the dark (1,440 min).
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The study has shown the efficacy of ozone in the disinfection 
of wastewater containing different microbial concentrations. Ozone 
disinfection is effective even at high bacterial concentrations which 
are higher than those employed in recent studies [16] or present 
in typical secondary municipal wastewater. In terms of application, 
considering that disinfection is the final unit process in wastewater 
treatment, ozone can be retrofitted without interfering with the 
plant or treatment process. For instance, where chlorine is currently 
used for disinfection, the chlorine contactor can be readily modified 
to accommodate ozone dosing.

4. Conclusions

The study evaluated the ozone disinfection kinetics of synthetic 
and actual wastewater samples containing Escherichia coli and 
waterborne pathogens (Salmonella species, Shigella species, and 
Vibrio cholerae). At high bacterial concentrations (106 CFU/mL), 
the Weibull model gave a better fit to the disinfection data than 
the commonly used log-linear model for all the microorganisms 
investigated. The water matrix was found to be an important factor 
and the results showed that there was minimal bacterial re-growth 
in the SW compared to the SWW samples (irrespective of lower 
initial bacterial concentrations in SWW). This confirms the need 
to conduct disinfection studies using real wastewater in order to 
obtain realistic results on disinfectant performance since it is not 
possible to extrapolate the survival data of pure-cultures to bacterial 
response in real natural wastewater. Moreover, no significant differ-
ences (p > 0.05) were observed among the four tested bacterial 
species with respect to the reduction in bacterial populations and 
the pattern of survival curves. For practical application, since ozone 
decomposes rapidly in water, ozone can be used as a primary 
disinfectant and a secondary disinfectant such as chlorine must 
then be used in order to provide residual protection. This is envis-
aged to reduce the required dose of the secondary disinfectants, 
thus minimising the formation of disinfection by-products.
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