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ABSTRACT 

This paper demonstrates the additional benefit of the microbicidal efficacy of an ozonation plant implemented 
for micropollutant removal from tertiary effluent. Due to the low amount of viruses and protozoa in the tertiary 
effluent, bacteriophage MS2 and spores of Bacillus subtilis were dosed as surrogates. At specific ozone 
consumptions of 0.6 and 0.9 g O3/g DOC a 2-log CFU reduction was achieved for indigenous Escherichia coli 
and enterococci and the limits of the European bathing water directive for the excellent quality of inland waters 
were met. Higher removal was impeded by the shielding effect of suspended solids in the effluent, which implies 
the combination of ozonation with a preceding filtration step if higher microbicidal performances are required. 
The surrogate virus MS2 was reduced by 4–5 log while no significant inactivation was detected for B. subtilis 
spores. Additionally, the impact of ozonation on the biochemical oxygen demand (BOD) was studied. The BOD5 
measurement was not adversely affected despite the reduced concentration of microorganisms after ozonation. 
The intrinsic increase in BOD5 averaged 15% at 0.6–0.7 g O3/g DOC. The impact of the projected increase on 
the surface water quality is generally not considered a problem but has to be assessed on a case-by-case 
approach. 
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INTRODUCTION 
As a consequence of climate change and the intensification of the urban water cycle due to 
urbanization, reuse of wastewater treatment plant effluent gains more relevance (UNEP & GEC 
2005; Oneby et al. 2010; Gerrity et al. 2011). Microbial and hygienic aspects are relevant to 
both the use of water resources for human demands (bathing water, irrigation, and drinking 
water supply) and the environment. As wastewater – even after treatment – is a significant 
source of pathogenic microorganisms in the aquatic environment, their inactivation in the 
effluent of wastewater treatment plants is becoming more important (WHO 2006a, 2006b). 

Disinfecting wastewater is not a novelty (Rice et al. 1981; Chrtek & Popp 1991; Paraskeva 
& Graham 2002); it is commonly applied in countries such as the USA, Japan, Australia (Loeb 
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et al. 2012) and (semi-)arid areas where the wastewater is directly or indirectly reused 
(Almadani et al. 2000; Martinez et al. 2011). 

Recently, the application of ozone or activated carbon as advanced treatment steps for 
micropollutant removal from treated effluent is under discussion (Gerrity et al. 2011; 
Gruenebaum et al. 2011; Zimmermann et al. 2011). In addition to the suitability of ozone for 
micropollutant removal (Bahr et al. 2005; Hollender et al. 2009; Schaar et al. 2010) the 
disinfection potential of ozone for advanced wastewater treatment could offer the additional 
benefit of microorganism inactivation (Oneby et al. 2010). In order to assess this beneficial 
effect there is a need to obtain more data on the inactivation of microorganisms under 
operational conditions applied for the removal of micropollutants (Hollender et al. 2009; Schaar 
et al. 2010). According to these needs the performance of an ozonation pilot plant (Schaar et 
al. 2010) was evaluated: 1) by means of the inactivation of dosed challenge microorganisms; 
and 2) the indigenous fecal bacteria Escherichia coli and enterococci as bacteriological 
parameters of the European bathing water directive (Directive 2006/7/EC). 

As surrogate for viruses, bacteriophage MS 2 was chosen because of its similarity in size and 
shape to human enteric viruses (Anonymous, 1991). Spores of Bacillus subtilis have been found 
to be of value for testing the ozone inactivation of Giardia lamblia cysts and Cryptosporidium 
parvum oocysts (Facile et al. 2000). 

A second aspect in relation to microbial activity of ozonated wastewater targeted in this paper 
is the impact of ozonation on the BOD (biochemical oxygen demand). The BOD is one of the 
traditional parameters regulated in emission standards of wastewater treatment plants and a key 
parameter for surface water quality characteristics (Uhlmann & Horn 2001; Wiesmann et al. 
2007). First, the reduced concentration of microorganisms can result in an underestimation of 
the BOD due to the lack of organisms consuming oxygen during the measurement and second, 
the BOD can increase due to the cleavage of recalcitrant organic matter by ozone, i.e. the 
transformation to more biodegradable substances. This may have a decisive effect on surface 
water quality, especially in the case of diminishing water flow due to climate change. 

Hence, the present paper will deal with the following aspects: 

• microbicidal efficacy of the pilot ozonation plant regarding indicator bacteria and surrogates 
for viruses and protozoa; 

• the applicability of two established BOD-methods for ozonized effluent samples to assess 
the impact of ozonation on the measurement principle; 

• the increase of biodegradability of recalcitrant organic substances on the basis of BOD5-
measurements. 

MATERIALS AND METHODS 
Ozonation pilot plant 
The effect of ozonation on the inactivation of microorganisms in the effluent of a wastewater 
treatment plant (WWTP) was assessed at an ozonation pilot plant for micropollutant removal 
(Schaar et al. 2010). The pilot plant was installed at a municipal WWTP operated according to 
the best available technology, i.e. biological nitrogen removal. A side stream of the WWTP 
effluent (30–36 m3/h) was used as the influent to the ozonation plant. The pilot plant consisted 
of the ozonation unit (ozone generator by Wedeco, type SOM 7 with a production capacity of 
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1 kg O3/h, ozone destruction unit for offgas and liquid oxygen storage tank for feed gas supply) 
and two CSTRs with a working volume of 5 m3 each, operated in series. Ozone was supplied 
to the first reactor with diffusor plates, the second tank acted as a reaction unit. More detailed 
information is documented by Schaar et al. (2010). 

Samples were collected from the effluent of the WWTP (corresponding to the influent of the 
pilot plant, O3 in), the effluent of the first CSTR (R1 out) and the effluent of the second CSTR 
(corresponding to the effluent of the ozonation pilot plant, R2 out). The sampling points are 
depicted in Figure 1. 

Inactivation experiments 
Preliminary measurements revealed low concentrations of viruses and protozoa in contrast to 
indigenous E. coli and enterococci. To provide representative results on the microbicidal 
efficacy of the ozonation plant with respect to the inactivation of viruses and protozoa, it was 
decided to continuously dose surrogates. A suspension with the two surrogate organisms was 
proportionally added to the influent of the ozonation plant by means of a peristaltic pump (see 
Figure 1) in order to achieve a concentration of approximately 106 per mL for bacteriophages 
MS2 and 106 per 100 mL for B. subtilis spores. A static mixer guaranteed a homogenous 
dispersion of the test organisms. 

The specific ozone consumption, Zspec, for the two sampling campaigns was 0.6 and 
0.9 g O3/g DOC, respectively, with a corresponding transferred ozone dose of 5 and 7 mg/L. 
The ozone concentration in the effluent of the first reactor was 0.2 and 0.9 mg O3/L, no residual 
ozone was measured in the effluent of the second reactor. The pH in the WWTP effluent was 
neutral and the total hydraulic retention time in the pilot plant ranged between 16 and 20 min. 
More details on the wastewater characteristics and process conditions are given in Schaar et al. 
(2010). 

BOD experiments 
One of the motivations for the BOD experiments was the evaluation of standard methods for 
BOD measurements in order to exclude any falsification of the BOD results due to the reduction 
of microorganisms. 

The measurements were carried out with the manometric method (OxiTop®, WTW) and the 
method for undiluted samples (EN 1899-2). 

The manometric measurement (OxiTop®, WTW) is based on the indirect measurement of 
the oxygen consumption in the sample. The BOD is determined by the pressure drop in the gas 
phase (differential measurement), i.e. the oxygen is consumed by microorganisms in the sample 
and the produced CO2 in the gas phase is absorbed by KOH, which results in a negative 
pressure. 

The method with undiluted samples (EN 1899-2) is based on respirometry, i.e. the oxygen 
demand during a certain period is determined by measuring the O2-concentration at the 
beginning and at the end of the incubation period. 
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Microbiological analyses 
Two independent test series were performed. 
Samples were taken in sterile 1-lL bottles containing sodium thiosulphate (1 mL of a 10% w/vol 
solution per bottle) in order to quench ozone if present in the sample. The samples were 
analysed in triplicate according to standard methods. 
Indigenous fecal bacteria 
Detection and enumeration of E. coli and enterococci were determined according to the ISO 
standards 9308-3 and ISO 7899-2, respectively. 
Challenge microorganims 

Bacteriophage. MS2 (F+ specific, single-stranded RNA virus, Leviviridae): propagation and 
enumeration according to ISO 10705-1; host bacterium Salmonella typhimurium WG 49. 
Before use the phage stock solutions were filtered through a 0.2 μm membrane (Millex-GV, 
Millipore). 

Spores of Bacillus subtilis ATCC 6633: spores were produced in liquid enrichment medium, 
heated at 80 ºC for 10 min, washed by centrifugation, and suspended in sterile distilled water 
(Sommer & Cabaj 1993). The enumeration as CFU was performed by pour plating with plate 
count agar (CM 325, Oxoid; 37 ºC/48 h). 

The concentrations of the microorganisms were transformed to log10 and the reductions log 
(N/N0) were calculated from the concentrations before (log-N0) and after treatment (log-N). 
Heterotrophic plate counts 
Heterotrophic plate counts (HPC) for the BOD experiments were conducted according to ISO 
6222:1999. Sterile Scott bottles (500 mL), previously autoclaved at 121 ºC for 15 min and 
allowed to cool at room temperature, were used to collect water samples to detect Heterotrophic 
Plate Count (HPC) bacteria. Samples were stored on ice packs in a cooling box and processed 
in the laboratory within 8 hours of collecting the first sample. The pour plate technique was 
used for the determination of HPC bacteria. For each sample, three appropriate dilutions were 
prepared. The dilutions were based on the presumptive bacteria density of each sample prior to 
the determination. One mL of each of the appropriate dilutions was then placed onto petri 
dishes, which were in triplicates, for each dilution. Immediately, the nutrient rich media, Yeast 
Extract Agar (ISO 6222:1999), which had been prepared under sterile conditions, was poured 
aseptically on the processed samples in the petri dishes and mixed by swirling gently. The 
mixture was then allowed to solidify for 10–15 min and incubated at 37 ºC for 48 hours. For 
optimum accuracy of the plate count results, all the petri dishes (plates) with 30–300 colony 
forming units (CFU), i.e. the preferred range for total CFU/plate, were counted and recorded as 
CFU per ml after incubation. 
Life/dead staining 
The LIVE/DEAD® BacLight™ Bacterial Viability Kit (Molecular Probes®) provides two 
different fluorescence dyes to rapidly distinguish between live bacteria with intact plasma 
membranes and dead bacteria with compromised membranes. SYTO® 9 labels live bacteria 
with green fluorescence whereas propidium iodide labels membrane-compromised bacteria 
with red fluorescence. 
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RESULTS AND DISCUSSION 
Inactivation experiments 
The microbicidal performance of the ozonation plant for micropollutant removal is depicted in 
Figure 2. The corresponding log concentrations in the influent and the effluent of the two pilot 
plant reactors operated in series are given in Table 1. 

The inactivation of indigenous E. coli was in the same range (approx. 2-log reduction) for 
both specific ozone consumptions, while a slight decrease in the inactivation performance with 
increasing ozone dose was observed for enterococci. This lack of correlation between the 
inactivation and the specific ozone consumption has also been observed by Zimmermann et al. 
(2011), who determined a reduction between 1.5 and 3 log units for specific ozone doses from 
0.4 to 1.2 g O3/g DOC. 

A higher degree of inactivation could not be achieved due to commonly occurring suspended 
solids in wastewater treatment plant effluent. Ozone is not penetrating particles and hence, 
bacteria inside the flocs were protected. This was confirmed by the results of the Life/Dead 
staining, see Figure 3. The shielding effect of suspended solids was reported previously by 
Janex et al. (2000) and Xu et al. (2002) who found a higher log reduction for fecal coliforms, 
enterococci and E. coli in filtered effluent. To investigate if shielding was the only reason for a 
lower inactivation performance in effluent with a higher suspended solids concentration, Xu et 
al. (2002) filtered the effluent and found no influence on the ozone demand. Xu et al. (2002) 
gives suspended solids concentration below 5 mg/L as the most important design criteria for 
wastewater disinfection to meet stringent standards. 

The surrogate virus MS2 was inactivated more than 4–5 log, representing the limit of 
quantification for both ozone doses. This confirms the strong virucidal efficiency of ozone as 
previously reported for wastewater disinfection (Paraskeva & Graham 2002; Xu et al. 2002; 
Ishida et al. 2008). Despite the high virucidal efficacy of ozone, a shielding effect could also 
be observed for viruses by comparing the inactivation of the bacteriophage MS2 in the same 
effluent after media and micro-filtration (Ishida et al. 2008). 

The aerobic spores of B. subtilis proved to be the most resistant and no significant inactivation 
was detected. These findings were in accordance with results obtained at an advanced oxidation 
plant for drinking water treatment (Sommer et al. 2004) and for Clostridium inactivation from 
wastewater (Xu et al. 2002). It may also indicate a poor inactivation of protozoa such as 
Cryptosporidium parvum oocysts at the ozone doses applied for micropollutant removal. 

No significant difference between log concentration in the effluent of the two pilot plant 
reactors was observed. This was thought to be due to the low ozone concentration in the effluent 
of R1 (0.2 and 0.9 mg O3/L) and subsequently, a low ozone dose to the second reactor. Also 
Xu et al. (2002) reported that an additional post-contactor chamber, which raised the hydraulic 
retention time from 2 to 10 min, did not result in a higher inactivation performance of fecal 
coliforms and E. coli due to low residual ozone concentration in the additional reactor; only 
additional ozone injection into the second reactor would result in higher inactivation. 

In Table 2 the concentrations of the bacterial indicators E. coli and enterococci before and 
after ozonation are compared to the limits of the European bathing water directive (Directive 
2006/7/EC) for inland waters. After ozonation the limits for excellent water quality were met 
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for both ozone doses. With regard to the more stringet limits for coastal waters the 
concentrations in the ozonated effluent complied with the standards for good water quality. 

The Ct-concept usually applied for drinking water disinfection is not considered appropriate 
for wastewater since it implies the presence of residual ozone (Janex et al. 2000; Xu et al. 2002). 
However, even at transferred ozone doses below the actual ozone demand of the effluent where 
a complete ozone consumption occurs and no residual ozone is present, an inactivation of 
microorganisms was reported (Janex et al. 2000; Xu et al. 2002). Moreover, process control by 
a residual ozone concentration is not appropriate for advanced wastewater treatment with ozone 
if micropollutant removal is the targeted scope. Hence, the transferred ozone dose or the specific 
ozone dose/consumption applied in this paper is more appropriate. After all, a comparison of 
different results is significantly influenced by the suspended solids in the investigated effluent. 

BOD experiments 
With regard to the BOD5 measurements, it could be demonstrated that a sufficiently high 
number of heterotrophic bacteria survive the ozone treatment (reduction between 0.7 to 2 log 
units), see Figure 4. Hence, no pre-treatment of the sample is needed and the BOD of ozonized 
effluent can be measured with the commonly applied methods, i.e. by means of the manometric 
or the direct method (EN 1899-2). 

The results of the BOD measurements over a period of 5 days demonstrated the expected 
increase due to the oxidation of refractory organic matter present in the wastewater treatment 
plant effluent. The BOD5 before and after ozonation of the effluent with 0.6–0.7 g O3/g DOC 
is given in Figure 5. The increase averaged 15%. Similar results were documented by Xu et al. 
(2002) who determined a 20% increase after ozonation for disinfection purposes. For the 
investigated wastewater treatment plant this increase did not result in any transgression of the 
emission standard 

Table 3 illustrates a theoretical calculation of the impact of ozonation on the BOD5 in two 
model wastewater treatment plants (WWTP I and II). It could be demonstrated that the decrease 
in removal efficiency is not significant. Regarding the increase in concentration, however, this 
intrinsic effect has to be taken into account and it is necessary to assess on a case-by-case 
approach whether the emission standard or the good status of the receiving water becomes 
limiting. 

CONCLUSION 
The pilot plant study provided valuable information on inactivation of microorganisms for 
specific ozone doses recommended for micropollutant removal from tertiary effluent. The 
additional microbicidal benefit could be confirmed for E. coli, enterococci and MS 2 
bacteriophage as surrogate for viruses, while the bacterial spores were not affected. 

Specific ozone consumptions of 0.6–0.9 g O3/g DOC are suitable to comply with the 
standards for good bathing water quality of the European bathing water directive for both inland 
and coastal waters. 

However, due to the shielding effect of total suspended solids in the effluent, inactivation of 
the fecal bacteria was limited to a final concentration in the effluent of about 2 log. This implies 
the combination of ozonation with a preceding filtration step if higher microbicidal 
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performances in terms of the inactivation of bacteria or permanent stages of bacteria and 
protozoa (spores, cysts, oocysts) are needed. 

According to our results of the dosed surrogates, viruses seem not to be a limiting factor for 
the application of ozone as a disinfectant. 

It has to be pointed out that after disinfection measures the fecal indicator bacteria have only 
limited value for the assessment of the microbiological water quality because of their higher 
sensitivity compared to pathogens like parasites. This may lead to misinterpretation of the water 
safety. Therefore, alternative approaches are needed to assess the microbicidal efficacy of 
disinfection measures. 

The developed experimental design using dosed challenge organisms under strictly controlled 
conditions has proven a valuable tool to measure the performance of a disinfection plant. Due 
to the possibility for standardization, this method can be used for optimization of the operation 
of a disinfection plant as well as to compare different technologies and treatment systems. 

The BOD measurement was not adversely affected and hence, the standard methods can also 
be applied to ozonized samples. 

With regard to the intrinsic effect of BOD-increase by 15–20% at Zspec between 0.6 and 
0.7 g O3/g DOC, it is necessary to assess on a case-by-case approach whether the 
implementation of a post-treatment step is required due to the emission standard or the receiving 
water quality. 
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Figure 1 | Schematic diagram of the experimental set-up. Sampling ports are marked with a dot (O3 in – influent 
ozonation plant, R1 out – effluent of the first pilot plant reactor, R2 out – effluent of the second pilot plant reactor, 
corresponding to the effluent of the pilot plant).  

 

Figure 2 | Log-reduction of the indigenous bacterial indicators E. coli and enterococci and the proportionally 
added bacteriophage MS2 and B. subtilis spores at a specific ozone consumption of 0.6 and 0.9 g O3/g DOC (bars 
represent the mean of triplicates). 
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Figure 3 | Microscopic picture of the Life/Dead staining of suspended solids particles.  

 
 

  

Figure 4 | Heterotrophic plate counts (HPC) in the influent (O3 in) and in the effluent (R2 out) of the ozonation 
plant at various specific ozone consumptions. 
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Figure 5 | BOD5 of tertiary effluent before (O3 in) and after (R2 out) ozonation at specific ozone consumptions 
between 0.6 and 0.7 g O3/g DOC measured according to EN 1899-2. 

 

 

 

Table 1 | Log concentrations (mean and standard deviation, SD) of the investigated microorganisms for two 
different specific ozone consumptions, Zspec (limit of quantification for bacteriophages: log 1.30) 
 

 
 

B
O

D
5 

[m
g/

L
]

0

2

4

6

8

10
O3 in
R2 out

Zspec

Mean SD Mean SD
Escherichia coli O3 in 4.64 0.13 4.30 0.01
(MPN /100 mL) R1 out 2.45 0.05 1.79 0.17

R2 out 2.43 0.03 1.83 0.10
Enterococci O3 in 4.11 0.10 3.65 0.14
(MPN / 100 mL) R1 out 2.27 0.12 2.16 0.25

R2 out 1.92 0.05 2.34 0.06
B. subtilis  spores O3 in 5.88 0.06 5.91 0.03
(CFU / 100 mL) R1 out 5.69 0.01 5.76 0.05

R2 out 5.59 0.02 5.82 0.03
Bakteriophagen MS2 O3 in 4.93 0.02 5.08 0.06
(PFU / mL) R1 out <1.30 - <1.30 -

R2 out <1.30 - 0.67 0.58

0.6 g O3/g DOC 0.9 g O3/g DOC
Sampling
point

log conc/100 mL log conc/100 mL
Test organisms

https://doi.org/10.2166/wst.2013.212
http://www.iwapublishing.com/


 
©IWA Publishing [2013]. The definitive peer-reviewed and edited version of this article  
is published in Water Science & Technology, Volume 68, Issue 2, 311-318, 2013, 
https://doi.org/10.2166/wst.2013.212 and is available at www.iwapublishing.com.  
This is the accepted version. 

Table 2 | Concentration of intestinal enterococci and E. coli in the effluent before (O3 in) and after ozonation 
(R2 out) in comparison to the limits of the European bathing water directive for two different specific ozone 
consumptions  

 
 

Table 3 | BOD removal of two model WWTPs with a projected BOD5 increase of 15 and 20 % after ozonation  

 WWTP 
influent effluent eta BOD5 

O3 out  
(+15 % 
BOD5) 

eta 
BOD5 

O3 out  
(+20 % 
BOD5) 

eta BOD5 

 mg/L mg/L % mg/l % mg/l % 

WWTP I 300 5 98.3 5.75 98.1 6 98.0 

WWTP II 300 8 97.3 9.2 96.9 9.6 96.8 

 

excellent good sufficient

Intestinal enterococci 
(cfu/100 ml)

200*                        400* 330** 12876 4235

Escherichia coli 
(cfu/100 ml)

500*   1000* 900** 43064 18684

R2 out R2 out
Zspec = 0.6 Zspec = 0.9

excellent good sufficient  g O3/g DOC  g O3/g DOC
Intestinal enterococci 
(cfu/100 ml)

200*                        400* 330** 94 196

Escherichia coli 
(cfu/100 ml)

500*   1000* 900** 240 78

*  based on 95-percentile evaluation
** based on 90-percentile evaluation

O3 in

Parameter according to 
directive 2006/7/EG

Parameter according to 
directive 2006/7/EG O3 in

Quality (inland waters)
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