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Abstract Seven full-scale wastewater treatment plants
were investigated to highlight the effectiveness of each
treatment stage on removing Escherichia coli. The pri-
mary sedimentation achieved an average E. coli removal
efficiency of 30.5% which was much lower than the
suspended solids (58%), thus, revealing the absence of a
linear relationship between the two parameters.
Biological processes proved to be very important in
the removal of E. coli through adsorption inside the
sludge flocs and complex decay (mortality). In biolog-
ical processes with a long retention time, such as acti-
vated sludge denitrification-nitrification, the decay was
very important, whereas in themore traditional activated
sludge process, without nitrification, the contribution of
adsorption and mortality was quite balanced. Overall,
the mechanical-biological treatment achieved a removal

efficiency of 91.8–96.5% depending on the process.
Additional removal can be achieved by disinfection.
The effectiveness of E. coli removal with sodium hypo-
chlorite was strictly depended on the product of residual
chlorine (CR) with the contact time (t). The experimental
curve fitted the Collins model well, with a standard
deviation of less than 7%.
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1 Introduction

Escherichia coli (E. coli) is a group of facultative an-
aerobic, rod-shaped bacteria which colonize the intesti-
nal tract of humans and warm-blooded animals. Thus,
E. coli are members of the fecal coliform community.
Most E. coli strains are harmless, but some are patho-
genic, as they can cause illness both inside and outside
the intestinal tract (U.S. Food and Drug Administration
2012). Sewage is the main source of fecal contamination
of surface water and represents a serious disease risk due
to pathogenic organisms excreted by infected
individuals.

Such pathogenic organisms belong to the very large
kingdoms of bacteria, protozoa, helminths, and viruses.
These pathogens can occur in water and wastewaters in
very low concentrations, thus, making them difficult to
identify. The microbiological analysis of water and
wastewaters therefore commonly refer to micro-
organism indicators. Fecal coliforms have been used
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for many years, and in many countries, this parameter is
still used as a typical indicator of fecal pollution (Frigon
et al. 2013). More recently, E. coli was taken as a more
specific indicator, thus, becoming the reference param-
eter for many international and local legislations.

Wastewater treatment plants play an important role in
the removal of typical pollution parameters such as
BOD5 (biological oxygen demand after 5 days of incu-
bation), COD (chemical oxygen demand), and SS
(suspended solids), but at the same time they are also
very effective in removing microbiological pollution.
The scientific literature is full of information on total
and fecal coliforms and their removal efficiency
(Tchobanoglous et al. 2003; Kazmi et al. 2008;
Cavallini et al. 2013; Massana et al. 2015). Total coli-
forms are present in raw sewage in the range of 107–
109 CFU 100 ml−1, while fecal coliforms are detected in
the range of 106–108 CFU 100 ml−1 (George et al. 2002;
Tchobanoglous et al. 2003; Raboni et al. 2015).

Mechanical-biological wastewater treatment plants
can remove these indicators by 90–98%, and an effec-
tive additional removal of up to 99.999% can be
achieved by a final disinfection process that becomes
almost mandatory in case of wastewater reuse (Papa
et al. 2016). However, the disinfection stage can also
result in the formation of by-products that may adverse-
ly impact upon the environment, especially in case of
chlorine use, both for wastewater treatment plants (EPA
Victoria 2002; Pignata et al. 2012) and for drinking
water treatment plants (Sorlini et al. 2015a, 2016).
Thus, a methodological approach proposed by Sorlini
et al. (2015b) for drinking water treatment plants, that
could be applied for wastewater treatment plants, is very
useful to verify the critical issues of a water treatment
plant and, by means of experimental studies (at labora-
tory and/or full scale), optimize the operative conditions
also for disinfection processes (Sorlini et al. 2015c).

Although there have been many studies on the pres-
ence of E. coli in waterbodies and the related health risk,
there has been little coverage regarding E. coli in treat-
ment plants (Hartman et al. 2006; Soller et al. 2010;
Semenov et al. 2011; Carlos et al. 2012; Taegyu and
Jong-In 2013; Landa-Cansigno et al. 2013).

We, thus, investigated seven full-scale wastewater
treatment plants located in an area north of Milan (in
northern Italy). Six of these plants carry out biological
denitrification-nitrification and phosphorus removal,
which are very well studied process and applied all over
the world (USEPA 2010; Bautista-Toledo et al. 2015;

Capodaglio et al. 2015; Copelli et al. 2015; Raboni et al.
2013a, b, 2014a, b, 2015; Viotti et al. 2015). The sev-
enth plant carries out a biological process without nitri-
fication. All plants are equipped with a disinfection unit.

The choice of these wastewater treatment plants
(WWTPS) as a case study can be considered significant
due to these aspects: (i) treatment plant is at full-scale, (ii)
the capacity of WWTPS is very wide (from 5600 to
250,000 population equivalent), (iii) the process schemes
ofWWTPS (even with tertiary treatment) are widely used
not only in the local situation of northern Italy.

We assessed the effects of individual treatment steps
(primary sedimentation, biological and tertiary treat-
ments, and disinfection), as well as the correlation be-
tween E. coli removal efficiency and the removal of
BOD5 and SS. We also assessed the incidence of resid-
ual chlorine and retention time on the performance of
the disinfection unit.

2 Materials and Methods

2.1 The Wastewater Treatment Plants

The investigation regards seven full-scale wastewater
treatment plants, located in an area north of Milan.
Table 1 reports the main features of each individual plant.

All plants treat domestic wastewater with various
industrial wastewaters (from 5 to 20% in terms of PE
(Population Equivalent) n) (Torretta and Katsoyiannis
2013). For the purposes of the investigation, it is impor-
tant to highlight the following:

– Plant 1 consists of a primary sedimentation (after
pretreatment) and an oxidative biological-activated
sludge process which run at a medium food-to-mass
(F:M) ratio (about 0.22 Kg BOD5 Kg SS−1 day−1).
The plant does not carry out nitrification.

– Plant 2 does not have a primary sedimentation, and
the pretreated sewage directly feeds the biological-
activated sludge process complete with denitrifica-
tion-nitrification.

– Plants 3, 4, and 5 involve a similar process. All
these plants carry out a primary sedimentation (after
pretreatment) and a biological-activated sludge pro-
cess complete with denitrification-nitrification.

– Plant 6 is similar to plant 2, with an additional
tertiary treatment (coagulation-flocculation with
ferric chloride)

455 Page 2 of 12 Water Air Soil Pollut (2016) 227: 455



– Plant 7 is similar to plants 3, 4, and 5, with an
additional tertiary treatment (microfiltration)

– Plants 1 to 6 carry out a final disinfection with
sodium hypochlorite, while plant 7 carries out the
disinfection by a pre-dosage of sodium hypochlo-
rite and a final ozonation.

– All plants are run in full compliance with the dis-
charge limits issued by the Italian legislation (Italian
Parliament Legislative Decree 152/2006 and further
modification/integration): BOD5 = 25 mg L−1,
SS = 35 mg L−1, TN (total nitrogen) = 10 mg L−1,

TP (total phosphorous) = 1 mg L−1; E. coli =
5000 CFU 100 mL−1.

The aim of the investigation was to highlight the fate
of E. coli through the different treatment steps.

2.2 Sampling and Analysis

The investigation lasted 6 months, and 20 sam-
pling campaigns (about one per week) were carried

Table 1 Characteristics of the seven wastewater treatment plants

Plant Flow 

rate

(m
3
day

1
)

a

Capacity

(population 

equivalent)b

Type of treatment Average

retention 

timea in the

biological 

process

(h)

Plant 1 34,000 75,000 9.6

Plant 2 10,500 29,800 14.2

Plant 3 1,850 5,600 14.5

Plant 4 29,850 80,000 14.8

Plant 5 13,050 31,300 14.7

Plant 6 26,170 61,000 17.1

Plant 7 117,300 250,000 16.8

PT pretreatment (screening and grit/grease removal), S primary sedimentation,DEN biological denitrification,OX-NIT biological oxidation-
nitrification (followed by secondary sedimentation),CF tertiary treatment by chemical flocculation,MF tertiary treatment bymicrofiltration,
D(NaClO) disinfection wih NaClO, D(NaClO+O3) prechlorination with NaClO, followed by ozonization
a In dry weather
b By assuming 60 g BOD5 day

−1 inh−1
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out on each plant. The sampling points were the
following:

– Raw wastewater
– After primary sedimentation
– After biological + tertiary treatment
– Final effluent (after disinfection)

Mean daily samples were collected at each
point, and E. coli, BOD5, and SS were analyzed.
E. coli was enumerated by the membrane filtra-
tion technique, and the results were expressed in
colony-forming units (CFU) per 100 mL−1. In
addition, various operating data of the plants
(such as flow rate, temperature and pH of waste-
water and treated effluent, dissolved oxygen in
the oxidizing biological reactor, and chlorine re-
sidual) were collected.

Moreover, E. coli was measured in primary
sludge and excess sludge; to extract bacteria from
flocs and sludge, the samples were left to settle
for 15 min. Then, bacteria from the settled phase
were extracted by sonication and recovered.

The measures of E. coli in primary and excess
sludge, as well as the E. coli determination in the
sampling points reported above, allow to carry
out a mass balance to try to assess the E. coli
removal phenomena in the different stage of
WWTP.

Sampling and analyses were carried out in
accordance with the official analytical methods
of the Italian legislation, issued by the IRSA-
Institute for Water Research of the Italian
National Research Council and APAT-Agency for
the protection of the Environment and Technical
Services (IRSA and APAT 2003).

During this analytical campaign, a specific search on
plants 1, 4, and 6 was also carried out to verify the
correlation of the E. coli removal efficiency with CR⋅t
(product of residual chlorine at the end of the disinfec-
tion reactor with the contact time). Thus, 60 instanta-
neous samples (20 samples for each plant) were collect-
ed for the E. coli count, while the residual chlorine was
detected with a portable HI series HI711 analyzer using
a fixed wavelength LED and silicon photo detector, in
the range 0–3.00 mg L−1, resolution = 0,01 mg L−1.
These measures were compared with the residual chlo-
rine amperometric analyzers mounted on line at each
plant.

The removal efficiencies of each treatment unit
and of the whole plant were calculated as follows:

removal efficiency ¼ Xo– Xð Þ=Xo ð1Þ

or

Log removal efficiency ¼ log Xo=Xð Þ ð2Þ

where Xo represents the value of tested parameters
(E. coli, BOD5, and SS) at the inlet and X at the
outlet.

3 Results and Discussion

3.1 E. coli in Raw Sewage and Discharged Effluent

Figure 1 shows the average E. coli concentration
in the raw sewage and discharged effluent of the
seven wastewater treatment plants. The standard
deviations (SDs) of the concentrations are also
reported. The average concentration in the raw
sewage varied in the range 5.60–7.11 E + 06 CFU
100 mL−1. In each individual plant, the fluctuation
in concentration was characterized by a CV (coef-
ficient of variation) in the order of 23–38% of the
average concentrations. The average concentration
of E. coli in the treated effluent was affected by
the specific disinfectant dosage and varied in the
range of 0.91–2.60 E + 03 CFU 100 mL−1, while
the SD of each individual plant fluctuated in the
narrower range of 1.95–4.04 E + 2.0 CFU
100 mL−1 (CV = 15.5–23.0% of the average
concentrations).

The removal efficiency is determined by the
combined actions of the individual treatment units
whose contribution is highlighted in the following
sections.

Figure 2 shows the average specific loads of
E. coli as a function of the plant size, in terms
of the sewered population. These loads show a
tendency to increase with the plant size; the equa-
tions concerning the increase of E. coli (both for
concentrations and specific load) with respect plant
capacity were reported in Fig. 2. Indeed, some
authors have reported that in the sewer network,
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the bacteria can multiply and their growth depends
on the mean residence time in the sewer, thus,
approximately on the plant size (George et al.
2002). This hypothesis may be plausible; however,

we believe that the data collected in this research
are not sufficient to give scientific certainty to this
correlation. Moreover, this possible multiplicative
effect may depend on several factors such as the

Fig. 1 E. coli concentrations in raw wastewater and discharged effluent, for the seven plants investigated (data are reported as mean and
standard deviation)

Fig. 2 Average E. coli concentration and E. coli-specific load, as a function of the plant capacity
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temperature of the wastewater and the hydraulics
features of the sewer network (slope, mean resi-
dence time). In addition, the specific loads are
negatively affected by the old septic tanks of iso-
lated houses (also connected to the sewer), as
mainly observed in small sewered communities in
the area. Finally, it also seems reasonable to con-
sider that a very long retention time in the sewer
(typical of large communities) and the progressive
cooling of the wastewater may promote the decay
of fecal coliform, rather than their multiplication.

3.2 E. coli Removal by Primary Treatment Alone

Figure 3 shows the E. coli log10 removal by pri-
mary sedimentation, as a function of SS removal.
SS results were considerably reduced by this treat-
ment (on average by 58%), while E. coli were
removed to a much lower extent (average
36.7%). The figure highlights the lack of a signif-
icant linear relationship between the removal of SS
and the removal of E. coli. In particular, the find-
ings suggest that highest amount of E. coli is
flushed-out with the supernatant of the primary
sedimentation, while a smaller amount remains
trapped in the settled sludge. As a useful compar-
ison, the removal of fecal coliforms in primary
sedimentation occurs in varying degrees of be-
tween 20 and 50% (Tchobanoglous et al. 2003).

3.3 E. coli Removal by the Whole Treatment
(Except Disinfection)

Figure 4 shows the E. coli removal efficiency of the
seven plants. The data prove that secondary and tertiary
treatments are much more efficient in eliminating E. coli
than primary settling. On average, the whole treatment
(primary sedimentation—if present; biological process,
tertiary treatment—if present) achieved a 94.2% effi-
ciency, but with a considerable difference between
plants; efficiency was greater in plants with high reten-
tion times in the biological reactors and equipped with
tertiary treatments. Thus, the order of increasing perfor-
mance for the four different types was: plant 1 = plant 2
< plants 3, 4, and 5 < plants 6 and 7.

The E. coli removal efficiency for plants equipped
with primary sedimentation was equal to (i) 38.3% for
plant 1, (ii) 29.1% for plant 3, (iii) 38.7% for plant 4, (iv)
32.5% for plant 5, and (v) 45% for plant 7.

Plants 7 and 6 performed best (96.5 and 96.1%
respectively) due to the combined effect of primary
sedimentation (only in plant 7), high retention time in
biological denitrification-nitrification reactors, and the
tertiary treatment. A comparison of plants 7 and 6 with
plants 3, 4, and 5 proves that the tertiary treatment adds
about two percentage points to the removal efficiency.

Figures 5 and 6 show the E. coli removal efficiency
of the seven plants against the removal efficiency of SS
and BOD5 which are the two most common analytical
parameters to assess the performance of a wastewater

Fig. 3 E. coli log10 removal
efficiency of primary
sedimentation, against log
removal of SS
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treatment plant. The data show that E. coli is generally
better removed than SS and BOD5, thus, confirming the
additional action of the biological and tertiary treat-
ments. In particular, as concerns the tertiary treatments,
the dots related to plants 6 and 7 are much higher than
the equivalence line.

The main mechanisms involved in the removal of
E. coli and other fecal coliforms by activated sludge is

the mortality due to protozoa predation, the lytic action
of certain bacteria, and the adverse effects of the
physical-chemical environment of the mixed-liquor
(temperature, dissolved oxygen, substrates, pH, salinity,
rH, toxics).

It is also worth highlighting the sorption action of
activated sludge flocs. The action of activated sludge in
removing E. coli (and other coliforms) follows a two-

Fig. 4 E. coli removal efficiency
of the seven plants, excluding
final disinfection. Data are
expressed as mean and standard
deviation

Fig. 5 E. coli log10 removal by
the whole treatment (except
disinfection), against log10
removal of BOD5
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step process: first E. coli is rapidly adsorbed into the
sludge flocs, after which they are slowly eliminated by
the mortality mechanisms (van der Drift et al. 1977;
Hwang 2012; Orruño et al. 2014). Therefore, a plant
with a low retention time in the biological process (such
as plant 1) is expected to exhibit a relatively low E. coli
decay and a relatively high transport in excess sludge.

During the investigation, seven samples of primary
sludge and excess sludge of the seven plants were
analyzed for E. coli determination. These data combined
with those previously mentioned meant that the average
E. coli balance of the investigated mechanical-
biological plants could be plotted (Fig. 7). This figure
shows the fundamental role of the decay mechanism
inside the biological reactors, which ranges between
37 and 66% depending on the type of plant. For plant
1, the role of decay is roughly comparable to the role of
primary sedimentation and of entrapping in excess
sludge, due to its short retention time in the biological
treatment. Instead, plants 2 and 6 (without primary
sedimentation and with a high retention time in the
biological system) achieve a very high removal by de-
cay (66–69%) and the contribution of the removal with
excess sludge is still significant. The role of decay is also
very important in plants 3, 4, and 5, thus, confirming

that this mechanism is the main cause of E. coli removal
in plants with a high retention time in the biological
treatment. On the other hand, lower retention times
favor greater removal with excess sludge. Anyway,
almost all the cited mechanisms contribute significantly
to E. coli removal, as only tertiary treatment has a low
percentage of less than 3%.

3.4 E. coli Removal by Disinfection

Data on disinfection were collected for all the plants;
however, a more detailed investigation was carried out
for plants 1, 4, and 6 as these three are representative
examples of the different types of plant. In the various
plants, the sodium hypochlorite dosage is set to obtain a
concentration of E. coli in the final effluent of less than
5000 CFU 100 mL−1 (recommended limit according to
Italian legislation). Thus, the dosage in plants 1 to 6
varied in the range of 2–5 mg L−1 (as Cl2). Plant 1 had
the highest dosage because of the high concentrations of
ammonia and SS in the influent of the disinfection
reactor. Plant 6 had the lowest dosage due to the com-
plete nitrification of the ammonia and the tertiary treat-
ment, which allows a low SS concentration at the

Fig. 6 E. coli log10 removal by
the whole treatment (except
disinfection), against log10
removal of SS
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disinfection inlet. The E coli removal efficiency
achieved by the disinfection amounted to 99.64–
99.93%.

The efficiency of disinfection with chlorine and
its derivatives is mainly affected by the chlorine
residual CR and the contact time t. Increasing
values of these parameters lead to increased effi-
ciency. These relationships were studied in plants
1, 4, and 6 by plotting the experimental value Eo/
E (E. coli inlet disinfection/E. coli outlet disinfec-
tion) against the product CR⋅t. The choice of the
ratio Eo/E led to a better comparison of the ex-
perimental data with two of the most commonly
used models to describe the performance of the
chlorine disinfection of secondary effluents
(Tchobanoglous et al. 2003):

– Collins model Eo=E ¼ 1 þ 0; 23 CR⋅tð Þ3 ð3Þ

– White model Eo=E ¼ CR⋅tð Þ=b½ �n ð4Þ

where the typical values of the constants, for fecal
coliforms, are b = 3.0 and n = 2.8.

Figure 8 shows the experimental points and their
regression line, which demonstrate a similar exponential
growth; however, their best mathematical representation
is given by a polynomial series with a coefficient of
determination of R2 = 0.96. A comparison with the cited

models proves that the experimental curve fits the
Collins model well, with a standard deviation lower than
7.0%.

4 Conclusions

The investigation carried out on seven full-scale waste-
water treatment plants highlighted the efficiency in
terms of E. coli removal of the individual treatment
units.

– The primary sedimentation achieved an average
E. coli removal efficiency of 36.7% with a wide
fluctuation depending on the design criteria. The re-
moval of E. coli was much lower than the suspended
solids (58.0% removal efficiency), thus, highlighting
the absence of a linear relationship between the two
parameters. The largest amount of E. coli (69.5%) in
the raw sewage is transported to the biological process
with the sedimentation supernatant.

– The removal of E. coli in the biological treat-
ment proved to be highly effective, more so
than removing BOD5 and suspended solids.
E. coli can be removed by adsorption inside
the sludge flocs and subsequently by complex
decay phenomenon (mortality). In biological
processes with a long retention time, such as
activated sludge denitrification-nitrification, the
decay is highly important, whereas in the more
traditional activated sludge process, without
nitrification, the contribution of adsorption
and mortality is quite balanced. A count

Fig. 7 Average balance of E. coli
removal by the treatment units of
the investigated plants
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balance of a treatment plant with primary sed-
imentation followed by a biological process
with denitrification-nitrification leads to the
following average E. coli removal percentages:
31% by primary sedimentation, 53% through
decay, and 16% by adsorption (and subsequent
extraction with excess sludge). A similar plant
but without nitrification had the following re-
moval percentages: 33.0% by primary sedi-
mentation, 37% through decay, and 30% by
adsorption. One of the plants without primary
s e d i m e n t a t i o n a n d w i t h b i o l o g i c a l
denitrification-nitrification gave a 30.5% re-
moval by adsorption and 67% by decay.

– Tertiary treatment, despite its great importance in
removing suspended solids, BOD5, and COD, is not
very effective inE. coli removal (less than 3% of the
total removal).

– Overall, the mechanical-biological treatment
achieved an E. coli removal efficiency of
91.8–96.5% depending on the type of process.
Additional removal can be achieved by disin-
fection. The use of sodium hypochlorite as a
disinfectant agent was investigated in three

typical plants. The results highlight the key
role of the factor CR⋅t (i.e., the product of
the residual chlorine with the contact time).
The Eo/E ratio, between E. coli at the inlet
and outlet of the disinfection reactor, can be
expressed by an exponential equation that fits
the Collins model well with a standard devia-
tion lower than 7%.

The knowledge of the fate of E. coli in wastewater
treatment plants allows a more accurate assessment of
the risks connected to the disposal and reuse of sludge
and wastewater at different degrees of treatment.
Further case of studies related to various types of
treatment processes, such as membrane bioreactor
(MBR) and process based on attached growth bio-
mass, and different operating conditions (i.e., dif-
ferent F/M ratio, etc.,) may implement and enforce
the results of this research.
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Fig. 8 E. coli removal by disinfection with sodium hypochlorite, as a function of CR⋅t (product of chlorine residual and contact time)
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