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Preface

Writing a book is not an easy task, as anyone who has ever written one knows.
Besides the content, there are many questions to ask before successfully telling
the story ... A book to say what? For whom? In what form? And once you have
all the answers to these questions, there is one last question that remains elusive:
How do you tell the story? Raymond Queneau illustrates this difficulty very well
by telling us in 99 different ways the simple story of a man traveling in a bus
(Exercices de style, Raymond Queneau. 1947).

Regarding the subject of access to water, its use, and more particularly, on the
subject of bathing in urban areas, the choice and the way of telling the story are
even more complicated. There are not 99 but thousands of ways to approach the
subject, thousands of ways to tell this story of primary interest to each of us.
Each of these ways will be fair, each of these ways will answer many questions
and fuel reflections ... But each of these ways will also leave out a number of
questions. To choose means to exclude.

As a public authority in charge of wastewater treatment, our role has been to tell
the story of disinfection from a technical perspective. A technology has been chosen
and tested, from laboratory scale to full-scale trials... From an idea to its industrial
feasibility. We tried to answer all the questions that came to a stakeholder’s mind,
with an operator and an end-user eye. No bias on the results. No position taken
on the technology. The objective of our story has been to give, in a factual way,

© IWA Publishing 2021. Effectiveness of Disinfecting Wastewater Treatment Plant Discharges:
Case of Chemical Disinfection Using Performic Acid

Editors: Vincent Rocher and Sam Azimi
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the results of the tests, starting from the development of the protocols, passing
through the evaluation of technology’s effectiveness and the verification of its
harmlessness on the environment. Thus, the reader can, at will, read all or a part
of the book according to his own questions, expectations, and objectives ... To
tell his own story!

In order to be able to address all of these subjects, to answer all of these questions,
we have put all the required skills around the table, ending up all together with 23
co-authors. This method of doing things is limitlessly rich since collective
competence is much greater than the sum of individual skills and that’s why all
co-authors are named at the beginning of the book regardless to their specific
contribution to each chapter. Only the fourth part includes the name of the
contributors at the beginning of each chapter since these works have been added
to the book to complete the overview.

We hope that you will have as much pleasure in reading this book as we have had
in writing it...

Happy reading!

Vincent Rocher and Sam Azimi
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General introduction

Over the past 50 years, the layout of the Parisian sanitation system has radically
changed, shaped through three major milestones. Beginning in the early 1970s
and over a 10-year period, a major industrial revolution led to a strong treatment
capacity expansion at the Seine-Aval wastewater treatment plant, which would
become one of the largest plants worldwide. This first step was followed by an
another crucial 10-year phase, from 1980 to 1990, which focused not only on
building new plants to bring on-line a significant increase in treatment capacity
but also, and based on an intensive applied research activity, on preparing for the
treatment plant changes required in response to environmental expectations.
Lastly, the changes occurring during the past 25-plus years, from 1990 to present
day, have been aimed at improving water treatment quality from removing only
carbon to the complete removal of carbon, nitrogen and phosphorus (Rocher &
Azimi, 2017). Such industrial changes have significantly contributed to
decreasing pollutant discharges into the Seine River while restoring its
physiochemical quality. Consequently, the oxygen level in the river is now quite
good, and the nitrogen and phosphorus concentrations are much lower than in
past years. These conditions favor the resurgence of numerous fish species, with
a recent record of 32 (whereas only three were counted in 1970) (Rocher &

Azimi, 2016).
The Parisian sanitation system now faces new challenges in managing the

wastewater produced by nine million inhabitants in a densely urbanized area.
More efficient use and management of wastewater are critical to addressing the
growing demand for water and the threats to water security. In this context, the
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xXxii Disinfection of WWTP Discharges using Performic Acid

evolution of social expectations in favor of wastewater reuse and the City of Paris’
pledge to open the Seine River to Olympic and Paralympic swimmers, as well as
to all Parisians, in 2024 have brought the issue of bacterial pollution to the
forefront (Directive 2006/7/CE, 2006). This issue seeks to identify and quantify
the main input pathways of bacteria into the river (treatment plants, storm
overflows, etc.) in order to define the best action plan for achieving the
recreational use objectives. Various solutions have been devised on the scale of
the Paris Metropolitan Area, and scenarios have been tested using the PROSE
mathematical model to establish and prioritize the actions to be carried out.
PROSE is a modeling tool, calibrated and validated on the Seine River, intended
to simulate nutrients and bacterial contamination within the Parisian watershed;
moreover, since 2007, it has been used by the Greater Paris Sanitation Authority
(STAAP) to design the Greater Paris sanitation master plan.

For all scenarios examined, disinfection of the effluent conveyed by the
wastewater treatment plants located upstream of the City of Paris appears to be a
necessary action. Indeed, bacterial contamination of the Seine River has been
shown to be significantly higher downstream of the wastewater treatment plant
outfalls (Figure 1).

During dry weather conditions, wastewater treatment plants significantly
contribute to bacterial concentrations in the river. The median concentration
discharged into the river has ranged from 5 x 10° to 50 x 10> MPN/100 mL of
Escherichia coli (E. coli) (Rocher & Azimi, 2016), leading to a median
concentration level in the river of 1200 MPN /100 mL at the Port & I’ Anglais site,
located downstream of the outfall. Thus, to be compliant with the bathing quality
objectives, the disinfection of the outfall becomes crucial to limit the bacterial
concentrations in the river. The situation is quite different during rain events.
Relying mostly on a combined sewer system, the Greater Paris Sanitation
Authority operates more than 400 km of pipes to handle wastewater for treatment
into six plants. While during dry weather periods the facilities are able to treat the
entire flow, such is not always the case during wet weather periods. During rain
events, due to the high level of impermeable surfaces, additional rainwater
significantly increases the flow rate into sewer pipes and exceeds the drainage
and treatment capacities of the whole sewer system, thus inducing combined
sewer overflows (CSOs) into the river. This untreated CSO discharges water,
containing up to 5.5 x 10° MPN/100 mL of E. coli, into the river (Rocher &
Azimi, 2016). In this case, CSOs become the main introduction pathway of
E. coli into the Seine River (Figure 1, yellow curve, occurring during the rain
event after 28 hours of simulation) and the disinfection of the plant outfall, which
was of prime importance during dry periods, appears useless for the river to be
compliant with bathing quality objectives

While the main objectives for the years ahead concern the ability to manage
rainwater in compliance with the water framework directive (WFD, 2006),
tackling the bacterial contamination due to wastewater during dry periods
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becomes of critical importance in significantly reducing the Seine River
contamination level. Though Rocher and Azimi (2016) have shown that
conventional wastewater treatment facilities offer a satisfactory bacteria removal
rate (ranging from 2.76 to 3.03 log for E. coli and 2.73 to 3.37 log for intestinal
enterococcus), it would appear that additional treatment processes are still
required in order to significantly reduce the bacterial contamination of
WWTP outfalls.

To help stakeholders in their choice for any additional treatment, the STAAP has
integrated into its scientific program, through its Mocopée research program, an
action to study the disinfection processes and their effectiveness and harmlessness
to the environment.

Among the technologies currently available for disinfecting wastewater outfalls,
chemical disinfection appears to be a well-adapted solution due to both its
operational flexibility and efficacy at removing bacterial contamination. While
several chemicals are known to disinfect water, performic acid (PFA) is currently
being used by some municipalities (Biarritz, France and Venice, Italy). This is the
basis for SIAAP’s testing of PFA to disinfect its Seine Valenton wastewater
treatment plant outfall. A two-year study was performed both in the laboratory
and at full-scale. This provided answers regarding both the efficacy and the
absence of environmental impact of this disinfection process. This book sets out
and discusses the expected outcomes of using PFA under three headings:

— Assessment of the efficacy of this type of chemical disinfection on WWTP
outfall;

— Technical feasibility of full-scale implementation;

— Verification of the minimal impact on the River Seine.

A fourth section, which reports feedback from the municipalities where PFA
disinfection has already been implemented, serves to complete this overview.
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Chapter 1

Laboratory scale study of
wastewater disinfection

by means of PFA and the factors
affecting its effectiveness

© SIAAP

1.1 INTRODUCTION

The Paris Metropolitan Area intends to authorize recreational bathing in the Seine
River during the summer by 2024. The precondition to achieving this objective
consists of limiting as much as possible the input of fecal bacteria into the
river, as per current bathing regulation targets for Escherichia coli (E. coli) and
intestinal enterococci (Directive 2006/7/EC, dated 15 February 2006 concerning
the management of bathing water quality, repealing Directive 76/160/|EEC,

© 2021 The Editors. This is an Open Access eBook distributed under the terms of the Creative Commons
Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for non-commercial
purposes with no derivatives, provided the original work is properly cited (https://creativecommons.
org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned from any third party in
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4 Disinfection of WWTP Discharges using Performic Acid

2006). One necessary (although insufficient) action is to disinfect the wastewater
treatment plant (WWTP) discharge upstream of Paris.

In the case of the Paris Metropolitan Area, performic acid (PFA), peracetic acid
(PAA), UV irradiation and ozonation seem to be among the disinfection techniques
existing for wastewater application, effective options when considering how
they respond to fecal bacteria. In addition, the application of chlorination
processes has not been considered since the disinfection unit would be
implemented to treat wastewater treatment plant (WWTP) effluents discharged
into the Seine River.

PFA has recently been tested at both the laboratory scale (Chhetri et al., 2014;
Gehr et al., 2009; Karpova et al., 2013; Luukkonen et al., 2015) and industrial
scale (Chhetri et al., 2015; Ragazzo et al., 2013, 2017) in order to disinfect
treated or partially treated wastewater. This technique would offer several
operational advantages, for example, effectiveness at a relatively low dosage,
lack of harmful byproducts, an onsite production just before injection and
post-injection instability (Karpova et al., 2013; Luukkonen et al., 2015; Ragazzo
et al., 2013). In addition, such a technique could be easily activated during summer
only (bathing period) and then switched off the rest of the year. Therefore, a
multidisciplinary project was conducted covering the Paris Metropolitan Area
in order to study the possibility of implementing a PFA disinfection unit at a plant
within the STAAP jurisdiction.

The first objective of this project was to study, at the laboratory scale, the
wastewater disinfection by PFA and the factors affecting its effectiveness, and
then to validate this choice before carrying out industrial-scale tests. Various
experiments were thus performed to: (1) validate the choice of PFA in
comparison with PAA; (2) quantify precisely the relationships between C x t
(concentration x time of exposure) and fecal bacteria reduction in the targeted
WWTP discharge; (3) assess the effect of water quality, especially particles, on
PFA effectiveness; (4) evaluate the feasibility and implications of disinfecting
partially treated wastewater by PFA; and (5) obtain information regarding the
effect of PFA on other types of pathogens. This first chapter will present all the
experiments and results associated with these five points.

1.2 TRIAL METHODS USED AT THE LABORATORY SCALE
1.2.1 PFA preparation method

PFA is produced at the laboratory scale in accordance with the two-step Kemira
preparation protocol described in Luukkonen (2015). The first step consists of
catalyzing formic acid by adding 10% by mass of sulfuric acid. This step is
performed in an iced batch since the reaction is exothermic. The second step
entails producing PFA from the catalyzed formic acid by addition into an iced
bath of hydrogen peroxide with a mass ratio of 1/1. A maturation time during
mixing is needed given that the reaction is slow and the mass concentrations
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Laboratory scale study of wastewater disinfection 5

of hydrogen peroxide and PFA change until reaching equilibrium. Specific
experiments have been conducted to determine an optimal maturation time of
around 1 hour. In theory, at the end of preparation, the solution contains 20%
hydrogen peroxide and 13.5% PFA. The solution is always controlled by dosing
the exact PFA concentration. This method is summarized in Figure 2. In theory,
the final solution containing 13.5% of PFA also contains 30.9% of residual
formic acid, hence the injection of 1 ppm of PFA leads to injecting 0.79 ppm of
C (0.19 from PFA plus 0.60 from formic acid). The PFA solution is then directly
stored at —18°C in darkness for a maximum period of 3 weeks.

1.2.1.1 PFA titration method

The reference dosing technique consists of a redox colorimetric titration of
hydrogen peroxide in the solution mixed with diluted sulfuric acid by adding
potassium permanganate. The equivalency is determined by a persistent pink
coloration of the solution. Next, potassium iodide is added, which leads to
transforming PFA into a carboxylic acid along with the formation of 1 mole of
iodine for each mole of carboxylic acid. Lastly, the iodine is dosed using
thiosulfate in the presence of starch, leading to discoloration of the solution upon
reaching equivalency. This method is summarized in Figure 2.

1.2.1.2 Decay kinetics at different temperatures of PFA
produced at the laboratory scale

PFA preparation and titration at the laboratory scale have been tested in order
to evaluate: (1) repeatability of the titration technique; (2) repeatability of
the preparation protocol; and (3) decay kinetics of PFA at various storage
temperatures (—18, 4 and 20°C) in darkness.

Regarding repeatability of the titration technique, five titrations of a given
PFA solution were performed on the same day. This evaluation was also
conducted on different days and with different PFA solutions. The average
concentrations obtained for PFA and hydrogen peroxide were respectively: 11.73
+ 0.80 and 19.79 + 0.65%. The variability of this method was therefore very
low, with a coefficient of variation equal to 7 and 3%. As regards repeatability of
the laboratory scale preparation protocol, five PFA solutions were prepared and
dosed using the colorimetric method over five different days. For samples 3, 4 and
5, titration was performed three times. The PFA concentrations obtained were:
12.12% (sample 1), 11.91% (sample 2), 12.40 + 0.98% (sample 3), 13.03 + 0.91%
(sample 4), and 11.24 + 0.28% (sample 5). The overall average obtained was thus
12.18 + 0.94%, for a limited variability of just 8% (coefficient of variation), which
is comparable to the titration method variability. The laboratory scale PFA
preparation protocol is hence reliable and repeatable.

As for decay kinetics, PFA concentration was monitored in one of the
preparations stored in darkness at three different temperatures (—18, 4 and 22°C).
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6 Disinfection of WWTP Discharges using Performic Acid

Figure 3 displays the evolution in PFA concentration vs. time over a period of
150 days.

In the three cases studied, the PFA decay follows a pseudo-first-order kinetics
(y=A e ™). The influence of temperature is clear, with an increase in constant k
as temperature increases: 0.004 at —18°C, 0.041 at 4°C, and 0.16 at 22°C. PFA
exhibits special behavior when stored at —18°C, with a concentration rise during
the first 3 days (28%), followed by a pseudo-first-order decay kinetics. The initial
PFA concentration is then once again reached after 20-30 days. It can be
assumed that PFA formation continues when the solution is kept at a
temperature below 0°C. The half-life of PFA is thus 210, 17 and 4.5 days,
respectively, at —18, 4 and 22°C. In more practical terms, if PFA use is
considered to remain the same until its concentration reaches 90% of the initial
concentration, then a PFA preparation can be stored for a maximum time of
63, 2.5 and 0.5 days, respectively, at —18, 4 and 22°C. Out of safety
concerns, a PFA preparation should be titrated for each use, as was the case
for this work.

1.2.1.3 Description of an experimental PFA disinfection method at
the laboratory scale

Laboratory scale disinfection trials were performed in 2-L batches under strong
mixing conditions (200 rpm) in order to guarantee batch uniformity. A Jar-test
apparatus, which is normally used for coagulation-flocculation batch tests, was
employed herein: 1.8 L of the wastewater sample is first introduced into the
batch; then, mixing is started and a given volume of the solution containing the
disinfectant, corresponding to the targeted dose, is injected. After the contact
time, 20 mg/L of thiosulfate is added to stop the disinfection reaction, mixing
is stopped and the samples removed for analysis. For all laboratory scale
disinfection trials, a 10-min contact time was applied. This method is summarized
in Figure 2.

Most trials were conducted at the Seine Valenton (SEV, Valenton, France)
WWTP, with distinct discharge samples being drawn several hours before the
trials. SEV is run by SIAAP and treats 600,000 m>/day of wastewater from the
eastern part of the Paris Metropolitan Area. In a normal configuration (dry
weather), the treatment processes are pre-treatment (screening, grit and oil
removal), followed by a primary settling unit and biological treatment by an
extended aeration activated sludge process to achieve a complete treatment of
carbon, nitrogen (nitrification and denitrification) and phosphorus. A
physicochemical dephosphatation unit treats a portion of the treated water in
order to raise the level of phosphorus removal. In a degraded mode of WWTP
operations (wet weather or internal bypass due to insufficient treatment capacity),
the excess wastewater is conveyed directly to the physicochemical
dephosphatation unit for particle and phosphorus removal. WWTP discharge to
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the Seine River depends on whether the water has been totally treated or is a mix of
totally and partially treated. A complete description of SEV WWTP operations is
given in Section 2, Chapter 1.

Various parameters were measured during most of these laboratory scale
experiments, i.e. total suspended solids (TSS), dissolved organic carbon (DOC),
chemical (COD) and biochemical (BOD) oxygen demands, total Kjeldahl
nitrogen (TKN), total phosphorus (TP), and E. coli and intestinal enterococci (in
MPN/100 mL). These analyses were performed according to the following
methods: NF EN 872 for TSS, NF EN 1484 for DOC, ISO 15,705 for COD, NF
EN 1899 for BOD, NF EN 25,663 for TKN, NF EN ISO 6878 for TP, NF EN
ISO 9308-3 for E. coli, and NF EN ISO 7899-1 for intestinal enterococci.

Moreover, preliminary tests were conducted to consider the best analytical
method for the quantification of the ions NH,*, NO;~, NO, ™ and PO437 since
the conventional method using cadmium column was not adapted. Indeed, the
potential presence of residual PFA concentrations may cause damages to the
column. These analyses were performed according to the following methods: NF
EN ISO 11732 for NH4 ", NF EN ISO 10304-1 for NO;~ and NO, ™ and NF EN
ISO 15681-2 for PO4*~. A significant impact from excess thiosulfate on the
quantification of COD, BOD and DOC had been observed; these parameters were
then analyzed in sub-samples free of thiosulfate.

1.3 COMPARISON OF PFA DISINFECTION
EFFECTIVENESS WITH OTHER CHEMICALS
1.3.1 Description of the experiments performed

For starters, PFA was compared to peracetic acid (CAS 79-21-0) and hypochlorite
(CAS 7681-52-9), both of which are commonly used disinfectants. An initial
literature survey did lead to identifying PFA and peracetic acid (PAA) as
promising disinfection alternatives for wastewater (Chhetri et al., 2014, 2015,
2018; Luukkonen and Pehkonen, 2017; Luukkonen et al., 2015; Ragazzo et al.,
2013). These initial experiments were aimed at both comparing their disinfection
effectiveness on SEV  WWTP discharge and estimating the overall dose
required of these compounds to achieve a given fecal bacteria elimination rate.
Hypochlorite was adopted as the disinfection reference even though its
application in the environment had not been considered.

Peracetic acid (VWR 1.07222.1000, mass concentration of 38-40%) and
hypochlorite (Nectra 156031, mass concentration of 10%) were commercial
solutions available from VWR, whereas PFA was directly produced at the
laboratory scale following the preparation previously described (Figure 1).
The applied PFA solution was produced and dosed on the same day as the
disinfection experiments in order to precisely determine the volume of PFA to inject.
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8 Disinfection of WWTP Discharges using Performic Acid

The three products were tested simultaneously on six distinct SEV WWTP
discharge samples, except for PFA at doses of 5, 8 and 10 ppm, which were only
tested on the first three samples. The treated wastewater was sampled a few
hours before each disinfection trial (Nov 14, Nov 28, Dec 5, Dec 19 and Dec 20,
2017 and Jan 15, 2018). The previously described laboratory scale experimental
disinfection method was applied. For each trial, four disinfectant doses were
tested simultaneously (2, 5, 8 and 10 ppm) with a contact time of 10 min.
The quality of the wastewater samples was evaluated before a disinfection step
aimed at respecting the quality standards described in Part 2.1.3. The overall
quality of the six SEV WWTP discharge samples was normal, with average
concentrations of: 6.5 + 2.8 mg/L for TSS, 5.7 + 1.0 mgC/L for DOC, 21 + 4
mgO,/L for COD, 2.1 + 1.4 mgO,/L for BODs, 1.4 + 0.5 mgN/L for TKN,
and 1.1 + 0.8 mgP/L for TP. Similarly, the E. coli and intestinal enterococci
concentrations in the samples were close to what is generally encountered in
this type of water with median + min-max concentrations of: 13,288 + 1690—
123,603 and 5887 + 1929-23,655 MPN/100 mL, respectively (Rocher &
Azimi, 2016).

1.3.1.1 Effectiveness of PFA, PAA and hypochlorite on
SEV WWTRP discharge

Figure 4 Presents the results of the six disinfection trials performed to compare
PFA, PAA and hypochlorite on SEV WWTP discharge with a contact time of
10 mins. Depicted here are the median concentrations of E. coli or intestinal
enterococci, with the observed minimum and maximum concentrations shown
as error bars. These values were calculated from six trials, except for PFA at 5, 8
and 10 ppm (three trials).

These trial results indicate a lower fecal bacteria disinfection effectiveness
of PAA compared to PFA at a comparable limited applied dose. At an applied
dose of 2 ppm, the residual concentrations of E. coli and intestinal enterococci
in the disinfected wastewater are in fact equal to 38 + <38-78 MPN/100 mL
(median + min-max) for PFA, and 2625 + 1855-23,695 and 3596+ 1511-
19,701 MPN/100 mL, respectively, for PAA. This difference in effectiveness
at 2 ppm is significant (Mann—Whitney test) for both E. coli and intestinal
enterococci with p-values of 0.004. A higher dose is thus required to achieve
a given fecal bacteria elimination rate with PAA compared to PFA. It can also
be concluded that PFA disinfection effectiveness is comparable to hypochlorite at
the same applied dose even though fecal bacteria concentrations after 10 min
of disinfection at 2 ppm are slightly higher for hypochlorite than PFA. As
an example, the residual E. coli concentrations in the disinfected wastewater are:
38 + <38-78 MPN/100 mL (median + min-max) for PFA, and 108 + <38-
2253 MPN/100 mL for hypochlorite. The difference in effectiveness at 2 ppm for
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these products is insignificant (Mann—Whitney test) for both E. coli and intestinal
enterococci, with p-values of 0.177.

Karpova (2013) observed similar trends in concluding that 0.5 ppm of
PFA had the same effectiveness in reducing fecal coliform concentration in
biologically-treated wastewater as 1 ppm PAA and 8 ppm Cl,. The lower PFA
dose requirement compared to other chemicals is commonly acknowledged in the
scientific literature (Luukkonen & Pehkonen, 2017). More recently, Ragazzo
(2020) reported that for a typical disinfection contact time (20-30 min) at doses
set to guarantee the current effluent limit for E. coli of 5000 CFU/100 mL, PAA
and hypochlorite required Ct values three and four times higher on average,
respectively, than PFA.

These preliminary results highlight the consistency of using PFA to disinfect the
SEV WWTP discharge since this chemical features high fecal bacteria disinfection
effectiveness at relatively low doses, which would in fact limit the quantity of
chemical injected into the Seine River, in addition to the advantage of being
produced in situ due to its instability.

1.4 INFLUENCE OF PFA DOSE ON THE
EFFECTIVENESS OF FECAL BACTERIA REMOVAL

1.4.1 Description of the experiments performed on
SEV WWTP discharge

Given the high disinfection effectiveness of PFA with a limited applied dose
and time, multiple disinfection trials were performed on SEV WWTP discharge
at various doses and a contact time of 10 min in order to study the dose-
effectiveness relationships for both E. coli and intestinal enterococci. The aim
herein was to both determine the required PFA C x t to achieve a given fecal
bacteria elimination rate and characterize the variability due to water quality
variations.

In all, 24 distinct SEV WWTP discharge samples were collected for PFA
disinfection trials, including the six previously presented, between Nov 14,
2017 and Feb 13, 2019. The previously described laboratory scale experimental
disinfection method was applied. The SEV WWTP discharge was sampled
several hours before each disinfection trial and various PFA doses were applied
depending on the sample, resulting in nine values for the 0.2-0.3 ppm
interval, 13 values for 0.35-0.50 ppm, nine values for 0.7-0.8 ppm, 16 values for
0.9-1.0 ppm, eight values at 1.2 ppm, 15 values for 1.8-2.0 ppm, and lastly
three higher values at 4.5, 7.2 and 8.9 ppm of PFA. The wastewater sample
quality was evaluated before a disinfection step aimed at respecting the quality
standards described above. The overall quality and variability of the 24 SEV
WWTP discharge samples were relatively normal, with average concentrations
of: 8.7 +55mg/L for TSS, 5.8 + 0.8 mgC/L for DOC, 23 + 8 mgO,/L
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10 Disinfection of WWTP Discharges using Performic Acid

for COD, 2.0 + 1.2 mgO,/L for BODs, 1.1 + 0.7 mgN/L for TKN, and 1.2
+ 0.7mgP/L for TP. Similarly, the E. coli and intestinal enterococci
concentrations in the samples were close to what is normally encountered in this
type of water, with median + min-max concentrations of: 14,290 + 1690-678
750 and 4630 + 707-62,969 MPN/100 mL, respectively (Rocher & Azimi
2016). The variability of water quality originates from differing SEV WWTP
operating conditions during the sampling period (internal bypass, dry and wet
weather, etc.).

1.4.1.1 Chart of PFA effectiveness for the SEV WWTP discharge

Figure 5 displays the results of the 24 disinfection trials performed with PFA on
SEV WWTP discharge with a contact time of 10 min; it depicts the median
concentration of E. coli or intestinal enterococci, with the minimum and
maximum concentrations observed as error bars (upper part of the figure), and the
average logarithmic removal of both fecal bacteria, with the standard deviation
shown as error bars (lower part of the figure). The quality limits (900 MPN/100
mL for E. coli and 330 MPN/100 mL for intestinal enterococci) for respecting
European recreational bathing regulations (Directive 2006/7/EC dated 15
February 2006 concerning the management of bathing water quality, repealing
Directive 76/160/|EEC 2006) are listed as indications along with the bacteria
limit of quantification (LOQ).

The strong influence of the PFA dose at a contact time of 10 min is clearly
observable. The increase in the applied PFA dose leads to an increase in fecal
bacteria reduction until doses of between 1.8 and 4.5 ppm (C x t of 18-45 ppm.
min), at which point the median concentrations of both bacteria reach the limits
of quantification for this type of treated wastewater. Moreover, the PFA
effectiveness is higher for E. coli than for intestinal enterococci, leading to a
lower PFA dose requirement for these bacteria. This greater sensitivity of E. coli
to PFA is particularly observable at low PFA doses, with more pronounced
decreases of concentration from one dose to another for E. coli and higher
logarithmic removal values. For example, the median E. coli concentration is
lowered from 14,290 MPN/100 mL in the raw water to 179 MPN/100 mL in the
disinfected water at 0.35-0.5 ppm PFA, while it is only reduced from 4630 to
1305 MPN/100 mL for intestinal enterococci at this same dose. The logarithmic
removals are always higher for E. coli than for intestinal enterococci when
considering doses below 1.8-2.0 ppm PFA, at which point the limits of
quantification start to be reached. Such is particularly the case for a PFA dose of
0.35-0.5 ppm, with logarithmic removals of 0.66-2.85 and 0-1.71 respectively
for E. coli and intestinal enterococci. Above this dose, the difference in
logarithmic removals is due to higher initial concentrations for E. coli and similar
limits of quantification. In the scientific literature, a comparable effectiveness of

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf

bv auest



Laboratory scale study of wastewater disinfection 1

PFA in disinfecting treated wastewater has been mentioned. Karpova (2013)
obtained a removal rate of about 1 log for E. coli at 4-5 ppm.min of PFA applied
to biologically-treated wastewater effluents at the laboratory scale, and 0.5-2.0
log for intestinal enterococci. Similarly, Luukkonen (2015) obtained, at the
laboratory scale, a removal of 3.3 log for E. coli with an initial concentration of
29,200 CFU/100 mL and 15 ppm.min of PFA, compared to a removal of 2.5 log
for intestinal enterococci with an initial concentration of 1840 CFU/100 mL.
Next, industrial-scale trials for the disinfection of WWTP discharges with PFA
were performed in Venice (Ragazzo et al., 2013), concluding that 23 ppm.min or
less of PFA led to E. coli and intestinal enterococci removals of respectively
2-4.2 and 0.7-3.2 log, while 60 ppm.min guaranteed removals always remained
higher than 3 log. In these trials, the higher sensitivity of E. coli to PFA was
also observed.

In addition, a strong variability in residual concentration and logarithmic
removals was observed for a given applied PFA dose. For example, the
residual E. coli and intestinal enterococci concentrations varied respectively
between <15 and 1541 MPN/100 mL and between 38 and 20,488 MPN/100
mL for a PFA dose of 0.35-0.5 ppm, and between <15 and 419 MPN/100 mL
and between <15 and 2720 MPN/100 mL for a dose of 0.9-1.0 ppm.
Consequently, the logarithmic removal rate at a given PFA dose is also
strongly variable, that is, approximately 1 log removal of variation from one
sample to another. This variability is most likely indicative of an impact of the
SEV  WWTP discharge quality variations on PFA disinfection effectiveness.
Among the 24 samples, 12 were in fact collected during nominal SEV WWTP
operations (i.e., nominal flow capacity not being exceeded and no internal
bypass), as opposed to the other 12, for which the SEV WWTP was
experiencing partially degraded operations (i.e., flow capacity exceeded and/or
internal bypass). This discrepancy led to variations of: TSS between 2 and 25
mg/L, COD between 6 and 42 mgO,/L, DOC between 3.9 and 7.0 mgC/L,
TKN between <0.3 and 2.8 mgN/L, NH," between <0.3 and 1.3 mgN/L,
NO; ™ between 13.1 and 18.9 mgN/L, NO,~ between <0.02 and 0.32 mgN/L,
and PO,>~ between <0.1 and 7.4 mgP/L.

Hence, in the case of SEV WWTP discharge disinfection, a C x t of 9-12 ppm.
min seems to be a good target since within this range, the concentrations of E. coli
and intestinal enterococci most of the time lie below the European recreational
bathing regulation targets of 900 and 330 MPN/100 mL, respectively. As regards
regulating the applied PFA dose in recognition of both the contact time
(flow rate) and water quality, a target of 10 ppm.min could be considered for
‘good quality’ water and 20 ppm.min in the event of quality degradation.
However, the quality parameters leading to a variability in results should be
better understood in order to correctly modulate the PFA dose injection as a
function of water quality.
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12 Disinfection of WWTP Discharges using Performic Acid

1.5 INFLUENCE OF WWTP DISCHARGE QUALITY ON
FECAL BACTERIA REMOVAL

1.5.1 Normalization of the PFA effectiveness to the
SEV WWTP discharge quality

As observed in the previous section, a strong variability in PFA disinfection
effectiveness has been observed, along with a variability in the SEV WWTP
discharge quality. To identify suspected causes of degraded quality parameters,
statistical correlation tests (Spearman, a = (0.05) were performed between water
quality parameters and the residual bacterial concentration or logarithmic removal
at a PFA C x t of either 7-9 ppm.min (n = 15) or 9—12 ppm.min (n = 18). For
both cases, no significant correlations (p-value >0.05) were found between the
logarithmic removals of both types of bacteria and TSS, COD, DOC and initial
bacterial concentrations. For a PFA C x t of 7-9 ppm.min, the residual E. coli
concentration was statistically correlated with TSS (r =0.773 — p-value = 0.001),
COD (r=0.542 — p-value =0.039) and the initial E. coli concentration (r=
0.703 — p-value = 0.005), while the sole statistically correlated parameter with the
residual intestinal enterococci concentration was COD (r=0.572 — p-value =
0.028). For the higher PFA C xt of 9-12 ppm.min, the sole statistically
significant correlation was found between the residual concentration of E. coli
and TSS (r=0.637 — p-value = 0.006). This finding would indicate that the PFA
disinfection effectiveness in reducing E. coli and intestinal enterococci contents
depends on the initial concentrations of bacteria, TSS and COD of the water.

In considering this conclusion, the results of the 24 disinfection trials
were plotted in different ways in Figure 6, which represents the residual
concentration of both types of bacteria after 10 min of disinfection vs. the
normalized PFA C x t. The normalization step was performed by dividing the
applied C x t by both initial bacterial concentrations, TSS or COD since they
are correlated with the residual bacterial concentration after disinfection.

For one thing, Figure 6 highlights that the normalization steps are consistent
since no notable differences can be detected between samples from degraded
operations and those from a normally operating SEV WWTP. These
normalizations incorporate the normal variability of WWTP quality and can thus
be used independently of upstream conditions.

From a logical standpoint, the residual bacterial concentration after disinfection
is significantly correlated (Spearman, o = 0.05) with the C x t of PFA normalized to
the initial bacterial concentration for both E. coli (r = —0.604 — p-value <0.0001)
and intestinal enterococci (r= —0.735 — p-value <0.0001), in following a
decreasing power law. The higher the initial bacterial concentration, the higher
the residual concentration after disinfection for a given applied C x t. In addition,
the variability in the residual concentration of intestinal enterococci is notably
higher than that of E. coli. Using this normalized chart that takes into account
influent variability, the PFA requirement in the SEV WWTP discharge to reach
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the quality targets of 900 and 330 MPN /100 mL can be estimated at around 1.5
ppm.min of PFA per logarithmic concentration unit of E. coli and around 4 ppm.
min of PFA per logarithmic concentration unit of intestinal enterococci.

Since an instantaneous in-line measurement of fecal bacteria is infeasible, it would
be worthwhile to use a surrogate to regulate PFA injection. Given that TSS and
COD were found to be correlated with the residual bacterial concentrations,
both parameters were tested during the normalization step and for both, the
residual concentrations were significantly correlated with the normalized C x t of
PFA applied for E. coli (r = —0.690 — p-value <0.0001 for TSS and r = —0.643 —
p-value <0.0001 for COD) as well as intestinal enterococci (r = —0.706 — p-value
<0.0001 for TSS and r= —0.643 — p-value <0.0001 for COD), in following a
decreasing power law. According to these normalized charts, a normalized C x t
of 1 ppm.min of PFA/mg TSS or 0.5 ppm.min of PFA/mgO,-COD proves to be
sufficient to ensure a reduction in E. coli concentration below the quality target of
900 MPN/100 mL. A normalized C x t of 2 ppm.min of PFA/mg TSS or 1 ppm.
min of PFA /mgO,-COD is sufficient to ensure a reduction in E. coli concentration
below this same quality target of 900 MPN/100 mL. Since TSS can be easily
estimated in-line and instantaneously by means of a turbidity probe, and COD by a
3D fluorescence probe (Goffin et al, 2018), both parameters serve as good
surrogates to regulate PFA injection, provided that the mathematical correlations
for the SEV WWTP discharge between TSS and turbidity or between COD
and 3D fluorescence are well established. A more in-depth analysis of PFA
performance predictability with respect to wastewater quality parameters is
performed at the industrial scale in Part 2 — Chapter 3.

1.5.2 Investigation of the role of TSS in the variability of
PFA effectiveness

1.5.2.1 Description of the specific experiments performed to
investigate the role of TSS

The effect of TSS alone is not directly observable by comparing PFA trials
performed on different samples since the initial bacterial concentrations increase
with TSS concentration in SEV WWTP discharge, as well as with other quality
parameters. The TSS content in the 24 disinfection trials conducted previously is
indeed significantly correlated with both E. coli (r=0.773 — p-value = 0.001)
and intestinal enterococci (r = 0.637 — p-value = 0.006) concentrations. It is thus
impossible to directly determine if the correlation between disinfection
effectiveness and TSS is due exclusively to the increase in bacterial content or if
the TSS themselves have a protection effect against fecal bacteria.

To isolate the effect of TSS, specific laboratory tests have been performed in
water samples spiked with different amounts of TSS collected from SEV WWTP
discharge samples by means of settling in the laboratory. For each test, the TSS
were collected from the same sample of water used for the disinfection tests;
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14 Disinfection of WWTP Discharges using Performic Acid

these tests were carried out by spiking raw TSS (Oct 24-31, 2018, Nov 7, 2018 and
Jan 30, 2019) or autoclaved TSS (Nov 7, 2019 and Feb 6-13, 2019). It was assumed
that spiking autoclaved TSS would increase the TSS content yet without increasing
the bacterial content, thus making it possible to isolate the effect of a TSS content
modification and determine whether the TSS could protect bacteria from PFA.
The tests were performed at a contact time of 10 min and a dose of 1.0 ppm of
PFA (C x t of 10 ppm.min), except for the trial conducted on Jan 30, 2019, in
which a lower dose of 0.5 ppm (C x t of 5 ppm.min) was applied in order to exacer-
bate the trends. The overall quality of the six SEV WWTP discharge samples (before
TSS spiking) was normal, with average concentrations of: 13 + 8 mg/L for TSS, 6.2
+ 0.4 mgC/L for DOC, and 26 + 7 mgO,/L for COD.

1.56.2.2 Effectiveness of PFA disinfection at increasing TSS
concentration in SEV WWTP discharge

Figure 7 displays the results of these specific tests performed: (a) with raw TSS,
and (b) with autoclaved TSS.

The spiking did not yield a major variation in fecal bacteria concentrations for
the samples spiked with raw TSS. For these samples, the initial concentrations
were quite comparable across the various samples, with a variability of less than
a factor of 2 or 3, which is rather low considering the analytical method adopted
for bacterial quantification. For example, E. coli concentrations for the Oct 24,
2018 samples were 13,800, 17,100, 10,100 and 15,700 MPN/100 mL
respectively for TSS concentrations of 2, 7, 9 and 24 mg/L. Similarly, the
intestinal enterococci concentrations for these same samples were 3150, 4630,
4520 and 2560 MPN/100 mL. The initial bacterial concentrations can thus be
considered comparable in the samples on any given day.

Figure 7a shows two types of behavior for E. coli. For the Oct 24, 2018 and Oct
31, 2018 samples, no clear negative influence of TSS concentration can be observed
as the residual bacterial concentration does not increase with TSS content in the
sample after 10 ppm.min of PFA. For the Nov 7, 2018 and Jan 30, 2019 samples,
an increase in residual bacterial concentration is observed above 20-30 mg/L of
TSS. This phenomenon seems more pronounced on Jan 30, 2019, most likely
because of the lower C xt of applied PFA (5 ppm.min). For intestinal
enterococci, a negative effect of TSS content in the sample to be disinfected is
observed, except for the Oct 24, 2018 sample. An increase in residual bacterial
concentration with TSS content in the sample after 10 ppm.min of PFA is
observed above 20-30 mg/L for both the Oct 31, 2018 and Jan 30, 2019
samples, and above 12-20 mg/L on Nov 7, 2018.

Regarding the trials performed by spiking autoclaved TSS, the exact same
observation can be made for the effect of TSS spiking on the variation in initial
bacterial concentrations, which can be considered comparable in the samples for
any given day.
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The results obtained with autoclaved TSS (Figure 7b) are very consistent with
those from raw TSS. Both the autoclaved and raw TSS spiking tests were in fact
held on Nov 7, 2018. For this particular day, no negative influence of autoclaved
TSS on the residual E. coli concentration was observable until a concentration of
23-26 mg/L of TSS, whereas such an influence could be observed as of a
concentration of 30 mg/L of TSS with raw TSS. Similarly, the negative effect of
autoclaved TSS was observable on the residual concentration of intestinal
enterococci from a concentration of 14-15 mg/L of TSS, while observation could
only be made from a concentration of 12-20 mg/L of TSS for raw TSS. For the
other tests with autoclaved TSS (i.e., Feb 6, 2019 and Feb 13, 2019), no
influence of autoclaved TSS was recorded during the Feb 6, 2019 tests for either
E. coli or intestinal enterococci, yet an increase in the residual E. coli
concentration was detected on the Feb 13, 2019 tests as of a concentration of
14-15 mg/L of TSS.

Such results tend to confirm that TSS concentration in the wastewater to be
disinfected constitutes a key parameter with a potential negative effect on PFA
disinfection performance as TSS content increases even if the initial bacterial
concentrations are stable. In addition, the sensitivity of intestinal enterococci to
TSS increases seems to be higher than that of E. coli; however, the exact
mechanism explaining this effect has not been clearly identified. Further
experiments should thus be conducted in order to confirm this effect and identify
if the TSS truly protect bacteria from PFA or if TSS consume a fraction of the
PFA, thereby reducing the actual applied dose.

1.6 IMPACT OF PFA APPLICATION IN PARTIALLY
TREATED WASTEWATER ON PFA DOSE REQUIREMENTS
1.6.1 Description of disinfection experiments performed
in raw and settled wastewater

Several PFA disinfection trials have been performed in partially treated wastewater;
the aim here was to investigate the evolution of the PFA C x t required to achieve a
given removal effectiveness when PFA is applied to a highly degraded quality of
wastewater. Few studies have actually reported on the disinfection effectiveness
of PFA applied to settled wastewater (Gehr et al., 2009) or to combined sewer
overflow (Chhetri et al., 2014, 2015; McFadden et al., 2017; Tondera et al.,
2016), yet this solution is sometimes considered as an option to reduce the river’s
fecal bacteria inputs.

These experiments were conducted using the same laboratory scale disinfection
method as previously described (Figure 1) with distinct raw wastewater and settled
wastewater (physicochemical lamellar settling effluent) samples from the Seine
Centre (SEC) WWTP. This WWTP treats 240,000 m®/day of Parisian wastewater
by means of pre-treatment, physicochemical lamellar settling and three-stage
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16 Disinfection of WWTP Discharges using Performic Acid

biofiltration that serves to eliminate carbon and nitrogen pollution. This WWTP
layout is presented in detail in Rocher ef al. (2012). The raw wastewater was also
diluted with distilled water to create artificial sewer overflow samples. Four
dilutions containing respectively 15, 40, 60 and 85% wastewater were applied. It
is considered that samples containing 40% raw wastewater simulate the initial
flow of a sewer overflow event, while 15% of the samples simulate the typical
overflow (Chhetri et al., 2014; Passerat et al., 2011).

PFA disinfection trials were conducted on five different samples for settled
wastewater (March 25, 2019, May 2, 6, 9 and 13, 2019), seven for raw
wastewater and diluted raw wastewater (Dec 11, 13 and 18, 2018, May 2, 6, 9
and 13, 2019). For each trial, a contact time of 10 min was applied as well as
PFA doses of 2, 6 and 10 ppm, resulting in a C x t of 20-100 ppm.min. As
regards the diluted raw wastewater, three samples (Dec 11, 13 and 18, 2018)
corresponded to 60 or 85% wastewater and four samples (May 2, 6, 9 and 13,
2019) corresponded to 15 or 40% wastewater. The overall quality of the seven
raw wastewater samples (before dilution) was usual, with average concentrations
of: 190 + 68 mg/L for TSS, 24.9 + 14.1 mgC/L for DOC, 356 + 101 mgO,/L
for COD, 121 + 63 mgO,/L for BODs, 38.7 + 6.1 mgN/L for TKN, and 3.8 +
0.8 mgP/L for TP. The overall quality of the five settled SEC wastewater
samples was normal, with average concentrations of: 35 + 10 mg/L for TSS,
31.3 + 173 mgC/L for DOC, 161 + 49 mgO,/L for COD, 48.7 + 12.2
mgO,/L for BODs, 37.5 + 7.5 mgN/L for TKN, and 1.5 + 0.8 mgP/L for TP.

1.6.2 PFA effectiveness in removing fecal bacteria in raw
and settled wastewater

Figure 8 displays the results of the PFA disinfection trials performed on raw, settled
and diluted raw wastewater from the SEC WWTP, with the left side results
comparing raw and settled wastewater and the right-side results from diluted raw
wastewater. In both cases, the median concentrations of bacteria have been
plotted on top of the figure with min and max values as error bars, while the
average logarithmic removals with standard deviations as error bars are plotted at
the bottom.

Regarding the case of partially treated wastewater, the initial concentrations of
E. coli and intestinal enterococci are, logically, higher than in the SEV WWTP
discharge (2-3 log for E. coli and 1-2 log for intestinal enterococci).

For raw wastewater, a C x t of 100 ppm.min is insufficient to reduce the
concentrations of both bacteria below the bathing quality limits of 330 and 900
MPN/100 mL. The increase of C x t in this type of water allows increasing the
logarithmic removal from 0.96 + 0.78 at 20 ppm.min to 3.23 + 0.67 at 60 ppm.
min and to 3.33 + 0.81 at 100 ppm.min for E. coli, and from 0.68 + 0.48 at 20
ppm.min to 3.10 + 0.89 at 60 ppm.min and to 3.35 + 0.85 at 100 ppm.min for
intestinal enterococci.
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For settled wastewater, a C x t of 100 ppm.min is insufficient to reduce the
concentrations of both bacteria below the bathing quality limits of 330 and 900
MPN/100 mL. The increase of C x t in this type of water serves to increase the
logarithmic removal from 2.41 + 0.56 at 20 ppm.min to 3.10 + 0.32 at 60 ppm.
min and to 3.09 + 0.31 at 100 ppm.min for E. coli, and from 0.86 + 0.73 at
20 ppm.min to 3.46 + 0.28 at 60 ppm.min and to 3.46 + 0.28 at 100 ppm.min
for intestinal enterococci. The logarithmic removals are thus comparable (60 and
100 ppm.min) or slightly higher (20 ppm.min) in settled wastewater compared to
raw wastewater, however the residual bacterial concentrations are lower thanks
to lower initial concentrations. A C xt above 100 ppm.min is thus required
to efficiently disinfect raw or settled wastewater, in comparison with a C x t of
10-20 ppm.min for the SEV WWTP discharge.

To the best of the author’s knowledge, no results are available in the literature
on PFA effectiveness on raw wastewater. In contrast, similar experiments were
performed by Gehr et al. (2009) on physicochemical treatment effluent (10—
100 mg/L of TSS and 37-238 mgO,/L of COD) at both the batch and pilot
scales. At the batch scale for a contact time of 10 min, they obtained fecal
coliform removals of approximately 3 log at 5 ppm.min of PFA, slightly above
3log at 20 ppm.min and up to 6log at 40 ppm.min. At the pilot scale for a
contact time of 45 min, average fecal coliform removals of 0.5log at 45-90
ppm.min, 2.5log at 90-135 ppm.min, 3log at 135-180 ppm.min and up to
5.5log at 225-270 ppm.min were recorded with PFA. For intestinal
enterococci, removals of 4-6 log were observed for a contact time of 45 min
at 225-270 ppm.min of PFA.

As regards the case of artificial combined sewer overflows (CSOs), the initial
concentrations of both E. coli and intestinal enterococci decreased with the
dilution of raw wastewater, with a maximum difference of around 1 log between
the concentrations in 100 and 15% raw wastewater.

For E. coli, the dilution rate increase led to a decrease in residual concentration
after 20 ppm.min of PFA, with median concentrations of: 3,332,461, 1,792,500,
18,863, 2695 and 2598 MPN/100 mL respectively for 100, 85, 60, 40 and 15%
raw wastewater. However, at 60 and 100 ppm.min, the residual bacterial
concentrations were similar among the various dilution rates, that is, around
1000-3000 MPN/100 mL. These values were correlated with an increase in the
logarithmic removal rate between 100 and 85% raw wastewater and more heavily
diluted wastewater for a C x t of 20 ppm.min, which rose from around 1 log to
just below 3log, in contrast with 60 and 100 ppm.min, at which logarithmic
removal remained stable between 3 and 4.5 log.

For intestinal enterococci, the decrease in residual concentration with an
increasing dilution rate was observable for all three C x t. For example, the
median concentrations after 100 ppm.min of PFA were 1495, 391, 107, 54 and
37 MPN/100 mL respectively for 100, 85, 60, 40 and 15% raw wastewater. As
was the case for E. coli, the logarithmic removal of intestinal enterococci
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increased with a dilution rate at 20 ppm.min of PFA, from below 1-3 log, but
remained stable at 60 and 100 ppm.min between 3 and 4 log.

Consequently, for both bacteria and except for a low C x t of 20 ppm.min, the
logarithmic removal rate was relatively stable for the various dilution rates, and
improved residual bacterial concentrations resulted from the initial decrease in
concentration due to dilution.

Several papers have studied the disinfection of CSO by PFA (Chhetri et al., 2014,
2015; McFadden et al., 2017; Tondera et al., 2016). In particular, Chhetri et al.
(2014) performed laboratory scale disinfection tests on diluted raw wastewater
with 5, 15 and 40% raw wastewater; they obtained logarithmic removals
comparable to those in diluted raw SEC wastewater. The removals of intestinal
enterococci were 1 and 3.5 log, respectively, for 40 and 80 ppm.min in 40% raw
wastewater, which corresponds to the first flush. For 5% raw wastewater,
corresponding to the maximum of an overflow event, removals were higher, i.e.
respectively 4 and 3.5 log for E. coli and intestinal enterococci at 20 ppm.min of
PFA or up to 5 log at 80 ppm.min. Tondera et al. (2016) studied the application
of PFA at an industrial scale on CSO at a significantly higher C x t compared to
this study, with doses between 12 and 24 ppm and a maximum contact time of
30 min. They obtained bacteria reductions of 100-1000 CFU/100 mL for both
E. coli (initial concentration: 10° CFU/100 mL) and intestinal enterococci
(initial concentration: 10° CFU/100 mL). The associated logarithmic removals
were: 3.1 + 1.7log for E. coli, and 2.6 + 1.5log for intestinal enterococci.
Comparable removals were reported by Chhetri et al. (2015) at the industrial
scale with comparable initial concentrations, lower PFA doses between 4 and
8 ppm and a contact time of 20 min (C x t between 80 and 160 ppm.min). These
authors also recommended regulating the PFA dose injection based on water
quality and then treating the first 60 min of an event with a higher PFA dose than
the rest of the overflow.

In terms of the PFA C x t required to achieve a given disinfection effectiveness,
a Cxt of 100 ppm.min was insufficient to reduce the median concentration of
E. coli below the bathing quality limit of 900 MPN/100 mL for any type of
diluted raw wastewater. However, residual concentrations after 100 ppm.min
of PFA varied between 38 and 3050 MPN/100 mL for 15% raw wastewater in
two of the four tests where concentrations were below 900 MPN/100 mL after
disinfection. In contrast, a C x t between 60 and 100 ppm.min was sufficient to
reduce the median concentration of intestinal enterococci below the bathing
quality limit of 330 MPN/100 mL for diluted wastewater containing 60% or less
raw wastewater. For a 15% raw wastewater level, a C x t of 20 ppm.min seems
to allow reducing the median intestinal enterococci concentration below 330
MPN/100 mL. It can thus be assumed that a PFA C x t of approximately 100
ppm.min would be required to disinfect Parisian CSO, hence 5-10 times higher
than for SEV WWTP discharge. This finding means that in the case of in-line
injection of PFA with very limited contact times, that is, between 1 and 5 min,
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and in considering the hypothesis that concentration and time have the same effect
on disinfection effectiveness, the required PFA dose would be 20-100 ppm, which
represents a significant input of carbon into the river, theoretically 15.8-79 mgC/L
respectively (1 ppm of PFA injected injects 0.79 ppm of C). To limit this carbon
input to less than 1-2 mgC/L, as in the case of the SEV WWTP discharge,
dedicated high-volume contact tanks ensuring a contact time of 50-100 min
would need to be built.

Along with a notably higher required PFA C x t, thus requiring long contact
times or the discharge of large quantities of carbon into the river, the disinfection
of non-biologically treated wastewater with PFA could result in a greater risk of
byproduct formation since raw or settled wastewater and CSO possess a higher
quantity of organic matter and particles. Chapters 3 and 4 of Part 1 provide more
information on this topic.

1.7 PFA EFFECTIVENESS IN REMOVING OTHER
MICROORGANISMS

In addition to E. coli and intestinal enterococci, F-specific bacteriophages and SSR
(sulfite reducing bacteria) spore analyses were performed for five PFA disinfection
tests (Sept 11-18, 2018, Jan 30, 2019 and Feb 6-12, 2019) to generate information
on PFA effectiveness regarding other pathogens. As a reminder, these tests were
conducted with PFA doses of between 0.8 and 2 ppm and a 10-min contact time,
in using SEV WWTP discharge samples. Both parameters were analyzed
according to Standards ISO 10705-3 and NF EN ISO 10705-1 for F-specific
bacteriophages, and NF EN 26461-2 for SSR spores. The concentrations before
and after disinfection, as well as logarithmic removals, are listed in Table 1.

SSR spores were detected in the seven SEV WWTP discharge samples, with a
median concentration of 5000 CFU/100 mL, while F-specific bacteriophages
were only detected in two of the five samples considered, with a concentration
close to the LOQ of 30 CFU/100 mL. The SEV WWTP operations (whether
normal or degraded) had no impact on the initial concentrations of these
pathogens. These concentrations were in the range of the data measured on
SEV WWTP discharge by the SIAAP Authority over the period 2014-2017,
with median + min-max values of 860 + 4-2700 UFC/100 mL for SSR spores
(n =27 values) and 150 + 14-7800 UFC/100 mL for F-specific bacteriophages
(n =27 values), even though they lie in the top of the range for SSR spores and
the bottom of the range for F-specific bacteriophages.

PFA at alimited C x t of 820 ppm.min seems to exert no or only a very limited
effect on SSR spores for five of the seven tests, with logarithmic removals lying
below 0.5, but better removals were achieved under these same conditions for the
other two tests, that is, between 1 and 4 log. The effect of PFA on F-specific
bacteriophages could not be determined in light of the very small initial
concentrations close to the LOQ. The effect of PFA on pathogens other than
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E. coli and intestinal enterococci in the SEV WWTP discharge is thus uncertain, and
complementary experiments should be performed.

In the literature, information on PFA is limited although several papers deal with
the effectiveness of peracids on pathogens in wastewater (Gehr et al., 2009; Karpova
etal.,2013; Luukkonen & Pehkonen, 2017; Mora et al., 2018; Tondera et al., 2016).
In particular, Luukkonen and Pehkonen (2017) conducted a critical review of
PFA disinfection.

As regards bacteria, most authors have indicated the good effectiveness of PFA.
For example, Tondera et al. (2016) reported removals of fecal coliforms Aeromonas
spp. and C. perfringens of 1.8 to 3.1 log in CSO with a dose of 12-24 ppm of PFA
and a contact time of 30 min (C x t of 360720 ppm.min). The good effectiveness
of PFA on fecal coliforms has also been reported in most publications (Gehr ef al.,
2009; Karpova et al., 2013; Luukkonen & Pehkonen, 2017; Ragazzo et al., 2013).
In addition, Karpova et al. (2013) noted a logarithmic removal of Salmonella spp.
equal to 3 log for a C x t of 20 ppm.min.

Regarding spores and cysts, e.g. Clostridia spp. or Giardia spp., they have been
identified as more recalcitrant to PFA (Karpova et al., 2013) or PAA (Luukkonen &
Pehkonen, 2017). A PFA C x t of 10 ppm.min applied in a WWTP discharge does
indeed lead to a limited removal of below 1 log for Clostridia spp. and Giardia spp.
(Karpova et al., 2013). In CSO, Tondera et al. (2016) reported no significant
removal of Giardia lamblia despite a high C x t of 360-720 ppm.min. Gehr et al.
(2009) found Clostridia removals of 1-2 log at PFA C x t of 450-540 ppm.min
in physico-chemically treated wastewater effluent. Overall, the disinfection
effectiveness of PFA is higher than PAA with respect to Clostridia (Mora et al.,
2018).

As for bacteriophages, MS2 and DNA bacteriophages have been reported as
more sensitive to PFA than intestinal enterococci and E. coli (Karpova et al.,
2013). In fact, these authors reported MS2 and DNA bacteriophage removals of
1 log for a limited PFA C x t of 17-22 ppm.min. Gehr et al. (2009) reported
F-specific bacteriophage removals of 1-2 log at a PFA C x t of 450-540 ppm.
min in a physico-chemically treated wastewater effluent. Logarithmic removals of
somatic coliphages equal to 2.7 + 1.6 in CSO were observed by Tondera et al.
(2016) with a very high PFA C x t of 360-720 ppm.min. In a WWTP discharge,
Karpova et al. (2013) observed higher removals of somatic coliphages of 4 log
for a significantly lower C x t of 10 ppm.min.

Regarding human viruses like adenovirus, polyomavirus, norovirus, rotavirus
and enterovirus, no results are available for PFA, but PAA has been reported
as inefficient. Tondera et al. (2016) concluded that viruses are not inactivated
by PAA, even at a high C xt of 120-240 ppm.min. However, Luukkonen
and Pehkonen (2017) indicated that the virus inactivation mechanism by PAA
may occur by damaging the virus surface, for example, the protein coat of
the sites needed to infect the host cells. Such information has not been reported
for PFA.
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These elements therefore suggest that in the case of viruses, spores, cysts or
bacteriophages being present in WWTP discharge, a higher PFA C x t would
be required to remove them in comparison with bacteria such as E. coli or
intestinal enterococci.

Key Points

» In the SEV WWTP discharge, the required PFA C x t to achieve a given
disinfection rate is 2—4 times less than PAA, thus leading to a significantly
lower potential carbon input into the river.

» Laboratory scale PFA disinfection trials performed with the SEV WWTP
discharge indicate that a PFA C x t of 10-20 ppm.min is sufficient to
ensure a reduction in E. coli and intestinal enterococci concentrations to
below 900 and 330 MPN/100 mL, respectively. Intestinal enterococci are
more resistant to PFA in wastewater than E. coli.

» Theresidual concentrations of E. coli and intestinal enterococci after a given
C x t of PFA disinfection are correlated with not only the initial bacterial
concentrations, but also TSS and COD, which serve as good surrogates
to regulate the PFA dose injection.

» TSS content has an impact on the PFA disinfection effectiveness by means
of both an increase in the initial bacterial concentration and an intrinsic effect
above 20 mg/L of TSS.

» PFA is efficient in removing fecal bacteria from Parisian combined sewer
overflows or partially treated wastewater, yet the required C x t is at or
above 100 ppm.min. This finding would lead to applying a high PFA
dosage, which then implies high carbon inputs into the river or the
necessity of long contact times, in addition to higher risks in terms of
organic matter evolution and byproduct formation.

» Limited information is available regarding the effect of PFA on other
pathogens, but the scarce literature available and the results obtained in
the SEV WWTP discharge indicate a limited effect at a C x t of 10 20
ppm.min on spores, cysts, bacteriophages and human viruses. This issue
should however be investigated more thoroughly.
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Chapter 2

Fecal bacteria regrowth and
viability after disinfection
with PFA

© Thierry Pigot, UPPA

2.1 INTRODUCTION

The bactericidal efficacy of PFA against fecal contamination control germs is
now well documented and has been demonstrated in this study (see Chapter 1).
However, when using a tertiary disinfection treatment, it is important to evaluate
the regrowth potential of the germs contained in the treated water. This is
especially critical when wastewater reuse applications are being considered.
Bacterial inactivation can in fact lead to the production of viable non-cultivable
bacteria as an initial response, and various repair processes can then renew the
ability to reproduce after a certain length of time (usually several hours). This
phenomenon has been studied with well-known disinfection processes and used
at the industrial scale for several years (UV-C, chlorination, ozone) or with
advanced oxidation processes (e.g., photocatalysis, UV/H;0,).
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Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for non-commercial
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The phenomenon of cellular repair has been demonstrated in several studies
during the UV-C disinfection of wastewater (Bohrerova & Linden, 2007
Bohrerova Zuzana et al., 2015). Such a disinfection process seems to depend on
the UV dose applied and moreover appears to be reached 24 hours after
irradiation (Oguma et al., 2002). Several repair mechanisms have been identified,
some in the dark while others photoinitiated (Shang et al., 2009).

Similarly, the simple ozonolysis of a secondary effluent leads to the regrowth of
E. coli and coliforms (Malvestiti & Dantas, 2018). The presence of hydroxyl
radicals (generated from coupling O3;/H,0, or UV-C/H,0,) seems to mitigate
this phenomenon. On the other hand, the presence of OH inhibitors (nitrates,
carbonates) would seem to favor it. Some studies mention a synergistic effect
when ozone is introduced in combination with photocatalysis (Mecha et al., 2017):
while ozone and photocatalysis used separately lead to bacterial regrowth,
their combined use seems to prevent it. Tertiary treatment by photocatalysis
alone (TiO,/UV-A) does not prevent regrowth on various heterotrophic
microorganisms, including E. coli and enterococci (Biancullo ef al., 2019). Several
studies suggest that bacterial regrowth is slower during H,O,/sun disinfection
than with chlorination (Fiorentino et al., 2015; Giannakis et al.,2015; Liet al.,2013).

The chemical disinfection of secondary effluents is another widely employed
process. In the case of chlorination, bacterial regrowth can occur, especially when
low doses are applied (Li et al, 2013), and is heavily dependent on the
microorganisms under study. In the case of disinfection with peracids, recent
results with peracetic acid (PAA) have been published; Zhang er al. (2019b)
determined the minimum dose of PAA to prevent the regrowth of planktonic
cells. This dose is dependent on the amount of dissolved organic matter (DOM)
present in the wastewater. A comparison with chlorination shows that for this
microorganism, chlorination requires lower doses yet is much more sensitive to
the presence of DOM. Zhang et al. (2019a) also showed that while both PAA and
chlorine prevented bacterial regrowth, they were inactive against a plasmid
incorporated into the DNA of bacteria. To the best of our knowledge, no data
have been published with PFA concerning these investigations; consequently, the
objectives of this chapter are twofold: (1) to study the potential for regrowth of
fecal contamination control germs in a performic acid-treated environment; and
(2) to provide information on the effect of performic acid on these germs in order
to explain the effect being observed.

2.2 EXPERIMENTAL DESCRIPTION

2.2.1 Fecal bacteria regrowth after PFA disinfection

The experimental procedure used to study bacterial regrowth is summarized in
Figure 9 (Steps 1 and 2.1); it has been adapted from previous studies (Fiorentino

et al., 2015; Zhou et al., 2017). In Step 1, two bacterial inocula (E. coli and
intestinal enterococci) were prepared from SEV WWTP discharge water using
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restrictive agar media. Once these strains had been isolated, they were stored at
—20°C in a mixture of 30% glycerol for 70% culture broth.

The bacteria were first cultured from agar and then from a liquid medium
once the strain had developed sufficiently, resulting in a solution in a decreasing
exponential phase whose bacterial concentration could be estimated by an
absorbance measurement at 600 nm (0.1 absorbance unit= 10’ bacteria/mL).
The bacterial suspension was then diluted to a realistic bacterial concentration
compared to the usual concentrations of the SEV discharge (Rocher & Azimi,
2016): E. coli between 10° and 10° MPN/100 mL and intestinal enterococci
between 10* and 10° MPN/100 mL.

This step of the experimental procedure allows working at controlled
concentration of bacteria composed of pure strains but coming from real SEV
discharge samples.

The kinetic monitoring of bacterial regrowth was performed by either microplate
or agar plate enumeration. Agar analyses were preferred on samples treated with
PFA since this method has a lower quantification level (LOQ <3 NPP/100 mL).
Microplates were used for untreated control samples with bacterial concentrations
greater than 10° NPP/100 mL. The initial point was established by both methods
in order to verify that they yielded equivalent results.

In Step 2.1, a bacterial inoculum containing E. coli and intestinal enterococci
was introduced into autoclaved discharge water in order to achieve realistic
concentrations. Some of this bacterial suspension was treated with PFA at a
treatment rate of 0.8 ppm for 10 min (C x t of 8 ppm.min) and another part was
used as a control. The sample treated with PFA was then mixed with autoclaved
Seine River water (90/10 volume mixture) to best simulate actual mixing of the
SEV discharge and Seine River water at the WWTP discharge point (unfavorable
case of the Seine at a low water flow rate). A cultivable bacteria count according
to standard methods was carried out at different times after disinfection (up to
24 hours) on both samples.

Two experimental conditions were applied during the tests as follows:

* The first considered a regrowth at room temperature under laboratory
light at constant temperature (26°C). This experiment was carried out in
triplicate.

* The second condition considered a regrowth under irradiation simulating the
solar spectrum (visible lamps + UV-A lamps) at room temperature (26°C),
with the experiment being performed in duplicate.

These experiments were carried out in a temperature-controlled chamber equipped
with four fluorescent tubes (either three tubes emitting in the visible light and one
tube emitting in UV-A, or two tubes emitting in the visible spectrum and two
emitting in UV-A). The distance of the tubes from the sample was adjusted
such that the light power was comparable to that of sunlight (i.e., between 4 and
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6 mW/cm > in the UV-A range). Measurements were controlled by a
spectroradiometer (CAS 120, Instrument Systems). In the two experiments, the
UV-A light power was 4 and 8 mW /cm®.

2.2.2 Viability tests

Two types of analyses were conducted for this part of the study: (1) bacterial
counting of samples before disinfection by the methods described above; and
(2) determination of bacterial viability before and after disinfection by cytometry
(cytometric counting).

For the tests carried out on untreated samples, both methods produced
comparable results (at uncertainties close to those of the method, i.e., 20%). Only
untreated samples were monitored by both methods.

The count performed by flow cytometry was performed on a BD Accuri C6
device (BD Biosciences — Becton Dickinson, France SAS, Grenoble, France);
this apparatus is equipped with a scatter detector and three fluorescence detectors
(WL1, WL2 and WL3).

The viability analyses were carried out using the BD Cell viability kit provided
by BD Biosciences. This kit contains various solutions, namely:

* a ‘rainbow balls’ solution to ensure a response from the device’s various
detectors;

* a calibration bead solution for a quantitative determination of the analyzed
objects;

* an orange thiazole (OT) solution (500 uL at a concentration of 42 pmol/L in
DMSO); this compound responds to both WL1 and WL2 detectors and colors
all cells;

* asolution of propidium iodide (PI) (500 uL at a concentration of 4.3 mmol/L
in water); this compound responds to WL3 and colors the lysed cells.

A typical experiment necessitates several control cytometric analyses:

(1) 500 pL of physiological water 4 rainbow beads (instrument validation);

(2) 500 pL of physiological water (matrix validation);

(3) 500 pL of physiological water + calibration beads (validation quantification);

(4) 500 pL of bacterial suspension (concentration around 10° bacteria/mL)
without dyes (sample control);

(5) 500 pL of bacterial suspension (around 10’ bacteria/mL) with fluorescent
PI and TO dyes (marking control, qualitative analysis);

(6) 500 uL of bacterial suspension (around 10° bacteria/mL) with PI4+TO
fluorescent dyes + calibration beads (sample measurement, qualitative
and quantitative analyses);

(7) 500 pL of bacterial suspension + NaNj + PI+TO fluorescent dye (lysed
bacterial control).
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After these controls, the sample analysis by cytometry could be achieved by adding
5 uL of each dye and 50 pL of calibration beads to 500 puL of each sample (bacterial
suspension treated with 0.8 ppm performic acid and an untreated suspension).
The BD Accuri™ C6 Plus software interface provided quick access to the
collection, analysis and statistics functions. The raw data could also be analyzed
using the R program ‘rattle package’ (Williams, 2011).

The interpretation of results is obtained by plotting WL1 and WL3 fluorescence
intensities on a 2D graph. Given the emission properties of the dyes, the best
distinction between populations is derived by monitoring the fluorescence
intensities on WL1 and WL3:

* a high intensity on WL1 and a low intensity on WL3 corresponds to viable

bacteria;
* an increase in the WL3 intensity corresponds to bacteria that have already
been lysed.
2.3 RESULTS

2.3.1 Regrowth kinetics

The regrowth results, under dark conditions of samples reconstituted from real
autoclaved matrices doped with isolated E. coli (high) and intestinal enterococci
(low) germs and then disinfected with 0.8 ppm PFA, are shown in Figure 10.
This experiment was carried out in triplicate with different initial matrices and
identical pure strains. At the initial time (# = 0), the three histograms correspond
to the initial concentrations of fecal bacteria in the non-disinfected control
samples. At the other times (r=1, 3, 6, 8 and 24 h), the three histograms on the
left part of the figure correspond to the non-disinfected control samples, while the
three histograms on the right part of the figure correspond to these same samples
yet disinfected with PFA (8 ppm.min). Each color thus corresponds to the
same experiment.

For E. coli and intestinal enterococci, the concentrations of the three untreated
controls (July 17, 2018, July 10, 2018 and Sept 25, 2018) increase over 24 hours,
mostly after 3 hours. This result indicates that the conditions applied during the
experiments are indeed favorable to bacterial growth in the controls. This
phenomenon is less obvious for intestinal enterococci.

Adding 0.8 ppm PFA induces results systematically lower than LOQ: no
cultivable bacteria are quantified even after 24 hours, which proves the absence
of regrowth. It should be noted that the treatment efficacy on E. coli tends to be
quite good, as well observed in the present case. Studies conducted at other sites
have yielded comparable results (Ragazzo et al., 2013).

For intestinal enterococci, the treatment effectiveness of 0.8 ppm PFA is lower:
for both the July 10, 2018 and Sept 25, 2018 experiments, 70 and 80 CFU/100 mL
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were quantified after disinfection, respectively; however, no increase over 24
hours was observed experimentally. The concentration does tend to decrease
slightly for the July 10, 2018 experiment (from 70 to 35 between 1 and 24 h)
and remain stable for the Sept 25, 2018 experiment (80 CFU/100 mL). The
July 17, 2018 experiment results are similar to E. coli, i.e. below the LOQ
until 24 hours. The conclusion is thus the same as for E. coli: no regrowth of
enterococci after PFA treatment even though the disinfection efficacy is lower,
as previously demonstrated in Chapter 1 and by other studies (Ragazzo et al.,
2013). To the best of our knowledge, these are the first results describing
regrowth experiments involving the PFA disinfection of wastewater. Some of
the recent results published for PAA disinfection have shown inhibited
regrowth of planktonic and biofilm bacteria after disinfection (Zhang et al.,
2019a).

These same experiments were repeated with simulated solar irradiation. Sunlight
was simulated by a set of lamps emitting in both the visible and the UV-A
wavelength. Several studies have revealed that light can stimulate cell repair
processes after disinfection treatment and moreover that bacterial regrowth can
then be observed (Giannakis et al., 2016).

The UV-irradiated bacterial regrowth results of samples reconstituted
from real autoclaved matrices doped with isolated E. coli (high) and intestinal
enterococci (low) germs, and then disinfected with 0.8 ppm PFA, are shown in
Figure 11.

This experiment was carried out in duplicate with different initial matrices
and identical pure strains. At the initial time (i.e., t=0), the two histograms
correspond to the initial concentrations of fecal bacteria in the non-disinfected
control samples. At the other times (=2, 4 and 6 h), the two histograms on
the left part of the figure still correspond to the non-disinfected controls, while
the two histograms on the right part correspond to the same samples but
disinfected with PFA (8 ppm.min). Each color thus corresponds to the same
experiment. Note that for one experiment (Feb 10, 2018, gray), the UV-A light
power is 8 mW - cm ™2 while for the other the UV-A light power is 4 mW - cm ™~
(Oct 16, 2018, black).

UV-A exerts a major short-term effect (<2 h) on E. coli (total disinfection). The
simulated solar radiation had a sublethal effect on E. coli populations over a brief
time exposure by causing a loss of culturability and the formation of viable yet
nonculturable cells (Muela et al., 2000). The presence of colored DOM in the
water matrix may also favor the formation under irradiation of Reactive Oxygen
Species (e.g., singlet oxygen, superoxide anion), whose bactericidal properties are
well known (Héder et al., 2015; Maraccini et al., 2016).

The effects of light on enterococci are less apparent, but they display greater
resistance to UV-A irradiation. A latency period of 4 hours seems to be required
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for the UV-A power of 8 mW - cmfz, while a continuous decrease is observed for
irradiation at 4 mW - cm 2.

After adding PFA, the bacterial concentration remains below the limit of
quantification after 4 hours of irradiation. The increase in concentration after 2
hours in one experiment remains unexplained to this day and could be due to an
external contamination. In any case, regrowth was never observed in this study

either in the dark or under irradiation.

2.3.2 Fecal bacteria viability after disinfection with PFA

The objective of these experiments has been to provide additional information
regarding the actual effect of PFA on fecal bacteria and, in particular, to better
understand their viability after disinfection. The testing method employed, that is,
flow cytometry, is applicable to monitoring the effect of a biocidal treatment or
comparing various biocidal treatments (Whitton et al., 2018).

Figure 12 presents the results obtained on a suspension of E. coli germs treated
with 0.8 ppm PFA for 10 min; the initial concentration of E. coli was approximately
10° NPP/100 mL. Figure 12 shows the flow cytometry maps derived in the single
test performed, both before and after disinfection, while Figure 13 provides these
same results as percentages of detected bacteria, which were classified as dead,
alive or damaged by the methodology used.

In Figure 12, the illustrations before disinfection (left) show the bacterial
population of E. coli before treatment. As anticipated for a population composed
mainly of living bacteria, high fluorescence intensity in WL1 and low
fluorescence intensity in WL3 are observed. After treatment with 0.8 ppm PFA
(right part of the figure), a low fluorescence intensity in WL1 and a high intensity
in WL3 can be noted, which means that the E. coli are mostly dead (99.3% dead,
see Figure 13). Nearly identical results have been obtained from a suspension of
enterococci (99.6% dead bacteria after PFA treatment).

Figures 12 and 13 reveal that PFA causes irreversible damage to fecal
contamination indicator bacteria cells and moreover that such cells are not in a
‘viable non-cultivable’ (VNC) state after disinfection. It does appear that the
entire population of E. coli and intestinal enterococci are lysed after disinfection
at 8 ppm.min PFA, whereas they were for the most part alive or damaged before
disinfection. These results tend to agree with the regrowth experiments previously
described in this chapter and those obtained with PAA, where no regrowth
phenomena were observed with these bacteria (Antonelli et al., 2013). In the case
of PAA, several observations recorded by electron microscopy indicate that the
cells are damaged and holes appear in the cell centers (Zhang et al., 2019b); these
results are attributed to reactions between PAA and cellular components. As for
PFA, its ability to oxidize disulfide links (S-S) in cysteic acid RSO;~ and the
sulfide function of methionine to methionine sulfone in protein residues may help
explain its irreversible effect on bacteria (Voet & Voet, 1995).
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Key points

PFA allows for stable disinfection of wastewater, with no regrowth after 24
hours without irradiation, even though the E. coli concentration in the
control samples increased.

UV irradiation, which had been identified in the literature as a parameter that
could mitigate the effects of disinfectants by stimulating cell repair, did not
lead to regrowth after 6 hours; moreover, it even enhanced the
disinfection effects.

The flow cytometry analysis of a bacterial suspension containing either E. coli
or enterococci shows that the cells appear to be irreversibly inactivated.
These results, combined with those from studies conducted with PAA,
suggest that PFA reacts irreversibly on cell membrane components, most
likely by means of chemical oxidation on chemical functions present in
proteins (disulfides, sulfides) and unsaturated fatty acids (C =C double
bond).
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Chapter 3

Impact of PFA on organic
matter and post-injection
conseqguences

© SIAAP

3.1 INTRODUCTION

Performic acid (PFA) is an organic oxidant, which consequently is capable of
affecting organic matter in wastewater. The injection of an organic compound
will indeed increase the dissolved organic carbon of wastewater. This DOC
addition constitutes a mix of PFA and formic acid, and the PFA instability will
result in a PFA degradation to the formic acid once injected into the wastewater.
The kinetics of this degradation process in wastewater and Seine River water
needs to be investigated, along with the PFA degradation products, in order to
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determine whether the environmental fate of PFA after injection is an issue. In
addition, the oxidative power of PFA could cause changes in the organic matter
nature, and this remains an outstanding question.

This chapter aims to present the results obtained relative to the PFA impact on
SEV WWTP discharged organic matter and its fate in both wastewater and Seine
River water after treatment. First, the DOC increase caused by PFA injection will
be quantified and compared with the theoretical input of the PFA mixture. Next,
the effect of PFA on wastewater organic matter nature will be evaluated based on
3D fluorescence. Lastly, the fate of PFA after injection will be investigated both
quantitatively and qualitatively. PFA degradation kinetics are determined in both
SEV WWTP discharge and Seine River water, as are the PFA half-lives. PFA
degradation products can then be measured by means of liquid chromatography
with conductive detection and UV detection so as to verify that only formic acid
and H,O, are formed.

3.2 IMPACT OF PFA ON THE SOLUBLE ORGANIC MATRIX
3.2.1 Increase in dissolved organic carbon concentration

The injection of PFA into a WWTP discharge leads to injecting dissolved organic
carbon (DOC). In theory, the DOC content of the prepared PFA solution equals
0.79 ppm C/ppm PFA injected (0.19 from PFA and 0.60 from the residual
formic acid), as described in Part 1, Chapter 1. To verify this assertion, DOC
values from the 24 laboratory scale PFA disinfection trials performed in Part 1,
Chapter 1 on SEV WWTP discharge samples, are plotted in Figure 14, which
displays the average DOC concentrations measured and the standard deviations
as error bars for each C x t, as well as the average values and standard deviations
for the theoretical DOC concentrations. These theoretical concentrations are
obtained by adding the 0.79 ppm C/ppm PFA injected to the initial DOC values.

The DOC concentrations measured after disinfection are very consistent
with those obtained theoretically by adding 0.79 ppm C/ppm PFA injected to the
initial DOC concentrations. Both series are indeed significantly comparable
(Mann-Whitney, p-value =0.8397). In addition, the average increase in
calculated DOC based on actual measurements equals 0.78 ppm C/ppm PFA
injected. The slight observable difference between actual measurements and
theoretical values in Figure 14 can be explained by the variability of the DOC
analytical method. It can thus be confirmed that injecting PFA preparation to
achieve a PFA dose between 1 and 2 ppm would result in a limited increase of
0.79 and 1.58 mgC/L of the DOC.

By comparison, applying a dose of 8 ppm of peracetic acid (PAA) in SEV
WWTP discharge, which is the dose required to obtain the same bacteria
reduction as 2 ppm of PFA (Part 1, Chapter 1), would theoretically result in a
minimum DOC increase of 2.53 mgC/L since 1ppm of PAA contains 0.32
mgC/L and provided the PAA preparation does not contain any other organic
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compounds. Similarly, since high doses of 10 ppm of PFA or more are required to
disinfect partially-treated Parisian wastewater or combined sewer overflows with a
contact time of 10 min (Part 1, Chapter 1), the DOC increase in such a case would be
very high, that is, 7.9 mgC/L or more.

3.2.2 Modifications to dissolved organic matter quality,
as monitored by 3D fluorescence spectroscopy
3.2.2.1 Experimental description

The analytical protocol described below has been applied to the PFA addition tests
performed on the following dates: Sept 4, 2018, Sept 11, 2018, Sept 18, 2018, Oct
30, 2018, and Nov 6, 2018. Before analysis by 3D fluorescence spectrometry,
the selected samples from SEV WWTP discharge water (both with and without
PFA) were filtered at 0.45 um (GF/F, glass fiber, Whatman®). Fluorescence
spectrometry measurements were performed using a 3D spectrofluorimeter (Jasco
FP-8300, Japan) equipped with a 150-W xenon lamp as the excitation source.
This device is controlled by the Spectra Manager II software. Measurements were
conducted in a 1-cm quartz cell at a controlled temperature of 20°C in order to
avoid thermal fluorescence extinction (Watras et al., 2011). Fluorescence spectra
(excitation-emission matrix: EEM) were measured for excitation wavelengths
(Ex) ranging from 240 to 550 nm every 5 nm and for an emission wavelength
(Em) ranging from 260 to 700 nm with a measurement step of 2 nm. The widths
of the emission and excitation slots were set to 5 nm, with a scanning rate of
1000 nm/min.

To avoid internal filter effects due to highly absorbent species present in the
samples, the species were diluted with ultrapure water to obtain an absorbance of
0.05 cm™! at 254 nm before fluorescence analysis (Alberts & Takécs, 2004;
Lakowicz, 2010). The absorbance at 254 nm was measured in a standard 1.0-cm
quartz cuvette using a UV-Vis spectrophotometer (UviLine 9400, Seconam —
Xylem S.A.S., White Plains, USA). The EEM measurements (both blank and
sample) were normalized by the area of the Raman peak of ultrapure water at
350 nm excitation (measured each day of analysis), thus allowing fluorescence
data to be obtained in Raman units (RU) (Determann et al., 1998; Lawaetz &
Stedmon, 2009). Moreover, an EEM of ultrapure water (blank) was subtracted
from the sample EEMs measured on the same day. The resulting EEMs were
plotted using Matlab® R2013b software (Mathworks, Natick MA, USA). The
‘peak-picking’ fluorescence data processing protocol was applied in this study
since the number of samples was not large enough to perform a mathematical
decomposition of EEM into its fluorescent components (parallel factor analysis).
The ‘peak-picking’” method consists of extracting a maximum value of
fluorescence intensity observed within a delimited area of the fluorescence
spectrum. Each zone delimitations and related chemical compounds from
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dissolved organic matter (DOM) have been compiled in Table 2 and illustrated in
Figure 15.

3.2.2.2 Results

3D EEM fluorescence spectra. 3D fluorescence spectrometric analyses were
performed for SEV WWTP discharge samples with the following PFA
concentrations: 0, 8, 10, 12, 20, 300, and 1000 ppm.min. An example of the 3D
EEM spectra obtained for two disinfection test campaigns is shown in Figure 16.

An initial approach to qualitatively interpreting 3D fluorescence spectra
consists of locating fluorescence maxima with the ‘peak-picking’ method, as
described above. For all spectra shown of SEV WWTP discharge, whether or not
exposed to a PFA concentration, a similar fluorescence signature is apparently
observed. The highest fluorescence intensities recorded are related to the
‘humic substances-like’ fluorescent component of DOM, which is known to be
more resistant to biodegradation (Parlanti er al., 2000) and located in
the excitation-emission wavelength region called the o band (Ex/Em 330-
370/420-480 nm). Other areas of interest are also observed, with lower
fluorescence intensities: peak o’ (Ex/Em 230-260/380-480 nm) associated with
‘humic substances-like’ fluorescent components mixed with a recent DOM
material and peak & related to the ‘protein-tryptophan-like’ component of
fluorescent DOM.

Analysis of SEV WWTP discharge EEM spectra according to the operationally
applicable PFA processing rates (0-20 ppm.min). Since DOM fluorescence
quality and quantity indicate very similar fluorescence intensities among the three
disinfection testing campaigns carried out (results not shown, relative standard
deviation less than 4%), only the average results will be discussed herein. By
comparing the average fluorescence intensities (Figure 17a) obtained for both
the non-disinfected and disinfected SEV WWTP discharges at various PFA
concentrations (operating rates: 0—20 ppm.min), a similar amount of fluorescence
intensity has been observed (relative standard deviation: 3% for all peaks). It
should be noted though that between the non-disinfected and disinfected SEV
WWTP discharges at a 20 ppm.min PFA rate, a slight increase (less than 9%) in
the average fluorescence intensity is noticed for all fluorescence peaks (a: 1.73 to
1.85 RU; B: 1.56 to 1.66 RU; a’: 1.45 to 1.51 RU; 6: 1.26 to 1.32 RU; y: 0.75 to
0.82 RU). The quality of SEV WWTP discharge fluorescent DOM (Figure 17b)
is mainly composed of a ‘humic substances-like’ signal (a: 0.29 RU mgC-L™";
B 026 RU mgC-L™"; o: 0.24RU mgC-L™"), followed by lower protein
compound contributions (8: 0.21 RU mgC-L™"; y: 0.12 RU mgC-L™"). A small
decrease (about 15%) in the average DOC-standardized fluorescence intensity is
observed for all peaks between non-disinfected and disinfected samples
treated at 20 ppm.min of PFA (Figure 17b). This variation is primarily due to an
increase in the average measured DOC (DOC: 6.0 to 7.3mgC-L7',
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+27%) caused by adding PFA. This phenomenon has also been demonstrated in Part
1.1 of this chapter.

In light of these results, any modification of the fluorescent DOM nature
from SEV WWTP discharges was observed for PFA treatment rates between 0
and 20 ppm.min. It should also be noted that more PFA adds non-fluorescent
DOC in solution, resulting in a decrease of total fluorescence intensities recorded
per gram of carbon in solution. Moreover, it has been shown that this range of
PFA treatment rates (0—20 ppm.min) exerts no influence on the total amount of
fluorescent DOM observed in SEV WWTP discharge.

Analysis of SEV WWTP discharge EEM spectra according to extreme PFA
processing rates (300 and 1000 ppm.min). Disinfection tests of SEV WWTP
discharge with PFA concentrations of 300 and 1000 ppm.min were performed to
determine the impact of high treatment rates on the DOM fluorescence signature.
The fluorescence intensities obtained for two campaigns (Oct 30 and Nov 6,
2018) are shown in Figure 18.

The Oct 30 and Nov 6, 2018 campaigns display a similar fluorescent DOM
nature (Figure 18a) mainly correlated with ‘humic substances-like’ fluorescent
compounds (average fluorescence intensity of a: 2.02 RU), followed by the other
DOM types (B: 1.69 RU; 6: 1.60 RU; o’: 1.48 RU; y: 1.19 RU). Let us note that
unlike previous campaigns carried out (Figure 17), the measured non-disinfected
SEV WWTP discharge contains a higher amount of ‘protein-tryptophan-like’
fluorescent compounds. Disinfection tests performed at 300 ppm.min PFA on
SEV WWTP discharge do not significantly influence the average amount of
fluorescent DOM observed, as opposed to the non-disinfected sample (relative
standard deviation: less than 5% for all peaks). For a treatment rate of 1000 ppm.
min PFA, decreases in the mean fluorescence intensity are mostly detected for
‘protein-like’ fluorescent components (y: —33%, 1.19 to 0.80 RU; &8: -25%, 1.62
to 1.20RU), in comparison with the other fluorescent components being
monitored (o: —11%, 2.03 to 1.80 RU; B: -5%, 1.69 to 1.60 RU; o’: +8%, 1.49
to 1.60 RU). One explanation for this phenomenon could be that the previous
studies were carried out with PAA (Peracetic acid). A study by Dominguez
Henao et al. (2018) demonstrated that proteins are the organic molecules with the
greatest impact on the instantaneous demand for PAA due to their protein
denaturation action. In addition, the study by Zhang et al. (2016) on the action of
PAA on extracellular soluble compounds derived from sludge, from a membrane
bioreactor fed by wastewater, also revealed a decrease in the fluorescence of
‘protein-like’ compounds. The oxidation action of PAA would thus result in the
degradation of protein-like fluorescent compounds into smaller and potentially
non-fluorescent molecules. The results found in our study for the ‘protein-like’
component in the case of significant PFA additions (i.e., above 1000 ppm.min)
seem to be very consistent. It should be noted however that this range of
treatment rates (PFA: 300-1000 ppm.min) has only been tested for exploratory
purposes and will not be applied under actual operating conditions.
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3.3 STUDY OF PFA INSTABILITY AFTER INJECTION
3.3.1 PFA degradation kinetics in WWTP discharge and
surface water

3.3.1.1 Experimental description

For starters, long-term degradation kinetics were evaluated by monitoring over
time the PFA concentration in a given PFA-doped matrix (SEV discharge water
either unfiltered or filtered at 0.45 um, or Seine River water filtered at 0.45 um).
The study matrix was temperature balanced for at least one night in a
temperature-controlled chamber. Several temperatures were studied: 12, 20, and
25°C. One liter of water was then doped with PFA at a concentration between 1.5
and 2 ppm. Regular samples were then extracted every 10 min, and the
PFA concentration was determined by means of ABTS, which is an alternative
spectrophotometric method adapted from a peracetic acid determination
(Pinkernell et al., 1997). The ABTS method allows for high-frequency
monitoring of PFA concentrations and thus yields a determination of low PFA
concentrations. It is therefore well adapted to studying the decomposition of PFA
and its monitoring after wastewater disinfection. Absorbance can be measured at
two different wavelengths: 415 nm for colorless working samples, and 732 nm
for colored working samples. The limit of quantification equals 0.05 ppm (at 415
nm, 1l-cm light pass). The samples were stored in the temperature-controlled
chamber until the absorbance measurement had been completed. Kinetic tracking
continued for 90 mins.

Complementary experiments were then performed using raw SEV WWTP
discharge samples in order to both identify the effect of fecal bacteria on PFA
degradation kinetics and focus on the first 10 mins. A PFA dose of 1-1.2 ppm
was applied to three distinct samples, and the PFA concentration was measured
several times by the ABTS method with contact times ranging from 30 seconds
to 10 mins. The experiments were performed on both raw and filtered (0.45 um)
samples.

3.3.1.2 Long-term degradation kinetics in WWTP discharge and
surface water

Figure 19 shows the evolution in the concentration of PFA in SEV WWTP
wastewater discharge (upstream) and in Seine River water (downstream). In
both cases, decomposition kinetics were studied at three temperatures: 12, 20 and
25°C. To preserve sample homogeneity and prevent potential disturbance of
absorbance readings due to the presence of TSS, the samples were filtered at
0.45 pm.

All kinetics have been correctly fitted by pseudo-first-order kinetics (R* >0.97).
The results allowed determining half-lives, in minutes, for both matrices at all
three temperatures. These results are summarized in Table 3. For each matrix, the
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kinetics established at 20°C were performed in triplicate. The uncertainty was
estimated at 10% and applied to the various temperatures studied.

For the two matrices analyzed, decomposition occurs faster as temperature
increases. In SEV WWTP wastewater discharge, the half-lives varied from
33 mins (12°C) to 13 mins (25°C), whereas in Seine water the half-lives varied
from 87 mins (12°C) to 29 mins (25°C). By way of comparison, Luukkonen et al.
(2015) had obtained half-lives of 58 mins at 15°C in Finnish wastewater treated by
physicochemical settling, biological treatment and tertiary filtration, under
pseudo-first order kinetics.

It should be noted that the half-life of PFA in Seine water is less than 1 hour in
summer (with a water temperature close to 20°C) and moreover that PFA is mostly
decomposed in the WWTP discharge channel since the hydraulic residence time in
this channel lies between 10 and 20 mins.

These results confirm the unstable nature of PFA compared to other peracids
and particularly PAA since the half-life of PAA varies from 18 mins in primary
effluent to 710 mins in tap water (Luukkonen & Pehkonen, 2017).

Let us also point out that the decomposition of PFA in wastewater showed
quite significant variability at 20°C (half-life between 17 and 33 mins). This
finding could probably be explained by variations in the quality of the water
discharged (conductivity, TSS, DOC). Nevertheless, low concentrations of TSS
do not seem to exert a major influence on the decomposition of PFA, as
corroborated by the same half-lives of filtered and unfiltered samples (29 mins).

This decomposition reaction behavior is rather common and can be modeled by
Arrenhius’ Law (In k=A + B x (1/T), k = pseudo-first-order constant). The B
factor in this model is directly related to the activation energy Ea of the studied
reaction (B =-Ea/R, R =perfect gas constant), that is, the energy required
for this chemical reaction to take place. In this case, the activation energy
can be estimated at 57.8 kJ/mol for decomposition in Seine River water and
51.3 kJ/mol for decomposition in WWTP water. These values remain relatively
low and are in agreement with the unstable nature of performic acid; they lie
within the range of values found in the literature by various authors who
have studied performic acid decomposition during the PFA synthesis process:
72.6 kJ/mol (Filippis et al., 2009), and 52 kJ/mol (Santacesaria et al., 2017).

3.3.1.3 Short-term degradation kinetics in WWTP discharge in the
presence of fecal bacteria

Figure 20 displays the evolution in PFA concentration measured by the ABTS
method in the three raw (non-autoclaved, non-filtered) samples of SEV WWTP

discharge. The E. coli and intestinal enterococci concentrations in those
samples were: 18,400 and 6,870 NPP/100 mL for Experiment 1, 40,600 and
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11,200 NPP/100 mL for Experiment 2, and 51,700 and 13,800 NPP/100 mL for
Experiment 3. The TSS contents were respectively 2, 10 and 12 mg/L, while the
initial PFA concentration was 1-1.2 ppm.

PFA degradation kinetics are comparable in all three samples, with an initial
instantaneous PFA consumption of 30-35% and then a slow concentration
decrease. The PFA concentration is reduced by 40-50% after 10 mins in the
presence of fecal bacteria. By means of extrapolation, it is possible to
evaluate a half-life of 19-24 mins, which is highly comparable to the
half-lives previously determined on autoclaved samples. This finding indicates
that the presence of fecal bacteria does not significantly modify the PFA
degradation kinetics in treated wastewater. Based on these results, it can be
calculated that the initial PFA concentration is reduced by 58-69% after 20
mins, 73-87% after 30 mins and >90% after 50 mins. This calculation is
most interesting since the actual PFA contact time observed at SEV during
the industrial-scale trials (Part 2) was between 20 and 50 mins, with an
average of 30 mins.

3.3.2 Analysis and fate of PFA degradation byproducts

The decomposition of performic acid was followed by liquid chromatography with
both conductive detection (detection of ionized species such as acids) and UV
detection (for detection of H,O;) of a solution containing about 100 ppm PFA,
that is, a concentration 100 times higher than that actually used to generate
favorable conditions for detecting potential byproducts. The only compounds
detected were formic acid and hydrogen peroxide. These results are consistent
with all published studies on the decomposition of performic acid, whereby the
only stable products observed are formic acid, hydrogen peroxide and CO,
(Filippis et al., 2009; Leveneur et al., 2014; Santacesaria et al., 2017; Sun et al.,
2011).

During the experimental decomposition of PFA, the formation of hydroxyl
radicals was also investigated by adding terephthalic acid (TA) to a PFA solution.
TA specifically reacts with hydroxyl radicals to form a fluorescent compound,
that is, hydroxyterephthalic acid (HTA) (Barreto et al., 1994). Since no
fluorescence signal of HTA has been detected, it can be concluded that the
decomposition of PFA does not occur by means of homolytic rupture of the
peroxide O-O bond and, consequently, no hydroxyl radicals are formed during
the PFA decomposition process.

This result is in agreement with the low reactivity of PFA on DOM and organic
micropollutants (see Section 1.2 of this chapter and Chapter 4) since it is well known
that hydroxyl radicals react with DOM and numerous organic compounds (Wenk
etal,2011).
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Key points

» The increase in dissolved organic carbon in wastewater by PFA injection
equals 0.78 ppm C/ppm PFA injected, which confirms the theory.

» 3D fluorescence highlights a negligible impact of PFA on fluorescent organic
matter quality and quantity at a conventional PFA dose. A decrease in the
‘protein-like’ fluorescent organic matter is observed at a very high dose of
PFA (1000 ppm.min).

» PFA degradation kinetics in SEV WWTP discharge and Seine River water
follow a pseudo-first order with half-lives of 26 + 9 min in wastewater and
53 min in Seine water at 20°C, after an instantaneous reduction of 30-35%.

» Temperature has a significant acceleration effect on PFA degradation, while
TSS and fecal bacteria do not affect the degradation kinetics.

» The PFA degradation products are both formic acid and H,O,, with no other
products being detected.
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The fate of micropollutants and
byproduct formation during the
disinfection of WWTP discharge
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4.1 INTRODUCTION

It is well documented that disinfectants commonly applied during water treatment
processes (e.g., free chlorine, monochloramine, chlorine dioxide, ozone) can react
with natural organic matter and inorganic ions (e.g., chloride, bromide, iodide) to
generate disinfection byproducts (DBPs). The formation of DBPs is undesirable
given that the majority of them have been characterized as carcinogenic and
mutagenic (Wagner & Plewa, 2017). Since the discovery of chloroform formation
from chlorinated organic matter in the 1970s, over 600 DBPs have been
identified in disinfected water (Richardson et al, 2007). However, a large
proportion of the DBPs generated during disinfection processes remain unknown.
It was reported that the identified DBPs only account for less than 50% of total
organic halogens during chlorination (Krasner et al., 2006). In vitro mammalian
cell tests have demonstrated that nitrogenous DBPs (e.g., haloacetonitriles
(HANs)) are more cytotoxic and genotoxic than trihalomethanes (THMs) and
haloacetic acids (HAAs), which are commonly formed and regulated in drinking
water (Plewa et al., 2008). Generally speaking, brominated and iodinated DBPs
are also more potent than their chlorinated analogues (Richardson et al., 2007).

N-nitrosamines are a class of emerging nitrogenous DBPs of great concern due to
their extremely high carcinogenicity. N-nitrodimethylamine (NDMA), which is the
most frequently observed N-nitrosamine, presents a high risk to cause cancer with a
probability of one in a million while exposed to a 0.7 ng/L solution (Mitch et al.,
2003). Its high polarity enables easy passage through reverse osmosis membranes
during wastewater reclamation processes, thus necessitating the use of UV
photolysis to remove it from the produced water supply (Mitch et al., 2003).
Previous studies have demonstrated that most N-nitrosamines originate from the
dissolved organic nitrogen present in wastewater, and especially from secondary
and tertiary amines (Schreiber & Mitch, 2007). Tertiary amines in anthropogenic
compounds (e.g., pharmaceuticals, pesticides) (Le Roux et al, 2011) and
amine-based coagulation polymers (Park et al., 2009) were reported as major
precursors of N-nitrosamines. N-nitrosamines are generally present at low ng/L
levels in drinking water, hence their detection requires robust analytical
techniques (e.g., pre-concentration, tandem mass spectrometry) to reach low
detection limits (Alexandrou et al., 2018). Despite their typically low occurrence
and concentrations, levels over 1000 ng/L were however reported in wastewater
(Bond et al., 2011). The reliance on chloramination as a disinfection process is
known as a major source of N-nitrosamine formation. Break point chlorination
(especially in the presence of nitrite ions), the ozonation of compounds
containing dimethylamine groups and the sunlight treatment of nitrite-containing
water are also known to generate N-nitrosamines (Shah & Mitch, 2012).

In recent years, peracids such as peracetic acid (PAA) and performic acid (PFA)
have received increasing attention as alternatives to chlorine-based disinfectants
(Dominguez Henao et al., 2018). Previous studies have reported that high PAA
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concentrations (>30 mg/L) lead to the formation of brominated byproducts,
including bromoform, dibromochloromethane and brominated phenols, in
bromide ion-enriched solutions (Dell’Erba et al., 2007; Shah et al., 2015). PAA
slowly reacts with chloride, bromide and iodide ions in water to generate
secondary oxidants (i.e., hypochlorous (HOCI), hypobromous (HOBr) and
hypoiodous acids (HOI)) in accordance with Equations (1)-(3) (k values were
adapted from (Shah et al., 2015)):

CH;COOOH + CI~ — HOCI + CH;COO~™ k=147 x 10°M~'s7! (1)

CH3COOOH + Br~ — HOBr + CH;COO~ k =0.24M 57! 2)
CH;COOOH + I~ — HOI + CH;CO0O~ k=42x10°M"!s™! (3)

These secondary oxidants can further react with organic matter to generate
halogenated byproducts. HOBr is highly reactive with electron-rich moieties
(e.g., activated aromatic rings, amines), with second-order rate constants up to
three orders of magnitude higher than HOCI, and moreover forms brominated
DBPs (Heeb et al., 2014). However, under commonly applied water treatment
conditions (PAA <10 mg/L), PAA produces less DBPs compared to chlorine or
ozone (Kitis, 2004).

Furthermore, the residual H,O, in peracid solutions can also play a role as an
oxidant; it was reported that under acidic conditions, H,O, also generates HOBr
according to Equation (4) (Dell’Erba et al., 2007):

H,0, + Br~ + H" — HOBr + H,0 4)

However, the H,O, residual in water also acts as a sink for secondary oxidants;
H,O, reduces the free chlorine and bromine to chloride and bromide, respectively
(Equations (5) and (6)) (Held et al., 1978; Shah et al., 2015):

H,0, + HOCl — CI~ +'0, + H,O + H' (5)
H,0, + HOBr — Br~ +'0, + H,O + H* (6)

The presence of excess H,O, in water may therefore reduce the formation of
DBPs by consuming the secondary oxidants.

Similar to PAA, PFA is a powerful oxidant (Chhetri et al., 2014) that can
potentially react with organic matter and inorganic halides present in wastewater
effluent. To the best of our knowledge, little is known about the potential
formation of DBPs during the disinfection of wastewater effluent with PFA. A
previous study reported that no DBPs (e.g., bromoform, detection limit: 0.5
ug/L) were found in wastewater disinfected with PFA (1 mg/L) and containing
0.4 mg/L bromide (Ragazzo et al., 2013). Few studies have evaluated the
formation of N-nitrosamines during PAA disinfection processes, but none
regarding PFA processes. It was also reported that in the presence of 100 ug/L of
amine precursors, 5 mg/L of PAA did not produce N-nitrosamines above the
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detection limit within 7 days of contact time, except for the formation of 8 ng/L of
N-nitrosodipropylamine (NDPA) (West et al., 2016).

In recent years, non-targeted analytical methods have generated interest in
monitoring the evolution of organic compounds in the environment or during
water treatment processes, thanks to the evolution of high-resolution mass
spectrometry (HRMS). The goal of non-targeted screening is to detect as many
ions as possible by means of HRMS in order to obtain an overview of the organic
compounds present in a sample as well as to identify specific unknown
molecules. Based on the accurate mass of each ion detected in a chromatogram,
tentative molecular formulae are assigned and molecular structures can be
derived, ultimately by searching in a library and injecting the corresponding
analytical standard (if available) (Schymanski et al., 2015). Chromatograms
obtained by non-targeted analyses contain many compounds and thus generate
large datasets that need to be examined using statistical tools. Such tools are
commonly employed in metabolomics studies (Boccard et al., 2010; Ramadan
et al., 2006) to: process a large number of variables, determine trends (e.g.,
increase of a signal over time), or identify molecules of interest in specific
samples, for example, by searching for the compounds responsible for
differentiating between groups of samples (Poulin & Pohnert, 2018; Schollée
et al., 2016). These methods have been used to assess the evolution of organic
compounds during wastewater treatment processes (i.e., conventional treatment or
advanced treatment, such as ozonation or adsorption onto activated carbon)
(Bergé et al., 2018; Merel et al., 2017; Niirenberg et al., 2019).

Suspect screening is another approach lying between targeted and non-targeted
analyses. As in targeted analyses, a limited list of compounds is defined for
suspect screening, based on various criteria such as the occurrence of compounds
in previous studies or transformation mechanisms (Schymanski et al., 2015). In
contrast with the targeted analysis however, no reference standards are required
for suspect screening, thus making it possible to search for compounds that are not
commercially available (Krauss et al., 2010). Consequently, confirmation and
quantitation cannot take place during suspect screening, although the information
related to the structure and molecular formula does prove to be helpful in
proposing the presence of the compounds of interest in a sample analyzed by HRMS.

The primary purpose of this study has been to investigate the formation of DBPs
during PFA-based disinfection of wastewater treatment plant (WWTP) discharge
at both laboratory and industrial scales. Three classes of known DBPs were
targeted: trihalomethanes (THMs), haloacetonitriles (HANs), and N-nitrosamines.
Adsorbable Organic Halogens (AOX) were also analyzed in order to determine the
formation of total halogenated organic compounds. The second objective of the
study has been to characterize the evolution in organic micropollutants both before
and after PFA disinfection by means of HRMS analysis. First, a non-targeted
screening approach was applied to accomplish the global characterization of
each sample, including total number of peaks and their total intensity, as well as
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the average retention time and average m/z of each peak. Second, a suspect screening
was conducted based on a comprehensive list of 201 anthropogenic organic
micropollutants (e.g., pesticides, pharmaceuticals, drugs), which had previously
been detected in raw and/or treated wastewater (Bergé et al., 2018; Mailler et al.,
2016, 2017).

4.2 TARGETED SCREENING OF DISINFECTION
BYPRODUCTS
4.2.1 Experimental description

Wastewater effluent samples were collected between September 2018 and
December 2018 from both the Seine Amont Valenton (SEV) WWTP and the
Seine Centre (SEC) WWTP. Treated water (TW) at the SEV WWTP,
corresponding to the PFA pilot inlet (see Part 2, Chapter 1) was collected on Sept
11, 2018, Sept 18, 2018 and Nov 6, 2018, and then used for laboratory scale
disinfection experiments. Pretreated raw water (RW) and settled water (SW) were
collected on Dec 11, 2018 from the SEC WWTP (see Part 1, Chapter 1) and used
at the laboratory scale as well. Full-scale disinfection trials were performed
on-site at the SEV WWTP; the samples were collected both before (SEV-TW)
and after disinfection with PFA (i.e. disinfected water, SEV-DW) on Sept 26,
2018, Oct 10, 2018 and Oct 24, 2018. The experimental conditions applicable
to each sample are given in Part 2, Chapter 1 for the full-scale disinfection
trial samples. For the laboratory scale trials, 1, 2, 30 and 100 ppm of PFA were
applied on TW samples, in addition to 1 ppm after injection of 2 mgN/L of
nitrite and just 10 ppm of PFA for RW and SW from SEC.

All chemicals introduced were of analytical grade or higher and used as
received without any further purification. A standard mix of chlorinated organics
and DBPs, including four trihalomethanes (chloroform, dichlorobromomethane,
dibromochloromethane and  bromoform) plus three haloacetonitriles
(dichloroacetonitrile, chlorobromoacetonitrile and dibromoacetonitrile),
dichloropropanone and chloropicrin, was purchased from LGC Standards SARL
(Molsheim, France) (100ng/ul. of each compound in acetone).
Decafluorobiphenyl (99%) was supplied by Sigma-Aldrich Inc. (St. Louis, MO,
USA). Ethyl acetate, Methyl tert-butyl ether (MTBE), sodium nitrate (99.99%) and
nitric acid (70% v/v) were all supplied by Merck KGaA (Darmstadt, Germany).
2,4,6-trichlorophenol (98%) was purchased from Acros (Thermo-Fisher Scientific
Inc., Waltham, WA, USA). The standard HCl solution (0.01 mol/L) used for the
AOX-200 titration cell check was provided by Mitsubishi Chemical Analytech
(Japan). The activated carbon for AOX measurements was purchased from
Envirotech (Germany).

GC-MS grade dichloromethane (DCM) was purchased from Merck
KGaA (Darmstadt, Germany). A mixed standard of N-nitrosamines,
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including N-nitrosodibutylamine (NDBA), N-nitrosodiethylamine (NDEA),
N-nitrosodimethylamine (NDMA), N-nitrosodiphenylamine (NDPhA),
N-nitrosodipropylamine =~ (NDPA),  N-nitrosomethylethylamine = (NMEA),
N-nitrosomorpholine (NMOR), N-nitrosopiperidine (NPIP), N-nitrosopyrrolidine
(NPYR) (with 2000 ug/mL of each analyte in DCM) and Toluene-d8
(2000 pg/mL in DCM), were all purchased from Agilent Technologies Inc.
(Santa Clara, CA, USA). The N-nitrosodimethylamine-d§ (NDMA-d8) and
N-nitrosodipropylamine-d14 (NDPA-d14) (1 mg/mL in DCM) were both
supplied by Cambridge Isotope Laboratories Inc. (Tewksbury, UK). Coconut
charcoal SPE tubes were supplied by Sigma-Aldrich Inc. (Saint-Louis, MO,
USA), and the ultrapure water was produced from Milli-Q IQ 7000 Merck KGaA
(Darmstadt, Germany)).

4.2.2 Adsorbable organic halogens (AOX) analysis

AOX were analyzed according to the NF-EN-ISO-9562 standardized method. Fifty
mg of activated carbon and 5 mL of NaNOj3 (0.2 mol /L) were added to 100 mL of
wastewater sample, whose pH had been adjusted to pH <2 with nitric acid. After
1 h of constant stirring, the adsorbed activated carbon was filtered by ceramic frits
with Activated Carbon Adsorption Unit SA-200 (Mitsubishi Chemical Analytech,
Japan), followed by a nitrate-wash of activated carbon (25 mL, 0.01 mol/L of
NaNOj). AOX were then converted into hydrogen halides under high-emperature
(950°) combustion of activated carbon with an Adsorbable Organic Halogen
Analyzer AOX-200 (Mitsubishi Chemical Analytech, Japan). The hydrogen halide
gas produced was then dehydrated and introduced into a titration cell. The limit of
quantification in the titration cell was 0.7 ug of Cl. The AOX recovery rate of a
standard solution (50 pug/L of 2.4,6-trichlorophenol) was found to equal 100.6%.

4.2.3 Halogenated DBP analysis

THMs and HANs were analyzed after liquid-liquid extraction according to EPA
method 551. Samples (50-100 mL) were transferred into 120 mL amber glass
bottles containing 10 g of NaCl. Fifty pL of decafluorobiphenyl (10 mg/L in
acetone) were spiked as a surrogate standard and 3-6 mL of ethyl acetate were
added as the organic solvent for most samples. The sampling bottle was vigorously
and consistently shaken by hand for 4 min. The water and organic phases were
allowed to separate for 2 min. About 2-3 mL of organic extract was transferred
into a smaller vial and evaporated under N, gas. Lastly, 200 uLL of concentrated
extract was transferred into a GC-MS vial and stored at 4°C until analysis.

DBP quantification was performed in electronic ionization mode using a gas
chromatograph (Trace GC Ultra, Thermo Fisher Scientific Inc., Waltham, WA,
USA), coupled with a triple-quadruple mass spectrometer (TSQ Quantum,
Thermo Fisher Scientific Inc., Waltham, MA, USA). One uL of extract was
injected (inlet temperature: 200°C) in pulsed splitless mode. The compounds
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were separated on a Rxi® 5Sil MS (60 m x 250 um x 0.25 um) column (Restek,
France). The oven program was held at 35°C for 9 min, ramping up to 125°C at
10°C/min, then increased to 220°C at 25°C/min and held there for 2 min. The
total run time was 23.8 min. The DBP standard calibration curve was in the
range of 50-500 pg/L in solvent, thus corresponding to a limit of quantification
of 0.1 pg/L in water samples before extraction. The DBPs were quantified in
single-ion monitoring (SIM) mode.

4.2.4 N-nitrosamine analysis

The extraction and detection method of N-nitrosamines was adapted from both US
EPA method 521 and a gas chromatography method coupled with tandem mass
spectrometry (GC-MS/MS) (Yoon et al., 2012). One hundred uL. of NDMA-d8 and
NDPA-d14 (500 pg/L in DCM) were spiked as internal standards into 500 mL of a
filtered (GF/F, 0.7 um pore diameter) sample. The N-nitrosamines were extracted
using coconut charcoal solid-phase extraction cartridges (6 g, Sigma-Aldrich Inc.,
Saint-Louis, MO, USA) using a Dionex™ AutoTrace (ThermoFisher Scientific Inc.,
Waltham, MA, USA) at a rate of 10 mL/min. The cartridges were conditioned with
5 mL of DCM, 5 mL of methanol and 10 mL of ultrapure water. After extraction,
the cartridges were dehydrated for 30 min by purging the N,. Twelve mL of DCM
were used to elute the analytes. The eluate was concentrated by evaporation under a
stream of N, until ~1 mL. Nine hundred puL. of the concentrated extract were
accurately transferred into GC-MS vials and stored at —20° until analysis. Forty-five
uL of injection standard (Toluene-d8, 2 mg/L in DCM) were added into the extract
before injection into GC-MS/MS.

The nine N-nitrosamines (i.e. N-nitrosodibutylamine (NDBA), N-
nitrosodiethylamine (NDEA), N-nitrosodimethylamine (NDMA), N-nitroso-
diphenylamine =~ (NDPhA), N-nitrosodipropylamine = (NDPA), N-nitroso-
methylethylamine (NMEA), N-nitrosomorpholine (NMOR), N-nitrosopiperidine
(NPIP) and N-nitrosopyrrolidine (NPYR), 2000 ug/mL each in DCM), plus the
two internal standards (NDMA-d6 and NDPA-d14) and one injection standard
(toluene-d8) were all analyzed in electron ionization mode using a gas
chromatograph (Trace GC Ultra, Thermo Fisher Scientific, Waltham, MA, USA)
coupled with a triple-quadruple mass spectrometer (TSQ Quantum, Thermo
Fisher Scientific Inc., Waltham, MA, USA). One pL of extract was injected (inlet
temperature: 250°C) in pulsed splitless mode. Chromatographic separation was
completed in an Rxi® 5Sil MS (60 m x 250 um x 0.25 um) column (Restek,
France). The oven program was held at 45°C for 3 min, ramping up to 130°C at
25°C/min, then increased to 230°C at 12°C/min and held there for 1 min. Total
run time was 15.7 min. The calibration standards of N-nitrosamines were
prepared in the range of 5-100pug/L. Internal standards NDMA-d6 and
NDPA-d14 were added into each standard as 50 pg/L. The toluene-d8 in
calibration standards was 100 ug/L. The N-nitrosamines were quantified in
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selected reaction monitoring (SRM) mode using argon (6.0) as the collision gas. The
detection parameters (collision energy for each compound) were optimized by
injecting a 5 mg/L N-nitrosamine standard solution. Table 4 shows the selected
analytical parameters for each N-nitrosamine (retention time, parent and product
ions, and collision energies). The limits of quantification of N-nitrosamines were
in the range of 0.1-6 ng/L.

4.2.5 Impact of PFA on AOX and halogenated DBP
formation in WWTP discharge

Table 5 shows the concentrations of AOX and DBPs found in SEV or SEC
wastewater before and after PFA disinfection processes, during both laboratory
scale experiments and full-scale trials.

During all disinfection experiments (both at the laboratory scale and during
full-scale on-site trials), >30 ug/L of AOX were already present in the
wastewater effluent samples before any disinfection steps. At the laboratory scale,
the disinfection of wastewater effluent samples using PFA concentrations of 2
and 30 ppm (C x t=20 and 300 ppm.min, respectively) increased the AOX
concentrations by 5-10 ug/L. The disinfection of raw and settled wastewater
samples (December 2018) with 10 ppm PFA did not produce any significant
amounts of AOX. A high concentration of 100 ppm of PFA (C x t= 1000 ppm.
min, November 2018) significantly increased the formation of AOX from 45 to
339 ug/L, thereby indicating that halide ions (probably bromide ions) can be
incorporated into organic matter upon reaction with high doses of PFA.

Table 6 presents the bromide ion concentration in SEV WWTP wastewater
effluent both before and after full-scale disinfection by PFA (August—October
2018). Bromide ions were present in effluent within the range of 100-250 pg/L,
and their concentration varied significantly over time. A decrease of about
10—40% in bromide concentration was observed after PFA treatment in the
August—September (but not October) samples, which could be attributed to
the reactivity of bromide ions with PFA (e.g., to generate HOBr-like PAA, see
Equation (2)).

Among the regulated THMs, chloroform was not detected in any sample. Other
halogenated DBPs were not detected in WWTP discharge samples either before or
after disinfection using low doses of PFA (C x t=10-30 ppm.min). At higher
PFA doses (C x t =74, 300 and 1000 ppm.min) and in disinfected raw and settled
wastewater, dichlorobromomethane (DCBM), dibromochloromethane (DBCM),
bromoform (TBM), bromochloroacetonitrile (BCAN) and dibromoacetonitrile
(DBAN) were the most frequently detected DBPs. In most samples where DBPs
were detected (except for the 1000 ppm.min PFA dose), DBP concentrations were
determined to be less than 1 pg/L. The highest concentrations were observed for
samples treated with PFA at 1000 ppm.min (e.g., DCBM =2.4 ng/L, DBCM =
1.4 ng/L, BCAN =2.0 ug/L, DBAN = 0.6 ug/L), in agreement with the high
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AOX concentrations detected in this sample. Chlorinated DBPs were also formed
(TCAN =0.7 ug/L, DCP =3.4 ug/L, TCNM = 1.8 pg/L), with DCAN reaching
the highest concentration of all DBPs (8.25 ug/L). As shown in Equations (1) and
(2), the rate constant of chloride with PAA is four orders of magnitude lower than
that of bromide. The PFA rate constants with halide ions are not available.
However, our results indicate that brominated DBP may be preferentially formed
during PFA disinfection via the formation of HOBr as an intermediate, followed
by the formation of HOCI and chlorinated DBPs at higher PFA doses, which
would require subsequent confirmation. Furthermore, the formation rate constant
of HOI during the PAA reaction with halides is roughly three and seven orders of
magnitude higher than that of HOBr and HOCI, respectively (Equation (3)).
Further investigation is therefore needed regarding the potential formation of HOI
and iodinated DBPs, which may be favored during PFA disinfection. The high
reactivity observed at 1000 ppm.min is also in accordance with results obtained
using 3D fluorescence spectrometry (see Chapter 3), in showing a significant
modification of the organic matter matrix. More specifically, a large decrease was
observed for protein-like substances, which are known to be major precursors of
nitrogenous DBPs such as HANs (Bond et al., 2011).

An injection of 2 mg N/L of nitrite ions with a PFA dose of 10 ppm.min led to
the increased formation of two DBPs (BCAN =0.15 pg/L, DBAN = 0.10 pg/L),
which were not detected in the absence of additional nitrite (November 2018),
although the concentrations remained very low. A confirmation of the effect of
nitrite ions on halogenated DBP formation would require additional experiments
at various nitrite and PFA concentrations.

Low concentrations of DBCM, TBM and DBAN (<<0.4 pug/L) were detected in
both raw and settled water samples. A slight increase in these DBP concentrations
was observed after disinfection of the raw water with 100 ppm.min PFA, but
concentrations remained less than 0.5 ng/L.

During the on-site industrial disinfection of the WWTP effluent, no DBPs were
detected at the lowest PFA doses (Sept 26, 2018 and Oct 10, 2018, C x t =32.1 and
28.3 ppm.min, respectively), yet brominated DBPs were detected when a higher
dose (C x t=74.2 ppm.min) was employed, in agreement with results obtained
from laboratory batch tests at higher doses (i.e. >100 ppm.min). In particular,
an increase of ~0.4 ug/L in DBAN concentration was observed. As in batch
experiments, AOX concentrations increased by 6-13 ug/L and were not
significantly higher at the highest PFA dose (C x t =74.2 ppm.min) than those at
two other doses (C x t=32.1 and 28.3 ppm.min).

Opverall, the low doses of PFA generally employed to disinfect WWTP discharge
(i.e., ~20-30 ppm.min) did not form any detectable amounts of halogenated DBPs,
and moreover the concentrations observed at higher doses (>70 ppm.min) were
always low compared to other oxidation processes and significantly lower than
the regulatory thresholds defined for drinking water (total THMs <100 pg/L). In
comparison, the chlorination of SEC WWTP discharge (2 ppm during 10 min in
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batch, March 2018) formed ~150 ug/L of AOX, while <10 pug/L of AOX were
generated from PFA at a similar dose.

4.2.6 Impact of PFA on N-nitrosamine formation in
WWTP discharge

The method performance from solid-phase extraction to GC-MS/MS analysis was
monitored based on the recovery rate of NDMA-d6, which was spiked into each
wastewater effluent sample with a known concentration (100 ng/L) using
toluene-d8 as the injection internal standard. The average recovery was 76.5%,
which is consistent with recoveries reported in US EPA method 521 (77.2%) for
most N-nitrosamines on similar coconut charcoal cartridges.

Table 7 shows the concentrations of N-nitrosamines in WWTP discharge before
and after treatment with PFA. Among the nine targeted N-nitrosamines, NMEA,
NPYR and NDPhA were not detected in any of the samples. Less than 5 ng/L of
NDEA, NDPA, NPIP and NDBA were found in most samples. Nineteen and 17
ng/L of NDEA and 27 and 30 ng/L of NDMA were present in the raw and
settled water samples (December 2018), respectively. NDMA was the most
abundant nitrosamine detected in the WWTP discharge (treated water) samples
(19-33 ng/L, average: 28 ng/L), followed by NMOR (6-18 ng/L, average:
11 ng/L), at levels commonly reported in the literature. NDMA and NMOR were
reported to be the most predominant N-nitrosamines in untreated and treated
wastewater (Gerrity et al., 2015; Krauss et al., 2009). Industrial products, such as
rubber, tires and dyes, are potential sources of NDMA and NMOR. NDMA
can also be produced during cooking (Lee & Oh, 2016). Household products
(e.g., laundry detergents, dishwashing soaps) contain morpholine (NMOR
precursor) as impurities (Glover et al., 2019).

Statistical analysis (t-tests) indicated the lack of any significant differences in
N-nitrosamine concentrations after disinfection with PFA at any concentration
rate, even at the highest dose employed (1000 ppm.min). However, the addition
of 2 mg N/L of nitrite ions during the PFA disinfection (C x t = 10 ppm.min) of
treated water significantly increased the NMOR level, from 14 to 162 ng/L
(November 2018). Under acidic conditions, the nitrite ion is known to react with
secondary amines to generate N-nitrosamines, but this nitrosation mechanism is
very slow at neutral pH (Mirvish, 1975). However, studies have demonstrated
that some carbonyl compounds (e.g., formaldehyde) can catalyze the nitrosation
at higher pH (6.4-11), via the formation of an aldehyde adduct on secondary
amines (Keefer & Roller, 1973). PFA also contains a carbonyl group in its
structure and thus could catalyze a nitrosation reaction upon the addition of
nitrite. As shown in Table 7, a slight increase in all other N-nitrosamines (except
NPIP) also occurred after adding nitrite (November 2018), but to a much lesser
extent than that of NMOR. This outcome was possibly correlated with the
presence of high levels of NMOR precursors (e.g., morpholine) compared to
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other N-nitrosamine precursors. The NDMA concentration reached 30 ng/L after
adding 2 mg N/L nitrite and 10 ppm.min PFA, as compared to the 21 ng/L
observed in samples before and after disinfection with 10 ppm.min PFA.

The N-nitrosamine results obtained during on-site PFA disinfection of the
WWTP discharge (Sept 26, 2018, Oct 10, 2018, Oct 24, 2018) were all in good
agreement with results obtained at the laboratory scale. The concentrations of
all N-nitrosamines were low (<19 ng/L), except for NDMA which reached
31-33ng/L in both disinfected and non-disinfected effluents. As in the
laboratory scale experiments, NMEA, NPYR and NDPhA were never detected.
The concentration of certain N-nitrosamines (e.g., NDEA and NDBA) sometimes
increased slightly after PFA disinfection, but this was not systematically observed
across the three sampling campaigns, especially not during the campaign with the
highest PFA dose (74.2 ppm.min). In considering the potential impact of nitrite
ions on N-nitrosamine formation, as observed in laboratory scale experiments, it
would have been worthwhile to check the nitrite concentrations in the three
treated water samples in order to determine a correlation with the observed
increases in NDEA and NDBA, but unfortunately the nitrite ion was not
measured during these full-scale tests. NMOR did not show any significant
increase during full-scale testing, which means that either its precursors were not
present in the wastewater effluent or the nitrite concentration was insufficient to
cause nitrosation.

Overall, no significant change was noticed for the NDMA concentration after
PFA disinfection at any dose. This finding indicates that the WWTP treated water
did not contain any significant concentrations of NDMA precursors and/or nitrite
ions, and moreover that PFA does not produce significant amounts of NDMA,
the most carcinogenic N-nitrosamine, from wastewater effluent.

4.3 NON-TARGETED INVESTIGATION OF
MICROPOLLUTANTS DURING PFA DISINFECTION
4.3.1 Experimental description

All samples collected for DBP quantification were also used for non-targeted
screening analyses. The samples were filtered using glass fiber filters with a 2.7
and 0.7-um pore size (Whatman GF/D and GF/F, respectively) within 24 h of
collection. One liter of each sample was acidified to pH 6 with sulfuric acid
(98%); also, 40 uL. of a mixed solution of internal standards (i.e. bisphenol A-d6,
4-n-octylphenol-d17, 4-octylphenol-diethoxylate and propylparaben-d4) were
added to each sample. Solid phase extraction (SPE) is currently the most
common technique to concentrate molecules, to ensure their improved detection
by HRMS (Hogenboom et al., 2009; Miiller et al., 2011; Singer et al., 2016).
Many studies have applied universal cartridges for SPE (e.g., OASIS HLB) in
order to retain a large number of molecules (Ibafiez et al., 2008). The combined
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use of various cartridges offers an alternative method to capture diverse substances
with distinct physicochemical characteristics (Singer ez al., 2016). The samples in
this study were extracted using an automatic SPE instrument (AutoTrace, Dionex
Corporation, Sunnyvale, CA, USA) with cartridges containing a mix of four
different phases (Oasis HLB - Water, ENV+ - Biotage, Strata X-AW -
Phenomenex and Strata X-CW — Phenomenex). The cartridges were conditioned
with 10 mL of methanol, followed by 10 mL of ultrapure water. After sample
extraction, the cartridges were dried under a gentle stream of nitrogen for 30 min.
The substances were then eluted with 6 mL of a mixture of methanol/ethyl
acetate (50:50) and 1.43% ammonia (35%), followed by 3 mL of a mixture of
methanol/ethyl acetate (50:50) and 1.7% formic acid. The extract was evaporated
under a stream of nitrogen and reconstituted with 1 mL of ultrapure water and
methanol (80:20). All extracts were then filtered with PTFE filters (0.2 um) and
transferred into vials for analysis. A sample of ultrapure water (‘extraction
blank’) was extracted under the same conditions as the actual samples.

The samples were analyzed by means of ultra-high performance liquid
chromatography (UPLC) coupled with an ion mobility spectrometer and a
high-resolution time-of-flight mass spectrometer (IMS-QTOF) (Vion (Waters
Corporation, Milford, MA, USA)). The analytes were separated by an ACQUITY
UPLC-BEH C18 column (2.1 x 100 mm, 1.7 um, Water). Ten pL of each sample
were injected at a 0.45 mL/min flow rate. The mobile phase was constituted
of: (A) ultrapure water +0.1% formic acid, and (B) acetonitrile +0.1%
formic acid, while the gradient was 1 min isocratic with 98% A, a 25-min linear
decrease to 2% A, 5 min isocratic with 2% A, and a 4-min equilibration
time with 98% A. The UPLC column and samples were maintained at 40 and
10°C, respectively.

The ionization was operated by electrospray (ESI) in positive and negative mode
with the following parameters: capillary voltage at 0.80 kV (2.50 kV in negative
mode), source temperature at 120°C (100°C in negative mode), desolvation
temperature at 500°C (250°C in negative mode), cone gas flow rate at 50 L/h,
and desolvation gas flow rate at 1000L/h (600 L/h in negative mode).
A data-independent acquisition was performed in HDMS® mode to obtain low
(6 eV) and high (20-56 eV ramp) collision energy spectra to examine both the
precursors and fragments. This acquisition was conducted between 50 and 1000
m/z with a 0.2 s scan time.

Each sample was injected in randomized triplicates to limit the intra-sequence
variability caused by the instrument’s analytical variability. Injection blanks
consisting of mobile phase samples were injected along the sequence, along with
a pool sample composed of equal volumes of each sample injected during the
sequence. This pool sample was used to evaluate the analytical drift during the
sequence. The UNIFI software (Water) was used for data acquisition and
preprocessing, including 4D peak detection, isotopes and adduct clustering, in
addition to the alignment of detected markers across samples. A list of markers
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with corresponding exact mass (m/z ratio), retention time, drift time (ion mobility)
and intensity in each sample was generated by UNIFI. This list was also exported as
a.csv file for further data analysis using the ‘R’ software (R Core Team, 2019) to
produce global statistics or a bulk characterization (total number of markers, total
intensity, average retention time, average m/z ratio) and visualizations for
purposes of sample comparison. The markers that were unique or common to
groups of samples were then isolated to produce Euler diagrams using the limma
(Ritchie et al., 2015) and venneuler (vi.1-0; Wilkinson, 2011) packages.

4.3.2 Suspect screening

Suspect screening was performed on the same dataset obtained by the non-targeted
acquisition on UPLC-IMS-QTOF. A homemade library was created in the UNIFI
software, comprising a list of 201 organic micropollutants with their exact mass
(m/z ratio) and molecular structure. During the UNIFI processing step, the
molecules of the library were searched in all chromatograms, targeted by their
exact mass with a tolerance of 5 ppm. False positives were eliminated based
on several criteria, namely: the shape of the detected peak, its retention time
(based on the expected retention on the BEH-C18 column), and a fragments
match (comparison of fragments obtained in high-energy spectra with
fragment-generated in silico by UNIFIL, as well as with fragments found in open
access libraries).

4.3.3 Fate of micropollutants: bulk characterization by
non-targeted screening

A total of 114,576 and 114,490 markers were obtained from the UNIFI detection
algorithm among all 23 samples in positive and negative mode, respectively. The
markers detected in all samples were processed to visualize differences between
samples by plotting fingerprints based on their retention time, m/z ratio and
intensity (Figure 21). This type of plot indicates a systematic decrease in marker
intensity after PFA treatment for each type of sample. Modifications to the
molecule type were also recorded: many high intensity markers observed at
retention times longer than 15 min and with high molecular weights (>400 m/z)
disappeared, while other markers detected at shorter retention times (5—12 min)
and lower molecular weights (200-400 m/z) exhibited an increase in intensity.
This observation was even more pronounced at higher PFA doses (300 and 1000
ppm.min, data not shown), which indicates that PFA can decompose moderately
hydrophobic compounds with high molecular weights and, to a lesser extent,
produce low molecular weight molecules that are also more hydrophilic. This
type of organic compound transformation is typical of other oxidation processes
(e.g. chlorination, ozonation). Such information reveals that PFA, in addition to
its disinfecting power, is able to both reduce the concentration of many organic
compounds and modify to some extent the nature of molecules present in
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wastewater effluent. It is worth noting that the WWTP discharge sampled on Sept
18, 2018 (SEV-TW) exhibited a very different fingerprint (not shown), with very
large peaks around 8 min, 400 m/z and nearly no difference (i.e. limited decrease
in intensity) after a PFA treatment at 20 ppm.min. This outcome was attributed to
a degraded water quality due to a bypass of the tertiary phosphorus removal step
that occurred in the SEV WWTP during a rain event on Sept 18, 2018 (see
Part 2, Chapter 1). Total phosphorus in this sample was 2.5 mgP/L vs. 0.8-1.0
mgP/L under nominal conditions (e.g., SEV-TW from Sept 11, 2018 and Nov 6,
2018). The absence of the coagulation step normally used for phosphorus
removal may also degrade water quality through the presence of colloidal matter
capable of adversely affecting PFA effectiveness, leading to a degradation of
organic compounds. The presence of colloids can also affect the sample
preparation step (i.e., SPE), which was reflected in the strong variability observed
between replicate fingerprints of this lone sample (i.e., higher variations between
marker intensities of the three replicate injections).

A bulk characterization of each sample was performed in order to obtain average
information from an entire fingerprint: average retention time, average m/z ratio
of the detected markers, plus total number and total intensity (sum of intensities
from each individual marker) of all detected markers. This characterization step
was first completed with no prior filter (i.e. no threshold on intensities) for each
treated water sample before any PFA disinfection (all six SEV-TW samples) and
after PFA disinfection at either the full scale (three SEV-DW samples) or the
laboratory scale with 20 ppm.min PFA (SEV-TW + 2 ppm PFA). The results
obtained for the six samples before and after PFA disinfection were averaged and
are summarized in Table 8. The average m/z ratio decreased after PFA treatment,
thus supporting the previous observation that organic compounds had a lower
molecular weight after oxidation. Retention times and the total number of
markers on the whole remained stable, while the total intensity slightly decreased
(from 4.8 x 10® to 4.1 x 10%), which confirmed the overall reduction in peak
intensities visually observed on the fingerprints (Figure 21). These parameters
were also calculated from markers detected only before or after PFA disinfection
(i.e., by removing common markers present both before and after PFA
treatment). This calculation also clearly confirmed that molecules disappearing
after PFA treatment had a higher molecular weight than organic compounds
formed after PFA addition, yet the overall slight increase in average retention
times did not support the expected formation of more hydrophilic degradation
products. The number of molecules appearing after treatment (2,119) was higher
than that of the disappeared compounds (1799), but their overall intensity was
lower (4.1 x 107 vs. 4.5 x 10).

An intensity value threshold (>10,000) was applied to filter out the smallest
peaks that were closer to noise peaks (the intensity values of individual markers
ranged between 50 and 41 x 10°, and peaks with intensity <10,000 were mainly
present in blank samples). Approximately 60% of all markers were still present

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf

bv auest



Study of the fate of micropollutants and byproduct formation 53

after applying this threshold. The total number of markers slightly decreased (from
7369 to 6222, see Table 8) after PFA treatment, as did their total intensity. When
considering unique markers, the number of markers formed after PFA treatment
(1303) was lower than the number that were totally decomposed (1792), while
their overall intensity was slightly lower.

Euler diagrams (Figure 22) allow visualizing the number of markers exclusively
present before or after PFA disinfection (i.e., unique markers in Table 8), as well as
the number of markers present both before and after treatment (with no indication of
their intensity). A clear decrease in the number of markers is observed after
treatment (20 ppm.min of PFA) in both positive and negative ionization modes.
A small proportion of new peaks was generated during the treatment and can be
labeled as decomposition products (i.e. ~18 and ~10% of all peaks present after
PFA treatment in positive and negative mode, respectively). A substantial
proportion of markers initially present in the WWTP discharge were still present
after PFA treatment (i.e. ~34 and ~52% in positive and negative mode,
respectively). Similar Euler diagrams were obtained from other samples (data not
shown), thus confirming the qualitative observations made from marker
fingerprints (Figure 21) that PFA treatment reduces the number of organic
compounds detected in the samples.

The overall slight decrease in the average number of markers across all samples
after PFA disinfection (Table 8) is detailed for each sample in Figure 23. Some
samples (e.g., on Sept 11, 2018 or Nov 6, 2018) exhibited a clear decrease in the
number of markers, while all other samples showed no decrease or even a
slight increase (especially on Sept 18, 2018, Oct 10, 2018 and Oct 24, 2018).
These differences could be attributed to the occurrence of bypasses in the
WWTP during the rain events that occurred on Sept 18, 2018, Sept 26, 2018 and
Oct 10, 2018, and thus to variations in the WWTP discharge matrix. However, an
increase in the number of markers was also observed on Oct 24, 2018 on a date
when no bypass occurred, so other unknown factors may have played a role.
These results show that the reactivity of PFA with organic molecules can be quite
variable depending on underlying conditions (e.g., quality of the wastewater
matrix, presence of inorganic ions, temperature). In most cases, the impact of
PFA on the number and intensity of markers was very limited. On Nov 6, 2018,
the number of markers decreased with an increase in PFA concentration to 1 and
2 ppm, but then increased again at higher PFA doses (30 and 100 ppm of PFA).
This finding can be attributed to the formation of additional degradation
products, which were indeed observed in the lower range of molecular weight
and retention time on fingerprints; it is also in accordance with the higher
occurrence of AOX and halogenated DBPs analyzed in these samples.
Nonetheless, the number of markers did not exceed that of the initial WWTP
discharge. The presence of nitrite ions seemed to decrease the number of markers
detected after treatment with 1 ppm PFA, but this assertion would require further
confirmation. Lastly, the disinfection of raw (SEC-RW) and settled (SEC-SW)
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wastewater (Dec 11, 2018) did not reveal any significant difference in the number of
detected markers.

Similar results were obtained by calculating the total intensity of markers in each
sample (data not shown), thus demonstrating that the overall concentration of
molecules slightly decreased after PFA disinfection and moreover that molecules
produced during PFA treatment were not of high intensity. The overall limited
decrease in number of markers, as well as the limited formation of organic
compounds at low retention times (i.e., more hydrophilic molecules) as described
earlier, is in accordance with the low reactivity of PFA in forming DBPs; it is
also in agreement with the low impact observed on the organic matter matrix by
means of fluorescence spectroscopy measurements (Chapter 3).

4.3.4 Identification and fate of micropollutants
characterized by suspect screening

A suspect screening approach was employed on HRMS datasets in order to study the
impact of PFA disinfection on specific organic compounds detected in the samples.
This suspect screening was performed on a list of 201 anthropogenic organic
micropollutants (e.g., pesticides, pharmaceuticals, drugs) that had been previously
detected in raw wastewater and/or treated water before discharge (Bergé et al.,
2018; Mailler et al., 2016, 2017).

Many of the listed molecules were detected in at least one sample (as revealed by
the number of molecules detected in the pool sample). No significant differences
were observed between the number of molecules detected before and after PFA
disinfection, even at the highest doses (300 and 1000 ppm.min). The intensity of
the selected molecules was isolated and corrected by internal standard signals
(propylparaben-d4 intensity in each sample) in order to compensate for any
deviation between samples. Figure 24 describes the evolution in the
pharmaceuticals acetaminophen and sulfamethoxazole, as well as that of
11-nor-9-carboxy-tetrahydrocannabinol, the main metabolite of the psychoactive
substance tetrahydrocannabinol (THC) in the samples. These molecules were
detected at a high occurrence and relatively high concentrations in raw (e.g.,
acetaminophen >100 ug/L, sulfamethoxazole >500ng/L) and treated
wastewater (Guillossou et al., 2019). These three molecules exhibited a decrease
in intensity in most disinfected samples. This result illustrates the moderate
degradation of organic micropollutants by PFA and furthermore explains that
most molecules were still detected even after PFA treatment.

The individual intensities of each organic compound were averaged by category
of molecule, then normalized and reported at increasing PFA doses (0, 10 and 20
ppm.min) from the WWTP discharge sample of Nov 6, 2018 (Figure 25). Once
again, most families of molecules exhibited a slight decrease in average intensity
at 10 ppm.min and remained stable as the PFA dose was increased to 20 ppm.
min. Some categories (e.g. radiocontrast agents, hormones, antibiotics) showed

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf

bv auest



higher removals, with an average intensity decreasing by more than 50%.
Alkylphenols displayed a slight decrease at 10 ppm.min of PFA, but a major
increase when 20 ppm.min of PFA were used. This finding could be attributed to
the degradation of long-chain alkylphenols and their ethoxylates present in
treated wastewater (originating from agricultural, industrial and household
products, Bergé et al., 2012), which could react with PFA to produce the simple
alkylphenols (e.g., 4-nonylphenol and 4-tert-octylphenol) listed and used in this
suspect screening approach. All these results should be carefully considered as
qualitative information and would require confirmation by targeted analyses of
the organic micropollutants (i.e., a precise quantification by using analytical

Study of the fate of micropollutants and byproduct formation

standards and calibration curves).

Key points

Disinfection of the WWTP discharge with moderate doses of PFA (10-30
ppm.min) did not generate any detectable amounts of known halogenated
DBPs (e.g., THMs, HANs). AOX concentrations generally increased by 5-
10 ug/L from the initial 3040 png/L concentrations in WWTP discharge.
Higher PFA doses (>70 ppm.min) generated low concentrations of
halogenated DBPs (DCBM, DBCM, TBM, BCAN and DBAN), which were
well below the regulatory threshold for drinking water (e.g. European
Union Standards: total THMs = 100 ug/L).

Low concentrations of N-nitrosamines were detected in the WWTP
discharge, with NDMA being the most abundant (up to 33 ng/L). On the
whole, no significant change was noticed in the concentration of any
N-nitrosamine after PFA disinfection at any dose, which indicates that the
WWTP treated water did not contain significant concentrations of
N-nitrosamine precursors and/or that PFA is not capable of producing
N-nitrosamines. A large increase in NMOR concentration was however
detected in the presence of nitrite ions (2 mg N/L) at a low PFA dose (10
ppm.min). This finding should be confirmed by mechanistic studies using
NMOR precursors (e.g., morpholine).

Non-targeted screening by HRMS showed a low reactivity of PFA with
organic compounds. Some decomposition of organic molecules was
observed even at low PFA doses but was not responsible for producing a
substantial number of new molecules (i.e., degradation products), hence
in agreement with the low formation of DBPs. Higher PFA doses did
increase the number of molecules detected by HRMS, as compared to the
low doses by generating degradation products, yet this production never
exceeded the number and total intensity of signals observed in the initial
WWTP discharge.

Selected organic micropollutants were just slightly decomposed by
commonly employed doses of PFA (10-30 ppm.min). Most categories of
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micropollutants exhibited a low reactivity with PFA. Some categories (e.g.,
radiocontrast agents, alkylphenols) displayed higher reactivity.

» Forthcoming work on HRMS datasets will be dedicated to identifying
unknown molecules specific to the wastewater disinfected by PFA,
through the use of statistical tools (e.g., principal component analysis,
orthogonal partial least squares discriminant analysis) to potentially
identify degradation products of interest.

» The overall low reactivity of low doses of PFA towards both the degradation
of organic compounds and the formation of DBPs was in agreement with the
low reactivity of PFA with the organic matter matrix, as observed by
fluorescence spectrometry (Chapter 3).
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(Seine Valenton WWTP)
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Chapter 1

Technical description of the
iIndustrial trials conducted at
Seine Valenton WWTP

© SIAAP

1.1 INTRODUCTION

In order to verify the industrial-scale effectiveness of PFA disinfection and its
impact on Seine River water, industrial-scale trials were performed in 2018
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60 Disinfection of WWTP Discharges using Performic Acid

within the Paris Metropolitan Area. The identified recreation spots were located in
the center of Paris, near the Ile de la Cité and Tour Eiffel. The SIAAP wastewater
treatment plant (WWTP) discharges located upstream impacting these sites are
Seine Valenton (SEV) WWTP and Marne Aval (MAV) WWTP. SEV treats far
more wastewater than MAV (by a factor of 10), and MAV already had a UV
disinfection unit, so the PFA industrial-scale trials were conducted at SEV.

Few industrial-scale trials were found in the literature, especially on WWTP
treated water discharged into a river. Among them, Venice (Italy) in 2005-2011
(Ragazzo et al., 2013), Biarritz (France) in 2015-2017 (Pigot et al., 2019) and
Berlin in 2012 (internal report, unpublished) can be cited for purposes of
comparison, but they concern wastewater discharged into the sea, a lagoon or
lakes. The Venice, Biarritz and Berlin cases will be technically described in Part
4 of this book. In addition, PFA disinfection units have been industrially
implemented to disinfect combined sewer overflows in Denmark (Chhetri et al.,
2015).

Considering that SEV. WWTP treats around 550,000 m’/day under normal
conditions, as explained in this chapter, such industrial-scale PFA disinfection
trials are, to the best of the authors’ knowledge, the most extensive performed
thus far in the world. Moreover, the Paris Metropolitan Area case is very
interesting since during summer (recreational period), the SEV WWTP discharge
accounts for around 6 m’/s, while the Seine River in summer normally flows at
around 80—100 m’/s. The anthropic pressure exerted by Parisians on the Seine
River is thus extremely strong during the summer season, which makes achieving
adequate bathing quality a real technical challenge.

This chapter will present in detail a technical description of the industrial trials
performed at SEV . WWTP in 2018. The process layout of the plant will be
described first, followed by the tested Kemira Desinfix technology. Lastly, the
trial design will be explained, including the PFA disinfection conditions applied,
the sampling methodology and the analytical parameters monitored.

1.2 PRESENTATION OF THE SEINE VALENTON WWTP

The Seine Valenton (SEV) WWTP is located 15 km southeast of Paris and has a
treatment capacity of 600,000 m>/day (2,600,000 population equivalent) under
normal conditions and between 600,000 and 1,500,000 m> /day under degraded
conditions, including wet weather. This WWTP is capable of receiving a
maximum peak flow rate of 21 m?/s; it treats wastewater originating mainly from
the eastern part of Paris before discharging the treated water into the Seine River,
upstream of the city of Paris. The WWTP layout is composed of two parallel
treatment lines, named Valenton 1 and Valenton 2. Figure 26 summarizes the
SEV WWTP treatment layout.

Raw wastewater is first pretreated by screening and grit and oil removal. Next,
the pretreated wastewater is split between Valenton 1 and Valenton 2. Under
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The industrial trials conducted at Seine Valenton WWTP 61

normal operating conditions (SEV flow rate below 550,000 m®/day), Valenton 1
treats the pretreated wastewater by primary settling before a biological treatment
using low-charge activated sludge with a succession of anoxic and anaerobic
tanks, aimed at treating carbon and nitrogen, along with a tertiary
physicochemical treatment adding FeCls, anionic polymer and micro-sand. Under
degraded conditions, the tertiary treatment is partially bypassed; moreover, under
normal operating conditions, Valenton 2 treats the pretreated wastewater by
primary settling before a biological treatment by means of low-charge activated
sludge with a succession of endogenous, anoxic, anaerobic and aerobic tanks for
treating carbon and nitrogen. Under degraded conditions, primary settling is
partially bypassed. In wet weather, when the raw wastewater flow exceeds 11.4
m®/s, a fraction of the pretreated wastewater is treated only by the tertiary
physicochemical lamellar settling units. Above 17.6 m®/s, all tertiary units are
treating pretreated wastewater, and above 21 m’/s or 550,000 m>/d, the tertiary
units are bypassed and pretreated water is discharged directly into the Seine River.

1.3 PRESENTATION OF PFA DISINFECTION BY
APPLICATION OF THE KEMIRA KEMCONNECT DEX
TECHNOLOGY

The disinfection technology tested in the SEV WWTP is the Kemira Desinfix process,
based on in situ performic acid (PFA, DEX-135) production and injection. PFA is
obtained by mixing hydrogen peroxide (DEX-550) and catalyzed formic acid
(DEX-A375); it is highly unstable, thus making its production necessary on-site
just before injection. Consequently, this technology basically consists of a mixing
unit and two storage tanks (Figure 27). The PFA output contains approximately
13.5% PFA by mass, 20% H,0, and 30.9% residual formic acid.

1.4 DESIGN OF THE INDUSTRIAL-SCALE TRIALS
1.4.1 Applicable PFA disinfection conditions

The trials were performed between late August and late October 2018, with a total of
10 sampling weeks. Five weeks were dedicated to evaluating PFA disinfection
effectiveness and the other five weeks were spent monitoring as a control without
PFA injection. The PFA dose injected during the trials is given in Table 9.

1.4.2 Sampling methodology

Throughout the 10-week period, the same sampling methodology was applied,
including treated, disinfected and Seine River samples. Figure 28 provides the
exact location of the sampling points as red crosses plus a photo of each point.
The samples were collected upstream (1) and downstream (2) of the PFA
injection in order to evaluate the removal effectiveness of the treatment.
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62 Disinfection of WWTP Discharges using Performic Acid

The downstream samples were collected at the end of the WWTP discharge channel
(3.65 km from the PFA injection point), corresponding to a hydraulic retention time
(and PFA contact time) before discharge to the Seine River of about 10-30 min,
depending on hydraulic conditions. Point-specific samples were collected three
times a day and 3 days a week (Tuesdays, Wednesdays and Thursdays), with a
telescopic rod for the upstream point and a pump for the downstream point; a gap
of 30 min was introduced between upstream and downstream samples.

Other samples were collected from the Seine River both upstream and
downstream of the WWTP discharge point to evaluate the impact of WWTP
discharge on the river with and without PFA injection. These samples were
collected at two spots of the MeSeine Platform, which is responsible for Seine
River quality monitoring in the SIAAP Authority: Choisy-le-Roi (PK 622.440)
(3) and Port a I’Anglais (PK 626.152) (4). The Choisy-le-Roi sampling point is
located approximately 1500 m upstream of the WWTP discharge point, on the
first bridge accessible to pedestrians. The Port a I’Anglais sampling point is
located in Alfortville about 2500 m downstream of the discharge point, also on
the first bridge accessible to pedestrians. At both sampling points, one-time
samples were collected on the right bank of the Seine River, the left bank and the
middle using a bucket and a rope thrown from the bridge; the samples were then
mixed together with equal volumes. Sampling was performed once a week
(Wednesdays). It is important to keep in mind that depending on weather
conditions, rainfall sewer overflows can occur on occasion between these two
Seine River sampling points, significantly lowering water quality in the process.

1.5 ANALYTICAL PARAMETERS MONITORED

Several parameters were analyzed within the collected samples; they are given
in Table 10 along with the frequency and type of water in which their
determinations took place.

Regarding pathogens, E. coli and intestinal enterococci were analyzed in all
samples, while spores of anaerobic sulfite reduction bacteria (SSR) and F-specific
RNA bacteriophages were analyzed solely in the WWTP discharge and
disinfected water once a week (Tuesdays). Conventional wastewater quality
parameters were also assessed in all samples, including total suspended solids
(TSS), carbon (dissolved organic carbon, chemical and biochemical oxygen
demands), nitrogen (Kjeldahl nitrogen, ammonium, nitrite and nitrate) and
phosphorus (total phosphorus and orthophosphates) parameters, as well as pH,
conductivity and turbidity. Specific analyses were performed in SEV discharge
and disinfected water once a week (Tuesdays) to determine the halogenated
organic hydrocarbons (AOX), bromide and bromate. Similarly, color, chloride
and sulfate were measured only in the Seine River samples.

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf

bv auest



The industrial trials conducted at Seine Valenton WWTP 63

All analyses were conducted by the central STAAP Laboratory or the CARSO
Laboratory, in accordance with the reference methods. The analytical methods,
limits of quantification and estimated analytical uncertainties are listed in Table 11.

Lastly, several operations-related datasets from SAV WWTP or the Seine River
were collected to process the results. For SEV WWTP, this dataset included the flow
of SEV WWTP discharge at the time of sampling, the water level and geometry of
the discharge channel, and information regarding the internal process bypass within
the WWTP capable of impacting discharge quality. For the Seine River, this dataset
included the daily flow of this section of river collected from the online HYDRO
databank (http://hydro.eaufrance.fr), precipitation collected from the SAV
WWTP monthly operations report, and Seine River temperature collected from
the MeSeine databank at the Alfortville monitoring point.

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf
bv auest



Chapter 2

In situ monitoring of fecal bacteria
at the Seine Valenton WWTP
using ALERT rapid microbiology
instrumentation (Fluidion®)

© SIAAP

2.1 INTRODUCTION

Identifying the presence of fecal indicator bacteria and measuring their
concentration is a critical aspect of water quality monitoring, exerting a direct
impact on safety aspects related to water usage: a safe drinking water supply,
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In situ monitoring of fecal bacteria 65

recreational and competitive uses (swimming, boating, aquatic sports), agricultural
use (irrigation), as well as aquaculture operations. Exposure to fecal pathogens
through contact with contaminated water constitutes a major health risk, causing
a wide variety of illnesses and infections with potentially fatal consequences, and
moreover is recognized by the World Health Organization as such a health risk
(WHO, 2003). Microbiological pollution with human and animal waste
pathogens can be caused, in urban areas, by bacteria from wastewater plant
effluent. This effect can be amplified during heavy rain episodes by combined
sewer overflow (CSO) phenomena and, in some cases, by illegal discharges, boat
sewage and faulty connections to the sewage infrastructure. In rural settings,
agricultural runoff (e.g., from livestock operations) as well as the natural presence
of birds and other warm-blooded animals are often responsible for
microbiological pollution.

Monitoring the microbiological quality of drinking water and surface water in
sensitive areas (i.e., where direct human contact or food chain contamination can
create a health risk) is mandatory throughout the industrialized world and
typically performed by measuring concentrations of viable and cultivable fecal
indicator bacteria (FIB). These bacteria are generally not considered to be illness
vectors by themselves, but rather provide an accurate tracer or proxy (Priiss,
1998). Depending on the country, the choice of specific FIB used for monitoring
may vary: E. coli is preferred for general public health protection in fresh water
(Edberg et al., 2000); intestinal enterococci are more prevalently monitored in
seawater environments, where they often complement or even replace E. coli
measurements; and Thermotolerant Coliforms and Generic Total Coliforms are
used in certain parts of the world, or for specific water matrices.

Typical standard regulatory FIB monitoring methods tend to follow one of two
approaches. The more common approach is the most probable number (MPN)
method, which employs either micro-assays (e.g., 96-well microplates (ISO
9308-3 1998), as the method used in many European countries) or larger-scale
assays (e.g., Quanti-Tray 2000 (Quanti-Tray is a trademark or registered
trademark of IDEXX Laboratories, Inc. or its affiliates in the United States
and/or other countries) (ISO 9308-2 2012), now widespread in the United States,
or multiple-tube fermentation (EPA 9131), now mostly obsolete). The second
approach consists of membrane filtration followed by plating on a chromogenic
Agar medium; it is generally reserved for low-concentration samples, such as
in drinking water studies (ISO 9308-1 2014) These standard regulatory methods
are quite often slow, with a typical time-to-response (TTR) being between 24 and
72 hours when taking into account all sampling, transport, storage and
quantification protocol steps. Many situations require significantly faster
early-warning systems in order to impose access closures or adapt operations
accordingly. This need is particularly important wherever high risks of human
contact with contaminated water are involved, such as when discharging
upstream of a sensitive area (e.g., drinking water intake, recreational activities,

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf

bv auest



66 Disinfection of WWTP Discharges using Performic Acid

irrigation of fresh produce, various forms of aquaculture). A strong need exists in the
water and environmental engineering industry for rapid measurement devices
capable of performing a reliable in sifu quantification of the viable indicator
bacterial load.

Previously reported online quantification techniques have generally focused on
E. coli, while some have been applied to surface water quality monitoring
(Lopez-Roldan et al., 2013; Noble & Weisberg, 2005). Attempted enumeration
methods range from simple light-scattering measurements to direct color and
fluorescence measurements (Baker et al., 2015), including complex molecular
techniques. Certain methods, such as Reverse-Transcription Quantitative PCR
(Bergeron et al.,, 2011) and direct measurement of enzymatic activity (Baudart
et al., 2009; Briciu-Burghina et al., 2015; Burnet et al., 2019; Heery et al., 2016;
Wildeboer et al., 2010), can provide initial results very quickly, in as little as 4
hours; however, such methods are prone to counting both cultivable and
non-cultivable bacteria and are easily interfered by other types of microorganisms
or by free enzymes present in the sample. This observation is particularly true of
enzymatic techniques without a selective growth step; moreover, it becomes
highly relevant whenever such methods are performed in a wastewater
environment, where disinfection techniques may deactivate, but not kill, bacteria
and where high background levels of free enzymes exist. For all these reasons
listed, such methods do not generally provide a very robust correlation with
regulatory measurements focusing specifically on viable, cultivable cells (Burnet
et al., 2019). Fluorescent in situ hybridization has been applied to bacterial
detection as well (Baudart & Lebaron, 2010), although it remains limited to
laboratory usage due to significant protocol complexity. Defined Substrate
Technology (DST), combining a selective growth medium for the bacteria of
interest with enzyme substrates linked to specific chromogens and/or fluorogens
produced by bacterial metabolism, stands out as a reliable detection technique.
Several approved quantification methods combining DST assays with MPN
techniques also exist and have been standardized (ISO 9308-2, ISO 9308-3).

The Fluidion® ALERT line of instrumentation for monitoring microbiological
contamination is a novel technology that utilizes a modified real-time DST
method for bacterial enumeration. Fluidion® ALERT technology allows for a
fully-automated in situ quantification of viable and cultivable generic E. coli and
total coliforms or, alternatively, of the intestinal enterococci concentration or
fecal coliform concentrations in both fresh water and seawater environments. The
TTR ranges between 2 and 12 hours (shorter response times correspond to higher
concentrations), and the limit of detection corresponds to one target bacterium in
the 25-mL sample volume (i.e., a limit of detection of four bacteria/100 mL in
fresh water, which if applied for specific protocols would need to be multiplied
by the pre-dilution factor). An upper measurement range of 5 x 105 bacteria/100
mL is obtained with no need for serial sample dilution, thus covering in a single
measurement over five orders of magnitude in concentration. The detailed
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calibration and metrological validation results for fresh surface water E. coli
enumeration have been published elsewhere (Angelescu et al., 2018a). The fact
that no sample transport, conditioning or preparation is necessary yields certain
logistical advantages and eliminates the risk of sample degradation and human
error present in current techniques, while providing rapid and reliable information
on water quality to enable effective decision-making. ALERT technology has
been employed in numerous applications worldwide, ranging from seawater
monitoring to the in situ environmental monitoring of highly-polluted streams
(Angelescu et al, 2018b), including source-identification investigations
performed by regulatory agencies (Cronin et al., 2018; Loewenthal et al., 2018)
and non-profit organizations (Angelescu & Saison, 2020) and implementation on
various platforms, notably in conjunction with remotely-controlled aquatic drones
(Angelescu & Hausot, 2019).

Since 2017, Fluidion® ALERT technology has been deployed at multiple sites
along the Seine River in Paris to perform high-frequency rapid E. coli
quantification in river water, thus complementing long-term monitoring efforts
pursued by multiple entities involved in the short water cycle (City of Paris,
SIAAP  (SIAAP:  Syndicat  Interdépartemental  d’Assainissement  de
I’Agglomération Parisienne is the Greater Paris Sanitation Authority) and
neighboring departments) aimed at establishing environmental baselines and
quantifying the impact of various mitigation actions adopted as early as 2000.
Initial mitigation efforts, aimed at limiting phosphorus and nitrogen influx and
reducing sewer overflow during rainstorm events, have resulted in continuous
improvements to the microbiological quality of the Seine River over the past few
decades (Rocher & Azimi, 2016).

Recent years have witnessed strong renewed interest in natural bathing sites, not
only along the coast but also in urban environments, by both public authorities,
through increasingly considering urban rivers as recreational resources, and the
public, through various grass-roots actions (Ziegler, 2019). Competitive sports
are, in turn, becoming increasingly cognizant of the urban environment. For
example, the successful 2024 Olympic bid by the City of Paris includes the
provision that certain aquatic events will take place in the Seine River. Mitigation
efforts by the oversight entities therefore need to address not only wet-weather
but also dry-weather pollution in urban environments; the reduction of bacteria in
treated wastewater requires implementing some form of wastewater treatment
plant (WWTP) effluent disinfection. Assessing and optimizing the effectiveness
of such a disinfection method implies the ability to monitor FIB concentrations
throughout the wastewater treatment process.

The present study describes a new wastewater measurement protocol
implemented using Fluidion® ALERT technology. The calibration and validation
procedures were carried out with a wide range of wastewater samples obtained
from typical modern wastewater plants. ALERT results were compared
side-by-side with analyses performed by an approved third-party laboratory using

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf

bv auest



68 Disinfection of WWTP Discharges using Performic Acid

the MPN microplate standard method (ISO 9308-3 1998). Samples were included
from all the relevant treatment stages: primary clarification, decarbonation,
nitrification, denitrification, and tertiary activated carbon. Moreover, results were
presented from a full-scale WWTP chemical disinfection pilot, where Fluidion®
ALERT technology was deployed operationally to provide high-frequency
monitoring of the E. coli concentration in both untreated and disinfected effluent,
thereby measuring the abatement factors under several different operating
conditions.

2.2 EXPERIMENTAL DESCRIPTION
2.2.1 Description of the ALERT technology

Fluidion® ALERT technology is based on a modified real-time DST method, as
implemented in automated instruments capable of performing, directly in the
field, the complete protocol for bacterial quantification. ALERT instruments can
automate the full range of operations: sampling, reagent mixing, incubation,
real-time multispectral optical analysis (absorbance/fluorescence), turbidity
correction, signal analysis, bacterial quantification, wireless data transmission,
and automatic generation of notifications. ALERT technology can be deployed in
multiple configurations: ALERT System for performing automated in situ
bacterial enumeration to obtain time-series data at a target location; and ALERT
LAB as a portable device for the rapid mapping of bacterial contamination at
multiple sites or as a bench-top device for rapid laboratory analysis (Figure 29).
Both ALERT System and ALERT LAB devices have been used in the present study.

The bioreagent used in ALERT instruments contains a mixture of a selective
growth medium and 4-methylumbelliferyl-B-D-glucuronide (MUG), which can be
hydrolyzed into fluorescent 4-methylumbelliferyl (MUF) by the B-glucuronidase
enzyme present in E. coli bacteria (note: MUG is the standard substrate used in
approved E. coli testing methods). The bioreagent used also contains
ortho-nitrophenyl-B-galactoside (ONPG), another bacterial indicator metabolized
by all types of coliforms in the sample and transformed into ortho-nitrophenol
(ONP), resulting in the development of yellow coloration. During the selective
culture step (involving incubation at 37.0°C), bacterial metabolism progressively
transforms MUG into MUF, in generating a broad fluorescence when excited at
385 nm, with emission peaking at around 460 nm. The growth of non-target
organisms is not promoted during this selective culture step, which makes the
method highly selective to culturable E. coli, unlike rapid tests based solely on
enzymatic activity without culture.

All ALERT instruments contain multiple individual bioreactors (six for the
portable ALERT LAB, seven for the in situ ALERT system), each capable of
independently incubating a sample and performing optical measurements with an
optical sensor ring. This sensor ring contains three LEDs, arranged to excite
MUF fluorescence (385-nm excitation), measure ONP absorbance (430 nm) and
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compensate for sample turbidity (610 nm), as well as a photodiode coupled to a
low-pass optical filter that blocks the UV excitation light. The fluorescence signal
is measured at periodic intervals (every 5 min), with data transmitted in real time
through the mobile phone network to a remote cloud-based data server. The
resulting curve (Figure 30) consists of an initial plateau, followed by a sharp
increase in fluorescence starting a few hours into the measurement. The curve is
automatically analyzed by the data server to establish the fluorescence detection
time, which is then used, after applying a specific calibration, to calculate the
number of bacteria present in the original sample.

2.2.2 Laboratory reference method

The reference method employed for all side-by-side comparisons is the miniaturized
MPN technique using a 96-well microplate (ISO 9308-3 1998). This method
consists of performing multiple dilutions of the sample to be analyzed, according
to a protocol that depends on the expected degree of pollution; the 96 wells,
pre-loaded with the E. coli reagent, are then inoculated with the various sample
dilutions and incubated. The number of positive wells upon each dilution is
counted, and an MPN table is used to determine the bacterial concentration and
corresponding 95% confidence interval. The dilution series used in this study has
been adapted to wastewater analysis: six dilutions were performed (1/2, 1/20,
1/200, 12,000, 1/20,000 and 1/200,000); the resulting measurement range
extended from 60 to 6.7 x 10* MPN/100 mL.

2.2.3 Study design

The first part of this study consisted of analyzing a number of samples side-by-side
using both Fluidion® ALERT technology and the laboratory reference method, in
order to obtain and then validate a calibration function corresponding to
wastewater measurements. Samples were collected from the ‘Seine Centre’
WWTP located in Colombes, which treats 240,000 m> of wastewater daily, as
generated by 900,000 residents of the Greater Paris Region. The plant’s treatment
process is typical of a modern WWTP: a pretreatment stage (screening, grit and
oil/grease removal) is followed by primary settling or clarification (organic
sludge and chemical phosphorus removal) and biofiltration treatment
(decarbonation, nitrification, denitrification). After these stages, the final effluent
is released into the Seine River. The Seine Centre WWTP is also equipped with a
tertiary activated carbon filtration pilot for a fraction of the effluent; however, no
specific disinfection process is currently applied. The treatment process is
effective in removing carbon, nitrogen and phosphorus, with global efficiencies
of between 70 and 94%. The nitrification step also results in significant FIB
removal, with four orders-of-magnitude E. coli abatement (from 10’ MPN/100
mL after the clarification stage to 10* MPN/100 mL in the final effluent);
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applying an additional tertiary activated carbon treatment was shown to further
reduce the bacterial load to below laboratory detection limits (Mailler, 2015).

To ensure a broad range of FIB concentrations, a total of 125 samples were
collected at the end of five different stages of the treatment process: primary
clarification (26 samples), decarbonation (24 samples), nitrification (24 samples),
denitrification or regular effluent (32 samples), and tertiary activated carbon
treatment or treated effluent (19 samples). The samples were collected in sterile
polypropylene containers, homogenized and then separated into two parts. The
first part was analyzed immediately using the ALERT LAB instrument, while the
second was treated with sodium thiosulfate (20 mg/L) and sent for same-day
delivery and analysis at an accredited laboratory for the reference E. coli analysis.

During the initial phase, 49 samples were analyzed using the standard surface
water protocol and calibration that had previously been developed for river water
(Angelescu et al., 2018a), in order to test its applicability to wastewater (test
phase). Following several initial measurement anomalies (described below), it
was decided to adapt the protocol by adding a sample dilution step (1/4 dilution
in deionized water). The revised protocol, applied to 41 samples, eliminated the
observed anomalies and resulted in establishing a new calibration specifically
adapted to wastewater analysis (calibration phase). This new calibration was then
validated on 35 additional samples (validation phase).

The second part of this study consisted of operationally deploying ALERT
instrumentation at the Valenton WWTP during the full-scale disinfection trials.
PFA was injected into the plant’s effluent stream, which then traveled through a
subsurface passage to the discharge point in the Seine River (Figure 28). The
effluent transit time between the injection and discharge points was
approximately 10 min, hence representing the disinfection product contact time.
Two ALERT system instruments were used to monitor in situ the bacterial
concentration in near real-time of both the pre-disinfection (at the plant location,
Figure 28 — n°l) and post-disinfection (at the effluent discharge location,
Figure 28 — n°2) to determine E. coli abatement during successive 24-hour
periods. Another three samples were collected manually at both locations at the
beginning and end of the 24-hour period, for purposes of laboratory verification.

All data from the ALERT instrumentation were sent in real time to a central data
server, which ran the detection algorithm and output the resulting E. coli
quantification. The automated ALERT data and laboratory reference data were
then centralized and analyzed using Microsoft Excel, as well as custom data
processing scripts written in Python language.

2.3 RESULTS OF A SIDE-BY-SIDE LABORATORY
COMPARISON

The initial test phase of the study involved analyzing 49 samples from all treatment
stages using the previously developed surface water protocol (Angelescu et al.,
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2018a). On the more heavily concentrated samples (primary clarification and
decarbonation stages), the fluorescence signal curves often showed aberrant
behavior, with the fluorescence signal increasing linearly immediately after
sample collection and without the typical plateau observed in Figure 30. This
observation is typical of samples that contain very high concentrations of free
MUF enzymes not contained within E. coli cells, even before the bacterial
metabolism starts its production. Such samples can lead to major quantification
errors; therefore, it was decided to modify the protocol by applying a 1/4 dilution
step to the wastewater samples, thus decreasing the initial enzyme concentrations
and leading to the recovery of normal signal response curves. This revised
WWTP protocol has been employed throughout the remainder of the study.

During the calibration phase, 41 samples from all treatment stages were analyzed
side-by-side by both ALERT technology and the laboratory reference method.
Detection was performed automatically; fluorescence detection times tg,, for the
samples analyzed herein ranging from 4.25 to 8.50 hours, with shorter times
corresponding to higher concentrations. The laboratory concentration C was
plotted against tg,, in a log-linear graph; a linear correlation was observed, yet
the slope of the previous surface water calibration was found to be different.

A new calibration specific to wastewater samples (WWTP calibration) was
therefore established between C (measured in E. coli/100 mL) and tp,,
(measured in hours), that is,: log;o(C) =a X tgyo + b, with a and b being derived
by least-squares regression (Figure 31, left). The new calibration (dashed line), as
well as the previous calibration (solid gray line), are also shown on the plot.

During the validation phase, 35 additional samples were analyzed using the
newly developed WWTP protocol/calibration; results were compared against the
laboratory reference method.

Figure 31 (right) displays all data points from the study, separated by their
respective phase (test, calibration, validation), with all points corresponding to
aberrant curves from the test phase being removed. The error bars correspond to
the statistical 95% confidence intervals of the MPN measurements, as
communicated by the laboratory. It can be confirmed that all results closely
match the calibration curve, thus indicating good correspondence over more than
five orders of magnitude, with a global Pearson correlation coefficient at 88.9%,
as calculated on the actual measurement values and not on the base-10 logarithm
values. 46% of the ALERT results differ by less than a factor of two from the
laboratory reference measurement, while 93% differ by less than a factor of five.

The histogram shown in the inset in Figure 31 is symmetrical and closely
approximated by a log-normal distribution centered at O (red line), implying that
the Fluidion® ALERT measurement method does not introduce any systematic
errors after calibration. The mean standard deviation of the log,q difference
distribution over the full measurement range is: oazerr—rap = 0.387 log; units,
which combines the uncertainty of the laboratory reference method with that of
the ALERT WWTP method (acting as independent normal variables):
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OALERT—1AB = v/ Oargry + 0745 The mean statistical standard deviation of the
reference method over the full range of concentrations can be calculated from the

95% confidence intervals provided by the laboratory, thus yielding: CI = 0.304
logo units. The mean statistical laboratory standard deviation is then obtained as:
opap = CI/1.96 = 0.156 log;( units (assuming a normal distribution). We can
therefore infer an upper limit for the mean standard deviation of the ALERT
WWTP measurement: 0azzrr = v/ 0%, grr—iap — Ooap = 0.354 log;o units. Let
us note that this is likely to be an overestimation of the actual measurement
uncertainty since the actual laboratory standard deviation is significantly higher
than the purely statistical confidence interval related to the MPN method, which
does account for uncertainties due to sample degradation in transport or to
homogenization errors. As estimated elsewhere (Angelescu et al., 2018a), the
actual laboratory uncertainty obtained by comparing measurement duplicates may
be significantly higher, which would lead to a lower value for o pgy.
Unfortunately, duplicate measurements were not available in the context of
this study.

It is also important to recognize that a notable difference exists between the
ALERT method and MPN methods, in that the former measures the actual
activity of all viable and culturable bacteria in the sample volume (without
requiring sample homogenization), whereas the latter divides the sample volume
into a finite number of aliquots (microplate wells), in assessing the number of
aliquots registering positive for the bacteria of interest. While a fully
homogenized sample should, in theory, lead to equivalent results using either
method, in reality the effectiveness of laboratory homogenization may depend on
the nature of the contamination and can be imperfect, thus leading to the presence
of particles aggregating large number of bacteria in some aliquots, yet which are
still counted as single positives. ALERT technology, on the other hand, measures
the full viable and culturable bacterial load, which may be a more relevant
parameter for the potential health impacts of contaminated water. As shown in
this study, even though ALERT measurements correlate very well with laboratory
MPN results in the vast majority of cases, differences may appear for samples
containing a large fraction of bacteria aggregated on particles, which may be
underestimated by the MPN method.

Figure 32 below further displays the samples analyzed during the WWTP
protocol calibration and validation phases, color-coded by the treatment stage
where each sample was collected (as indicated in the legend). The right-hand
panels focus on results obtained per individual treatment stage. It can be observed
that the newly developed WWTP protocol for ALERT technology is able to
accurately measure all the types of wastewater samples tested, regardless of their
origin or concentration.

One of the ultimate objectives of this work is to develop a rapid method for
assessing the impact of WWTP effluent disposal on surface water quality in view
of recreational activities. The previous analysis was therefore reinforced by
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applying standardized guidelines (US EPA 2014) for confirming the applicability of
site-specific novel E. coli measurement methods in assessing recreational water
quality. The US EPA site-specific criteria rely on calculating the association
between two methods, by applying acceptability thresholds to both the index of
agreement JA and R” value, calculated using the base-10 logarithm of the
measurement values from each method. The US EPA criteria consider that
agreement between the two methods is sufficient when IA > (.7; if this condition
is not satisfied, then the R? value allows estimating how well the two methods
are correlated. If R* > 0.6, then the alternative method can be applied, but with
new numerical limits that need to be derived. When applied to all data obtained
using the WWTP protocol, we calculate JA =0.98 and R*=0.92, which lie
above the thresholds required by the standardized guidelines (0.7 and 0.6), thus
indicating excellent agreement between the two methods as per the US EPA
site-specific criteria for recreational water quality.

2.4 COMPARISON OF IN SITU RESULTS ON WWTP
EFFLUENT DISINFECTION

Results from the second part of the study, consisting of ALERT instrumentation
deployment at the Valenton WWTP (France) within an operational environment,
have enabled measuring the in situ efficacy in a full-scale chemical disinfection
pilot using PFA. Seven measurements were performed by each of the pre- and
post-disinfection ALERT systems during the disinfectant injection experiment, at
4-hour intervals. A 10-minute delay was introduced between the start of the pre-
and post-disinfection measurements, in order to account for the transit time of the
effluent between the two installation sites. Three samples were also collected by
hand from each location, at the beginning and end of the 24-hour measurement
period, and then sent to a certified laboratory to measure the E. coli content using
the reference method. The results are presented graphically as a time series
(Figure 33) and summarized in Table 12.

The ALERT and laboratory reference measurements produced similar measured
concentrations both pre- and post-disinfection, with abatement factors of 3.4 and
2.7 logy units as measured by the ALERT system and laboratory, respectively.

Key points

» ALERT technology was tested on various wastewater matrices and a new
calibration was developed and validated in side-by-side comparisons with
the laboratory reference method.

e The ALERT method was shown to accurately determine E. coli
concentrations over more than five orders of magnitude, corresponding to
all wastewater treatment stages: primary clarification, decarbonation,
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nitrification, denitrification, and tertiary treatment. The ALERT WWTP
protocol required only a single initial dilution at 1/4 (as compared to six
dilutions needed for the reference method).

Total measurement time for the samples analyzed in this study ranged from
4.25 to 8.50 hours, with shorter times corresponding to higher bacterial
concentrations (as compared to the 24-72 hours required to obtain the
reference method results).

Following laboratory validation, ALERT technology was integrated into an
industrial wastewater chemical disinfection pilot to monitor the operational
performance and determine the abatement factor obtained through
different disinfectant exposures, both in situ and in near real-time.
Significant improvements in reliability and logistical complexity were
demonstrated through deployment of automatic ALERT technology,
leading to faster results while fully eliminating the need for laboratory
analysis and avoiding sample degradation due to transportation or
human error.
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Chapter 3

Effectiveness of PFA disinfection
implemented at full scale (Seine
Valenton WWTP)

© KEMIRA

3.1 INTRODUCTION

The industrial-scale trials performed at the Seine Valenton (SEV) wastewater
treatment plant (WWTP) by SIAAP in 2018 were aimed at confirming the
effectiveness of PFA on fecal bacteria and identifying potential optimization
levers. These trials were conducted between August and October 2018 by
disinfecting the totality of the WWTP discharge (nominal capacity: 550,000
m?>/day) using PFA on a week-on/week-off basis. A complete description of
these industrial-scale trials is given in Part 2, Chapter 1. This third chapter will
present the full set of results on PFA disinfection effectiveness generated from
these trials. First, the fecal bacteria removal effectiveness will be discussed in
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relation to the C x t (concentration x time) of PFA applied, along with the
variability induced by daily variations in the SEV WWTP discharge and the
impact of PFA on other pathogens (spores of sulfite-reducing anaerobes and
F-specific RNA phages). Second, the impact of SEV WWTP discharge quality
variations on fecal bacteria removal will be studied with a focus on the effect of a
degradation in SEV WWTP operations and the potential for results to be
normalized by initial water quality. Third, the prediction of E. coli and intestinal
enterococci removal in SEV WWTP discharge by a statistical analysis of the
industrial-scale results will be investigated. Fourth and last, the impact of PFA
disinfection on the discharge quality will be quantified in terms of both
conventional quality parameters and disinfection byproduct formation.

3.2 EFFECTIVENESS OF PFA DISINFECTION APPLIED TO
SEV WWTP DISCHARGE

3.2.1 Fecal bacteria removal achieved during the
industrial-scale trials at SEV WWTP

The overall quality and variability of the SEV WWTP discharges were in the normal
range and are given in Table 13, along with the quality after disinfection. The
reducing compounds capable of reacting with PFA (Ragazzo et al., 2013), such
as ammonia, nitrite and COD, were of very limited quantity in this effluent. In
comparison, the average concentrations in samples used for laboratory-scale trials
were: 8.7 + 5.5 mg/L for TSS, 5.8 + 0.8 mgC/L for DOC, 23 + 8 mgO,/L for
COD, 2.0 + 1.2 mgO,/L for BODs, 1.1 + 0.7 mgN/L for TKN, and 1.2 +0.7
mgP/L for TP. Similarly, the E. coli and intestinal enterococci concentrations in
the samples were similar to what is normally encountered in this type of water,
with median + min-max log concentrations of: 4.27 + 3.84-5.55 and 3.56 +
3.03-4.93 MPN/100 mL, respectively, in the industrial-scale test samples (Rocher
& Azimi, 2016). In addition, these results are highly comparable to log
concentrations measured during laboratory-scale trials, that is,: 4.16 + 3.23-5.83
(Mann—Whitney test, p-value =0.180) and 3.67 + 2.85-4.80 MPN/100 mL
(Mann—Whitney test, p-value =0.533), respectively, for E. coli and intestinal
enterococci. The variability in water quality originates from different SEV WWTP
operating conditions over the period (internal bypass, dry and rainy weather, etc.).
Figure 34 presents the results of the 43 campaigns performed within the PFA
industrial-scale disinfection unit treating the SEV WWTP discharge. It represents
the median concentration of E. coli or intestinal enterococci, with the 1st and 3rd
quartile concentrations observed as error bars (upper part of the figure) and the
average logarithmic removal of both fecal bacteria with the standard deviation
shown as error bars (lower part). The quality limits (900 NPP/100 mL for E.
coli and 330 NPP/100 mL for intestinal enterococci) to respect the European
recreational bathing regulation (Directive 2006/7/EC of 15 February 2006
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concerning the management of bathing water quality and repealing Directive
76/160/EEC, 2006) are provided as indications. During these campaigns, the
actual PFA dose applied varied between 0.61 and 2.48 ppm of PFA (median
value: 1.20 ppm), while depending on the SEV WWTP discharge flow, the
hydraulic retention time in the discharge tunnel was 19.4 and 56.1 min
(median value: 29.6 min), yielding C x t values ranging from 16 to 74 ppm.
min (median value: 32 ppm.min). Four classes of C xt are depicted in
Figure 34: 15-30, 30-50, 50-70, and 70-75 ppm.min. The water temperature
is typical for the summer period, with an average and standard deviation of
23 £ 1°C.

Similarly to the laboratory-scale trials, Figure 34 highlights the strong impact of
PFA C x t applied to both the logarithmic removals and residual concentration of
E. coli and intestinal enterococci. The logarithmic removal is stable around 2 log,
between 15-30 and 30-50 ppm.min, but increases to 2.5 log above 50 ppm.min.
Moreover, the residual concentrations of both pathogens decrease when
increasing the PFA C x t, until reaching the limit of quantification at >70 ppm.
min. The PFA C x t required to reach a sufficient quality for bathing is 10-30
ppm.min, while it rises to 50 ppm.min in order to reach residual concentrations
below 100 MPN/100 mL.

The logarithmic removals of E. coli and intestinal enterococci are similar at a
comparable PFA C xt; this similarity, for example, becomes statistically
significant at a C x t of 30-50 ppm.min (Student test, p-value = 0.333). At the
laboratory scale (Part 1, Chapter 1), the removal of intestinal enterococci was
systematically 1 log lower than that of E. coli. Laboratory-scale removals were
thus slightly higher than industrial-scale removals for E. coli, whereas they
were comparable for intestinal enterococci. This finding proves to be significant
for a C x t of 10-30 ppm.min since the average removal of E. coli is 2.3 + 0.6
at the laboratory scale vs. 1.9 +£ 0.7 at the industrial scale (Student test,
p-value = 0.033); for the same C x t, this value is 1.7 + 0.6 at the laboratory
scale and 1.8 + 0.7 at the industrial scale for intestinal enterococci (Student test,
p-value = 0.996). Given that the exposure time was longer during industrial-scale
testing (median value: 29.6 min) than the laboratory-scale trials (10 min), a
comparable C x t is obtained for a lower PFA dose at the industrial scale. Even
though C x t does drive fecal bacteria disinfection by PFA, this result would
indicate that the PFA dose also exerts a major effect, in that an overly low dose
can limit effectiveness.

3.2.2 Daily variations in fecal bacteria concentrations and
impact on the PFA disinfection effectiveness
Figure 35 displays the elimination performance of E. coli; Figure 35a shows the

residual concentrations obtained after disinfection, over a 24-hour cycle and for
various PFA doses, while Figure 35b illustrates the removal rate calculated

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf

bv auest



78 Disinfection of WWTP Discharges using Performic Acid

during this cycle. In Figure 35c, the residual concentrations of E. coli are shown vs.
the various C x t values. The correlation between removal rate and concentration
level of the E. coli to be disinfected is shown in Figure 35d.

3.2.2.1 Evaluation of hourly PFA disinfection performance

The residual E. coli concentrations were on the whole less than 400 MPN/100 mL
and less than 4 MPN/100 mL (limit of quantification) for the 2-ppm treatment dose
(Figure 35a). Let us also note that these residual concentrations are low and less than
100 MPN/100 mL between 8pm and 4am (illustrated by a blue band in Figure 35a
and b). The concentration levels of E. coli are nearly systematically below 900
MPN/100 mL (the bathing threshold), except in one case for which the
concentrations of E. coli to be disinfected were very high (3.8 x 10> MPN/100
mL). Regarding the reductions in E. coli, these varied between 1.6 and 3.8 log
according to Figure 35b, the maximum of which is observed at a treatment
dose of 2 ppm. These removal rates are logically greater for the highest doses, but
do remain high overall at night, starting at the 0.8 ppm dose rate. The low
residuals observed during the night suggest this trend is being induced by other
parameters.

Although these results are consistent with the monitoring carried out by the
reference method with the microplate (see previous section), significantly higher
reductions have been recorded here (a maximum of 3.8 log vs. 3.1 log for the
reference method). This difference in removal rate is not due to the performance
of the analytical methods but rather to the time elapsed between sampling and
analysis, which induces the matrix change (bacterial mortality). In fact, this time
is zero for the ALERT system, which carries out the sampling and analysis
independently, while the reference method requires 24 hours between sampling
and laboratory analysis.

3.2.2.2 Focus on key operating parameters

The daily monitoring of disinfection performance has enabled identifying two key
parameters to be taken into account during operations: C x t, and the levels of E. coli
concentrations to be disinfected. Figure 35¢ shows that the residual concentrations
of E. coli after disinfection are clearly correlated with the C xt parameter.
Independently of the treatment doses, the higher the C x t the greater the decrease
in residual E. coli concentrations. These low residuals were systematically
observed between 8pm and 4am (Figure 35a) when a lower water flow was
considered, resulting in a higher C x t value. Above a C x t of 40 ppm.min, the
residual concentrations are very low or even zero. Overall, a C x t of 20 ppm.mm
seems sufficient to maintain concentrations below the swimming limit of 900
MPN/100 mL, except for a single peak at which a residual of 1175 MPN/100
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mL in E. coli was obtained for a C x t of 22.2 ppm.min (Figure 35c¢). The
variability in E. coli residuals observed for the same C x t value can be explained
by the concentration levels of E. coli to be disinfected. The higher these levels,
the more elevated becomes the removal rate. Figure 35d clearly shows this
relationship by setting the treatment dose at 0.8 ppm and a C x t ranging from 18
to 26 ppm.min.

In general, close monitoring of the dynamics of wastewater disinfection has made
it possible to highlight the importance of taking the C x t parameter into account
during industrial operations. However, it must be adapted to both the effluent
flow rates and bacteria concentration levels to be disinfected.

3.2.3 Impact of PFA on other types of pathogens

Results obtained during the five sampling campaigns, in which additional pathogens
were measured, are given in Table 14. Reductions in E. coli and intestinal
enterococci are provided to control the representativeness of these campaigns,
along with reductions observed for spores of sulfite-reducing anaerobes and
F-specific RNA phages.

The five campaigns considered herein are representative of the full set of
industrial-scale trials since the PFA dose applied covers the complete range
tested (0.8-2.2 ppm), as well as the C x t (22.1-73.8 ppm.min). In addition, the
TSS concentrations measured were low, except during the September 25, 2018
campaign, which represented the nominal operations at SEV. WWTP. This
set-up also led to fecal bacteria log concentrations of 4.0-4.7 for E. coli and
3.2-4.1 for intestinal enterococci. The log removals observed for both pathogens
confirm the representativeness of these campaigns, with removals of 1.4-2.3 log
for E. coli and 1.1-2.5 log for intestinal enterococci, which is consistent with the
results shown in Figure 35. The impact of TSS presence in SEV WWTP
discharge is observable on fecal bacteria, with higher initial concentrations for
both bacteria, thus leading to higher residual concentrations after disinfection.
This effect is also noticeable on both the other pathogens, as the SSR
concentration is multiplied by six while the phages are only detected during this
campaign.

Regarding SSR reduction by PFA, it can be concluded that such levels of PFA
dose and C x t have a limited impact on this virus given that for two of the
campaigns, a very low reduction of around 0.1 log is observed while for the three
other campaigns no reduction was observed. Regarding F-specific RNA phages,
it is difficult to conclude based on these results since this pathogen was
quantified in just one campaign, at a low concentration of 170 PFU/100 mL, and
totally eliminated after disinfection. These industrial-scale results are very
consistent with those obtained at the laboratory scale (Part 1, Chapter 1).
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3.2.4 Influence of WWTP effluent quality on fecal
bacteria removal

3.2.4.1 Impact of SEV WWTP treatment degradation on
disinfection effectiveness

Figure 36 presents a comparison of campaigns performed at the industrial scale at a
comparable PFA C x t of 30-50 ppm.min under both nominal (» = 8) and degraded
(n=9) SEV WWTP operations. The PFA dose injected during these campaigns
was similar, 1.0 or 1.2 ppm on nominal operating days and 1.2 ppm on days with
degraded operations.

The degradation of SEV treatment mainly leads to significantly higher
concentrations of TSS (Mann—Whitney test, p-value =0.010), which was
identified as a parameter influencing PFA effectiveness, along with slightly lower
conductivity (Mann—Whitney test, p-value =0.011). For these campaigns, the
quality of wastewater observed during degraded operations was notably different
from the quality observed under nominal operations for specific parameters,
such as: TSS (4.1 £ 1.4 mg/L for nominal vs. 8.1 + 3.4 mg/L for degraded
operations), conductivity (1138 + 26 vs. 1046 + 34), COD (19 + 2 vs. 27 + 3
mg0O,/L), BODs (1.1 + 0.6 vs. 3.2 + 1.1 mgO,/L), or TP (0.6 + 0.2 vs. 1.3 + 0.8
mg0O,/L). On the other hand, soluble parameters such as TKN (1.0 + 0.2 vs.
1.6 £ 0.3 mgO,/L) and DOC (6.6 +£0.5 vs. 6.3 + 0.4 mgC/L) remained
similar. The fecal bacteria concentrations are slightly higher under degraded
operations, in particular for E. coli, but this increase is insignificant for both E.
coli (Student test, p-value =0.053) and intestinal enterococci (Student test,
p-value = 0.130).

Regarding E. coli, no significant difference exists in the logarithmic removal
value (Student test, p-value = 0.972) between the nominal and degraded WWTP
operations. The average removals and standard deviations are: 2.07 + 0.48
under nominal operations, and 2.06 + 0.33 under degraded operations. In
contrast, the degradation of SEV WWTP discharge quality, leading to higher TSS
concentrations and lower conductivity, results in a significant decrease (1 log) of
the intestinal enterococci removal (Student test, p-value = 0.001). These average
removals and standard deviations are: 2.35 + 0.30 under nominal operations,
and 1.41 + 0.59 under degraded operations. Since the initial intestinal
enterococci concentrations are similar in both the nominal and degraded
operations campaigns, higher residual concentrations were identified after
disinfection, thus demonstrating the negative effect of TSS and/or conductivity
on PFA disinfection effectiveness for this pathogen. This conclusion is consistent
with laboratory-scale observations (Part 1, Chapter 1), even though the TSS
effect was observable at higher TSS concentrations; it is also consistent with
recent industrial-scale trials in Biarritz, which demonstrated a correlation between
PFA disinfection effectiveness and both TSS content and water conductivity
(Part 4, Chapter 1) (Pigot et al., 2019). The particulate matter and conductivity
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should be monitored in-line in PFA disinfection units and moreover used as a proxy
to modulate the injected PFA dose.

3.2.4.2 Normalization of PFA effectiveness to the SEV WWTP
discharge quality

In Part 1, Chapter 1, it was demonstrated with laboratory-scale results that
normalization of the PFA C x t applied by initial water quality parameters offered
promise. In addition, industrial-scale trials displayed the negative effect of TSS
on intestinal enterococci removal. Consequently, similar normalizations were
carried out with industrial-scale results and have been plotted alongside
laboratory-scale results in Figure 37. This figure presents the residual
concentrations of both types of bacteria after disinfection vs. the normalized PFA
C x t. This normalization was performed by dividing the C x t applied by both
initial bacterial concentrations, TSS or COD.

Figure 37 confirms with industrial-scale results the trends observed at the
laboratory scale. Both E. coli and intestinal enterococci residual concentrations
are significantly correlated with C x t normalized by the initial bacterial
concentration (Spearman test, r =-0.557 and p-value = 0.0002 for E. coli, and
r=-0.353 and p-value = 0.024 for intestinal enterococci), TSS (Spearman test,
r=-0.588 and p-value =5 x 107 for E. coli, and r =—-0.603 and p-value = 3 x
107° for intestinal enterococci) or COD (Pearson test, r =—0.618 and p-value =
2x 10~ for E. coli, and r=-0.537 and p-value =0.0003 for intestinal
enterococci). Power law-type relationships can be determined in order to predict
residual bacterial concentrations from C xt and the initial value of either
bacteria, TSS or COD. This approach demonstrates that in-line measurements of
quality parameters like TSS and DCO are consistent when regulating PFA
injection, even if the approach does not totally eliminate the variability in results.

It is also interesting to observe that for intestinal enterococci, industrial-scale
results are highly comparable to laboratory-scale results since both point clouds
follow very similar power laws, regardless of the normalization. In contrast, an
offset of 0.5-1.0 log is observed with E. coli industrial-scale results compared to
the corresponding laboratory-scale results, thus leading to different power laws.
The fact that the initial concentrations of fecal bacteria and conventional quality
parameters are similar in both groups of water samples is explained by the
slightly lower removals obtained at the industrial scale for this pathogen,
originating from a dose limitation, than at the laboratory scale.

3.3 MATHEMATICAL CORRELATION

To further investigate the correlations observed in Section 2.1 between the
disinfection efficiency observed on-site at the SEV WWTP discharge and the
various operating parameters, a modeling study has been conducted. In the past,
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several works have proposed models of varying complexity in order to simulate the
disinfection of fecal indicators using different disinfectants (Fernando, 2009; Flores
et al., 2016; Hassen et al., 2000). Such models typically involve application of the
Chick—Watson or Hom Equation (Azzellino et al., 2011), which can be summarized
by Equation (3.1) below:

In—t = —kC"¢" 3.1

where Ny and N, are respectively the initial and current fecal indicator concentrations
(typically expressed in CFU or MPN/100 mL), k is the disinfection kinetic
constant (L3M’1T’l), C the disinfectant concentration (ML*3), and ¢ is the time
elapsed since the injection of C (T). n and m are fitting constants that account for
the varying nature of disinfectants potentially used as well as other external
conditions not directly taken into consideration in Equation (3.1), with m being
set at 1 for the Chick—Watson equation. The initial value of C is usually
considered to be constant as a means of model simplification. Other slightly more
complex equations can also be used, such as Collins—Selleck. Regardless, these
kinetics equations must be coupled with a description of the reactor hydraulics to
properly simulate disinfection.

While reportedly appropriate for disinfectants such as chlorine or ozone, this
approach is less relevant when modeling the performance of peracids (Azzellino
et al., 2011). Since it is known that peracid concentration decreases upon
injection and slowly during disinfection, the constant Ct approach of the basic
Chick—Watson equation is often considered as insufficient to properly describe
the varying rates of fecal indicator removal. An integral Ct approach has thus
been proposed instead (Santoro et al., 2007, 2015). The disinfection kinetics of
peracetic acid (PAA) have been more widely studied in the literature than those
of performic acid (PFA). Various authors have proposed using a second equation
to describe the variation of C over time. This variation includes an instantaneous
decrease due to an immediate initial demand followed by a first-order decay
(Dominguez Henao et al., 2018; Murray et al., 2016). In particular, Dominguez
Henao et al., (2018) investigated the impact of wastewater composition on the
kinetics of PAA decay and E. coli disinfection at the laboratory scale; they
observed that both the initial demand and decay rate of PAA increased to varying
extents once a threshold TSS or soluble COD concentration had been reached.
Likewise, the disinfection efficiency decreased at a similar equivalent PAA dose
exposure when comparing samples containing, respectively, 0 and 40 mg/L of TSS.

Such modeling efforts can be beneficial not only to better assess the impacts of
various factors on disinfection efficiency, but also for on-site process control. The
appropriate dose of disinfectant needs to be estimated and controlled in order to
maintain a sufficient level of disinfection. These efforts also help minimize both
the injection cost and remaining disinfectant concentration at the plant outfall. A
suitable model can thus be used either as an optimization benchmark platform or
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in a feedforward-type control scheme for disinfectant injection (Manoli et al., 2019;
Murray et al., 2016).

Despite their intrinsic interest, conceptual approaches to disinfection modeling
commonly found in the literature would be difficult to apply in the case study
performed at the SEV WWTP. Even though PFA is not exactly the same
disinfectant as PAA, it is still expected to be similarly consumed at the time of
injection and during the disinfection process itself. Since PFA is more difficult to
measure in samples and online than PAA, no values are available for either the
laboratory experiments or the on-site case study campaigns. Likewise, the authors
could not identify any modeling work regarding the modeling of PFA
disinfection. No default or reference parameter values are therefore available to
use with the Chick—Watson or peracid decay equations typically employed. In
this work, a multiple linear regression approach has instead been used to simulate
the effluent E. coli concentrations at the SEV WWTP; this approach takes into
consideration the impact of both operation variables (wastewater flow rate, PFA
dose) as well as wastewater quality at the injection point, despite the lack of PFA
concentration measurements. Different criteria were used to select the optimal
model input variables from a partial measurement dataset representing what could
easily be measured online. The selected models were then compared using basic
validation checks, plus leave-one-out and k-fold cross validation.

3.3.1 Model construction and validation

The dataset used consists of the 45 influent and effluent grab samples collected for
analysis during the weeks of PFA injection, along with the six samples collected
during non-injection week 42 (previously described in Part 2, Chapter 1). This
dataset includes operation data at the time the grab sample was collected
(wastewater flow rate, water height in the discharge channel, temperature, PFA
dose, equivalent initial Ct) as well as measured concentrations. Some data are
also available from more than one source. Conductivity and pH were measured
on-site at the sampling point and once again after the arrival of samples at the
laboratory. Temperature was also measured during sampling and by a sensor used
by plant operators permanently installed in the discharge channel. Samples for
which the effluent fecal indicator bacteria (FIB) concentrations were at the
method quantification limit were removed. The effluent DOC concentrations
were not considered since these data were unavailable for a small fraction of the
dataset. Likewise, given that the purpose of this study was to estimate the effluent
concentrations of each type of FIB, the measured intestinal enterococci
concentrations were discarded as input variables for the E. coli model, and vice
versa. In addition, since the correlation between influent and effluent
concentrations for each measured variable was rather high (Pearson coefficient
values ranging from 0.777 to 0.995), only the influent concentrations were
retained as potential explanatory variables. This decision also served to decrease

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf

bv auest



84 Disinfection of WWTP Discharges using Performic Acid

the number of potential explanatory variables, which was initially large compared to
the number of experiments available for model fitting. The final datasets for each
model thus contained 22 explanatory variables, for 48 valid measurements of EC
(Table 15) and only 34 of IE. For this reason, only those results concerning the
EC models will be presented herein.

A second dataset, containing the same number of valid measurements, was also
prepared. For this case, only the explanatory variables considered to be easily
measurable at the discharge channel intake with either sensors or in situ analyzers
were kept. This dataset included the operational data, as well as pH, temperature,
conductivity, EC concentration, DOC, turbidity and ammonia nitrogen; TSS were
not included since TSS sensors actually often measure turbidity, which has
already been included. Likewise, COD and BOD were excluded since they often
constitute a composite estimation based on turbidity (particulate fraction) and
UV-254 (soluble fraction). DOC was chosen instead as it tends to be estimated
from sensors solely on the basis of UV-254. The EC concentration at the channel
intake was also retained given that it could potentially be measured online,
although probably with some delay between sampling and result. The secondary
dataset thus contained 48 measurements and 14 explanatory variables, including
similar measurements from the various sources detailed above. The objective of
the first dataset was to obtain an ‘ideal’ model using every piece of data
available, whereas the second one was considered in order to evaluate the
possibility of using such a model for process control or a simplified on-site
performance estimation.

For each dataset, a similar model building and evaluation protocol was followed.
The effluent EC concentrations were natural log-transformed before use, as often
takes place in FIB modeling (Eleria & Vogel, 2005). An initial Box—Cox power
transform (Aqp = —0.16) confirmed the choice of a logarithmic form (Herrig
et al., 2015). The regressions were performed according to a stepwise procedure,
using the stepwiselm function available in Matlab® R2018b (MathWorks). Since
this procedure does not necessarily guarantee finding an optimal model on the
first try, the explanatory variables are identified using the Sum of Squared Error
(SSE) criteria, the Aikake Information Criteria (AIC) and the Bayesian
Information Criteria (BIC), by employing both a forward and backward
procedure in each case. The identified models were further simplified by
subsequently removing those explanatory variables for which the 95% confidence
interval crossed zero and then refitting the model with the remaining variables.
For each dataset, the stepwise procedures were first performed by only
considering the direct effects of explanatory variables (no interactions) and
including two-way interactions for all available variables during a second run
(Table 15). All models identified by this stepwise procedure were verified for
normal error distribution as well as for obvious trends between errors and each
retained explanatory variable. The Variance Inflation Factor (VIF), normal and
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adjusted coefficients of determination (R? and adj-R?) and the mean square error
(MSE) were computed in all cases (Montgomery et al., 2012).

Lastly, a cross-validation was performed for each model identified as a means of
further optimal model selection, using the crossval function in Matlab. A
leave-one-out (LOO) and a series of k-fold (for k=2-10) procedures were
applied. The single value of the LOO validation MSE (MSE, ) was considered,
while the median value from a 1000 random sampling was considered for k-fold.
The MSE,,; values were compared both between models and to their construction
MSE results in order to identify those models for which a large loss of accuracy
was to be expected outside of the specific training dataset used.

3.3.2 Main results

The main results obtained for models found on the full dataset are summarized in
Table 16. Four distinct combinations of optimal explanatory variables were
found, as labeled F1 to F4. As is regularly the case, the forward stepwise
selections (F1 and F2) identified models with fewer variables than the backward
selections (F3 and F4). In both cases, the two identified models had a very
similar structure; models F1 and F2 include a very small number of variables,
based on the PFA dose, Ct, temperature and, potentially, the influent
ammonia concentration.

The resulting maximum VIF value is high in both cases (23-23.1) and
corresponds to the significant correlation between PFA dose and Ct value. For
purposes of comparison, optimum VIF values under 5 or 10 are often reported in
the literature (Herrig et al., 2015; Montgomery et al., 2012). The R? and adjusted
R? values are relatively high in both cases, although the removal of [NHJ ] in F2
results in a decrease in these scores compared to F1. Models F3 and F4 contain
more variables (eight) and are based instead on a combination of water flow rate
and height, temperature, PFA dose, influent carbon concentrations and either
ammonia (F3) or pH (F4). Both models exhibit very similar values of each
selection criterion applied. The maximum VIF value equals 11.6, which stems
from the rather strong correlation between water flow rate and channel height
(Pearson correlation of 0.95). An increase in the adjusted R* values is observed
when compared to F1 and F2, thus suggesting that the additional explanatory
variables do raise model accuracy. Similarly, models F3 and F4 produce a much
lower cross-validation MSE value than the ‘simpler’ models F1 and F2. The
increase between the MSE of model construction and validation is also much
lower (1.4-1.6 vs. 2.0-2.1), suggesting that the simpler models are less accurate
when applied to ‘new’ conditions. For all these reasons, models F3 and F4 seem
more appropriate for general use. F3 is, at first glance, preferable due to the slight
increase in cross-validation MSE between F3 and F4; however, it could be
argued that ammonia is not as easily measurable as pH.
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Table 17 shows the main results obtained for models found on the ‘online
dataset’ without the inclusion of any variable interactions.

In this case, only two distinct models were identified. Every forward stepwise
criterion identified model S1, which is exactly the same as model F1 based on the
full dataset. Since the ‘online’ dataset contains a smaller number of potential
explanatory variables while conserving every variable identified in model F1, this
result is not unexpected. Moreover, every backward stepwise procedure
converged on the same model (S2, Table 17). Model S2 is also quite similar to
model F3 built on the full dataset, only excluding the BOD and COD
concentrations, which results in a small decrease in R” (0.036) and adjusted R?
(0.024) as well as an increase in the construction and cross-validation MSE
results when compared to F3. The maximum VIF value is also slightly lower
(10.5 vs. 11.6), which suggests that most of the key information needed to predict
the effluent EC concentration could, in theory, be made available by online
measurements. One important caveat of the work on this subject, however, is that
the same measurements are used as potential model inputs for both the full and
online datasets. The concentration values were obtained by laboratory analyses
(except pH and conductivity) without any duplicate measurements using sensors.
Both laboratory and in sifu measurement performance may differ depending on
many factors. Actual model performance using online sensors could thus differ
from that obtained in this case. A proper data acquisition campaign would be
needed in order to fully validate these findings. Once again, however, the slightly
more complex model S2 can be considered as a preferable compromise between
complexity and performance.

Table 18 summarizes the positive results obtained when considering two-way
interactions during the model identification procedures.

Most attempts led to a very high number of variables and interactions being
included, compared to the amount of data available, resulting in overfitted
models with poor cross-validation MSE values. Only the forward AIC and
backward SSE criteria on the °‘online’ dataset found models containing a
reasonable number of interactions that apparently increased model accuracy
when compared to previous results. Both models in Table 3.18 are similar to
model S2. SII replaces the PFA dose by interactions of PFA dose with
temperature and DOC concentration. SI2, on the other hand, replaces the water
height by an interaction between height and temperature. In both cases, the
temperature recorded during sampling replaces that taken by the WWTP sensor.
SI1 yields an improvement in overall model performance (both construction and
validation) while SI2 maintains similar construction results, albeit with an
increase in cross-validation MSE values.

Figure 38 shows the model results over the entire dataset for the optimal models
F3 and S2. As can be observed, restricting the available variables to ‘online’
measurements leads to greater model dispersion for the EC data around 5-7 log;
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it also leads to underestimating the high effluent readings recorded during the week
of measurement without any PFA injection. Also noticed in Figure 38 are the few
concentration measurements available in the log 7-9 region (i.e., a low PFA dose
and/or high water flow rate). Additional measurements in this region would be
beneficial to ensure that the optimal models are suited for the whole range of
possible conditions.

Although care must be taken when interpreting the physical meaning of
variables identified by stepwise procedures in linear regression, a comparison of
these results with factors incorporated in knowledge-based models can be useful.
As highlighted in previous sections, the typical factors included in EC
disinfection knowledge-based models are reaction time, initial EC concentration,
and integrated Ct value, which itself is dependent on the initial acid dose and any
factors affecting its speed of consumption (e.g., TSS, soluble COD, temperature).
Dominguez Henao et al, (2018) also considered TSS as a direct influential
factor, by acting like a protection for fecal bacteria and not only through an
increase in the disinfectant consumption speeds. The optimal models obtained in
this study all have a similar structure; they are based on the water flow rate and
discharge channel height (correlated with the hydraulic residence and hence the
reaction time), the PFA dose introduced, the water temperature, and different
concentrations of remaining pollution in the WWTP effluent, for the most part
carbon-based. This finding is partly similar to the observations highlighted in the
previous sections (Part 1, Chapter 1), directly for DOC and indirectly for TSS
and the initial Ct.

The influent EC concentration, however, is missing from every identified model;
this situation could be due to the relatively strong correlation in available data
between the influent EC concentration and several of the explanatory variables
found. Such is the case for Q (Pearson p =0.61), H (0.58), COD (0.74) and BOD
(0.84). At the effluent of a WWTP, the major increases in EC concentration are in
fact typically caused by a partial bypass of the normally complete treatment lane.
These bypasses are often due to either treatment process unavailability
(maintenance, repair) or high flow events, such as rain periods. Partial bypasses
also often result in an increase in pollution concentrations in the discharge
channel. A combination of these factors could be sufficient, in this specific case, to
estimate the order of magnitude of the influent EC concentration. This approach,
however, also leads to multicollinearity amongst the various concentration
explanatory variables. As such, the preference of COD, BOD and DOC over other
variables, like TSS or turbidity, by the model selection procedure employed should
not be over-interpreted. For similar reasons, the maximum VIF value for all
optimal models lies above the recommended maximum of 10. As mentioned
above, in most cases this situation is due to the strong correlation between water
flow rate and channel height. Although additional data acquisition could
potentially help reduce this VIF value, it is unlikely to be of much improvement.
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3.4 INTERACTIONS BETWEEN PFA AND THE
PHYSICOCHEMICAL QUALITY OF SEV WWTP
DISCHARGE

3.4.1 Impact of PFA on conventional quality parameters

Together with fecal bacteria measurements, conventional quality parameters were
monitored in both SEV WWTP discharge and disinfected water to determine
whether PFA has a significant impact on water quality. The average concentrations
and standard deviations are given in Table 13. A stability in conductivity, TSS,
TKN, N-NH,*, N-NO;~, N-NO, ", TP and P-PO437, along with a sizable increase
in DOC, COD and pH, can be observed. More specifically, the lack of a
PFA disinfection effect on TSS (Mann—Whitney test, p-value =0.192) and
conductivity (Mann—Whitney test, p-value = 0.910) is statistically significant. The
increases in DOC (Student test, p-value = 8 x 10719), COD (Mann—Whitney test,
p-value =0.001) and pH (Mann—-Whitney test, p-value =0.0001) are also
significant. The evolutions of DOC, COD and pH are depicted in Figure 39 for the
entire industrial-scale trial period. An average increase of 1.2 mgC/L, 2 mgO,/L
and 0.19 pH unit is observed, with an average applied PFA dose of 1.2 + 0.5
ppm. A slight change in effluent pH due to PFA was also detected by Ragazzo
et al., (2013) at the industrial scale even though it was attributed to acidification.
Similarly, some cases of slight acidification have been reported in the literature
with peracetic acid, with in most instances an insignificant evolution (Luukkonen
& Pehkonen, 2017). The increase in DOC or COD was reported in the literature
(Luukkonen & Pehkonen, 2017), along with a slight increase in dissolved oxygen
due to peracid decomposition.

This discussion confirms, at the industrial scale, that PFA disinfection has a
limited impact on conventional quality parameters in SEV WWTP discharge,
with the only significant impact being on carbon due to the injection of a
non-negligible quantity of carbon via PFA (Figure 39). This finding is in
complete accordance with laboratory results (Part 1, Chapter 3), which measured
a DOC input of 0.78 ppm C/ppm PFA injected, vs. a theoretical input of 0.79
ppm C/ppm PFA injected. The average PFA dose injected was in fact 1.2 + 0.5
ppm, thus corresponding to a theoretical input of 1.0 + 0.4 mgC/L. Ragazzo
et al., (2013) observed an increase of 0.68 mgC/L per ppm of PFA applied.

3.4.2 Production of disinfection byproducts caused by PFA

The potential for disinfection byproduct formation by PFA has been studied in detail
in Part 1, Chapter 4, for both the laboratory-scale and industrial-scale trials. Table 19
displays the concentrations of adsorbable organic halogens (AOX), bromide and
bromate measured in SAV WWTP discharge before and after PFA injection
during the five sampling campaigns performed within the industrial-scale trials.
Bromide is a precursor of both brominated oxidation byproducts and bromate.
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An increase of 10—41% of AOX in SEV WWTP discharge with PFA injection is
systematically observed at the industrial scale. Slight increases of AOX with PFA
disinfection have also been reported in the literature (Karpova et al, 2013;
Luukkonen & Pehkonen, 2017), but these were notably lower when compared
with other peracids or oxidants. The PFA dose and C x t applied seem to produce
an effect on AOX formation since the largest AOX increase (+41%) is observed
with the highest PFA dose (2.2 ppm) and applied C x t value (73.8 ppm.min). In
contrast, the bromide concentration is reduced by PFA disinfection from O to
—58%, even though the initial bromide concentrations are low (100-250 ug/L).
No bromate was detected either before or after disinfection despite bromide levels
being above 100 ug/L, which was defined as the concentration range where
bromate can be formed by oxidation (von Gunten, 2003). This finding confirms
that no bromate formation is expected with PFA at such low doses.

Key points

* Industrial-scale trials performed at the SEV WWTP confirmed the
performance obtained at the laboratory scale with logarithmic removals of
around 2-2.5 log for both E. coli and intestinal enterococci at PFA doses
of 0.8—2.2 ppm and a C x t of 15—75 ppm.min.

» High-frequency measurements of E. coli with the ALERT apparatus
highlighted the daily variability in fecal bacteria concentrations and its
impact on logarithmic removal with PFA, thus leading to the conclusion
that the PFA dose should be modulated between daytime and nighttime to
optimize disinfection.

» PFA has a limited disinfection effectiveness on SSR and on totally inhibited
F-specific RNA phages, for the only campaign during which this pathogen
was detected in SEV WWTP discharge.

* The influence of SEV WWTP discharge quality variations on the PFA
disinfection effectiveness observed at the laboratory scale was confirmed
at the industrial scale, with better fecal bacteria removals during nominal
SEV WWTP operations, corresponding to lower TSS concentrations and
higher conductivity. Residual concentrations of fecal bacteria are
correlated with the applied C x t per unit of bacteria in the water. Both TSS
and COD serve as good proxies when employed to modulate PFA injection.

» PFA disinfection at the industrial scale led to a slight increase in DOC, COD
and pH; however, no bromate formation was observed despite a decrease in
bromide. A slight increase in AOX indicated the formation of disinfection
byproducts, but specific results on this point (see Part 1, Chapter 4) did
not display any formation of problematic byproducts.

» Two series of optimal linear regression models were developed to estimate
EC concentration at the discharge channel outfall during the disinfection
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trials at SEV WWTP. These optimal models contained relatively few
explanatory variables and featured both high R? and adjusted R? values,
thus indicating the potential interest of such a model for the online on-site
estimation of disinfection efficiency. Also, the use of actual sensors to
measure the concentration values identified as explanatory variables
would be necessary to draw a complete conclusion on the online
model’s potential.
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Chapter 1

Description of the biological
models used to monitor
water quality

© TAME-WATER & LABORATOIRE WATCHFROG

1.1 DESCRIPTION OF THE BIOLOGICAL PANELS USED
TO ASSESS GENERAL TOXICITY

The biological models used in this project to assess the general toxicity of Seine
River water under the influence of chemical disinfection have been grouped in
Table 20.
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The description of each model and the representation of results obtained will be
described in this section. The following proprietary conditions reflect the need for
specific modifications to common microbiology protocols and thus to the
experimental setting, in order to test the various water samples by directly using a
‘Whole Effluent Testing’ (WET) approach.

1.1.1 General toxicity in the bacterial model

E. coli bacteria are maintained in culture at 4°C in Petri dishes on a solid agar LB
medium and regularly transplanted, as required, onto identical dishes. The day
before the experiment, a sample is extracted and the two strains of differential
sensitivities are exposed to a culture step in a liquid LB medium under gentle
agitation at 37°C (12 h). The next day, the bacteria are resuspended at an optical
density at 600 nm (OD600 — Victor 3 Perkin Elmer Reader) of 0.2 in a mixture
containing 90% test water and 10% of a proprietary concentrated bacterial culture
medium. The bacteria are incubated at 37°C under gentle agitation, and the
OD600 corresponding to their multiplication is measured continuously every 40
min for 7 h. In parallel, the same experiment is performed for each strain, with a
negative control consisting of double-distilled irrigation water and an ampicillin
toxicity control. The response curve profiles are integrated by means of a
mathematical operation that takes the entire response into account on all
experimental data points, in comparing the sample curves to the controls.

1.1.2 General toxicity in the yeast model

S. cerevisiae yeast is maintained in culture at 4°C in Petri dishes on a solid agar
Sabouraud medium and regularly transplanted, as required, onto identical dishes.
The day before the experiment, a sample is extracted and the two strains of yeast
with differential sensitivities are exposed to a culture step — 12h for
non-susceptible yeasts and 36 h for susceptible yeasts — in a liquid YPD medium
under stirring at 25°C in a moisture-saturated atmosphere. On the day of the
experiment, the non-susceptible yeasts are collected at a concentration of
100,000 cells/mL in a mixture containing 90% test water and 10% of a
proprietary concentrated yeast culture medium; the susceptible yeasts are then
repeated at 500,000 cells/mL in a proprietary medium containing 90% test water.
The yeasts are incubated at 37°C under gentle agitation in a moisture-saturated
atmosphere, and the OD600 corresponding to their multiplication is measured
continuously (Victor 3 Perkin Elmer Reader) every hour for 7 h. In parallel, the
same experiment is carried out for each strain on a negative control consisting of
double-distilled irrigation water and a cadmium toxicity control. The response
curve profiles are integrated by means of a mathematical operation that takes the
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entire response into account on all experimental data points, when comparing the
sample curves to the controls.

1.1.3 General toxicity in the fungal model

The S. tritici strain is cultured at room temperature in Petri dishes on a solid agar
PDA medium and regularly transplanted, as required, onto identical dishes. On
the day of the experiment, a sample is scraped from the spore-forming areas on
the jelly, and the spores are returned to suspension at 1000 cells/mL in a
proprietary nutrient broth mixture containing 90% test water. Incubation is
performed at room temperature (21°C). The OD600, proportional to the number
of cells in solution, is measured (Victor 3 Perkin Elmer Drive) at a set time every
day for 7 days. In parallel, the same experiment is performed for each strain on a
negative control consisting of micropurified water and a cadmium toxicity control
(3 mg/L). The response curve profiles are integrated by means of a mathematical
operation that takes the entire response into account on all experimental data
points, when comparing the sample curves to the controls.

1.1.4 Statement of results

The levels of proliferation or toxicity effects obtained are illustrated by a color code:
green for no significant effect, red for a strong toxic effect, and dark blue for a strong
proliferation effect. Each biological model has different sensitivity limits, which are
taken into account in the graphic representation (Table 21). For the bacteria and
yeast models, two distinct strains are used: a so-called sensitive strain, devoid of
its defense systems against environmental toxins; and a natural strain (called
wild-type), which does not exhibit any of these deficiencies. The sensitive model
is unable to survive in the environment because it lacks all capacity to adapt and
resistance to toxic stress. These conditions attest, at a very low sensitivity level,
to the presence of a substance affecting living organisms. The wild-type model,
commonly found in the environment, places the presence and impact of
pollutants into perspective by measuring their impacts on an organism able to
adapt and resist. The combination of these two information elements makes it
possible to weight the interpretation of the measured signal.

Each test is based on measuring the growth of the target population in the
presence of the sample to be tested. This measured growth is then compared to
the reference (control) growth obtained under ideal conditions (devoid of any
toxic stress). The comparison is carried out, after integrating the signal measured
as a function of time, on both the growth kinetics and the final growth rate.
Results are expressed as a percentage increase in the population, corresponding to
the ratio of development acceleration between the stress-free control conditions
and the stress test conditions.
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1.2 DESCRIPTION OF THE BIOLOGICAL PANELS USED
TO ASSESS ENDOCRINE DISRUPTION
1.2.1 Description of biological panels

The biological models used in this project to assess endocrine disruption in Seine
River water samples following chemical disinfection have been grouped in
Table 22.

Three types of endocrine disruptors are evaluated: thyroid, estrogenic, and
androgenic. In order to detect these types, tests using aquatic vertebrate
organisms, fish and amphibians representative of animals in the ecosystem have
been used (AFNOR T90-716-1 and 2: ‘Water Quality — In vivo fluorescence
measurement of endocrine disrupting effects in natural water and wastewater —
Part 1: Measurement of effects on the thyroid axis of amphibian embryos
(Xenopus laevis) — Part 2: Measurement of estrogenic axis effects and activity of
the fish embryo aromatase enzyme (Oryzias latipes)’).

The tests using fish can detect estrogenic and androgenic disruptors, which are
known to induce sex reversal in fish. Thyroid disruptors are targeted by a test
using tadpoles of amphibians whose metamorphosis is affected when in contact
with such compounds. More specifically, an endocrine disruption assessment is
based on the use of small aquatic model organisms: tadpoles of the amphibian
Xenopus for thyroid disruption, and fry of Medaka fish for estrogenic and
androgenic disruption. These organisms harbor genetic markers that allow them to
fluoresce when coming into contact with molecules that change how the hormonal
axes function. Figure 40 illustrates the increase in fluorescence obtained when a
bio-indicator tadpole comes into contact with water polluted by thyroid disruptors.

To detect all possible disruption, the samples are tested with or without
co-treatment using a hormone; this step is referred to as ‘stimulated’ and
‘non-stimulated’, respectively. The larval stages used do not yet synthesize these
hormones, hence this stimulation reveals certain action mechanisms of
endocrine-disrupting micropollutants that cannot be detected in the absence of
hormones. Tests are carried out in the laboratory as follows: larvae are exposed to
plate samples (six wells) during 24 or 96 hours for fry and during 48 hours for
tadpoles. The larvae are then transferred to plates (96 wells), and the fluorescence
is analyzed using robotic imaging: an image is captured of each larva under
specific illumination to reveal the fluorescence, and an image analysis algorithm
is run to obtain fluorescence quantification. Statistical analysis is then performed
to compare the fluorescence values obtained for the samples with those of the
control larvae exposed to Evian water.

1.2.2 Physiological states of applied biological models

Each sample is tested in two physiological states, non-stimulated and stimulated.
For the thyroid axis in the non-stimulated state, the larvae are exposed to the
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sample, or to the reference molecules diluted in the test medium for the control
groups. In this state, it becomes possible to measure an increase in larval
fluorescence induced by the test condition; this is a pro-thyroid step that activates
the thyroid axis. The physiological threshold for pro-thyroid disruption (100% on
the disruption scale) is demonstrated by the positive activation control, indicating
the activity of the 3.25 pug/L thyroid hormone T3. This concentration corresponds
to the plasma concentration of T3 hormone during tadpole metamorphosis, that
is, a physiological reference for thyroid disruption as defined by OECD Test
Guideline 231. Once this level of activity has been reached, it is certain that the
sample has an endocrine disrupting power with deleterious effects on wildlife. In
the stimulated state, the larvae are exposed to the sample or reference molecules
(for control), diluted in the test medium and supplemented with T3 thyroid
hormone at 3.25 ug/L. In this state, it is possible to measure an increase or
decrease in larval fluorescence induced by the test condition, which indicates
pro-thyroid or anti-thyroid activity, thereby activating or inhibiting the thyroid
axis, respectively:

* Pro-thyroid activity (100% on the disruption scale): the threshold for
pro-thyroid disruption is demonstrated by a positive control for
enhancement, showing the activity of thyroid hormone T3 in the stimulated
state (test medium supplemented with T3 thyroid hormone), in indicating
the level of larval fluorescence after exposure to a dose of hormone that
saturates the physiological response.

* Anti-thyroid activity (—100% on the disruption scale): the physiological
threshold for anti-thyroid disruption is indicated by a negative control in an
undisturbed state (test medium only). A tested experimental condition that
induces inhibition of larvae fluorescence in a stimulated state (test medium
supplemented with thyroid hormone T3) reveals anti-thyroid activity.

For the estrogenic axis in the non-stimulated state, the larvae are exposed to either
the sample or reference molecules diluted in the test medium for the control groups.
In this state, it is possible to measure an increase in larval fluorescence induced by
the test condition. This pro-estrogenic activity activates the estrogenic axis. The
physiological threshold for pro-estrogenic disruption is indicated by the
fluorescence level corresponding to the dose of 64 ng/L ethinyl estradiol
hormone. This dose is the lowest capable of inducing a physiological effect
according to OECD test guideline 230 in Medaka fish. The physiological effect
observed at this concentration is the sex reversal of a portion of the population, as
identified by the presence of ovarian tissue in the testes of male fish. Once this
level of activity has been reached, it is certain that the sample has endocrine
disrupting power with deleterious effects on wildlife. In the stimulated state, the
larvae are exposed to the sample and reference molecules, diluted in the test
medium and supplemented with testosterone at 30 ug/L. In this state, it is
possible to measure an increase or decrease in larval fluorescence induced by the
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test condition, thus indicating pro-estrogenic or anti-estrogenic activity, which
serves to activate or inhibit the thyroid axis, respectively:

* Pro-estrogenic activity (100% on the disruption scale): the threshold for
pro-estrogenic disruption is demonstrated by a positive control for
enhancement showing the activity of 64 ng/L of stimulated ethinyl
estradiol (test medium supplemented with testosterone), in indicating the
level of larval fluorescence after exposure to a dose of hormone that
saturates the physiological response.

* Anti-estrogenic activity (—100% on the disruption scale): the physiological
threshold for anti-estrogenic disruption is demonstrated by a positive
control for inhibition by treating larvae with fadrozole at 10 ug/L in a
stimulated state (test medium supplemented with testosterone). The
observed physiological effect is a change in the gonadosomatic ratio of
male fish during the OECD test (Ankley et al., 2002).

For the androgenic axis in the non-stimulated state, the larvae are exposed to the
sample or reference molecules diluted in the test medium for the control groups.
In this state, it is possible to measure an increase in larval fluorescence induced by
the test condition. This pro-androgenic activity activates the androgenic axis.
The physiological threshold for pro-androgenic disruption is demonstrated by
a positive control for enhancement, in revealing the activity of 5pug/L of
170-methyltestosterone. This dose of hormone leads to a decrease in fertility and
the presence of male secondary sexual characteristics in females (Pawlowski et al.,
2004). In the stimulated state, the larvae are exposed to the sample or reference
molecules (for control groups), diluted in the test medium and supplemented with
5 ug/L androgen hormone 17c-methyltestosterone. In this state, it is possible to
measure an increase or decrease in larval fluorescence induced by the experimental
condition, thus indicating pro-androgenic or anti-androgenic activity, which serves
to activate or inhibit the androgenic axis, respectively:

* Pro-androgenic activity (100% on the disruption scale): the threshold for
pro-androgenic disruption is demonstrated by a positive control for
enhancement, showing the 5 ug/L activity of 17a-methyltestosterone in a
stimulated state (test medium supplemented with 17o-methyltestosterone),
indicating the level of larval fluorescence after exposure to a dose of
hormone that saturates the physiological response.

* Anti-androgenic activity (—100% on the disruption scale): the physiological
threshold for anti-androgenic disruption is demonstrated by a positive control
for enhancement, in showing 500 pg/L flutamide activity in a stimulated state
(test medium supplemented with 17o-methyltestosterone). The physiological
effect induced at a flutamide concentration of 500 ug/L is the absence of nest
production due to the complete inhibition of Spiggin protein synthesis in
males (Sebire et al., 2008), as well as significant inhibition, in both males
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and females, of Spiggin protein synthesis induced following pro-androgenic
treatment (Katsiadaki er al, 2006). Spiggin protein production is the
physiological criterion used in the OECD GD 148 test guideline.

1.2.3 Statement of results

To specify the level of sample contamination, the larval fluorescence induced by the
tested water sample is compared with that of negative (mineral water) and positive
(water doped with reference hormones) controls. The fluorescence values obtained
for the negative controls are consistent with the normal natural biological activity of
living organisms and are not consistent with any externally induced hormonal
disturbance. The fluorescence values obtained for positive controls serve to
define the endocrine disruption threshold. Wherever the fluorescence intensity
induced by a sample exceeds this threshold, it is likely that exposure to this
sample will result in observable adverse physiological effects (Figure 41). The
concentration of triiodothyronine (thyroid hormone T3) used for the positive
thyroid test control is 3.25ug/L. This concentration corresponds to the
physiological load found in the plasma of tadpoles during metamorphosis, in their
natural state (Leloup & Buscagalia, 1977), and is described in the literature as
capable of causing observable adverse physiological effects, that is, an
acceleration in the rate of Xenopus metamorphosis, and mortality if tadpoles are
exposed at non-metamorphic stages (Shi ez al., 1998). For the positive estrogen
test control, the ethinyl estradiol concentration used equals 64 ng/L, which is
described in the literature as being capable of altering fish reproduction (Seki
et al., 2002).

Beyond illustrating results in this qualitative form in order to provide information
on the ability of the sample to induce a harmful physiological effect, these results are
also expressed in quantitative form. In each experiment, in conjunction with the
larvae being exposed to the samples, some larvae are exposed to a range of
different reference hormone concentrations that generate a ‘standard’ curve
defining the fluorescence obtained as a function of hormone concentration. Using
this ‘standard curve’, the fluorescence values derived for the samples can be
converted into hormonal equivalents and thus establish the hormone
concentration that would induce the same fluorescence variation as the sample.
Use of these hormone equivalents makes it possible to compare results obtained
for samples tested in different experiments.
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Chapter 2

Biological models applied to the
case of chemical disinfection
using PFA

© SIAAP

2.1 TOXICITY ASSESSMENT AT THE LABORATORY
SCALE
2.1.1 Description of the experimental approach

The general toxicity tests for PFA were carried out using spot samples of the Seine
Valenton WWTP (SEV) discharge and Seine-Choisy water upstream of the SEV
plant. In order to assess the impact of the disinfected PFA discharge from the
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Biological models applied to the case of chemical disinfection 101

SEV plant on the natural environment, two key points were taken into account. The
first concerns the preparation of samples to be tested, which entails reconstituting a
representative sample of the natural medium in the immediate vicinity of the station
discharge (Figure 42).

To this end, ‘unfavorable’ conditions were adopted, corresponding to a
proportion (10% by volume) of water being discharged into Seine River water;
this proportion was calculated based on a high summer discharge rate (90th
percentile over the period 2016-2017) and a low Seine flow upstream of SEV
(10th percentile over the summer period 2016-2017). For the disinfection of
discharge water, a shock concentration of 2 ppm PFA was applied. Two types of
samples were obtained: Seine River water containing discharge water before
disinfection, and Seine water containing disinfected discharge water. For the
latter, the discharge water was obviously disinfected before coming into contact
with the Seine water. The second point pertains to the instability of the PFA
disinfectant. It was decided to prepare the disinfectant just prior to launching the
various bioassays.

2.1.2 Estimation of general toxicity

The general toxicity to bacterial, yeast and fungal models applied during the three
laboratory-scale tests is depicted in Figure 43. These bioassays were conducted
on two types of samples: Seine water samples containing non-disinfected
discharge water (indicated in the figure as ‘samples without disinfection’), and
Seine water samples containing the same discharge water disinfected at a 2 ppm
PFA concentration (indicated ‘samples with disinfection’).

The levels of proliferation or toxicity effects obtained are color-coded, ranging
from green for no effect to either red for a strong toxicity effect or blue for a
strong proliferation effect. Results are expressed as a percentage of population
increase, corresponding to the ratio of development acceleration between
stress-free control conditions and test conditions. In the remainder of this section,
each test will be discussed separately before concluding on the overall toxicity.

2.1.2.1 General toxicity in the bacterial model

Results obtained from samples tested at the laboratory scale show an absence of
general toxicity to bacterial models, for samples containing discharge water either
before or after disinfection (Figure 43a and b). The two models tested, both
wild-type and susceptible, display values of growth difference from control
ranging from —12 to 7% and from —1.5 to —19.2%, respectively. As indicated in
Figure 43a, these values are no different from the reference value (green color
code). The bacteria do not appear to be impacted by the samples tested, even on
the susceptible model without its defense systems. The presence of disinfected
discharge water at the shock concentration (2 ppm PFA) is not, under these
conditions, toxic to the bacterial model.
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2.1.2.2 General toxicity in the yeast model

Results obtained from samples tested at the laboratory scale show a lack of general
toxicity to the yeast model for the wild-type strain (Figure 43¢ and d). The values of
growth difference from control, which range from —1 to 13.7%, reflect a similarity
to the baseline state. On the other hand, for the susceptible model, a slight toxic
effect is revealed in the test samples: for this strain, a growth differential of
—12.7 and —32.1% with respect to the control is obtained for samples containing
the disinfected discharge water. These values correspond to a zero effect for two
of the three samples, but the most impactful value (—32.1%) indicates an effect
described as medium. On samples containing disinfected discharge water, toxic
effects are identified by a growth reduction ranging from —18.9 to —27.3%
compared to the control. These toxic effects occur only on the sensitive model
and remain moderate, hence qualifying on the impact scale as a ‘weak but
significant effect’ according to the classification code. Yeasts without defense
systems appear to be systematically impacted by the presence of disinfected
discharge water, compared to the same samples without prior disinfection. The
presence of disinfected discharge water at a shock concentration (2 ppm PFA) has
no effect on the wild-type yeast model, though it does exert a small yet
statistically significant impact on the susceptible model.

2.1.2.3 General toxicity in the fungal model

The results obtained on samples tested at the laboratory scale show a slight
proliferation of the cell population (Figure 43e). Samples containing previously
disinfected discharge water do not appear to differ in this respect from samples
containing discharge water prior to disinfection. Values range from —3.8 to
101.2% for samples before the disinfection of discharge water and from 4.1 to
92.44% for samples containing disinfected discharge water. These values indicate
the presence of moderate to strong proliferation effects, likely reflecting the
presence of organic matter in the medium coupled with an absence of specific
stressors in the test fungi physiology. These effects are observed for both types of
samples regardless of the presence of disinfectant.

The presence of disinfected discharge water at a high concentration (2 ppm PFA)
does not appear to alter the propensity to induce cell proliferation, as observed
for Seine water samples containing discharge water prior to disinfection. The
observed effects are due to the presence of factors conducive to fungal cell
multiplication.

2.1.3 Estimation of endocrine disruption
2.1.3.1 Thyroid disruption

The results obtained for the three campaigns show, for all samples, no effect on the
thyroid axis. Whether the Seine water is supplemented with discharge water before
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disinfection or supplemented with disinfected discharge water, the values lie below
the thyroid test detection limit.

2.1.3.2 Estrogenic disruption

An evaluation of estrogenic disruption of the three samples tested is shown in
Figure 44.

These results are expressed in both hormone equivalents and physiological
effects in each state, that is, non-stimulated and stimulated. The physiological
threshold (as represented by the red zone) is established by a dose of
endocrine-disrupting reference hormone or molecule that induces an adverse
effect at the organism level.

It should be noted that in stimulated mode, a co-treatment with 10 ng/L of
testosterone is applied to the test sample (reference level in stimulated state).
Treatment with 64 ng/L ethinyl estradiol (EE2) is then performed to identify the
physiological threshold of pro-estrogenic disruption (positive activation control in
the stimulated state) or 10 ug/L fadrozole to identify the physiological level of
anti-estrogenic disruption (positive control for inhibition in a stimulated state).
Testosterone treatment allows embryos to be placed under conditions where the
estrogen axis is activated. Under these conditions, the test in fact also takes into
consideration the effects on the aromatase enzyme. Aromatase is an essential
enzyme for the endogenous production of estradiol from testosterone; it controls
the fine balance between estrogen and testosterone in the body and thus
participates in the sexual identity of individuals. Aromatase disruption is one of
the OECD estrogenic disruption criteria (OECD Guidelines 229 and 230). The
stimulated mode allows detecting compounds that alter the aromatase function
(inhibition of protein synthesis, expression activator or inhibitor) as well as
receptor antagonists. Results are expressed in terms of an ethinyl estradiol
equivalent. This analysis indicates which concentration of ethinyl estradiol
hormone yields the same hormonal potential as the sample. To complete this
analysis, a dose response range of ethinyl estradiol is conducted in parallel with
the test in order to model a standard curve. The fluorescence value obtained for
the sample is then plotted on this curve and converted into an ethinyl estradiol
equivalent. On the disruption scale, 0% denotes the total absence of endocrine
activity and 100% refers to endocrine activity that reaches the physiological
threshold.

These results assessed the absence of any estrogenic activity detectable in the
non-stimulated mode, for all three tests. Let us note that the Seine water samples
with disinfected discharge water do not activate the estrogen axis and moreover
that adding disinfected discharge water does not activate it either. On the other
hand, when in the stimulated mode by activating the estrogenic axis, an
anti-estrogenic potential is detected. For ‘control’ samples, Seine water with
disinfected discharge water has an estrogenic potential equivalent to —34, —46
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and —86 ng EE2/L for the three tests, reaching 39, 38 and 72%, respectively, of the
physiological estrogen axis inhibition threshold. These results, although
quantifiable (by their difference with respect to controls), lie below the levels
producing an adverse effect on development of the aquatic organisms under
study. As for the Seine water samples supplemented with disinfected discharge
water, no effect on the estrogenic axis is found in the stimulated mode for the
first two tests, and a potential of —62 ng EE2/L exists for the third test.

When comparing samples with and without disinfected discharge water,
differences appear between all three tests. For the first two tests, a reduction in
the anti-estrogenic effect is observed after adding disinfected discharge water.
This minimal effect on the estrogen axis after contact with disinfected discharge
water means that the molecules in the medium no longer exhibit estrogenic
activity, which suggests a phenomenon of cancelling or limiting the anti-
estrogenic effect due to the disinfected discharge water. This cancellation/
limitation action could have taken place at three levels: hormonal conversion,
protein expression, or receptor level. For the third test however, a decrease in
endocrine potential is recorded: —86 to —62 ng EE2/L equivalent and 72 to 52%
physiological effect impairment, respectively, between the two samples. This
campaign has confirmed the presence of pro-estrogenic molecules or molecules
that extinguish the anti-estrogenic signal.

Overall, the presence of disinfected discharge water at a shock concentration of 2
ppm PFA and under unfavorable hydrological conditions (i.e., high proportion of
disinfected discharge water in the natural environment) does not exert a
significant impact on the estrogenic axis. The values quantified at the laboratory
scale never exceed the thresholds for physiological effects A potential
anti-estrogenic effect limitation has been identified in the presence of disinfected
discharge water.

2.1.3.3 Androgenic disruption

The assessment of androgenic disruption on the three samples tested is shown in
Figure 45.

Results are obtained by comparing the sample to the physiological threshold in
each physiological state, that is, non-stimulated and stimulated. This comparison
is expressed as both a hormonal equivalent (Flutamide equivalent) and a
percentage of the physiological effect threshold. This threshold is established by a
dose of endocrine-disrupting hormone or reference molecule inducing an adverse
effect at the body level.

It should be noted that in stimulated mode, a co-treatment with 5 ug/L of
pro-androgenic hormone 17a-Methyltestosterone (17MT) is applied to the test
sample (positive control of activation in the stimulated state). This threshold
corresponds to the one induced by both a decrease in fertility and the presence of
male secondary sexual characteristics in female medaka fish (Pawlowski et al.,
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2004). A treatment with 500 ug/L of the anti-androgenic hormone, flutamide (in
addition to 17a-Methyltestosterone), is then added. A threshold has thus been
defined, as corresponding to the extinction of the pro-androgenic signal, beyond
which an anti-androgenic disruption can be identified. This threshold induces an
absence of nest production due to complete inhibition of Spiggin protein
synthesis in male stickleback (Sebire et al., 2008), as well as a significant
inhibition of Spiggin protein synthesis induced in females and males following
pro-androgenic treatment (Katsiadaki er al., 2006). This flutamide concentration
also leads to decreased fish fecundity along with histological alterations of
ovaries and testis (Jensen et al, 2004). Results are expressed as a hormonal
equivalent (17MT or flutamide). This analysis indicates which concentration of
the anti-androgen flutamide yields the same hormonal potential as the sample. To
complete this analysis, a flutamide dose response range is conducted in parallel
with the test in order to model a standard curve. The fluorescence value obtained
for the sample is then plotted on this curve and converted into a hormonal
equivalent. On the disruption scale, 0% denotes the total absence of endocrine
activity while 100% refers to endocrine activity that reaches the physiological
threshold.

These results allow us to assess the absence of any androgenic activity, in
undiagnosed mode, for all three tests. Let us note that the Seine water samples
with disinfected discharge water do not activate the androgenic axis and
moreover that adding disinfected discharge water does not appear to activate it
either. When in the stimulated mode by activating the androgenic axis, an
anti-androgenic potential is detected for two of the three tests. The initial
detection, which is very weak, was observed during the first test on the ‘control’
sample, corresponding to Seine water supplemented with disinfected discharge
water at a potential of 7.1 pg/L flutamide equivalent, 1% physiological effect
threshold and no disruption in the presence of disinfected discharge water. This
difference in response can be attributed to the proximity of the values to the
detection limits; moreover, the absence of an anti-androgenic effect due to the
disinfected discharge water is to be considered. The second and higher detection
level was obtained on the Seine water sample supplemented with disinfected
discharge water; an anti-androgenic potential of 300 pg/L flutamide equivalent
and 60% physiological threshold was achieved. A potential anti-androgenic effect
was found in the presence of disinfected discharge water. For the third test, no
disruptions were identified. Overall, in all three tests, no pro-androgenic activity
could be identified, when in the non-stimulated mode. On the other hand, when
in the stimulated mode, three distinct behaviors were observed for samples
containing disinfected discharge water: total absence of effect, disappearance of
an existing effect, and a significant occurrence of effect, in relation to the sample
containing disinfected discharge water. In light of this erratic behavior, no
systematic trend can be advanced concerning a potential anti-androgenic
disruption due to the presence of the disinfectant. The differences in more or less
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quantified responses seem to depend on the seemingly evolving nature of the
molecules present in the medium. Some molecules will tend to interact positively,
negatively or inertly with the disinfected discharge water (or disinfection
byproducts) with respect to the androgenic axis. Even though a 2 ppm PFA shock
concentration was applied to the disinfected discharge water, the values
quantified under these controlled laboratory-scale conditions have never exceeded
the physiological effect thresholds.

2.2 TOXICITY ASSESSMENT AT THE
INDUSTRIAL SCALE

General toxicity and endocrine disruption were measured on samples collected from
the Seine River both upstream and downstream of the WWTP discharge point in
order to evaluate the impact of WWTP discharge on the river with and without
PFA injection. These samples were collected at two sampling points of the
MeSeine platform, which oversees Seine River quality monitoring within the
SIAAP Authority: Choisy-le-Roi (PK 622.440) (3) and Port a L’anglais (PK
626.152) (4). The Choisy-le-Roi sampling point is located approximately 1,500 m
upstream of the WWTP discharge point, on the first bridge accessible to
pedestrians. Sampling was performed once a week (on Wednesdays). It must be
kept in mind that depending on weather conditions, single rainfall sewer
overflows can occur between these two Seine River sampling spots, thus
significantly impacting water quality. More information was given in a previous
section dedicated to the sampling description (Section 2, Chapter 1).

2.2.1 Estimation of general toxicity in the Seine River

The monitoring of general toxicity in the Seine River during industrial-scale
testing entailed tests on bacteria, yeasts and fungi; these were carried out both
upstream and downstream of the SEV station outfall. During these tests,
periods without chemical disinfection were also monitored in order to establish
a baseline (prior to the start of testing) and assess any potential aquatic system
disruptions during the post-disinfection period. Results obtained on general
toxicity during the 10-week follow-up phase (between weeks 35 and 44) are
illustrated in Figure 46.

As described above, for bacterial tests as well as yeast tests, two variants have
been mobilized: a susceptible strain lacking certain defense mechanisms, and a
wild-type strain without such defects. Results are expressed as a percentage of
population growth, corresponding to the ratio of development acceleration
between stress-free control and test conditions. A color code indicating the level
of toxicity obtained is given in each figure, representing increased toxic effects
from green to red.
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2.2.1.1 Bacterial tests

Results obtained in the Seine River during the disinfection tests show an overall
absence of general toxicity to the wild-type bacterial model, with negative
responses in about 90% of cases, either upstream or downstream of the SEV
station. The values range from —16 to 15% growth for the Seine upstream of
SEV and from —5 to +17% growth alteration for downstream of SEV
(Figure 46a), for the most part similar to the reference state. A small, but
significant, effect was observed downstream of SEV during the first season,
with a slightly more pronounced impact than that upstream. These effects are
likely due to the rainy conditions of that particular day. In the other case, again
a small, but significant, effect was observed in the Seine upstream of SEV that
was no longer found downstream. Regarding the susceptible bacterial model, no
significant effects were observed in the Seine upstream of SEV. On the other
hand, downstream of SEV, a small significant effect was detected in half the
cases (Figure 46b). These weak effects, comprising between —2 and —29%
growth modulation for the Seine upstream of SEV and between —6 and —52%
for the Seine downstream of SEV, do not appear to coincide with any particular
periods of disinfection. We can in fact observe that the remainder of the time
(50% of occurrences), no significant effects were detected between upstream
and downstream of SEV. It should be noted that the observed toxic effects,
though moderate, systematically correspond to rainy episodes. The well-known
quality degradations associated with these contexts are visibly expressed by
effluent inputs causing physiological stress on the susceptible strain.
Laboratory-scale results on reconstituted samples of Seine water supplemented
with 2 ppm PFA disinfected discharge water did not reveal a significant toxic
effect of chemical disinfection on both models, that is, wild-type and
susceptible, of bacteria. This finding corresponds perfectly with the results
observed during the industrial-scale tests and would instead tend to support the
external effluent input track (thunderstorm weirs, soil leaching, etc.) or a change
in the discharge water matrix prior to disinfection, as observed by Ragazzo
et al. (2017).

2.2.1.2 Yeast tests

Results obtained in the Seine during disinfection testing systematically showed no
general toxicity to wild-type yeasts upstream of the SEV station, as well as
downstream. The values ranged from —3 to 4+28% growth modulation for the
upstream Seine SEV and between —6 and 437% for the downstream SEV
(Figure 46c¢); these values are broadly similar to the baseline, except for two
points (weeks 39 and 43). For the latter, a proliferation-stimulating effect,
described as ‘weak but significant’, was observed in the Seine downstream of
SEV, indicating the probable presence of organic matter conducive to
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developing yeasts. As regards the sensitive yeast model, a significant absence of
effect was observed in the Seine upstream of SEV 70% of the time, compared
to 80% of the time downstream of SEV (Figure 46d). These values ranged from
+3 to —31% change in growth for the Seine upstream of SEV vs. between
—28 and +11% downstream. Overall, during the 10 follow-up campaigns, only
one showed stronger pressure downstream of SEV than upstream. This day was
marked by especially high rainfall, which may explain the difference. Results
observed during industrial-scale tests were consistent with the laboratory-scale
tests for the wild-type strain (reconstituted samples from Seine water
supplemented with discharge water disinfected at 2 ppm PFA), for which a lack
of disinfection effect was noted. For the susceptible strain, a lack of
industrial-scale effects was observed, in contrast with the laboratory tests, which
revealed a slight, but systematic, effect after the disinfection step. This
difference in response could be attributed to the more adverse laboratory test
conditions (characterized by a larger proportion of disinfected discharge water
in the reaction volume).

2.2.1.3 Fungal tests

Results obtained in the Seine during the disinfection tests show no general toxicity
in the fungal model 60% of the time downstream of SEV vs. 40% of the time
upstream. These values ranged from 3 to —55% growth modulation for the
upstream Seine SEV and between —2 and —58% downstream (Figure 46e).
Instances of proven impact are systematically assigned to the ‘weak but
significant’ category and appear, interestingly, more frequently upstream than
downstream of SEV. With the exception of week 37, for which an impact was
observed downstream of SEV and not upstream, the minimal effects observed
downstream of SEV were generally identical to those observed upstream. In
other cases, either no effect between upstream and downstream or even a slight
improvement over the upstream could be observed. The observed effects,
though limited, thus seem to correspond not to the periods of disinfection, but
rather to wider variations in Seine River quality and/or SEV discharge water.
This conclusion becomes even more pronounced when taking into account
various rainy events during the industrial-scale tests. Laboratory-scale fungal
model testing on reconstituted samples of Seine water and discharge water,
both before and after disinfection, showed no impact of disinfection in two of
the three tests, with a stimulated response in the post-disinfection case. The
only significant difference between industrial and laboratory tests stems from
toxicity observations in the natural environment (overall negative values),
whereas a tendency to activate proliferation is observed in the laboratory, due
in all likelihood to the better controlled laboratory conditions, hence allowing
for more efficient removal of external inputs influencing the biological test
response.
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2.2.2 Estimation of endocrine disruption in the
Seine River

The monitoring of endocrine disruption in the Seine during the industrial-scale trials
was focused on thyroid and estrogenic disruption; it was carried out upstream and
downstream of the SEV station outfall. Estrogenic disruption results over the 10
weeks of follow-up (between weeks 35 and 44) are shown in Figure 47. As
described above, two physiological states of the biological model were applied:
the non-stimulated mode (Figure 47a and b), and the stimulated mode
(Figure 47c and d). For each physiological condition, results were expressed in
hormonal equivalents. A color code for the level of disruption found is indicated
on the results, which are expressed as a percentage of physiological threshold
attainment.

2.2.2.1 Thyroid disruption

The first thing to note from these results is the absence of thyroid disruption in the
Seine during the entire monitoring period, whether upstream or downstream of
SEV. Chemical disinfection applied during this period did not appear to disturb
the natural environment as regards thyroid disruption. These observations are
consistent with laboratory-scale results. In fact, the laboratory tests were carried
out on a matrix of Seine water supplemented with SEV discharge water
disinfected at 2 ppm PFA, in simulating the receiving environment immediately
downstream of the station outfall under ‘unfavorable’ conditions. Of the three
tests conducted with a I-week interval, no disruption was quantified. These
results are also consistent with studies carried out on the discharge water of the
same station, in which the authors found no thyroid disruption (Du Pasquier
et al., 2018). According to the monitoring performed within the framework of
Meseine Innovation (the R&D component of the Seine River quality monitoring
network sponsored by the SIAAP), among the 13 sampling campaigns run
between 2016 and 2017, effects ranged from 11 to 56% for both non-stimulated
and stimulated modes, and moreover no effect was detected during the summer
period (unpublished data).

2.2.2.2 Estrogenic disruption

For estrogenic disruption, effects were detected periodically throughout the
industrial-scale testing campaign (Figure 47).

When in the non-stimulated mode, by placing the sample directly into contact
with the biological model, the Seine upstream of SEV exhibited estrogenic
activity most of the time and at a frequency equivalent to that downstream of
SEV. The estrogenic activity detected in the Seine was in the range of 24-37 ng
EE2/L upstream of SEV to 24-31 ng EE2/L downstream (Figure 47a). These
effects remain low, reaching 38-58% of the physiological threshold (Figure 47b).
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Overall, this low variability is due to measurement uncertainty since the results
obtained between upstream and downstream of SEV are statistically equivalent
(Mann—Whitney test, a=0.05, p-value =0.908). The chemical disinfection
during industrial-scale testing did not disrupt the receiving environment as
regards estrogenic disruption in the non-stimulated mode. These observations are
consistent with the laboratory results, for which no effects were detected either
before or after disinfection.

When in stimulated mode, achieved by adding a hormone activating the
estrogenic axis in the sample to be tested, an anti-estrogenic potential was
detected 60% of the time in the Seine upstream of the SEV station vs. 20% of the
time downstream. When this activity was detected in the Seine, it amounted to
between —29 and —53 ng EE2/L for the upstream of SEV and between —25 and
—48 ng EE2/L downstream (Figure 47c). The detected effects remain weak
overall and range from 23 to 53% of the physiological level of estrogenic axis
inhibition (Figure 47d). Results observed between the upstream and downstream
of SEV, in contrast with the non-stimulated mode, are statistically significant
(Mann—Whitney test, @ = 0.05, p-value = 0.066), thus indicating the presence of
an effect due to SEV discharge water. Moreover, over the 10 weeks of follow-up
between discharge upstream and downstream of SEV, an anti-estrogenic effect
disappeared 50% of the time, broken down as follows: absence of effect 30% of
the time, decrease in effect 10% of the time, and appearance of an effect 10%
of the time. These erratic trends do not seem to coincide with the applied rates of
PFA treatment or even with the periods of chemical disinfection, but rather are
correlated with effluent quality (SEV and/or Seine discharge). These
observations are consistent with laboratory-scale results; of the three laboratory
tests conducted, the anti-estrogenic effect disappeared in two of them and
decreased in the other.

In sum, during the industrial-scale disinfection tests, the Seine downstream of the
ENS outfall exhibited weak endocrine disruption and equivalent, minimized or
cancelled effects relative to those upstream. This finding, which is generally
positive, shows the presence of molecules that no longer induce endocrine effects
on organisms, either via the cancellation effect (pro- and anti-estrogenic
compensation) or via inhibition, which could occur at the level of a hormone
conversion process or at the receptor level. The exact action mechanism is
normally difficult to precisely identify for endocrine disruptors, since they can
carry out several different actions simultaneously (Du Pasquier et al., 2015;
Mengeot et al., 2016), hence the value of combining several bioassays. This
statement is not surprising, given that endocrine disruption of ETS discharge
water has been estimated, based on the work by Du Pasquier et al. (2018), at a
zero or low level.
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Key points
Results obtained from samples tested at the laboratory scale indicate:

» An absence of general toxicity to bacterial models.

* No effect on the wild-type yeast model, although a small but statistically
significant impact on the susceptible model.

* No alteration of the cell proliferation of fungi.

* Results obtained for all sampling campaigns showed no effect on the
thyroid axis.

* No significant impact on the estrogenic axis, whereas a potential
pro-estrogenic or anti-estrogenic effect limitation was identified in the
presence of disinfected discharge water.

* No androgenic activity was identified, in either the non-stimulated or
stimulated mode, with three distinct behaviors being observed: total
absence of effect, disappearance of effect, and significant occurrence of
effect, respectively, in relation to the sample containing disinfected
discharge water.

Results obtained from samples tested at the industrial scale indicate:

* Regarding general toxicity models (bacteria, yeast, fungi), no significant
effects linked to disinfection were observed in the Seine downstream of
the SEV outfall.

* Results obtained for all sampling campaigns showed no effect on the
thyroid axis.

» Chemical disinfection did not modify the receiving environment in terms of
estrogenic disruption.
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Chapter 1
Case of Biarritz (France)

Thierry Pigot and Thomas Paulin

© Thierry Pigot, UPPA

1.1 INTRODUCTION

The tightening of the bacteriological quality thresholds for bathing water, following
the revision of the European Directive (DCE 2006/7/EC), raises an issue for cities

© 2021 The Editors. This is an Open Access eBook distributed under the terms of the Creative Commons
Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for non-commercial
purposes with no derivatives, provided the original work is properly cited (https://creativecommons.
org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned from any third party in
this book.

doi: 10.2166/9781789062106_0115

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wio9781789062106.pdf
bv auest


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

116 Disinfection of WWTP Discharges using Performic Acid

or urban areas discharging their treated wastewater into or near bathing areas. The
Urban Waste Water Treatment Directive (91/271/EEC) has imposed the
implementation of a secondary treatment before discharge, but this is generally
insufficient to achieve the required level of quality for bathing. The
implementation of a disinfection process is then required.

There are several options available for disinfecting wastewater treatment plant
(WWTP) effluents at the industrial scale: ultraviolet (UV) irradiation,
chlorination, ozonation, and injection of organic peracids. UV has proven its
effectiveness, despite its sensitivity to the amount of suspended solids in water.
Bacterial regrowth, with the capability of damaged bacteria to adapt and repair
DNA, has also been reported in the context of this technology. Chlorination is a
known standard method to disinfect effluent, in particular for potable water
production. However, due to the potential formation of toxic disinfection
byproducts (DBP), like trihalomethanes or haloacetic acids, its use is not
recommended for the disinfection of wastewater, which is rich in organic matter.
Ozonation forms active species capable of disinfecting wastewater efficiently;
however, bacterial regrowth and formation of DBP are also potential issues with
this process.

In recent years, the use of organic peracids (peracetic acid or performic acid) has
been developed for the disinfection of wastewater. Kemira (Helsinki, Finland) sells
the KemConnect™, which proposes the on-site production and use of a performic
acid solution (DEX solution). Compared to ozone and UV, organic peracids have
lower operating and capital costs; they are also less sensitive to effluent quality
changes, for example TSS and organic load.

In 2014, the city of Biarritz decided to upgrade its WWTP (Marbella) with the
KemConnect™ process to disinfect the treated wastewater being discharged into
the Atlantic Ocean (Bay of Biscay). Consequently, the effectiveness of this
process was studied. The City of Biarritz’s sanitation system, mainly unitary,
collects wastewater and rainwater that are then treated at the Marbella WWTP.
The treated wastewater is discharged into the ocean 800 m from the Bay of
Biscay beaches via a sewer (called Milady and Marbella).

The city is coping with the potential deterioration of water quality for bathing on
the bay’s southern beaches, caused by a return of the outfall plume under certain
oceanographic conditions and weather. This deterioration may lead to temporary
closures of bathing on those beaches.

The implementation of a tertiary disinfection process in the Marbella WWTP was
therefore decided in order to guarantee better bacteriological water quality at the
discharge point and thus to minimize the impact on beaches during episodes of
plume return.

In this chapter, the results from 18 months of full-scale operation of
KemConnect™ at Marbella WWTP will be presented. The impact of
KemConnect™ on the WWTP effluent quality as well as on the environment will
be evaluated.
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1.2 MATERIALS AND METHODS
1.2.1 Presentation of the Marbella WWTP

The Marbella WWTP has been in operation since January 1, 2004 and has a nominal
capacity of 92,000 population equivalents (5500 kg BODs/day). Due to the
specificity of the sanitation network, which is mainly unitary, the WWTP
comprises a treatment line for dry weather (wastewater flow reaching the station
at up to 1300 m*/h) coupled to a treatment line for rainy weather (flow arriving
at the station above 1300 m>/h and up to 3000 m’/h).

Beyond the rain occurring at a monthly frequency, that is when storm basins are
full, the fraction of flow higher than 3000 m>/h is discharged into the environment
after a single fine screening.

Briefly, the raw effluent is first pretreated (screening, grease and sand removal)
before treatment with a physicochemical lamellar decanter (Densadeg type). The dry
weather system (flow rate up to 1300 m®/h) includes an additional biological
treatment by biofiltration (Biofor type biofilters), which performs nitrification
and denitrification.

The treated effluents pass through a treated water storage tank and then a
counting channel to be finally discharged into the ocean via an 800-meter long
outfall (DN 1600) located between the Milady and Marbella beaches. Since 2014,
a disinfection unit (KemConnect™) provided by Kemira offers tertiary
disinfection. Performic acid (PFA) is produced in situ by mixing formic acid and
hydrogen peroxide in the presence of a catalyst. This mixture (commercially
called DEX® and containing around 12% PFA (w/w%)) is then injected into the
WWTP effluent at a dose ranging from 0.8 to 1.0 ppm.

1.2.2 Sampling points and bacteria removal determination

Fecal bacteria (E. coli and Faecalis enterococci) removals were evaluated using
single samples collected at two distinct points in the network. The first point
lies upstream of the PFA injection point; this point allows for an estimation
of the fecal bacteria load at the station outlet. The second sampling point is
located downstream of the PFA injection point and constitutes the last
possible sampling point before effluent discharge into the drop well and
the outfall.

The effluent/PFA contact time from the injection point to the downstream
sampling point was measured by means of colorimetry and estimated at 3 min,
while the total contact time was estimated at 18 min until the end of the pipe and
discharge into the ocean.

The upstream samples were collected in a single-use sterile plastic bottle (500
mL), and the downstream samples (# + 3 min, 7+ 18 min) were collected either in
sterile disposable plastic bottles containing excess thiosulfate (20 mg/L) (for t +
3 min) or in single-use sterile plastic bottles; the reaction stopped after 15 min,
with an excess of thiosulfate.
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Determination of E. coli and Faecalis enterococci was performed according to
standard methods (NF EN ISO 9308-3 for E. coli, and NF EN ISO 7899-1 for
E. faecalis).

1.2.3 Evaluation of the environmental impact of disinfected
effluent

1.2.3.1 Ecological inventory at the outfall of the WWTP discharge
pipe

The objective here was to perform a qualitative and quantitative assessment of the
species present at the outfall. This assessment took seasonal variations into
account and was conducted over an entire season (late winter, late spring and end
of summer). The observations and census protocol were carried out by two divers
simultaneously and optimized in order to limit bias (size and positioning of the
quadrats).

1.2.3.2 Monitoring of a bio-indicator: common mold

The biomonitoring step focused on Mytilus edulis (common mold), which is a
bio-indicator widely used in biomonitoring; hence, extensive data are available in
the literature (Bachelot, 2012; Gosling, 2003; Kerambrun et al., 2012; Swiacka
et al., 2019).

For starters, the general condition of mussels has been evaluated using
conventional morphological type descriptors based on metric and weight
parameters as well as a physiological state index. To describe and compare the
morphology of individuals with regard to sites and sampling dates, seven
conventional biometric indices have been used (Figure 48): Length (L), Height
(H), Width (W), Thickness (T), Elongation index (H/L), Compactness index
(W/L), Convexity index (W/H), and Thickness index (T/L). In addition, a
physiological state index was included: the Walne & Mann condition index,
denoted ‘IC’ (Walne & Mann, 1975). This index provides information on the
individual’s condition (filling rate indicator) and moreover makes it possible to
identify growth and reproduction anomalies; it is derived by dividing the dry
mass of meat by the dry mass of shell. The higher this index value, the better the
overall condition. The index varies greatly during the breeding season depending
on the state of gonad development (Seed & Suchanek, 1992). Since samples are
taken during the breeding period, the condition of the gonads is also observed for
purposes of interpreting the results.

This approach was then completed by genetic analysis. The objective was to
determine whether the individual Mytilus edulis present on the outfall, and
continuously exposed to the PFA disinfected discharge, overexpress the genes
involved in the resistance to various stresses (oxidative stress, xenobiotics, energy
requirements, etc.). Twelve genes of interest were targeted for the genetic study
from the sequences available in the database for Mytilus edulis. Individuals living
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on the outfall were sampled during dives conducted during the outfall ecological
study (February, June and September 2015). The individuals at a reference site
were collected from the Marbella dike on the days of the dives. The studied
genes can be sorted into five categories, four of which are stress-response genes.
The studied genes are all involved in the response to: oxidative stress (sod
Cu/Zn, sod Mn, cat), mitochondrial metabolism (cox1), DNA repair mechanisms
(rad51), and apoptosis (cas8, bax, bd2). The reference genes, whose expressions
are constant in all cells, were studied to normalize the amount of RNA between
samples. The ribosomal protein gene L7 (rpl7) is involved in protein synthesis,
while the second reference gene used was the elongation factor (efl).

1.3 EFFECTIVENESS OF FECAL BACTERIA
DISINFECTION

Figure 49 displays the boxplots of the logarithmic removals obtained during the trial
period until early June 2017 for both types of fecal bacteria. This removal is
expressed in logarithmic units (Removal =logN,/N,, where N,=count after
treatment time ¢ and Ny = count before treatment).

Several important observations can be drawn based on Figure 50, namely:

¢ For E. coli, with a contact time of 18 min, the average removal equals 3.3 u.
log.

¢ For Enterococci, under these same conditions, the removal is about 1 u.log
less than for E. coli, with an average value of 2.2 u.log. This difference is
probably due to the alteration in membrane structure between the two types
of bacteria, as the cell wall of Enterococci (Gram negative bacteria) is
much thicker than that of E. coli (Gram positive).

* Significant variability exists in the removal rates for both E. coli and
Enterococci, as demonstrated in other studies (Ragazzo et al., 2013). This
variability is related not only to the load of microorganisms (which can
vary by a factor of 1000 from one sample to another), but also to the TSS
content of the outlet water, with lower removals often being observed at
high TSS concentration values. However, no simple relationship exists
between fecal bacteria removal and TSS content.

In order to rationalize these experimental results, a statistical study was
conducted to better define the turbidity thresholds that impact PFA effectiveness.
The most suitable statistical model to account for the influence of various
parameters (turbidity, TSS, temperature, conductivity, chemical oxygen demand)
on a target variable (in this case the value of the bacteriological quality of water)
is the conditional tree. This tool allows to show:

* which parameter exerts the primary influence on the target variable;
* what parameter value triggers a noticeable threshold effect.
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Turbidity data and bacteria removal results were therefore compiled and analyzed
statistically according to this methodology (using the R software rattle package,
Williams, 2011); Figure 50 shows the conditional tree obtained with the
bacteriological analysis value for the E. coli organism after 18 min of treatment
with PFA. For this analysis, three target values were chosen, each corresponding
to a ‘bathing water’ threshold: 0-500, 500—-1000, >1000 (MPN/100 mL).

This conditional tree can be interpreted as follows: the most impactful parameter
is turbidity, and the threshold value is 15.7 NTU, corresponding to total suspended
solids of around 20 mg/L. Above this value, the proportion of analysis higher than
1000 MPN/100 mL becomes significant (about 50% of the total 14 analyses above
1000). The second parameter with a significant impact appears to be conductivity:
for conductivities above 3200 uS/cm, the proportion of analyses lower than 500
MPN/100 mL is only 60%. A separation of dry weather/rainfall data does not
significantly modify the analysis of the results.

All results converge to indicate that PFA effectiveness is high for turbidity below
16 NTU at a dose of 1.2 ppm (C x t of 21.6 ppm.h). Above this turbidity value, it is
proposed to increase the treatment dose to 2 ppm (C X t of 36 ppm.h) and possibly
to 4 ppm (C x t of 72 ppm.h) in case of extreme turbidity values.

1.4 ENVIRONMENTAL IMPACT OF THE DISINFECTED
EFFLUENT

1.4.1 Ecological inventory at the outfall of the WWTP
discharge pipe

The impact of WWTP discharges on benthic communities in hard substrates has
been poorly documented. Several works do exist (Andral et al., 2011;
Cabral-Oliveira et al., 2014; Terlizzi et al., 2002), but the conditions are not
necessarily comparable to those at the Marbella outfall. Therefore, a census of
species present at the outfall has been carried out. The spatial distribution of
species at the outfall (Figure 51) and its temporal evolution were monitored in
2015 and 2016, after the start of the PFA disinfection campaign in 2014. The
objective of this monitoring mission was to determine whether or not ecological
diversity was changing over time as a result of PFA use.

For both years monitored, the average recovery percentages show that the
majority of species are Actinothoe sphyrodeta (47%), bryozoans (16%) and
Chartella papyracea (12%).

A statistical comparison was performed in order to highlight a possible spatial
distribution of colonization between the north-facing part of the outfall and the
south-facing part. The result of the Wilcoxon test conducted to compare
colonization between the north and south faces indicates insignificant differences
(p-value = 0.285), which means that colonization and communities do not differ
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between the two areas. Consequently, the two colonization faces can be treated
together without introducing bias into the analysis. The spatial distribution of
benthic fauna reveals homogeneous colonization over the entire structure. In
conclusion, the quadrats carried out in 2015 and 2016 do not display an effect of
discards on the distribution of taxa of fixed fauna. Within these two years, a
similarity is found between the dominant taxa, but with differences in average
representation, particularly for Actinothoe sphyrodeta, Hydrozoa and Sabellaria
alveolata. The presence of species considered opportunistic or, in contrast, highly
sensitive to changes in environmental conditions, was not been observed during
either year.

It can be concluded that the Marbella WWTP outfall is an artificial habitat where
a particular biodiversity has been concentrated. This biodiversity is characteristic of
hard substrates, tolerant of strong hydrodynamics, regular sedimentation and
desalination (de Casamajor, 2004). In fact, the tertiary treatment does not seem to
have a negative impact on the site’s biodiversity.

1.4.2 Monitoring of a bio-indicator: common mold

The performance of the biological functions of bivalves is known to be strongly
influenced by environmental conditions. As a result, their use as sentinel
organisms and pollution controls is common (Gosling, 2003). Their mode of
feeding by filtration leads to the concentration of various types of pollutants
(chemical, bacteriological) and/or viruses. Thus, they are sensitive to the
different stresses caused by pollution, and their growth, reproduction and
longevity can be directly affected (Gosling, 2003). Among the organisms
frequently used for coastal environmental biomonitoring, mussels are preferred
because, as ‘bioaccumulators’ (i.e., capable of accumulating contaminants at
levels higher than those of the environment), they allow us to study the levels and
trends of chemical contamination in the aquatic environment. Accumulation
performance varies with age and stage in the organism’s reproductive cycle
(Bachelot, 2012). Studying the biological response of organisms to pollutants
combines multiple indicators, namely: physiological, biochemical, molecular
and/or cellular parameters that are altered by the action of contaminants
(Kerambrun et al., 2012). In studies dealing with the biological effects of urban
discharges in the sea, implementation strategies are generally of three types:

(1) mussel ‘caging’, which consists of exposing the mussels close to the outfall
for a given period of time by transplanting them into cages with a control
site,

(2) controlled environmental experiments in mesocosms,

(3) in situ sampling (De los Rios et al., 2012; Turja et al., 2015).
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This latter strategy has been selected for the present study. Caging tests would have
been unsuccessful due to extremely unfavorable hydrodynamic conditions at the
discharge point (strong swell). Moreover, mesocosm tests would require the
presence of certain equipment close to the PFA production unit, which was not
possible in this study.

1.4.2.1 Morphological parameters

First of all, the general condition of the mussels, as studied using conventional
morphological-type descriptors based on metric and weight parameters along
with and a physiological condition index, will be presented. The relationships
between the various indices, which did not change substantially between 2015
and 2017, are depicted in Figure 52 via a principal components analysis (PCA).
This depiction could reflect a relative stability of the environment containing the
studied individuals and is consistent with their adaptation to the disinfected
effluent.

Statistical tests were conducted on the condition index IC in order to compare the
same sampling point in both studied years (2015 and 2017). These tests concluded
an insignificant difference in this index between sampling years, meaning that the
tertiary treatment implemented at the Biarritz WWTP does not degrade the
condition index of mussels living on the outfall.

1.4.2.2 Genetic analysis

The morphological approach was complemented by a genetic analysis to determine
if the genes involved in the resistance to various stresses (oxidative stress,
xenobiotics, energy requirements, etc.) are being overexpressed. Figure 53
summarizes the results obtained on two groups of genes in 2015 and 2017:
oxidative stress genes and DNA repair. For a given site and date,
inter-individual variability can be high (i.e., high ‘error’ bars), which has also
been verified herein. It is therefore generally accepted that a minimum factor of
2 for induction or less than 0.5 for repression must be achieved in order to
dismiss physiological variations in expression levels between individuals (red
lines in Figure 53). For a given site, the temporal variation can be extremely
large and the expression levels of a gene can differ considerably depending on
the sampling period. As such, outfall/reference site comparisons should only be
conducted on the same date.

In considering the above remarks, no significant differences exist in terms of
oxidative stress genes and DNA repair genes between the individuals in the
reference site and those in the outfall (Figure 53). All results obtained indicate
that the induction factors observed more heavily favor an adaptive response of
organisms to the disinfection of treated wastewater by PFA rather than an acute
toxicity response.
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Key points

As regards PFA disinfection performance:

» The disinfection performance of limited doses of PFA (1.2 ppm of PFA and
18 min of contact time) applied to treated wastewater has been confirmed
and quantified.

» The average removal for E. coli is 3.4 u.log.

» The average removal for E. faecalis is 2.2 u.log.

» A systematically lower removal of one log unit for E. faecalis compared to E.
coli has been observed.

» The disinfection effectiveness is highly dependent on the outlet water quality
and, in particular, on the TSS load.

In studying the impact of PFA disinfection on the natural environment:

« The WWTP outlet pipe behaves like an artificial reef and contains an
ecosystem different from the surrounding sandy seabed.

» Biodiversity appears to be normal given the environmental constraints
(swell), and the identified species are those commonly found in the Bay of
Biscay.

» A more detailed study on a bio-indicator (common mussel) was conducted
from both a physiological (biometric indices) and genetic (comparative
response of certain gene stresses) point of view. All results obtained to
date suggest that the observed responses are adaptive in nature. Further
anatomical-pathological studies would provide additional information on
process safety.
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Chapter 2
Case of Venice (ltaly)

Patrizia Ragazzo and Nicoletta Chiucchini
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2.1 INTRODUCTION
2.1.1 The initial context

This project started up in 2005 with the aim of identifying a valid alternative to
chlorine in the disinfection of wastewater. Given its tendency to form disinfectant
byproducts (DBPs), as early as 2004 Veneto Region Authority had expressed the
intention to proceed with extensive chlorine prohibition in wastewater
disinfection. The need had therefore emerged to quickly identify a disinfection
alternative that, by ensuring bacterial inactivation performance similar to that of
chlorine, did not involve byproduct formation. In reviewing the alternatives
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available at the time, peracetic acid (PAA) and UV irradiation constituted the main
solutions capable of being adopted. However, since the effectiveness of UV
treatment is highly influenced by the quality characteristics of effluent and
moreover implies high operating and capital costs while PAA entails other
noteworthy disadvantages (qualitative or economic), we did not consider either of
them to be adequate solutions.

Hence, we laid out two main lines of research aimed at identifying alternatives,
one regarding the circumstances of potentially maintaining chlorine use and the
other focused on studying the applicability and reliability of a new chemical
(performic acid, PFA), produced by the Finnish company Kemira, proposed as a
disinfectant in wastewater.

The suitability of PFA in wastewater disinfection was preliminarily assessed at
our laboratory by carrying out batch tests on actual matrices consisting of
secondary wastewater effluent, and by verifying the effectiveness of PFA on fecal
coliforms Escherichia coli (E. coli) and enterococci at doses and contact times of
1-5 mg/L and 10-60 min, respectively. Based on the encouraging results shown
for PFA effectiveness versus those of more traditional disinfectants, such as PAA
and chlorine (Ragazzo et al., 2007), we initiated the first full-scale experiments,
the first of which was carried out in winter 2005 and summer 2006 at the Caorle
municipal wastewater treatment plant (120,000 population equivalent).

These studies were conducted by using both the first production system
prototype (Figure 54a and b) and the more heavily automated pilot Hyproform
system (Figure 54c and d). As part of these investigations, the effectiveness and
potential impacts were tested on a number of key effluent quality parameters
(e.g., pH, total organic carbon, other chemical and physical parameters) as well as
on the indirect ecotoxicity introduced into the environment.

Further study phases examined other WWTPs (Table 23) and years (2011-2018),
with the aim of consolidating the knowledge of PFA with respect to disinfection
efficacy and oxidative power on organic matter, in addition to direct and indirect
toxicity induced by the doses applied, for potential products generated from
its decomposition.

Throughout the experimental campaigns on PFA, specific studies were
conducted in parallel within the same WWTPs for comparison with other
reference wastewater disinfectants, such as chlorine and PAA.

The full-scale studies demonstrated that PFA is an effective and reliable
disinfectant for wastewater treatment applications (Ragazzo et al., 2013), and its
effectiveness is comparable and greater than that of chlorine hypochlorite (HYP)
and PAA (Ragazzo et al., 2020).

This chapter will report some of the main results obtained, in compliance with the
confidentiality agreements set forth by the scientific journals that have published our
results. A certain amount of the data has been reprocessed in order to focus on
specific aspects of PFA disinfection, while other data are presented here for the
first time.
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2.1.2 Disinfection methods in VERITAS

Ours is a public multi-utility managing 36 municipalities covering the integrated
water cycle, servicing a total of some 800,000 inhabitants across a territory
visited every year by millions of tourists. Drinking water is produced from both
ground (81%) and surface (19%) sources. Wastewater (95 Mm® /years) is treated
in 38 treatment plants (WWTPs) for a total capacity exceeding 1.2 million
population equivalent (p.e.). Eleven WWTPs have been designed to serve
between 10,000 and 400,000 p.e., six of which encompass bathing locations
along the Adriatic coast: Jesolo, Caorle, Eraclea, Cavallino, Lido di Venezia,
Chioggia (capacity range: 32,000-160,000 p.e.). The sensitivity of this territory
due to the Venice Lagoon and coastal bathing zones requires special attention to
wastewater management. For this reason, stringent regulations on both discharged
loads and WWTP treatment requirements were drawn up beginning in the early
1970s (D.P.R. 962/1973). The ban on chlorine use in wastewater disinfection is
part of these restrictions. The first prohibition dates back to the early 2000s (D.M.
1999) and referred to effluents directly or indirectly discharging into the Venice
Lagoon. This interdiction was then extended to the entire region 14 years later, in
2013 (Deliberation no. 107/2009, Veneto Region, 2009). This context prompted
the conversion of disinfection treatments in the region toward alternatives, at
the time considered to be less impactful. In the case of Veritas, the initial
conversions were to the UV technology at the Fusina (400,000 p.e.) and
Campalto (130,000 p.e.) WWTPs, as part of an integrated project to adapt
infrastructure to safeguard the Venice Lagoon. By extension later on, other
WWTP disinfection treatments were upgraded, by adopting the only chemical
alternative to chlorine available during those years (2000-2010). To date, 13
installations offer active disinfection: three use UV technologies (130,000—
400,000 p.e.), eight disinfect with PAA (2500-105,000 p.e.), and two disinfect
with PFA (32000-160,000 p.e.).

2.2 MATERIALS AND METHODS
2.2.1 Studies and the WWTPs

All studies on PFA, from 2005 to 2018, were carried out with both laboratory tests and
full-scale experiments. For this purpose, three coastal WWTPs —i.e., Jesolo (160,000

p.e.), Caorle (120,000 p.e.) and Eraclea (32,000 p.e.) — and the remote San Dona’di
Piave plant (45,000 p.e.) were used. All plants provided a conventional sequence of
treatment (primary clarification, active sludge oxidation-nitrification and
denitrification, secondary settling) for municipal wastewater, collected primarily
by combined (60%) sewage systems, with insignificant industrial discharges. The
effluents were only disinfected during summer in order to respect the national
E. coli regulation limit of 5000 CFU/100 mL.
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The effectiveness of the disinfectants was tested against fecal coliform (FC),
E. coli (EC) and the more resistant fecal enterococci (FE). Table 23 provides an
overview of all the main investigations undertaken.

All the plants were equipped with traditional chicane disinfection channels;
moreover, the doses set to guarantee the compliance limit are flow-paced and
maintained to be stable through a standardized management/control system.

Performic acid disinfection solution was produced on-site, just before dose
application, with the two systems provided by Kemira Oyj: Hyproform
(2005/2006) and Desinfix (starting in 2011). Besides the technical and safety
aspects, which were greatly improved in the final unit, the major difference
among the systems lies in the compositions of the equilibrium solutions
produced, with higher oxidant concentration ranges in the Desinfix (PFA 12-15%
w/w and H,O, 18-20% w/w), with respect to Hyproform (herein denoted
PFA-HP) (PFA 8-10% w/w and H,O, 11-13% w/w). A detailed technical
description of the systems has been reported in Ragazzo et al. (2013).

For the other two disinfectants used here as references, commercial solutions
with an active substance nominal titer of 12% w/w for hypochlorite and 15%
w/w for PAA were applied.

2.2.2 Sampling methods

Laboratory tests focused on bacterial inactivation over time at different disinfectant
doses. For this purpose, samples collected at the WWTP outlet were taken to the
laboratory for processing through batch trials at various disinfectant
concentrations; upon each test, the samples were quenched for oxidant residual
and analyzed for bacterial concentrations according to the method outlined in
Table 24. Other batch trials were performed in order to correlate the carbon-based
disinfectants PFA and PAA with the organic carbon increase, especially its
biodegradable component. Deionized water solutions corresponding to
disinfected water, ranging from 0.5 to 10 mg/L, were tested and then total
organic carbon (TOC), and chemical and biochemical oxygen demand (COD,
BODs) were analyzed according to the methods shown in Table 24.

During the full-scale studies, the physicochemical parameters (pH, total
suspended solids (TSS), COD, nitrite, ammonia, etc.) at the disinfection inlet
were evaluated, along with disinfectant effectiveness by means of FC, EC and FE
fecal indicators. In some cases, the EC and FE concentrations at various retention
times along the disinfection channel were also determined.

The PFA qualitative impact on organic compounds was assessed by monitoring
TOC and formate (FA) concentration, both before and after PFA application.
Ecotoxicity impacts were assessed using the Vibrio fishery and Daphnia
Magna tests.

All analyses were conducted in the laboratory on composite wastewater samples,
obtained by collecting in the same bottles equal aliquots of effluents at different time
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intervals (every 2—3 hours) in relation to the flow rate; sodium thiosulfate had been
previously added to the bottles so as to reduce oxidant residuals.

The disinfectant solution was periodically controlled for the concentration of
active substances by titration with cerium ammonium sulfate and sodium
thiosulfate for PFA-PAA (Greenspan & MacKellar, 1948) and by iodometric
titration with sodium thiosulfate for chlorine (UN EN 901:2007). The oxidant
residuals at the disinfection outlet were controlled on a daily basis by means of
the DPD colorimetric method, according to APHA 4500-Cl1 G, with and without
the prior addition of catalase enzyme to account for the H,O, contribution in the
case of peracids. Table 24 summarizes the methods employed at both the full and
laboratory scales.

2.2.3 Data processing

The level of effectiveness was analyzed using the non-parametric Kruskal-Wallis
test. The ANCOVA test was applied to evaluate the effects of disinfectants,
adjusted for doses and contact time. The t-Student and non-parametric Wilcoxon
tests were used for comparisons of quality pair data, respectively for normal and
non-normal distributions (based on the Shapiro—Wilks test). Associations among
variables were assessed by the Spearman rank test. Bacterial inactivation results
were modeled using Hom and S-Model (Luukkonen et al., 2015); kinetics
parameter values were obtained by means of non-linear regression run with the
Microsoft Excel Solver-function GRG nonlinear.

2.3 RESULTS
2.3.1 Experimental set-up

The first full-scale results on PFA effectiveness were obtained in 2005-2006 by
using the prototype and pilot production system (Hyproform, denoted here as
PFA-HP). From 2011 onwards, all PFA studies were carried out using
increasingly more advanced production systems, culminating in what became the
definitive Desinfix production system (denoted here as PFA). Moreover, in those
plants where HYP and PAA were routinely used, specific management and
monitoring criteria were implemented, in addition to adapting frequency and
control type, in order to obtain effectiveness data useful in comparisons. Table 25
lists the installations and operational conditions of the full-scale experiments for
all disinfectants presented and discussed in this section. All plants serve seaside
locations and are characterized by high seasonal and daily load variations;
retention time in the disinfection channel, which is consistently adequate at the
Caorle and Jesolo WTTPs, was more critical at Eraclea, where values shorter than
10 min were often recorded. Disinfectant doses, previously individuated to meet
the 5000 CFU/100 mL E. coli target at the outlet, were generally maintained.
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2.3.2 Effectiveness

Table 26 provides the median and range of variation of the main qualitative
characteristics of the secondary effluents entering the disinfection reactor for each
disinfectant applied (Kruskal-Wallis test). Since these effluents stem from
the biological oxidation process, the main physicochemical parameters capable
of impacting with disinfectants are: pH, total suspended solids, nitrous and
ammonium nitrogen, organic compounds (COD, BODs), and the bacterial
concentration itself.

Qualitative parameter variations were similar to one another except for
ammonia, which was high particularly in the case of disinfection with HYP and
PFA (nitrite was always below the detection limit of the analytical method: 0.02
mg/L). Ammonia is reported not to interfere with PAA and PFA; with chlorine,
it was determined that the disinfection mainly occurred by monochloramine
(Ragazzo et al., 2020). Total suspended solids and COD were always below
the values reported as interfering with disinfectants; for pH, only PFA could
have interfered with the neutral values (Ragazzo et al, 2020). Bacterial
concentrations entering the disinfection channel were comparable (p > 0.05,
Kruskal-Wallis test), with the exception of fecal coliforms and E. coli under
PFA-HP disinfection (where lower values were recorded compared to other
disinfectants, p <0.001); for PFA-HP, the Spearman test found weak
correlations with the corresponding bacterial reduction (R~0.52-0.60 for fecal
coliforms and E. coli respectively, p < 0.01).

Weak correlations were also found for PAA and PFA, respectively, between the
enterococci and E. coli detected at the inlet and corresponding values at the outlet.
Only in the case of PFA-HP was a correlation found, albeit weak, between fecal
coliforms measured at the outlet and TSS values at the inlet (R~0.52, p <0.01).
The results obtained at full scale from 2005 to 2011 are given in Table 27; data
are provided in terms of statistical comparison among the bacterial inactivation
achieved by the various disinfectants, each one under the respective operating
conditions of dose and contact time (via the Kruskal-Wallis test).

PFA appears in both forms: the oldest disinfection solution with a PFA of around
9% w/w (PFA-HP) and the new solution (PFA) containing a PFA of approximately
14% w/w. At contact times between 10 and 20 min, at doses that were one-half and
one-third of those of PAA and HYP respectively, PFA achieved the highest
inactivation of all fecal indicators, while PFA-HP and PAA the lowest against
E. coli and enterococci, respectively. With less constraining contact times
however, the PFA-HP achieved E. coli reductions comparable to those with HYP
and PAA, as well as an enterococci inactivation similar to that of HYP; put
otherwise, it performs better than or comparable with the other chemical
disinfectants.

Under very limited retention times, PFA achieved E. coli and enterococci
inactivation consistently greater than that of PAA over all time intervals, with
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enterococci reductions being comparable to those reached by chlorine at 30-plus
minutes. Figure 55 provides the exceedance probability plot of disinfectants from
10 to 20 minutes.

The ANCOVA test was applied to these same results to compare the disinfectant
performance in taking into account the contribution of doses applied, thus
evaluating the actual effectiveness of the disinfectants. The order of effectiveness
indicated by this test is summarized in Table 28.

Bacterial inactivation was fitted with the Homs and S bacterial models to
compare PFA and PAA; the range of parameters estimated is reported in
Table 29. Fecal indicator inactivation has been well described by both models
(R* always above 0.91) at doses between 0.5 and 1.3 mg/L for PFA (manly at
the full scale) and 1-3 mg/L for PAA (mainly at the laboratory scale). Hom’s
model shows the limited importance of disinfectant concentrations, except for
PAA, against enterococci (‘n’ values greater than the others), as well as the
importance of retention time, which increases with bacterial resistance (‘m’
values greater for Enterococci than E. coli) and the disinfectant strength decrease
(‘m’ values less for PFA than PAA). These findings are in agreement with results
reported by Luukkonen ef al. (2015). The K values for both models further
confirmed the higher sensitivity of E. coli than enterococci to disinfection (values
for E. coli greater than those for enterococci).

2.3.3 Reuse goal

Results obtained during experiments at the full scale (2005-2011) were analyzed to
verify the extent to which the disinfection systems, set for compliance at the current
target (5000 E. coli CFU/100 mL), were able to meet more ambitious goals. For the
four disinfection systems tested, Table 30 reports the percentage of values at the
disinfection outlet capable of respecting various limits: from the targets to be
respected (the highest value, representing the general limit that effluents are to
respect for discharge into surface waters) to the other two more restrictive targets,
used as conservative levels to guarantee compliance. In the case of E. coli, 1000
CFU/100 mL offers a guideline value by the WHO for agricultural reuse in
countries without drought issues; 10 CFU/100 mL must be respected in Italy for
this same kind of reuse (D.M. 185/2003).

The ability to comply with the various limits can be summarized in the following
order: HYP > PFA-HP > PAA with fecal coliforms; PFA > HYP~PFA-HP >
PAA against E. coli and enterococci. Moreover, the PFA constantly met the 1000
E. coli WHO guideline value and yielded the best performance for the other
targets as well.

The ANCOV A model applied to the results discussed above, including doses and
contact times (covariates), provides a forecast of disinfectant effectiveness adjusted
for both covariates; Table 31 shows how the various systems can guarantee a low
level of microbiological risk in the effluent. Among all the bacterial indicators,
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PFA is supposed to be the most effective in guaranteeing a low level of
microbiological risk, especially with enterococci; the values guaranteed at the
discharge outlet by PAA and PFA are respectively 1.5 and 0.2 times those of
chlorine. In other words, the microbiological values in the effluent guaranteed by
PAA are 7-9 times higher than those guaranteed by PFA (for Fecal coli to
E. coli, respectively).

2.3.4 Compliance over time

Subsequent to these studies, PFA disinfection technology was adopted in all the
WWTPs where the experiments were conducted (Caorle, Eraclea, San Dona e
Jesolo). For the several contact time intervals of WWTPs over the six-year period
(2013-2018), Table 32 reports the number of controls performed, the
corresponding doses applied, and the percentage of results able to meet 1000
CFU/100 mL and the two additional, more ambitious E. coli targets. The
physicochemical characteristics of the effluent were those typical of the WWTPs:
some key parameters are indicated in terms of average, standard deviation and
maximum value (in brackets) in Table 33.

The E. coli goal (5000 CFU/100 mL) was respected at a high level of confidence
(1000 CFU/100 mL) in 99% of controls (1000 CFU/100 mL). When taking into
consideration all WWTPs, the PFA doses ranged from a minimum of 0.4 to a
maximum of 1.1 mg/L, and retention times in the disinfection channel were
typical of each installation, that is relatively high for Caorle and San Dona (52
and 27 min on average, respectively) and quite low at Jesolo and Eraclea (20 and
10 min, respectively). The few values that exceeded 1000 E. coli CFU/100 mL
were recorded at the Eraclea WWTP during high season. The E. coli limit
established for Italian agricultural reuse (10 CFU/100 mL) was met in less than
20% of cases across all installations except for San Dona, where this limit was
met in 58% of cases.

In the two-year period 20162017, PFA residuals at the disinfection outlet were
measured three times a day at each installation to monitor the decomposition of
oxidant residuals. In 97% of the measurements, the PFA dose was below 0.8
mg/L (total average: 0.6 mg/L), and retention times were shorter than 20 and 40
min in 53 and 74% of the cases, respectively. The average retention times in the
disinfection reactors were ranked as follows: Caorle >S. Dona > Jesolo >
Eraclea, where the extremes were respectively 52 and 10 min.

The trend in PFA residuals at the disinfection outlet was significantly correlated
with retention times in the disinfection channels (R Spearman 0.66 p <0.01),
regardless of the matrix variation and uncertainty due to in-field measurements
and low concentrations. Unlike PFA, H,O, was consumed rapidly and, regardless
of contact time, with residuals ranging from 14 to 10% of doses applied at Caorle
and Eraclea, respectively.
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Figure 56 shows the average residual concentrations of PFA at the four WWTP
disinfection outlets vs. their average contact times.

2.3.5 Quality impacts

Several works in the literature have referred to the low propensity of PFA and PAA
to form disinfection byproducts. In reference to other authors, Luukkonen and
Pehkonen (2017) postulated, for example, that one of the main advantages of
PAA over free chlorine or ozone is the reduced probability of forming DPBs and
moreover that PFA, though less widely studied in terms of byproduct formation,
does form DBPs similar to or even slightly lower than PAA.

Similarly, several pieces of evidence point to the impacts of PAA on the organic
substance of the effluent. Both COD and TOC increase as a result of peracid dosing,
and it is possible to calculate the theoretical increase based on the peracid
equilibrium composition (Luukkonen et al., 2014).

The impact of PFA on the quality characteristics of secondary effluent was
examined several times during our experiments, between 2005 and 2017. Initial
studies examined the variation, due to the doses applied, in key quality
parameters such as TOC, BODS and pH (Ragazzo et al., 2013). Subsequent
research on the impacts of PFA have focused on the potential cytotoxic,
genotoxic and mutagenic effects of PFA (Ragazzo et al., 2017), as well as on
certain implications (linked to its use), such as the potential direct toxicity on the
environment and the ability to oxidize some of the categories of organic
compounds more recalcitrant to oxidation (Ragazzo et al., 2020).

Given the greater ability of PFA, in comparison with PAA, to inactivate the most
resistant fecal indicators (enterococci), the ability of PFA to oxidize organic
substances has been constantly assessed, either directly on generic organic
substances or through indirect testing (Ragazzo et al., 2013, 2020).

No pH variation or organic matter oxidation was detected at doses applied at the
full-scale (Ragazzo et al., 2007, 2013). This finding was subsequently confirmed by
additional literature reporting a weak ability for PFA to oxidize pharmaceutical
compounds, endocrine disruptors and bisphenol-A (Gagnon et al., 2008;
Luukkonen et al., 2015).

For each interval of contact time in the disinfection reactor, Tables 34 and 35
compare TOC and formate by using the Student’s and Wilcoxon tests, respectively.

The comparison is drawn between values calculated at the dosage point Ty
(obtained by adding the stoichiometric values derived from the applied PFA
dosage to the measured values at the inlet) and those measured at the disinfection
reactor outlet.

All values measured at the discharge outlet corresponded to the expected
theoretical values (p > 0.05), with the exception of two time intervals for TOC,
during which the values increased from the disinfection reactor inlet to outlet; this
variation however was less than or equal to the uncertainty of the analytical
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method (5—10%). These results suggest a poor ability of PFA to oxidize the organic
substance, even the simplest, co-generated and coexistent with the disinfectant
itself, in addition to a potentially low tendency to form byproducts.

Specific laboratory tests carried out to correlate the carbon-based disinfectants
PFA-HP and PAA with the biodegradability of corresponding residual molecules
showed a poor biodegradability in terms of the BODS of formate (co-present and
intermediate decomposition product of PFA) with respect to acetate (co-present
and intermediate product of decomposition of PAA). Table 36 correlates PFA-HP
and PAA doses (applied or simulated) with the several corresponding
components of measured organic carbon. In the case of the PFA solutions being
used today, these components are reduced to 0.7, 1.0 and 0.3 mg/L for TOC,
COD and BODS, respectively.

The toxic effect of PFA was measured in relation to the potential byproducts
formed by its reaction with organic and inorganic substances present in the
matrix. Toxicity was evaluated both in terms of eco-toxicity induced on Vibrio
Fishery and Daphnia Magna (at the doses applied at full-scale, averaging around
1 mg/L, variation range: 0.4-2.4 mg/L) and in terms of mutagenic, cytotoxic and
genotoxic potential, by measuring short-term effects on bacterial, plant and
mammalian target cells (doses ranging from 0.6 to 1.5 mg/L). In no cases were
any depression effects actually recorded on Vibrio Fishery light emission >50%
(Ragazzo et al., 2013) or on Daphnia Magna mobility (zero effect consistently
reported). Light suppression, which varied from a minimum of 0% to a maximum
of 43%, did not differ from the typical effluent values in the absence of
disinfection treatment (p > 0.05).

The mutagenic and genotoxic effects were always negative in all in-vitro tests,
performed on both disinfected and non-disinfected effluents. In tests with Allium
cepa however, in some samples of unconcentrated wastewater, treatment with
PFA did induce a slight increase in the frequencies of the micronucleus in root
cells, uncorrelated with the disinfectant doses (Ragazzo et al., 2017).

2.3.6 Protection outcomes and economic evaluations

Effectiveness levels obtained for PFA and PAA in the studies performed from 2011
to 2017, when examined as a whole, allow some conclusions to be drawn on doses
and costs required to guarantee, at least in theory, a suitable level of protection from
microbiological risks in wastewater disinfection. For both peracids, the doses were
set at the minimum value in order to guarantee stable compliance of 5000 CFU /100
mL E. coli at the disinfection outlet, which corresponds to respecting the
microbiological targets at 20% of the guideline or limit values (Ragazzo et al.,
2020).

Table 37 summarizes the percentage of cases and corresponding operating
conditions in which the two peracids did respect the conservative microbiological
targets.
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The 1000 CFU/100 mL E. coli and 400 CFU/100 mL enterococci targets were
achieved by PAA-PFA in 92-99 and 48-88% of cases, respectively, at applied
doses 2-3 times higher for PAA than PFA. In other words, PFA guaranteed
higher compliance against E. coli despite being much more often under less
favorable contact time conditions; given the rather similar operating conditions
against enterococci, PFA provided a level of protection nearly double that of PAA.

Costs vary depending on different factors (allocation, type of WWTP and
wastewater characteristics, microbial target, etc.); hence, definitive evaluations
cannot be given. Nevertheless, some conclusions can be drawn based on the
stability of results reported and discussed by Ragazzo et al. (2020). Even though
the commercial costs of the PFA active substance are on average roughly 1.5
times those of PAA (€10.8/kg and €7.6/kg, respectively — values extracted from
internal and literature data — Luukkonen et al., 2015; Maffettone et al., 2018), in
all trials the reagent disinfection costs were higher for PAA compared to the
on-site generated PFA, that is €0.018/m> and €0.010/m> on average, respectively.

Key points

» PFA technology appears to be a valid alternative to chlorine and moreover
offers some decisive advantages over peracetic acid disinfection.

» lts undisputed efficacy against enterococci under all operating conditions
tested is the main reason why we chose PFA as the disinfection
technology for plants with effluent more directly connected to the Adriatic
coast and bathing zones protection issues. We therefore regard this
technology as a solution to be adopted more extensively in the near future.
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General conclusion

Among the chemical solutions for disinfecting wastewater that have emerged over
the last few decades, performic acid is an adapted solution for wastewater treatment
plant outfalls. This book has consolidated the present state of knowledge
and moreover provided evidence of its suitability for wastewater disinfection.
The purpose here has been threefold: characterize the performance of chemical
disinfection by performic acid, define the most suitable implementation
conditions (treatment rate, in particular), and ensure environmental protections
when implementing this additional treatment step.

To meet these objectives, the Greater Paris Sanitation Authority (SIAAP) and its
scientific and industrial partners undertook a two-year research effort on two
different scales. On the one hand, tests were carried out at the laboratory scale to
define the performance of this disinfection method and, in particular, to identify
the links between its effectiveness and implementation conditions. This
laboratory scale provided technical and scientific information on the harmlessness
of such treatment for the environment, using a large panel of bioassays. On the
other hand, trials were conducted at an industrial scale. Disinfection facilities,
allowing for the injection of performic acid, were set up at the Seine Valenton
wastewater treatment plant (SIAAP, Valenton) in order to assess the performance
of this technology in an industrial application while also confirming the lack of
impact from the disinfected water on the river.

The effectiveness of performic acid in removing fecal bacteria has been
demonstrated. The application of a dose of 1 ppm, corresponding to a C xt
ranging from 10 to 30 ppm.min in the Seine Valenton configuration, made it

© 2021 The Editors. This is an Open Access eBook distributed under the terms of the Creative Commons
Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for non-commercial
purposes with no derivatives, provided the original work is properly cited (https://creativecommons.
org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned from any third party in
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possible to maintain, under all circumstances, fecal bacteria concentrations below
the bathing quality thresholds (Directive 2006/7/EC). The introduction of a wide
array of biological tools has indeed proven the lack of harmful effects from
performic acid within the aquatic environment regarding endocrine disruption
(thyroid, estrogenic, androgenic) and so-called general toxicity (effect on the
growth of single-cell organisms). The fact that this disinfection method leads to
irreversible damage to bacteria, along with its ability to remove some of the other
pathogens (sulfate-reducing spores), yields an even broader range of uses.

We are therefore hoping that this book will assist stakeholders and operators in
making choices and managing their wastewater flows in light of changes in social
expectations and, more broadly, in offering solutions to mitigate water-related
challenges through guidance on sustainable use or reuse.
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Cultural aversion to microbes, healthiness or desire for safe bathing, the applications
for water disinfection are varied and the technologies used to achieve this goal are
numerous. The authors looked at a simple solution to implement: the use of a reagent
called performic acid. Consequently, more than two years of applied research,
observations and analyzes were necessary to demonstrate its harmlessness
towards the natural environment. The strength of the demonstration lies in the
cross-vision of many researchers and scientists from different backgrounds who
shared their studies and observations. The strength of this testimony also lies in
the diversity of the application cases, including notable and sensitive receiving
environments as different as the Seine, the Atlantic Ocean or the Venice lagoon.
Through its intentions and results, this work is a step moving forward the 2030
Agenda for Sustainable Development, particularly SDG 6 ‘Clean water and
sanitation’ relying on the lever of SDG 17 ‘Partnerships for the goals’.

Denis Penouel
Deputy Chief Executive Officer in charge of prospective

SIAAP

Greater Paris Sanitation Authority inneédUvation

Innovation for water
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Figure 1 Contribution of both the Seine Valenton WWTP discharge (blue curve) and
the combined sewer overflows (yellow curve) to bacterial contamination (E. coli) of the
Seine River, as simulated using the PROSE mathematical model at Port a I'anglais
site, located downstream of the plant.
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160 Disinfection of WWTP Discharges using Performic Acid

SECTION 1 — CHAPTER 1

1. PFA lab-scale preparation \
Step 1 : Activation of formic acid Step 2 : PFA synthesis
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Sulfuric acid hypochlorite . Cold water

Cold water
— = E— [— =¥
5 min 1h30
m PFA
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Balance Magnetic formic acid Balance Magnetic
stirrer stirrer
2. Titration of PFA \
Step 1: Titration of H,O, Step 2: Titration of PFA
Reaction 1: - Reaction 2:

i 2MnO, + 5H,0,+6H* > 2Mn2*+50,+8H,0 o 9
; A2 > +1, + HO
n)\u‘o '{C\w 2 2
Reaction 3:

I, + 28,02 > 21 + S,08%
KMnO, " e NayS,0,

Pure PFA diluted in sulfuric
acid at 1 mol/L

Cold water and ice

&

/ 3. Disinfection trials at lab-scale

(‘\ (N\az8203 (\Disinfected

sample
1.8 Lof
wastewater E E
\ sample 10 min 1 min J

Figure 2 Summary of PFA preparation, titration and laboratory-scale disinfection trial
methods.

/
N

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wio9781789062106.pdf
bv auest



1.4

1.2

1.0

0.8

0.6

[PFA], / [PFA],

0.4

0.2

0.0

List of Figures 161

% -18°C ® 4°C © 22°C

T el
><><>< XXX.}(XX S
‘X ...................... X
TRt
| X
L
>
i.\
\ y=ed s
00\ Y & beo ® o - y= ©-0.041x
- oo _0 00080 TTT oo .
- - - 80 100

Time (in days)

Figure 3 Decay kinetics of PFA produced at the laboratory scale and stored under
various conditions.
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Figure 4 Batch scale comparison of fecal bacteria disinfection effectiveness of PFA,
PAA and hypochlorite applied to SEV WWTP discharge (contact time: 10 min).
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Figure 5 Batch-scale assessment of fecal bacteria disinfection effectiveness by PFA
applied to multiple SEV WWTP discharge samples.
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Figure 6 Evaluation of PFA disinfection effectiveness by normalizing the applied PFA
dose to the initial bacterial concentrations, TSS and COD for a contact time of 10 min.
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Figure 7 Batch-scale assessment of TSS concentration impact on PFA disinfection
effectiveness in SEV WWTP discharge — (a) spiked with raw TSS and (b) spiked with
autoclaved TSS.
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SECTION 1 — CHAPTER 2

Disinfection of WWTP Discharges using Performic Acid
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discharge sample
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Step 2.1: Inoculum [E. Col] = 105 NPP/100 mL
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Figure 9 Experimental procedure applied during regrowth and viability trials.
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Figure 10 Batch evaluation of fecal bacteria regrowth in a wastewater and seine river
composite sample after disinfection with 0.8 ppm of PFA.
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Figure 11 Impact of UV light exposure on fecal bacteria regrowth in a wastewater and
seine river composite sample after disinfection with 0.8 ppm of PFA.
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Figure 12 Results of the flux cytometry analysis both before and after disinfection of
the spiked E. coli solution with 0.8 ppm of PFA after 10 min.
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Figure 13 Quantification of the fecal bacteria distribution before and after PFA
disinfection (0.8 ppm for 10 min) based on cytometry analysis.
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SECTION 1 - CHAPTER 3
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Figure 14 Impact of PFA injection at various C x t on the dissolved organic carbon
content of SEV WWTP discharge samples.
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Figure 15 3D fluorescence spectrum example with localization of DOM fluorophore
areas of interest.
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Figure 16 3D EEM spectra obtained for two SEV WWTP discharge samples (D1:
sept 4, 2018; D2: Nov 6, 2018) before and after disinfection at various PFA
concentrations.
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Figure 17 Average fluorescence intensities (n = 3) (a) not standardized to DOC, and
(b) standardized to the DOC of dissolved organic matter fluorophores in SEV WWTP
discharges; (D) non-disinfected and disinfected at operational PFA concentrations
(8, 10, 12 and 20 ppm.min).
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Figure 18 (a) Fluorescence intensities (Oct 30 and Nov 6, 2018) and (b) average
(n=2) fluorescence intensities of dissolved organic matter fluorophores in SEV
WWTP discharge; (D) before and after disinfection tests at 300 and 1000 ppm.min
of PFA.
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Figure 19 PFA degradation kinetics observed in the autoclaved samples (sept 11,
2018) of SEV WWTP discharge and seine river water in choisy spiked with 2.5
ppm of PFA.
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Figure 20 PFA degradation kinetics observed in raw samples (Oct 1, 2019, Oct 29,
2019 and Nov 5, 2019) of SEV WWTP discharge spiked with 1-1.2 ppm of PFA.
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SECTION 1 - CHAPTER 4
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Figure 21 Organic compound fingerprints obtained by high-resolution mass
spectrometry (UPLC-IMS-QTOF) for treated water from the seine amont valenton
WWTP (SEV-TW, Nov 6, 2018) before (blue) and after (orange) disinfection with 2
ppm of PFA for 10 min. The width of circles is proportional to the marker intensity.
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Figure 22 Euler diagrams describing the number of markers with intensities above
10,000 detected in: (a) positive ionization mode and (b) negative ionization mode
by UPLC-IMS-QTOF analysis from WWTP discharge (Nov 6, 2018) before (purple)
and after (green) disinfection with 2 ppm of PFA for 10 min, along with the number
of common markers present in both samples before and after PFA addition. The
areas are proportional to the number of markers in each zone.

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wic9781789062106.pdf
bv auest



176 Disinfection of WWTP Discharges using Performic Acid

SEV-TWI 2018-09-11
SEV-TW1 + 2 ppm PFA
SEV-TW2 + 2 ppm PFA
SEV-TW3 |
SEV-DW (1.2 ppm PFA) [
v I N
SEV-DW (0.8 ppm PFA)
SEV-TWS
SEV-DW (2.5 ppm PFA) |
SEV-TWE
SEV-TW6 + 1 ppm PFA
SEV-TW6 + 2 ppm PFA - 2018-11-06
SEV-TW6 + 30 ppm PFA
SEV-TW6 + 100 ppm PFA
SEV-TWE + 2 mg-N/L of NO2- + 1 ppm PFA
SEC-RW
SEC-RW + 10 ppm PFA
SEC-SW
SEC-SW + 10 ppm PFA
] 2k 4k Gk 8k 10k

2018-09-18

2018-09-26

2018-10-10

2018-10-24

2018-12-11
2018-12-11

Number of markers

Figure 23 Total number of markers with intensities above 10,000 detected in positive
ionization mode by UPLC-IMS-QTOF analysis conducted on all samples before and
after PFA disinfection. SEV: seine amont valenton WWTP, SEC: seine centre WWTP,
TW: treated water (discharge), DW: disinfected water at the full scale, RW: raw
wastewater, SW: settled water. error bars represent the standard deviation from
triplicate injections.
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Figure 24 Occurrence of Acetaminophen, 11-nor-9-carboxy-tetrahydrocannabinol
(THC metabolite) and sulfamethoxazole in WWTP discharge before and after PFA
disinfection, as characterized by suspect screening in UPLC-IMS-QTOF. The
intensity of each organic micropollutant was normalized with the intensity of
propylparaben-d4 as an internal standard. error bars represent the standard
deviation of intensity values over triplicates.
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Figure 25 Evolution of categories of organic micropollutants during PFA disinfection
(10 and 20 ppm.min) of treated water discharge from the seine amont valenton
WWTP (SEV-TW6, Nov 6, 2018), as characterized by suspect screening in
UPLC-IMS-QTOF. The intensity of each organic micropollutant was first normalized
with the intensity of propylparaben-d4 as an internal standard, then the normalized
intensity was calculated as the average per category and over ftriplicates, divided
by the maximum intensity value in the category.
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Figure 26 Seine Valenton WWTP treatment flow chart.
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Figure 28 Sampling points on the Seine Valenton WWTP discharge channel

(upstream and downstream of PFA injection) and sampling sites on the seine river
(upstream and downstream of WWTP discharge).

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wio9781789062106.pdf
bv auest



180 Disinfection of WWTP Discharges using Performic Acid
SECTION 2 - CHAPTER 2
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Figure 29 (a) In situ ALERT system; (b) ALERT LAB portable/bench-top instrument;
(c) view of the ALERT system during field maintenance operations.
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Figure 30 Typical fluorescence signal obtained from the ALERT device: an initial
signal plateau is followed by a sharp increase in fluorescence starting a few hours
into the measurement. The fluorescence detection time is automatically interpreted
by the cloud-based server and used to provide an E. coli quantification. inset:
photo of sample vials illuminated by UV light, after incubation.
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Figure 31 Left: Side-by-side results obtained during the calibration phase, along with the previous surface water calibration (solid

gray line) and the newly developed WWTP calibration (dashed line). Right: Side-by-side results grouped by phase (test,

calibration, validation). Inset: The alert/Lab offset histogram.
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Side-by-side comparison (by sample type) Primary clarification Decarbonation
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Figure 33 24 hours of ALERT pre-disinfection (in blue) and post-disinfection (green)
measurements at the valenton WWTP disinfection pilot. comparative laboratory
results at the beginning and end of the 24-hour period are also shown in red and
orange, respectively.
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SECTION 2 — CHAPTER 3
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Figure 34 Effectiveness of fecal bacteria disinfection by PFA applied in-line at the
industrial scale to the SEV WWTP discharge.
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Figure 35 Variations in E. coli values after disinfection at different PFA
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different times of day, and (b) the associated removal rate (log); (c) concentrations
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Figure 36 Fecal bacteria disinfection effectiveness with PFA applied at the industrial
scale at SEV WWTP under nominal or degraded operations.
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Figure 38 Parity plots of the model estimation results for optimal models F3 (left) and
S2 (right). observations and predictions are natural log-values.
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Figure 39 Evolution of DOC, COD and pH of SEV WWTP discharge with PFA
disinfection.

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wio9781789062106.pdf
bv auest



List of Figures 189

SECTION 3 - CHAPTER 1

Tadpole observed under white light

Clean water Polluted water

Figure 40 Photographs of tadpoles used as bio-indicators.
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Figure 41 Results obtained for the endocrine disruption tests.
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Figure 42 Schematic diagram of the experimental protocol for test sample
preparation.
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Figure 43 Laboratory-scale results on the general toxicity of Seine water samples,
supplemented with disinfected and non-disinfected discharge water.
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Figure 44 Laboratory-scale results on estrogenic disruption in samples of Seine
River water supplemented with disinfected and non-disinfected discharge water.
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Figure 45 Laboratory-scale results on androgenic disruption in samples of Seine
water supplemented with disinfected and non-disinfected discharge water.
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Figure 46 General toxicity assessed in the Seine River upstream and downstream of the SEV outfall during industrial-scale testing.
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Figure 47 Estrogenic effects assessed in the seine river upstream and downstream of the SEV outfall during industrial-scale testing.
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Figure 48 Main morphometric measurements in bivalves: length = anterior-posterior
length, height = dorsoventral distance, and width = distance between the right and

left valve.
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Figure 49 Boxplot of the removal (expressed in u.log) of E. coli (left) and E. faecalis
(right) by means of tertiary treatment by PFA (kemConnect™) (N = 145 samples).
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Figure 50 Conditional tree obtained upon analysis of removal results for E. coli after
tertiary treatment according to various parameters (e.g., turbidity, conductivity,
temperature).
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Figure 51 Distribution of species observed on the WWTP outfall.
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Figure 52 Comparisons of the morphometric characteristics of individuals collected
from the outfall in 2015 (left) and 2017 (right).
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Figure 53 Ratio of the expression of different genes between mussels collected from
the outfall and a reference site on the same date (sodCu and sodMn = oxidant stress
genes; rad51 = DNA repair gene, Cox1 = metabolism gene, cas8, bax and bcl 2 =
apoptosis genes, red lines = normal variability for a population).
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SECTION 4 — CHAPTER 2

Figure 54 The first PFA hyproform production system (kemira Oyj) used in full-scale
studies: prototype (a, b — 2005) and pilot system (c, d — 2006).
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Figure 56 Average of PFA residuals vs. contact time in the disinfection reactor of
eraclea, jesolo, San dona and caorle, respectively; measurements performed in
2016 and 2017.
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Table 1 Impact on SSR and F-specific bacteriophages of PFA disinfection applied to SEV WWTP discharge (contact time: 10 min).

"Days with degraded SEV WWTP operations.
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Table 2 Excitation and emission wavelengths of DOM fluorophores and
their interpretation.

Table 3 PFA half-life measured in both SEV WWTP discharge and seine river water
in choisy samples spiked with 2.5 ppm of PFA.
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SECTION 1 - CHAPTER 4

Table 4 N-nitrosamines monitored in this study and their optimized analytical
parameters for detection by gas chromatography coupled with tandem mass
spectrometry (GC-MS/MS).

#NDMA-d6 was used as the internal standard for NDMA quantification; NDPA-d14 was used as
the internal standard for other N-nitrosamine quantification; Toluene-d8 served as the injection
internal standard used to monitor analytical stability and calculate the recovery rate.

PRT = Retention time.

°The first product ion was used for quantification.

Table 5 Formation of AOX and halogenated DBPs from the PFA disinfection of
WWTP water at the laboratory scale (various concentrations of PFA, 10-min contact
time) or during full-scale disinfection (0.8—-2.5 ppm PFA).

(Continued)
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Table 5 Formation of AOX and halogenated DBPs from the PFA disinfection of
WWTP water at the laboratory scale (various concentrations of PFA, 10-min contact
time) or during full-scale disinfection (0.8—-2.5 ppm PFA) (Continued).

(Continued)
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Table 5 Formation of AOX and halogenated DBPs from the PFA disinfection of
WWTP water at the laboratory scale (various concentrations of PFA, 10-min contact
time) or during full-scale disinfection (0.8—-2.5 ppm PFA) (Continued).

2SEV: Seine Amont Valenton WWTP; SEC: Seine Centre WWTP; TW: treated water,
DW: disinfected water at the full-scale; RW: pretreated raw water; SW: settled water;
PFA: performic acid.

PDCBM: dichlorobromomethane; DBCM: dibromochloromethane; TBM: bromoform;
DCAN: dichloroacetonitrile; BCAN: bromochloroacetonitrile; DBAN: dibromoacetonitrile;
TCAN: trichloroacetonitrile; DCP: dichloropropanone; TCNM: chloropicrin.

°n.a: not analyzed.

9n.d: not detected.

Table 6 Concentration of bromide ions in WWTP discharge before and after
disinfection with PFA (0.8-2.5 ppm PFA).
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Table 7 N-nitrosamine concentrations in WWTP water disinfected by PFA at the laboratory scale (various concentrations of PFA,
10-min contact time) or during full-scale disinfection (0.8—-2.5 ppm PFA).
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(Continued)
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Table 7 N-nitrosamine concentrations in WWTP water disinfected by PFA at the laboratory scale (various concentrations of PFA,
10-min contact time) or during full-scale disinfection (0.8—-2.5 ppm PFA) (Continued).

8SEV: Seine Amont Valenton WWTP; SEC: Seine Centre WWTP; TW: treated water; DW: disinfected water at full-scale; RW: pretreated raw water;
SW: settled water; PFA: performic acid.

PNDMA: N-nitrosodimethylamine; NDEA: N-nitrosodiethylamine; NDPA: N-nitrosodipropylamine; NMOR: N-nitrosomorpholine; NPIP:
N-nitrosopiperidine; NDBA: N-nitrosodibutylamine.
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Table 8 Bulk characterization of marker fingerprints obtained from WWTP discharge samples before (SEV-TW) and after PFA
disinfection (SEV-DW and SEV-TW + 2 ppm PFA) analyzed by UPLC-IMS-QTOF in positive mode.

All values are averaged from six triplicate samples (18 fingerprints). The parameters were calculated from all markers detected in each of the 18
fingerprints, as well as from markers exclusively detected before or after PFA disinfection (‘unique markers’).

2SEV-TW: Seine Amont Valenton WWTP treated water.

PSEV-DW: Seine Amont Valenton WWTP disinfected water at the full scale.

°RT: retention time.
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Table 9 PFA disinfection conditions applied during the 10-week, full-scale trial in 2018.
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Table 10 Sampling conducted and parameters monitored during the 10-week, full-scale trial.
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Table 10 Sampling conducted and parameters monitored during the 10-week, full-scale trial (Continued).
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Table 11 Analytical methods used for the determination of the monitored parameters.
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Table 11 Analytical methods used for the determination of the monitored parameters (Continued).
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Table 12 Disinfection pilot operation installation: measurement summary and abatement calculation.
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List of Tables 217

SECTION 2 - CHAPTER 3

Table 13 Conventional wastewater quality parameters measured in SEV WWTP
discharge before and after PFA disinfection.
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Table 14 Effect of PFA applied to SEV WWTP discharge at the industrial scale on E. coli, intestinal enterococci, SSR and F-specific
RNA phages.

NR = Not relevant.
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List of Tables 219

Table 15 Summary of the different variants considered during model construction.
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Table 16 Main results from model construction on the full dataset.
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Table 17 Main results from model construction using the ‘online’ dataset.
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Table 18 Main results from model construction on the ‘online’ dataset with interactions.
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Table 19 Concentrations of AOX, bromide and bromate in SEV WWTP discharge before and after PFA disinfection.
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224 Disinfection of WWTP Discharges using Performic Acid

SECTION 3 - CHAPTER 1

Table 20 Biological panels of general toxicity applied during this project.
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Table 21 Results obtained for the various biological models of general toxicity applied in this project.
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226 Disinfection of WWTP Discharges using Performic Acid

Table 22 Endocrine disruption panels applied in this project.
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List of Tables 227

SECTION 4 —- CHAPTER 2

Table 23 Synthesis of the main laboratory and full-scale studies conducted over the
period 2005-2018.

Notes: CL = Caorle; ER = Eraclea; JS = Jesolo; SD = San Dona; Ql, = qualitative impacts in
terms of physicochemical parameters, such as pH, total organic carbon, biochemical oxygen
demand and formate; Ql, = Oxidation power and byproducts; PFA = performic acid; PAA =
peracetic acid; HYP = chlorine hypochlorite.
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Table 24 Methods for chemical and microbiological investigations conducted at both the full and laboratory scales.

Notes: MF = Membrane filtration; TOC = total organic carbon; BOD5 = biochemical oxygen demand; TSS = total suspended solids; COD = chemical
oxygen demand.
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Table 25 Full-scale experimental operating conditions — average (minimum—maximum).

Notes: CL = Caorle; ER = Eraclea; JS = Jesolo; SD = San Dona.
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Table 26 Median and range of variation of the main chemical-physical parameters of effluents entering the disinfection treatment
during the full-scale studies performed from 2005 to 2011.

pH (unit) TSS (mg/L) COD (mg/L) N-NH, (mg/L F. coliforms (Log) E. coli(Log) Enterococci (Log)

PFA-HP 7.6(6.9-8.2) 11.9 (9.0-34) 25(10-35)  0.57 (0.02-3.7) 4.0 (2.3-5.3) 3.6 (2.0-5.3) 3.4 (2.7-4.5)
PFA  7.7(7.1-8.3) 9.9(9.0-17) 26(14-45) 15(0.02-9) 4.9 (4.4-6.0) 4.6(3.0-5.6) 3.4 (2.7-4.3)
PAA  7.4(7.1-8.0) 10(9.0-11) 34 (14-47) 0.14 (0.14-3.7) 5.2 (4.7-5.3) 4.4(33-52) 3.4(2.7-4.3)
HYP  7.5(7.3-7.8) 9.0(9.0-17) 29(21-48) 1.94(0.14-10) 5.3 (5.0-6.0) 4.6(3.6-6.2) 3.5(2.6-4.6)

Notes: HYP = hypochlorite; PAA = peracetic acid; PFA-HP = Hyproform performic acid solution; PFA = Desinfix performic acid solution; TSS = total
suspended solids; COD = chemical oxygen demand; F. coliforms = fecal coliforms.

Downloaded from http://iwaponline.com/ebooks/book-pdf/871855/wio9781789062106.pdf
bv auest

0€e

pIoy olwlopad Buisn sebieyosiq dLAMM JO uonasjuisiq



Table 27 Average and range of variation of bacterial inactivation achieved by PFA, PAA and HYP for each interval of contact time
(Kruskal-Wallis test) during the full-scale studies performed from 2005 to 2011.

Notes: Ret. Time = retention time; log R = log reduction (CFU/100 mL); PFA-HP=Hyproform performic acid solution; PFA = Desinfix performic acid
solution; F. coliforms = fecal coliforms; different superscript letters (down columns) mean significant different variations at p = 0.05, with values® >

values® > values®.
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232 Disinfection of WWTP Discharges using Performic Acid

Table 28 Order of effectiveness of the disinfectant against fecal indicators from 2005
to 2011 by the ANCOVA test.

Notes: F. coliforms = fecal coliforms; log R = log reduction (CFU/100 mL); PFA-HP =
Hyproform performic acid solution; PFA = Desinfix performic acid solution.

Table 29 Disinfection kinetics parameters estimated for the hom and S models,
minimum and maximum values (dose range: PFA =0.5-1.3 mg/L - PAA=1-3
mg/L).

Notes: PFA = Desinfix performic acid solution.
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List of Tables 233

Table 30 Percentage of results being in compliance with various levels of
microbiological target at disinfection outlet and correspondent disinfection operating
conditions (average and range of variation).

Notes: CL = Caorle; ER = Eraclea; JS = Jesolo; Ret. Time = retention time; PFA-HP =
Hyproform performic acid solution; PFA = Desinfix performic acid solution.

Table 31 Bacterial concentrations (average + standard deviation) at the disinfection
outlet under the disinfectant operating conditions of Table 30.

Notes: F. coliforms = fecal coliforms; different superscript letters (down columns) mean
significant different variations at p = 0.05 with values® >values® > values®.
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234 Disinfection of WWTP Discharges using Performic Acid

Table 32 Percent of results, recorded between 2013 and 2018, meeting the various
E. coli targets; percentages are expressed for each contact time interval and the
corresponding average applied PFA.

Table 33 Qualitative parameter variation at the disinfection inlet from 2013 to 2018;
data are reported as average, standard error and (maximum value).

Notes: TSS = total suspended solids; COD = chemical oxygen demand.

Table 34 Comparisons between TOC at the dosage point (T,) and disinfection outlet
(t-student test) for each time interval — average + standard error (range of variation).

Notes: TOC = total organic carbon; OUT = disinfection outlet.
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List of Tables 235

Table 35 Comparisons between formate at the dosage point (Ty) and disinfection
outlet (Wilcoxon rank test) for each time interval; median and range of variation.

Notes: OUT = disinfection outlet.

Table 36 Carbon components associated with PAA and PFA-HP, measured at the
laboratory in batch tests by dosing the disinfectant and/or the associated carbon ions
in the disinfection mixture.

Notes: PFA-HP = Hyproform performic acid solution.

Table 37 Percentage of cases in which the two peracids respected the
microbiological target set at 20% of the guideline or limit values; doses and retention
times refer to the conditions under which the target was respected.
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Cultural aversion to microbes, healthiness or desire for safe bathing, the
applications for water disinfection are varied and the technologies used to achieve

this goal are numerous.

The authors looked at a simple solution to implement: the use of a reagent
called performic acid. Consequently, more than two years of applied research,
observations and analyzes were necessary to demonstrate its harmlessness
towards the natural environment.

The strength of the demonstration lies in the cross-vision of many researchers and
scientists from different backgrounds who shared their studies and observations.

The strength of this testimony also lies in the diversity of the application cases,
including notable and sensitive receiving environments as different as the Seine,
the Atlantic Ocean or the Venice lagoon.

Through its intentions and results, this work is a step, moving forward the 2030
Agenda for Sustainable Development, particularly SDG 6 “clean water and
sanitation” relying on the lever of SDG 17 "partnerships for the goals”.
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