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Abstract

The increasing water scarcity is gradually forcing a switch from the classical wastewater
management paradigm to a circular view in which wastewater is regarded as a precious
resource and advanced tertiary treatments are required in order to make the most of it. But
regardless of whether the final effluent is discharged or reused, there is a concerning aspect
of wastewater pollution that still remain unregulated: the need of removing the so called
micropollutants, especially those classified as priority substances and contaminants of
emerging concern. If the aquatic environment is wanted to be preserved and safe water reuse
practices established, these potentially harmful substances must be removed from

wastewater.

Ozonation is nowadays a mature and competent technology for enhanced wastewater
treatment. The combination of ozone, a strong and selective oxidant, with the even powerful
and unselective hydroxyl radical, formed through ozone decomposition, is effective in the
abatement of a number of organic compounds. However, there are still some points to be
addressed for a more efficient application of ozone-based processes to wastewater treatment

and reclamation.

Among micropollutants potentially present in wastewater effluents, there are several
compounds that react very slowly with ozone. They are known as ozone-resistant
micropollutants. If a high quality water is wanted to be obtained, these substances should be
also removed from the effluent. In addition, modelling the abatement of micropollutants
during wastewater ozonation is essential for process simulation, optimization and real-time
control. To make this possible, performance characterization in terms of oxidation efficiency
is required, as well as some kinetic information regarding the abatement of micropollutants.
The first can be addressed by using normalizing parameters allowing the estimation, for
instance, of hydroxyl radical availability as a function of the consumed ozone, or any other
parameter whose measurement during the process is simple. The most accurate way of
obtaining kinetic data of micropollutants oxidation is conducting individual studies on this
chemicals degradation by ozone and hydroxyl radicals. Through these ones and some
complementary tests, valuable data regarding the mechanisms of degradation and the

potential ecotoxicological effects of formed transformation products can also be obtained.
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This thesis was divided in two parts: first, individual batch ozonation studies of selected
priority and emerging concern micropollutants were conducted. Particularly, the pesticides
methiocarb, acetamiprid and dichlorvos were selected for that work. The second part
consisted of the application of single ozonation and the combination of ozone and hydrogen
peroxide (i.e., peroxone process) was tested in the removal of ozone-refractory
micropollutants from actual municipal wastewater effluents. The latter was done through
semi-batch ozonation experiments. The objectives were, on one hand, obtaining kinetic,
mechanistic and toxicological data of some priority/emerging concern chemicals. On the
other, ozonation studies with real effluent samples were performed with the aim of exploring
the removal of ozone-recalcitrant chemicals and potential strategies for the modelling and
real-time control of this process. In addition, improvement strategies for peroxone process

application were investigated.

Different kinetics were observed for pesticides reaction with ozone, being acetamiprid the
most recalcitrant compound. In addition, toxicity of some of the pesticides transformation
products was revealed, especially in the case of methiocarb degradation. Regarding ozone-
based processes application to actual wastewater effluents, the removal of model ozone-
recalcitrant compounds was found difficult, concluding that ozone doses higher than those
corresponding to the immediate ozone demand value were required for a more effective
abatement of these substances, regardless of the process employed. In the case of the
peroxone process application, dosing hydrogen peroxide simultaneously to ozone bubbling
was found to potentially entail important energy savings related to oxidants use. The
oxidation performance of ozone-based processes and thus the abatement of ozone-refractory
compounds could be effectively modelled using kinetic parameters, the monitoring of water
quality parameters and empirical relationships obtained for each effluent. Furthermore, side
reactions of involved oxidants with effluent organic compounds was found to increase the
content in small and oxidized organic compounds in all cases. In the case of effluents
containing suspended solids, ozone application also caused a net increase in the dissolved

organic load.
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Nomenclature

The following is a list of the most used abbreviations, acronyms and symbols:

ACMP Acetamiprid

AOP Advanced Oxidation Process

ATZ Atrazine

CAS Conventional Activated Sludge
CEC Contaminant of Emerging Concern

CNor C-L It is referred to a wastewater effluent sample collected from a CAS system.

It may be found followed by a number N or a location -L.

COD Chemical Oxygen Demand, mg O, L™

DAD Diode Array Detector

DDVP Dichlorvos

DOC Dissolved Organic Carbon, mg C L™

DOM Dissolved Organic Matter

ECso Sample dilution causing a 50% reduction in bacteria light emission, % v/v
EfOM Effluent Organic Matter

EQS Environmental Quality Standard, pg L

EU WFD European Union Water Framework Directive (Directive 2000/60/EC)
Exposure In ozone applications, the “exposure to an oxidant” (ozone or hydroxyl

radical) or “oxidant exposure” is defined as the time-integrated concentration
of an oxidant in the reaction medium (e.g., [[*OHdt stands for the hydroxyl

radical exposure). In this thesis, it is often called “availability”

GAV Gava-Viladecans, the location of a WWTP in Barcelona

H20> Hydrogen peroxide

HPLC High-Performance Liquid Chromatography

IBU Ibuprofen

10D Immediate or Instantaneous Ozone Demand, mg Oz L™ or mmol O3 Lt
K Equilibrium constant, mol L™

k Rate constant of reaction, s (first order) or M!s (second order)

kios or kos  Rate constant of ozone reaction with a compound i, Mst

ki.on or k.on  Rate constant of hydroxyl radical reaction with a compound i, Ms?
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kLa Volumetric mass transfer coefficient, min

Kow Octanol-water partition coefficient, dimensionless
LLA La Llagosta, the location of a WWTP in Barcelona
MBR Membrane Bioreactor

MC Methiocarb

MN or M-L Itis referred to a wastewater effluent sample collected from an MBR system.

It may be found followed by a number N or a location -L.

MP Micropollutant

MPL Metoprolol

MS Mass Spectrometry

O3 Ozone

*OH Hydroxyl radical

pBZQ para-Benzoquinone

pCBA para-Chlorobenzoic acid

PH Phenol

pKa The decimal logarithm of the acid dissociation constant, Ka.
PRA El Prat de Llobregat, the location of a WWTP in Barcelona
PS Priority Substance

PTFE Polytetrafluoroethylene

Ret Ratio between *OH exposure and Os exposure, dimensionless
RoH,03 Ratio between «OH exposure and Oz consumed, s

SEC-OCD  Size-Exclusion Chromatography with Organic Carbon Detection

SMX Sulfamethoxazole

TOC Total Organic Carbon, mg C L*

TOD Transferred Ozone Dose, mg Oz L™ or mmol Oz L

TP Transformation product

uv Ultraviolet (also stands for “ultraviolet detector” in “HPLC-UV”)
UVA Ultraviolet absorbance, cm™ or m™*

VAC Vacarisses, the location of a WWTP in Barcelona

VAL Vallvidrera, the location of a WWTP in Barcelona

WHO World Health Organization

WWTP Wastewater Treatment Plant

Ntr Ozone mass transfer efficiency
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1 Introduction

1.1 Water resources

1.1.1 Water demand and availability

Water use has increased about 500% over the last century, mainly as a result of the
population growth and economic development [1]. Currently, the global water demand is
estimated to be about 4600 km? per year, a number that is expected to become larger in the
course of the next decades (Figure 1) [2]. The world population has been estimated to
increase from 7700 million in 2017 to between 9400 and 10200 million in 2050, fact that is
involving a rise in the water needs associated to food and energy production, in addition to
domestic uses [3]. Moreover, the increasing industrialization and establishment of water
supply services in developing regions of Africa, Asia and South America are significantly

contributing to this inexorable growth in the water demand [4].

6 000

Km?

5000

4 000

3000

2000

1000 ~

BRIICS

mirrigation mdomestic mlivestock manufacturing ® electricity

Figure 1. Global water demand (as freshwater withdrawals) in 2000 and 2050 (projection based on 2000 data)
for different groups of regions in the world. OECD (Organization for Economic Co-operation and
Development); BRIICS (Brazil, Russia, India, Indonesia, China, South Africa); RoW (rest of world) [4].

Only a 2.5% of the 71% of water covering the Earth surface is freshwater, and only a 1.2%
of this mass constitutes an available resource for humans [5]. The world freshwater resources

are renewed by the continuous cycle of evaporation, precipitation and runoff —the water

1



Chapter 1

cycle—, which dictates their distribution over the globe [6]. Since this is not uniform,
indicators such as the water total renewable water per capita per year (Figure 2) can be
helpful as a first estimate of the freshwater resources availability in a particular region of the
world [7].

. Scale ca. 1:140 000 000 at the equator )
Geographic Projection, WGS 1984 :

Nodata [ |00 [F777]500-1000 [ 1000-1700 [ 1700-5000 > 5 000 m*year

Figure 2. Total renewable freshwater (m? per capita and year) in 2014 [6].

According to this indicator, different levels of water scarcity —the other side of the coin— can
also be defined. An area with renewable water levels between 1700 and 5000 m? of water
per capita per year can suffer from occasional or local water stress. With less than 1700 m?
of water per capita per year, an country is consider to suffer from regular water scarcity,
whereas a region is under chronic and absolute scarcity when renewable water per capita per
year drops below 1000 m® and 500 m?, respectively [7]. In view of these data, therefore, it
IS quite clear that there are zones in the world in which renewable water resources are not
physically available, triggering water stress situations. Moreover, other parts of the globe
where freshwater is physically available can also suffer from water scarcity. In these cases,
however, this situation is caused by economic constraints avoiding the establishment of the

necessary infrastructures for the exploitation of these resources [6].

Water scarcity is an already demonstrated problem for humanity. The increasing demand of
water, together with other issues such as the Climate Change —which directly affects the
water cycle— are expected to contribute to worsen this situation over the next decades [6].
Throughout the 2010s, 1.9 billion people (around 30% of the world population) has lived in

areas under potentially severe water scarcity. The projection for 2050 is about 2.7-3.2 billion.
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However, if monthly variability is considered, between 4.8 and 5.7 billion people will suffer
severe water scarcity at least one month per year [3].

In view of all these facts concerning freshwater scarcity, finding feasible solutions to this
serious thread has become one of the most important 21% Century challenges. A partial

solution —or at least an alternative to alleviate the situation— appears to reside in water reuse.

1.1.2 Wastewater treatment and reclamation

As a result of human uses of freshwater resources, huge amounts of wastewater are
continuously generated. Due to the wide variety of potentially harmful contaminants that
may contain, untreated wastewater cannot be discharged into natural water bodies without
negatively impacting the quality of freshwater resources. However, it is estimated that near
80% of all industrial and municipal wastewater is released to the environment without any
treatment [3]. This practice results in a growing deterioration of freshwater resources (Figure
3) that eventually might involve detrimental effects on human and environmental safety
[3,8].

No data
Low (0-2)
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Figure 3. Water quality risk indices for major river basins in 2050 (projection based on the Commonwealth
Scientific and Industrial Research Organization [CSIRO] medium scenario, which considers a drier future

based on the CSIRO climate change model and a medium socio-economic growth) [8].

In a time in which water scarcity is increasingly becoming a problem, returning untreated
wastewater to the water cycle may not be the wisest practice to preserve freshwater
resources. Because of this, Wastewater Treatment Plants (WWTPs) are typically
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implemented in an attempt of minimizing the environmental impact of wastewater discharge
into natural water systems [9]. Conventional wastewater treatment generally consists of a
series of physicochemical (primary) and biological (secondary) treatment stages by means
of which suspended solids, biodegradable organic matter and inorganic nutrients can be
separated or removed. However, these processes are not effective in removing certain types
of pollutants from wastewater, and therefore extra treatment steps are required if the quality
of the final effluent is wanted to be further enhanced. These additional stages receive the
name of tertiary treatments and are typically designed to remove nutrients (e.g., phosphorus),
pathogens, bio-recalcitrant chemicals, heavy metals and other suspended and dissolved
solids [10].

Because WWTPs can be designed to meet the particular quality standards expected for a
final effluent, treated wastewater is considered an alternative water resource. The objective
behind waste reuse is to save important volumes of freshwater by reclaiming a wastewater
that typically would have been released into the environment after treatment. Wastewater
reclamation is currently a practice mainly established for non-potable applications, such as
agricultural and landscape irrigation, industrial processes, environmental uses and urban

cleaning, among others (Figure 4).

\l" =
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= Recreational reuse = Non-potable urban uses

= Indirect potable reuse

Figure 4. Worldwide water reuse by application [11].

However, and although more than 60 countries around the world practice various types of
water reuse [12], reclaimed wastewater only represented 0.59% of the global water use in
2011, and it has been forecasted to represent 1.66% in 2030 [13]. In Europe, one of the most
developed regions regarding wastewater infrastructures with near 80% of the population
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connected to a WWTP [12], only 2.4% of the treated wastewater is reused [14]. Considering
that a 68.4% of urban wastewater treatment in Europe is performed at a tertiary level [15]
and wastewater reclamation potential has been estimated to be 6 times the currently reused

volume of water [16], this constitutes a clear case of unfulfilled potential.

The economic cost associated to advanced wastewater treatment is one of the critical factors
avoiding further implementation of water reuse. Withdrawing of freshwater, especially in
those zones with abundant reserves of this resource, is still more economically (and
technically) attractive than wastewater reclamation. Another key barrier is related to the
perception that this practice involves more health and environmental risks than benefits. This
seems to be partly caused by the varying and insufficient legal frameworks regarding quality
requirements for water reuse applications, which seems generate social mistrust and
discourage investment in water reuse [17]. With the objective of revert this situation and
stimulate and facilitate water reuse, the European Commission proposed on May 2018 a new
regulation on minimum quality requirements for water reuse in Europe for agricultural

irrigation [18].

Despite the current efforts aimed to promote enhanced wastewater treatment and water reuse,
and the attempts made in order of regularizing such practices, a particular and increasingly
concerning aspect of water pollution still remain poorly considered by laws, and
consequently also in the planning stages of wastewater treatment or reclamation projects.
We are referring to the presence in water resources (including treated wastewater) of organic
micropollutants (MPs) and, particularly, the so called contaminants of emerging concern
(CECs) and priority substances (PSs).

1.2 Micropollutants, contaminants of emerging concern and priority

substances in water resources

The continuous development, production, use and disposal of an uncountable number of
organic chemicals employed in daily human activities has caused, over the last decades, the
widespread occurrence of many of such substances in the aquatic environment, including
freshwater resources [19-21]. As they are typically detected at trace levels (ng L™ to ug L),
these compounds are commonly known as micropollutants [22]. The sources of
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micropollutants in the aquatic environment are diverse, but in general they can be classified
in six major groups namely pharmaceuticals, personal care products, steroid hormones,

surfactants, industrial chemicals and pesticides (Table 1) [23].

Table 1. Main sources of micropollutants in the aquatic environment [23].

Group

Main subclasses

Main sources
Distinct

Nonexclusive

Pharmaceuticals

Non-steroidal Anti-
inflammatory Drugs
(NSAIDs), lipid regulator,
anticonvulsants, antibiotics,

B-blockers and stimulants

Domestic wastewater (from
excretion)

Hospital effluents

Run-off from Concentrated
Animal Feeding Operations
(CAFOs) and aquaculture

Personal care

products

Fragrances, disinfectants, UV

filters and insect repellents

Domestic wastewater (from
bathing, shaving, spraying,

swimming and etc.)

Steroid hormones

Estrogens

Domestic wastewater (from
excretion)
Run-off from CAFOs and

aquaculture

Surfactants

Non-ionic surfactants

Domestic wastewater (from
bathing, laundry, dishwashing
and etc.)

Industrial wastewater (from

industrial cleaning discharges)

Industrial

chemicals

Plasticizers and flame

retardants

Domestic wastewater (by

leaching out of the material)

Pesticides

Insecticides, herbicides and

fungicides

Domestic wastewater (from

improper cleaning, run-off from

gardens, lawns and roadways
and etc.)

Agricultural runoff

Sources that
are not
exclusive to
individual
categories
include:
Industrial
wastewater
(from product
manufacturing
discharges)
Landfill
leachate (from
improper
disposal of
used, defective
or expired

items)

Despite their low concentrations in water bodies, the presence of many MPs in the aquatic
environment is thought to potentially involve a number of negative effects to both aquatic
ecosystems and human health, including short-term and long-term toxicity, endocrine
disrupting effects and antibiotic resistance of microorganisms [19,24]. However, and as
recognized by international organisms such as the World Health Organization (WHO) or the
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United Nations Educational, Scientific and Cultural Organization (UNESCO), scientific
knowledge regarding the potential risks to human and environmental safety posed by the
presence and continuous accumulation of micropollutants in water resources is still very
scarce [25,26].

The fact that MPs can be detected in aquatic resources, in addition to their continuous
production and disposal [27], is also attributed to the physicochemical properties of these
chemicals, which in general make them certainly resistant to natural (biotic and abiotic)
degradation processes taking place in the environment [21]. This, therefore, causes the
persistence of MPs in water bodies, which may vary depending on the individual
characteristics of each species. Moreover, and although many of these substances reach
municipal WWTPs after their use, most of them are poorly removed and leave the plants to
finally enter the environment (see Figure 5). Because of that, municipal WWTPs —which
usually release treated water to the water bodies (see section 1.1.2)- are nowadays
considered as one of the main pathways for MPs introduction into the aquatic environment
[23,28].
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Figure 5. Average concentrations reported for selected micropollutants in WWTPs influents and effluents [23].

The potential risks of micropollutants linked to their presence in natural waters, together

with their resistance to natural degradation mechanisms and to conventional wastewater



Chapter 1

treatments have led to the labelling of many MPs as contaminants of emerging concern
(CECs). Although both terms (i.e., MPs and CECs) are sometimes used interchangeably,
micropollutant is perhaps a more general designation. CECs comprise three categories of
compounds [29,30]: i) newly developed substances that have recently entered the
environment; 2) chemicals whose presence is not new but recently recognized as potentially
hazardous for humans and the environment; and iii) chemicals that have been recently
detected due to the development of novel and more sensitive analytical methods.
Furthermore, a common characteristic of CECs is that they are not covered by any regulation
regarding water quality [27], whereas MPs may have been already regulated and included as
priority substances (PSs) in related legislations.

1.2.1 European regulations on micropollutants in water resources

Although legal discharge limits for micropollutants are still inexistent, some regulations
regarding their presence in water resources have been published over the last two decades.
In the case of Europe, Directive 2000/60/EC —the so-called European Union Water
Framework Directive (EU WFD)- laid the foundations for the establishment of a list of
substances/groups or substances to be prioritized according to their relative risks to or
through the aquatic environment [31]. The ultimate objective was defining EU
Environmental Quality Standards (EQSs) representing the concentrations of particular
pollutants or group of pollutants in aqueous compartments which should not be exceeded in
order to protect human health and the environment. Being so, in 2001 Decision
2455/2001/EC set the first list of 33 PSs to be monitored at EU level, mainly based on the
previous knowledge regarding their intrinsic hazards, environmental occurrence and
volumes of production and use [32]. Some of these chemicals, designated as Priority
Hazardous Substances (PHSs) were the same year listed in the Stockholm Convention on
Persistent Organic Pollutants (POPs), which aimed to eliminate or restrict the production
and use of these compounds [33]. POPs are defined as organic chemical substances
possessing particular physicochemical properties that make them exceptionally persistent in
the environment, bioaccumulative and toxic to both humans and wildlife. In 2008, after
seven years since Decision 2455/2001/EC, Directive 2008/105/EC amended the EU WFD
and finally published the EQS values for the 33 PSs and 8 additional pollutants [34]. EU
countries must monitor these compounds in surface waters and compare these data with

EQSs in order to determine the chemical quality of EU water bodies and if required, adopting
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measures to gradually reduce discharges, emissions and losses of PSs and PHSs. In 2013,
Directive 2013/39/EU was launched and updated Directives 2000/60/EC and 2008/105/EC
[35]. In this occasion, the PSs list was expanded to 41 organic compounds and 4 metals
(cadmium, lead, mercury and nickel) (Table 2), and more restrictive EQS were set for some
of the original PSs. Also, EQS values were considered for 8 additional compounds not
considered as PSs. In addition, this regulation pointed out the need of developing alternative

water treatment technologies that could be also effective for the removal of these chemicals.

Table 2. List of priority substances (PSs) in the field of water policy, established in Directive 2013/39/EU [35].
The symbol 1 in some groups of substances indicates that only certain compounds of the family are classified
as PSs. Substances marked with an asterisk (*) are identified as priority hazardous substances (PHSs). Finally,
two asterisks ( ¥) in some groups of substances indicate that only some of their compounds are identified as

PHSs. Further details regarding specific compounds can be consulted in Annex | of the Directive.

Substance CAS number Subclass Class
1  Alachlor 15972-60-8 Chloroacetanilides Pesticides
2 Anthracene * 120-12-7 - -
3  Atrazine 1912-24-9 Triazines Pesticides
4  Benzene 71-43-2 Multiple Industrial
applications compound
5 Brominated diphenylethers * ¥ - Flame retardants Industrial
compound
6 Cadmium and its compounds * 7440-43-9 - -
7  Chloroalkanes, Cio-13* 85535-84-8 Multiple Industrial
applications compounds
8  Chlorfenvinphos 470-90-6 Organophosphorus  Pesticides
9  Chlorpyrifos 2921-88-2 Organophosphorus  Pesticides
10 1,2-dichloroethane 107-06-2 Solvents Industrial
compounds
11 Dichloromethane 75-09-2 Solvents Industrial
compounds
12  Di (2-ethylhexyl) phthalate (DEHP) 117-81-7 Plasticizers Industrial
* compounds
13 Diuron 330-54-1 Phenylureas Pesticides
14  Endosulfan * 115-29-7 Organochlorine Pesticides
15 Fluoanthene 206-44-0 - -
16 Hexachlorobenzene * 118-74-1 Organochlorine Pesticides
17 Hexachlorobutadiene * 87-68-3 Organochlorine Pesticides
18 Hexachlorocyclohexane * 608-73-1 Organochlorine Pesticides




Chapter 1

Table 2. (Continued)

Substance CAS number Subclass Class
19 Isoproturon 34123-59-6 Phenylureas Pesticides
20 Lead and its compounds 7439-92-1 - -
21 Mercury and its compounds * 7439-97-6 - -
22 Naphtalene 91-20-3 - -
23 Nickel and its compounds 7440-02-0 - -
24 Nonylphenols * ¥ - Multiple Industrial
applications compounds
25  Octylphenols 1 - Multiple Industrial
applications compounds
26  Pentachlorobenzene* 608-93-5 Solvents Industrial
compounds
27 Pentachlorophenol 87-86-5 Organochlorines Pesticides
28 Polyaromatic hydrocarbons (PAH) - - -
*
29 Simazine 122-34-9 Triazines Pesticides
30 Tributyltin compounds * ¥ - Organotin Pesticides
31 Trichlorobenzenes 12002-48-1 Solvents Industrial
compounds
32 Trichloromethane (chloroform) 67-66-3 Solvents Industrial
compounds
33 Trifluralin * 1582-09-8 Dinitroanilines Pesticides
34 Dicofol * 115-32-2 Organochlorines Pesticides
35 Perfluorooctane sulfonic acid and its 1763-23-1 Multiple Industrial
derivatives (PFOS) * applications compounds
36 Quinoxyfen * 124495-18-7 Quinolines Pesticides
37 Dioxins and dioxin-like compounds - - -
* %
38 Aclonifen 74070-46-5 Dipheny! ethers Pesticides
39 Bifenox 42576-02-3 Dipheny! ethers Pesticides
40 Cybutryne 28159-98-0 Triazines Pesticides
41  Cypermethrin 52315-07-8 Pyrethroids Pesticides
42 Dichlorvos 62-73-7 Organophosphorus  Pesticides
43 Hexabromocyclododecanes - Flame retardants Industrial
(HBCDD) * % compound
44  Heptachlor and heptachlor epoxide 76-44-8/ 1024-57-3 Organochlorines Pesticides
*
45  Terbutryn 886-50-0 Triazines Pesticides

10
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Furthermore, Directive 2013/39/EU proposed the first watch list of substances for Union-
wide monitoring in the field of water policy, which was launched two years later in Decision
2015/495/EU [36]. The objective of the watch list was establishing monitoring programs on
some contaminants considered to be of emerging concern (CECs), with the ultimate aim of
gathering relevant information that could be used to support decisions in eventual
prioritization procedures. It covered 17 CECs or groups of CECs. As this list must be revised
periodically, Decision 2018/840/EU of 5 June 2018 has recently repealed Decision
2015/495/EU, updating the previous list of compounds according to monitoring and
ecotoxicological data gathered during the period from 2015 to 2017 [37]. The current watch
list comprises 15 CECs and is presented in Table 3.

Table 3. Watch list of substances for Union-wide monitoring in the field of water policy, established in
Decision 2018/840/EU [37].

Substance CAS number Subclass Class
17-a-ehinylestradiol 57-63-6 17-0-Substituted estradiol
(EE2) derivatives Steroid
17-B-estradiol (E2) 50-28-2 Estradiol derivatives hormones
Estrone (E1) 53-16-7 Estrone derivatives
Erythromycin 114-07-8
Clarithromycin 81103-11-9 Macrolide antibiotics
Azithromycin 83905-01-5 Pharmaceuticals
Amoxicillin 26787-78-0 Penicillin antibiotics
Ciprofloxacin 85721-33-1 Fluoroquinolone antibiotics
Methiocarb 2032-65-7 Carbamates
Imidacloprid 105827-78-9/ 138261-

41-3
Thiacloprid 111988-49-9 o o
Thiametoxam 153719.23.4 Neonicotinoids Pesticides
Clothianidin 210880-92-5
Acetamiprid 135410-20-7
Metaflumizone 139967-49-3 Semicarbazones

As CECs included in the Watch List are still considered candidate substances for
prioritization, EQSs have not yet been established for them. However, all the efforts are
being currently made by researchers in order to boost the prioritization and inclusion in
routine monitoring programs of all substances which must be there, according to scientific

evidence. With this aim, the Working Group on Prioritization of Emerging Substances of the
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NORMAN Association (an independent network of reference laboratories, research centers
and related organizations for monitoring of emerging environmental substances [38]) has
developed a common prioritization framework for emerging substances [39]. The objective
of this scheme, which is completely in line with the aims of the EU WFD, is to provide
decision-makers with the valuable information required to create and update lists of priority
and emerging concern chemicals such as those established by Directive 2013/39/EU and
Decision 2018/840/EU. So far, NORMAN has identified and included in its prioritization
network more than 1000 emerging substances, which have been classified according to the
available information mainly concerning their environmental occurrence and effects on

living organisms [38].

1.2.2 The pesticides concern

Out of the 45 substances/groups of substances included in the PSs list, 23 are pesticides.
Similarly, 7 out of 15 CECs in the watch list established in Decision 2018/810/EU also
belong to this group of micropollutants. That represents a presence of pesticides in European
priority and emerging concern substances lists of about 50%, which is not coincidence given
the nature of these compounds.

Pesticides are substances designed and employed with the purpose of dissuade, incapacitate
or simply killing living organisms considered to be harmful. They are typically used for crop
protection in agriculture (around 85% of world production), although other important
applications include livestock protection and human disease control [40]. Since its use
became especially popular after World War 11, synthetic organic pesticides have become
essential to maintain the quality and increasing quantity of food required to satisfy human
population [41,42]. However, and although specific legislation regulating the use of
pesticides exists in some regions of the world such as Europe [43], this always involves risks
to human and environmental safety. Concerns about pesticides use already started by the
mid-1940s, with the first reports of harms to non-target organisms caused by exposure to the
nowadays infamous dichlorodiphenyltrichloroethane (DDT), an organochlorine insecticide
[44]. After further evidence on pesticides toxicity and a large public outcry, partly motivated
by the divulgation made by Rachel Carson in her book Silent Spring of the disastrous impacts
on the environment caused by the use of pesticides [45], DDT and other organochlorine

pesticides were finally banned by 1970s in the United States and many other countries in the
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world [46]. Since then, other chemical classes of compounds, such as organophosphates,
carbamates or pyrethroids, with apparent lower toxicity and persistence and a higher
selectivity than organochlorines have been extensively used in agriculture as insecticides.
Over the years, however, it has been demonstrated that even the use of these alternative
compounds can negatively affect human health and the environment [40,47,48]. Thus, bans
and restrictions on the use of several families of pesticides and particular compounds have
gradually been imposed during the last decades, and the search for greener synthetic

pesticides still continues these days [46].

One of the last chemical classes to be discovered and commercialized were neonicotinoid
insecticides, which in 2013 surpassed organophosphates as the most widely used insecticides
in the world [46]. Again, what apparently was a less toxic, more selective and less persistent
class of pesticides than the preceding ones, started soon to raise concerns. An increasing
number of reports relate the destruction of populations of birds, aquatic organisms and
beneficial insects (e.g., bees) to the presence of neonicotinoids in the environment [49,50].
These evidences, together with the uncertainty about risks posed to humans and other
mammal species, have prompted regulating actions from the European Commission, which
restricted on May 2018 the agricultural use of three of the most employed neonicotinoids,

namely imidacloprid, clothianidin and thiametoxam [51-53].

Table 4. Occurrence of pesticides in water samples worldwide. Data collected between 1993 and 2017 [55].

Number of Quantified Sampling Average concentration

Country

aquatic systems pesticides year [ng LY
Benin 1 6 2010 224.9
Egypt 2 12-13 1993 0.1
Ghana 2 4-11 2004 0.1-97.3
Kenya 1 2 - 9375
Mozambique 1 16 - 30.6
Nigeria 5 1-14 2014 190-2163
South Africa 5 4-15 1999-2002 35.2-77.9
China 11 5-30 1999-2014 1.5-7384
India 3 3-13 2009-2015 0.2-13166
Macau 1 18 2001 1.6
Russia 2 7 2003-2005 0.1
Vietnam 1 13 2012 398.5
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Table 4. (Continued)

Number of Quantified Sampling Average concentration

Country

aquatic systems pesticides year [ng LY
Central and Eastern 1 9 2007 6.3
Europe
Belgium 2 6-7 2002-2004 48.4-312.1
Bulgaria 1 8 - 5.3
France 6 3-19 2003-2010 26.9-566.7
Germany 6 1-19 2001-2003 9.1-580
Greece 7 3-23 1996-2007 19.6-99.3
Hungary 1 2 2010 417.1
Italy 1 9 2008 1.9
Norway 1 12 2014 0.3
Poland 2 8-12 2002-2003 8.5-42
Portugal 7 8-48 2004-2012 31.2-17667
Romania 3 7 2004-2013 1.6-37.1
Spain 13 1-45 1996-2013 4-940
The Netherlands - 13 2008 43.8
Australia 5 4-10 2006-2010 2.8-759.1
Argentina 2 3-8 2012 53.5-323.3
Brazil 2 10-11 1999-2005 12.9-23.6
Chile 1 8 2013-2014 2.6

Given the risks posed by pesticides to human and environmental safety, it becomes clear
why the presence of these compounds in freshwater resources is of major concern. Moreover,
some of the physicochemical properties of the pesticides/families of pesticides nowadays
employed, such as relatively low hydrophobicity and high solubility, facilitate a higher
distribution in water once they reach aqueous compartments via some of the typical transport
mechanisms (i.e., runoff, soil leaching and spray drifting) [54]. This is one of the causes of

their widespread detection in water bodies worldwide (Table 4) [55].

Methiocarb

Methiocarb (MC, see chemical structure in Table 5) is one of the most employed carbamate
pesticides worldwide. It can be used in agriculture as bird repellent, insecticide, acaricide
and molluscicide. MC is poorly soluble in water (27 mg L), moderately hydrophobic

(log Kow ca. 3) and does not dissociate in aqueous solution. As a carbamate, the MC mode
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of action is based on the inhibition of the vital enzyme cholinesterase, through what is known
as cholinergic effect [56]. In short, MC molecules bind the enzyme molecule by
carbamylation of the active site, and this prevents the degradation of acetylcholine
neurotransmitter after synapsis [57]. If acetylcholine molecules are not degraded, they
accumulate in the synaptic gap, leading to an overstimulation of the neurotransmitter
receptor. Non-target organisms such as humans and aquatic species are also susceptible to
the cholinergic effect [57]. Being so, MC is classified as a very toxic substance to human
and aquatic life, with potential long lasting effects [58]. Moreover, MC is also classified by
the WHO as a highly hazardous pesticide [59]. Notwithstanding, its use in Europe or the
United States is still approved. Recently, it has been included in the watch list of substances
established by Decision 2018/840/EU [37]. MC has been detected at concentrations up to a

few ng L in different surface waters of southern Europe [60—63].

Despite the risks posed by the presence of this pesticide in water resources, the search for
advanced technologies for the degradation of MC from water matrices has been so far barely
explored. Only a work describing the potential use of vacuum ultraviolet/ultraviolet
(VUV/UV) process on that purpose has been recently published [64], in addition to three
previous works dealing with the oxidation of this chemical by some conventional
disinfectants [65-67].

Acetamiprid

Acetamiprid (ACMP, see chemical structure in Table 5) is one of the seven neonicotinoid
insecticides that are currently commercialized [68]. ACMP is moderately soluble in water
(4300 mg L1), presents low hydrophobicity (log Kow = 0.8) and a pKa value of 0.7. Its mode
of action —similar to all compounds included in this family of pesticides— is related to the
disruption of cholinergic synapses, although in a different way than that for carbamate or
organophosphate pesticides. Particularly, neonicotinoids act as agonists of the nicotinic
acetylcholine receptors [68]. As they present similar characteristics than acetylcholine,
neonicotinoids are able of miming this molecule, binding irreversibly to the nicotinic
receptor. This union causes both, a blockage of the receptor and its permanent stimulation
[68]. Since this specific neural pathway is more abundant in insects than in other organisms,
neonicotinoids are in general more toxic to insects than mammals and other non-insect

species [50,68]. However, there are studies relating negative impacts on human health due

15



Chapter 1

to the chronic exposure to this chemical [69—71]. Furthermore, it has been reported that
ACMP can affect aquatic and other living species [72—75]. ACMP is currently classified at
European level as harmful to both human and aquatic life [58]. Its use is approved
worldwide, although recently it has been included as one of the neonicotinoids under
surveillance in Europe, according to Decision 2018/840/EU [37]. As it appears to be less
toxic to beneficial insects than it was initially though, the use of ACMP has not been
restricted as happened with other compounds of the same family. Being so, an increase in
the production and use of ACMP in the following years to the detriment of imidacloprid,
clothianidin and thiametoxam should not be a surprise. ACMP has been frequently detected
in different freshwater bodies worldwide, including some in Europe, at concentrations up to
380 ng L1 [76-82].

The removal of ACMP from water by means of advanced technologies has been frequently
reported, including several recent works exploring UV irradiation, Fenton, photo-Fenton,
heterogeneous photocatalysis and electrochemical oxidation processes as treatment
alternatives [83-88]. However, the use with the same purpose of other well-established

technologies such as ozonation has not yet been studied.

Dichlorvos

Dichlorvos (DDVP, see chemical structure in Table 5) is an organophosphate insecticide. It
presents high solubility in water (ca. 10000 mg L), moderate hydrophobicity (log Koew about
1.5) and does not dissociate in aqueous solutions. As all pesticides belonging to this chemical
family, DDVP acts inhibiting the acetylcholinesterase enzyme, in a similar way that
carbamates do [56,57]. However, the binding due to phosphorylation of the enzyme active
site is significantly stronger than that produced by carbamylation, which dramatically
increases the potential negative impacts of organophosphate pesticides over non-target
organisms [56], compared with carbamates. The exposure to DDVP has been related, among
others, to serious health issues in humans and fish [89-93]. The European Commission
categorized DDVP as a toxic substance for humans when exposure occurs via dermal or oral
mechanisms, and fatal if inhaled. Moreover, it is classified as a very toxic chemical to aquatic
life [94]. The WHO, on its part, recommended classifying DDVP as a highly hazardous
pesticide [59]. The use of DDVP at European level is currently not approved, and since 2013

it is considered a priority substance, according to Directive 2013/39/EU [35]. In other
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regions of the world, such as the United States or Australia, the employment of this
insecticide has been restricted but still continues. DDVP has been frequently detected in
different water bodies worldwide, including some in European countries, at concentrations
ranging from a few to 1100 ng L* [78,81,95-100].

DDVP removal by advanced treatment options has been previously reported, including some
recent studies dealing with the use of Advanced Oxidation Processes (AOPS) on this purpose
[101-103]. To the best of our knowledge, however, there are not previous studies on the

degradation process of this pesticide through ozone-based processes.

Table 5. Names and chemical structures of pesticides methiocarb, acetamiprid and dichlorvos.

Compound name(s) Chemical structure
: CHs
Methiocarb
S\
(3,5-dimethyl-4-methylsulfanylphenyl) N- j’\ CHs
methylcarbamate H3C\H 0 CH,
Acetamiprid H, (|:H3
. C. .C=y-CN
N-[(6-chloropyridin-3-yl)methyl]-N'- | N N
cyano-N-methylethanimidamide cl N CHs,
1
Dichlorvos CH
- - Cl \(\O/ P\\O/ 3
2,2-dichloroethenyl dimethyl phosphate 4 0O
HyC

1.3 Ozonation and ozone-based oxidation processes

The increasing preoccupation regarding the presence of priority substances and
contaminants of emerging concern in water resources, together with the general consensus
that conventional wastewater treatment plants are one of the main pathways for
micropollutants introduction into the aquatic environment triggered, some decades ago, a
search for advanced treatment options that were capable of removing these pollutants from
water matrices [104]. These technologies should ideally destroy MPs without leaving no

trace in water and without “passing the problem” to another medium, such as is typically
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done when applying membrane-based and other separation processes. Thus, emerging
treatment technologies for MPs removal should be based on chemical oxidation. During the
last years, and in view of the increasing problems related to water scarcity and the upward
trend in considering wastewater as a water resource, this area of water research has received

a massive boost.

Among the numerous, existing alternatives of treatment based on chemical oxidation,
ozonation and ozone-based oxidation processes are some of the most mature technologies
nowadays, with ample and demonstrated potential for MPs removal from aqueous matrices
[104-107].

1.3.1 Chemistry of ozone in water and wastewater treatment

Ozone (O3) is very reactive compound, fact that is attributed to the electronic configuration
of its molecule (Figure 6). The lack and excess of electrons of one of the oxygen atoms in
some of the possible resonance structures confers both electrophilic and nucleophilic
character to this compound, respectively. Moreover, and also due to its electronic
configuration and hybrid character, the ozone molecule presents some polarity (Dipole
moment: 0.537 Debye).

o ideor ot 2 oe

I I 1T v

Figure 6. Resonance forms of the ozone molecule [108].

Because of its particular characteristics, ozone may be involved in different types of
reactions with water constituents (including organic micropollutants), namely cycloaddition
reactions, electrophilic substitution reactions and electron transfer reactions [107,108].
Nucleophilic addition reactions are also theoretically possible, although these have only been

confirmed for non-aqueous systems [108].

Cycloaddition reactions with ozone are typical of unsaturated organic compounds, such as

olefins [107]. Such reactions follow what is known as Criegee mechanism [109], which in
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aqueous solutions consists of the three following steps (Figure 7). First, a dipolar 1,3 addition
between ozone and the double bound takes place, resulting in the formation of a cyclic
structure called ozonide. This species is very unstable and it readily undergoes
decomposition, giving rise to a carbonyl compound (aldehyde or ketone) and a zwitterion
(step 2). The zwitterion, with certain polar character, interacts with water to give rise to a
hydroxylalkylhydroperoxide, which decomposes to (and is in equilibrium with) another
carbonyl compound and hydrogen peroxide [107].

o) o
07 o o/ \O
Step 1 } ( -
Rl\ _ /R3 F\)l\\ //R3
>c=cC >c—cl
R; R, R, R,
(O Ria_
o o Ry
Step 2 Rl\\;) C//R3 i
PR (@)
R; R4 \ O/ R
N~ N3
C\
+ "Ry
R3
o- >c=o0
/ H0 Hoo Ry _ _ Ry
Step 3 O Rs ™= << —_— +
+C\ HO R4
R4 Hzoz

Figure 7. Ozone cycloaddition reaction: Criegee mechanism.

Ozone undergo electrophilic substitution reactions with moieties presenting a high electronic
density [107]. Positions ortho- and para- in aromatic rings with electron-donating
substituents, such as hydroxyl or amino groups, are especially susceptible to this type of
reaction [108]. The example of Figure 8 illustrates this. First, a carbocation is formed. As
the starting aromatic compound had an electron-donating group as substituent (D),
electrophilic attack of ozone at ortho- and para- positions is favored. Then, oxygen is
released from the formed carbocation and this is followed by a hydrogen shift, overall

resulting in the hydroxylation of the starting compound [107].
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Figure 8. Electrophilic substitution reaction between ozone and aromatic compounds.
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Table 6. Ozone decomposition mechanism in pure water. Initiation and radical chain evolution.

Reaction Rate constants Reaction No.  References

O3 + OH — HOs ki =70 M5t (1) [111,112,116]

HOs < HO2" + O ko ~ 107 st 2 [116]
k2 =5-10° M1s?t

HO, + 0" — HOz + 02 ks=108 M1s? (3) [116]

O3 + HO2” — HOs ks >2.8-10° M5t 4) [111,217]

HOs < HO2" + Os” ks > 107 s (5) [117]
ks ~5-10° M5t

HOs* — 20, + OH" ke ~ ks (6) [117]

HO2" « O + H* k; =3.2.10° s @) [111]
k-7 = 2.0-101° M1s?

O3 + 0" — 03" + O ks = 1.6-10° M5! (8) [114]

03" < 0" + O ko =1.94-10%s? 9) [117]
k-9 = 3.5-10° M5!

0" + H:O <& HO" + OH" kio=9.6-10" s (10) [116,118]
k-10 = 1.2-10*° M1s?

HO" + O3 — O + HO’ ki1 = 2.0-10° M1s? (112) [112]

Although cycloaddition and electrophilic substitution reactions typically dominate in water

and wastewater ozonation, electron transfer reactions usually take place in competition

[107]. The standard redox potential of ozone is high (2.07 V), this indicating the potential of

this species to get involved in electron transfer processes. Good examples of this type of

reactions are some of those constituting the radical chain decomposition mechanism of
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ozone in pure water, first introduced by Joseph Weiss in 1934 [110] and periodically re-
investigated and revised since then [111-117]. Currently, the most accepted version of the
mechanism is the one formed by reactions (1-11) gathered in Table 6, where reactions (1-6)
are the steps contributing to initiate the radical chain mechanism and reactions (7-11)

represent how this proceeds.

It is important to note that, as a consequence of the radical chain Oz decomposition
mechanism, hydroxyl radicals (*OH) are generated. This is an extremely reactive transient
species, and it reacts with many organic and inorganic chemical species present in water
[119]. In fact, *OH is in general more reactive than ozone, as well as significantly less
selective [107]. To get a general idea about that, the second-order rate constants of hydroxyl
radical reactions with organic compounds typically range between 108 and 10'° Ms? (i.e.,
three orders of magnitude) [119], whereas rate constants of ozone reactions can vary up to
more than ten orders of magnitude (0.1-10'° M-1s™) [107], depending on the chemical nature

of the target species.

Hydroxyl radicals can present three types of reactions: addition reactions, hydrogen
abstraction reactions and electron transfer reactions [107,120]. The most common and fast
(many of them usually close to be diffusion-controlled) are addition reactions, which readily
take place to double bounds (especially C=C, C=N, S=0) and aromatic rings (Figure 9)
[120].

c=c/ o, OH>C—C'/
AN 7N\

R R
H
«OH
> OH
Figure 9. Examples of *OH addition reactions to double bounds and aromatic rings (early stages).
Hydrogen abstraction reactions also take place with frequency, especially when the first
pathway is not possible [107]. These are usually slower than addition reactions and the only

possible route for many saturated hydrocarbons (i.e., only containing single bonds such as
C-H, N-H and O-H bonds) [120]. The general scheme is represented by reaction (12).
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‘OH + R-H — H0 + R (12)

Electron transfer reactions are rare with organic compounds and, contrarily to what is often
thought, the high reduction potential of *OH (2.8 V) is not a measure of its high reactivity
[107]. However, electron transfer reactions between hydroxyl radicals and some inorganic
anions are possible, and indeed they are of great importance for ozone application in water
and wastewater treatment, where several of these species are abundant [120]. They react
with «OH without giving rise to other chain carriers such as the hydroperoxyl radical or the
superoxide anion (HO2" and O™, respectively), and therefore do not contribute to the radical
chain propagation that eventually leads to further «<OH generation (see Table 6). Inorganic
compounds with these characteristics are known as *OH scavengers or radical chain
inhibitors, as contribute to the termination of the ozone decomposition mechanism [121].
Some of the most important inhibition reactions are the ones involving carbonate and
bicarbonate anions (Table 7) [121], although other species such as chloride or nitrite may
also contribute [120].

Table 7. Main reactions involved in the inhibition of the radical chain ozone decomposition mechanism by

carbonate and bicarbonate anions. Mechanistic and kinetic data is taken from [121].

Reaction Rate constants Reaction No.
COs> + 'OH — CO3" + OH" kiz = 3.9-108 M1s? (13)
HCOsz + 'OH — HCO3" + OH" k14 = 8.5-105 M 1s? (14)
HCOs" <« CO3z™ + H* Kis=108M "~ (15)
CO3” + CO3” — CO; + COs* kig = 2-10" M5t (16)
H2COs < HCO3z + H* Kiz=45-108 M~ a7
HCOs « COs* + H* Kis=4.4-101M" (18)

* Equilibrium constants, which are equal to the quotient between rate constants of forward and backward

reactions.

The main properties of hydroxyl radical, that is, higher reactivity and lower selectivity than
ozone, make its production of great interest in ozone application to water and wastewater
treatment, especially if the ultimate objective of the process is removing organic
micropollutants. However, the ozone decomposition initiated by OH" is not at all the main
source of «OH production. Reaction between O3z and OH" is very slow (Table 6), and it only

can play a significant role at very high pH conditions, for which OH" presence in water is
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large. In fact, other reactions between ozone and different water constituents also producing
*OH are much faster than this one at the typical pH range of water and wastewater (i.e., up
to 8) [107]. That is the case, for instance, of 0zone reactions with the dissolved organic matter
(DOM) typically contained in water and wastewater matrices. Although these reactions may
happen through a variety of mechanisms, it has been suggested that part of the electron-rich
aromatic components of DOM undergo electron transfer with O3 (Figure 10) [122,123]. One
of the products of this side reaction is the ozonide anion (Os™), which upon further reaction

gives rise to *OH generation (see Table 6).

DOM model

Figure 10. Electron transfer reactions between DOM (here represented by a generic aromatic compound) and
ozone [107].

Hydroxylation of aromatic DOM moieties by electrophilic substitution (see Figure 8) can
also lead to *OH generation [123], as phenolic moieties can also undergo electron transfer
with Os, giving rise to O3™ (Figure 10) [122]. Additionally, *OH can add to aromatic
compounds of DOM (Figure 11). In the presence of an oxygen excess, which is the typical
situation when ozone is injected in a given system, the resulting compound, a
hydroxycyclohexadienyl radical, is in equilibrium with its corresponding peroxyl radical
[122]. The latter then releases HO>’, which as illustrated in Table 6 can undergo

deprotonation and then react with Oz, ultimately leading to *OH production.

Although <OH is generated by DOM side reactions with ozone, and even if this generation
is sustained by continuous reactions of both Oz and «OH with primary (initial DOM) or
newly generated electron-rich sites (products resulting from initial DOM components with
O3, such as phenols generated by hydrophilic substitution), only a fraction of the DOM
initially present in water act as radical chain promoter (i.e., leads to radical species that
ultimately give rise to *OH). The rest of it act as inhibitor, scavenging *OH or consuming O3
without further «OH or chain carrier production [108,121].
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Given the poor contribution of the ozone decomposition mechanism initiated by OH" to "OH,
and in view of the fact that DOM can lead to its generation but is also a known sink for
radical species, it becomes clear that alternative strategies for promotion of «OH production
during water treatment with ozone should be adopted if the indirect oxidation pathway (i.e.,
oxidation through formed "OH) is wanted to be enhanced in a particular application. That,
as already mentioned, can be beneficial if the objective of that application is micropollutants
abatement from a given water matrix, as the less reactive and significantly more selective
direct oxidation pathway (i.e., direct oxidation through O3) often cannot be effective enough

for organic compounds degradation [107].

R R
‘OH OH
H
(7)
R R
DOM model
)] ©2
_0O
i RWP OH
OH .
-HO, H
(9)
R R

Figure 11. Hydroxyl radical addition to DOM (here represented by a generic aromatic compound), which in

the presence of an O, excess gives rise to radical chain carriers and ultimately «OH [107].

1.3.2 Peroxone process

The combination of ozone with hydrogen peroxide (H2O>) for water treatment, also known
as peroxone process, is the best-known of the existent ozone-based Advanced Oxidation
Processes (AOPs) [107]. As any AOP, the basis and aim of this technology is the in situ
generation of hydroxyl radicals, with the final purpose of using this oxidizing agent for the
chemical destruction of pollutants that are present in water [117]. The process is based on
the fast reaction of ozone with the deprotonated form of hydrogen peroxide (HO?)
[111,117], which is typically in equilibrium [Table 8, reaction (19)]. H202 reaction with
ozone, on the other hand, is very slow (k < 0.01 Ms [111]). The fundamental reaction of

peroxone process (i.e., O3-HO2™ reaction) is, in fact, part of the radical chain mechanism of
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ozone decomposition described in section 1.3.1 [reaction (4) in Table 6]. In that system,
however, HO is just a non-radical intermediate whose formation is kinetically disfavored
[see rate constants of reactions (2) and (3) in Table 6]. Thus, in single ozonation this pathway
should not contribute significantly to «OH production. When combining ozone with H2O3,
however, a larger presence of HO2 in the medium allows the activation of this chemical
route, which overall results in an enhanced generation of hydroxyl radicals [107].

Another particularity of the peroxone process compared to single ozonation is the fact that
H20. may react with carbonate radicals formed upon reaction between «OH and carbonate
anions (see reactions in Table 8), giving rise to HO>" [reaction (20)]. This has important and
potentially advantageous implications for «OH production in the peroxone system, since
carbonate/bicarbonate play the role of a promoter for Oz decomposition in the presence of
H20.[121]. The opposite happens in conventional ozonation, where —as already mentioned—
COs?/HCOs act as radical chain inhibitors.

Table 8. Characteristic reactions of the peroxone (Os/H202) process (in addition to those already presented in
Tables 6 and 7). Mechanistic and kinetic data is taken from [121].

Reaction Rate constants Reaction No.
H.02 « HOz + H* Kig=2.5-102 M~ (19)
H.02 + COs™ — HCOs3 + HOy' koo = 4.3-10° M1s?t (20)
H.02> + 'OH — HO2" + H.0 ko1 =2.7-10" M1s?t (22)

* Equilibrium constant, which is equal to the quotient between rate constants of forward and backward

reactions.

Finally, it is worth to mention here that under certain circumstances, increasing H20>
concentration with the aim of accelerating the process may not result in an advantage, since
*OH reacts with H20O> considerably fast [reaction (21)]. Thus, an excess of hydrogen
peroxide could also lead to a reduction of the available amount of hydroxyl radicals in the
reaction medium [107,108].

1.3.3 Other o0zone-based oxidation processes

In addition to H202, and always with the aim of enhancing «OH production, ozone can be

combined with homogeneous and heterogeneous catalysts, as well as with UV irradiation.
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Regarding catalytic ozonation, both homogeneous and heterogeneous processes have been
widely studied for years. From metals in solution (homogeneous process) to metal oxides,
metal on supports, minerals containing metals and even activated carbon (heterogeneous
processes), numerous works have described the potential benefits associated to the addition
of catalysts to enhance the transformation of ozone to hydroxyl radicals [124—-129]. Although
some of the studied systems have proven useful on that purpose, the potential gain in
efficiency is impaired by several problems related to catalysts. In homogeneous systems, the
use of transition metals in water treatment would require their removal from treated water,
which results quite impractical. In the case of heterogeneous systems, on the other hand, the
optimal concentrations of catalysts are typically large (in the g L™ range) [104,126,128].
That results in problems related to process design. Moreover, other issues such as catalyst
separation, fouling and deactivation, the release of toxic compounds into water and synthesis
and/or preparation costs must always be considered for these processes [104,126]. Such a
collection of potential drawbacks probably constitutes the reason for which catalytic
ozonation has remained at laboratory level during all these years, with scarce presence in

real-world applications [126].

Concerning the combination of ozone with UV light, and although there are laboratory
studies dealing with its potential application for enhanced «OH production, this process has
not so far gained much practical application [107]. However, a recent comparative screening
of electric expenses for different AOPs has revealed similar energy demands for Os/H20-
and Os3/UV processes when these are applied for the elimination of ozone-resistant

micropollutants from water and wastewater [105].

In addition to the intrinsic disadvantages of other ozone-based AOPs different than Oz/H20-,
there is a fact that is decisive when choosing the best process considering a tradeoff between
efficiency and feasibility (in terms of technical maturity and low energy demand). The H>O»-
induced transformation of ozone to hydroxyl radicals presents a yield about 50%, that is, two
O3 molecules are approximately consumed to generate one «OH [130]. That only leaves a
2-fold margin improvement for a process with an *OH vyield of 100%. Therefore, it is
currently accepted that the peroxone process is the best option among ozone-based AOPs,
and one of the best AOPs in terms of feasibility and effectiveness nowadays, together with
the UV/H20. process [105,107,131]. Because of this, an important part of the current

research effort on ozone-based treatments is being focused in the intensification of the
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peroxone process. Interesting options have lately emerged in that sense, such as the
electrochemical production of H>O: in the so-called electro-peroxone process, which avoids

the transport and storage of chemicals and can be applied at various scales [104,131].

1.4 Ozone application for micropollutants abatement from wastewater

effluents: state of the art

Although ozonation has proven effective for micropollutants oxidation, there is still a limited
number of WWTPs in which additional ozone-based treatment steps are implemented with
that purpose [107]. Traditionally, wastewater treatment with ozone —which is nowadays
recognized as one of the best chemical disinfectants [132]— has mainly been installed for
disinfection in regions of the world where disinfection of wastewater effluents is mandatory
(e.g., some states in the USA) [107]. During the last years, however, and in view of the
growing importance of aquatic ecosystems protection and water reuse, the authorities of
some countries have decided to upgrade their WWTPs with additional polishing steps,
including ozonation, with the aim of reducing the amount of micropollutants discharged into
the water bodies. One of the most representative examples of this approach is Switzerland,
where to that purpose ca. 15% of the existing WWTPs are being improved either with
ozonation or activated carbon [104,133]. In other European countries such as France or

Germany, similar practices are currently under evaluation.

Regarding ozone use in wastewater reclamation schemes, this technology can be employed
after activated sludge when reuse is intended for agricultural applications [107], or as part
of a multibarrier advanced treatment in the case of direct potable reuse [104]. Good examples
of the latter are found in California, where a rigorous framework of advanced treatment
systems has been recently implemented to fulfill the criteria for direct water reuse, including
disinfection and micropollutants abatement [134]. In all these treatment trains, ozonation is

often the key disinfection/oxidation step.
There are some essential aspects to consider in ozone application for micropollutants

removal from wastewater, which are key in order to assess the feasibility of the treatment

[135]. These are briefly reviewed below.
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1.4.1 Reaction kinetics

The efficiency of micropollutants oxidation during ozonation directly depends on the
kinetics of reactions between these compounds and the main oxidants involved in the

process, that is, ozone and hydroxyl radicals [104,133].

Abatement of ozone-recalcitrant micropollutants during ozonation

As above discussed, most organic micropollutants present high reactivity with hydroxyl
radical. In ozone reactions, however, and because of the selective character of this oxidant,
kinetics largely depends on the structure of the target chemicals and therefore rate constants
may vary several orders of magnitude between different compounds. Being so,
micropollutants can be grouped according to their respective reactivity with Oz and ‘OH. Lee
and coworkers [136], for instance, proposed the classification presented in Table 9.
According to it, MPs belonging to group | are the most reactive compounds (and thus, more
prone to undergo oxidation) during ozonation, whereas MPs in group V would be the most
resistant to oxidative treatment. Micropollutants with rate constants for reactions with ozone
lower than 10 Ms? are often known as ozone-recalcitrant, ozone-refractory or ozone-

resistant compounds [107,136].

Table 9. Micropollutants classification according to their reactivity with involved oxidants during ozonation.
kos and k.on stand for the second-order rate constants of MPs reactions with ozone and hydroxyl radicals,

respectively. Adapted from [136].

Group of MPs Reactivity kos [M1s?!]  keon [M1s?]
| High with both O3z and "OH >1-10° > 5.10°
[ Moderate with Oz and high with *OH 10-1-10° >5.10°
1 Low with Oz and high with *OH <10 >5.10°
\Y; Low with O3 and moderate with ‘OH <10 1-10°-5-10°
\Y Low with both O3 and "OH <10 <1-10°

In full-scale applications of wastewater ozonation, it appears to be that the abatement of
ozone-resistant MPs (groups 11, IV and V according to the classification shown in Table 9)
is not considered nowadays as a primary objective. The Swiss Federal Office for the
Environment (FOEN), for example, established a list of 12 indicator substances that must be
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abated by at least 80% in average during upgraded wastewater treatment [137]. However,
only substances with high and moderate reactivity with ozone (groups | and Il) are included
in this list. These compounds may present from acceptable (50-80%) to good (> 80%)
efficiencies for ozone doses in wastewater treatment of about 0.5 mg of ozone per mg of
dissolved organic carbon [0.5 mg Os mg C1]) [138], which allow compliance with the Swiss
regulation. On the contrary, ozone-resistant MPs are in general moderate- or poorly abated
when applying practical ozone doses (in general up to about 1.0 mg Os mg C*, although
higher doses are usually tested [139]), as already demonstrated in several related studies
[136,138,140,141].

Under the low ozone dosing conditions typically applied or considered practical for
wastewater ozonation, ozone is readily consumed by the water constituents (mainly DOM
or EfOM [i.e., Effluent Organic Matter]) in a process stage often called primary ozonation
or instantaneous ozone demand (IOD) stage [108,142,143]. Hydroxyl radicals formed
through ozone reactions are strongly scavenged by water constituents, resulting this in a poor
availability of this oxidant in the reaction medium [107,120]. After IOD completion, a
secondary ozonation stage characterized by a slower ozone consumption (i.e., higher ozone
stability) and significantly lower «OH scavenging rate would start [108,143]. As mentioned,

however, wastewater ozonation typically employ ozone dosages below 10D fulfillment.

The application of peroxone (Os/H202) process, which as an AOP should enhance the
removal of ozone-recalcitrant compounds through intensification of hydroxyl radical
oxidation, neither appear to contribute significantly to that purpose [136,144,145]. The
observed low effectivity could be related to the fact that, under the typically applied
treatment conditions (i.e., low ozone doses), the ozone decomposition process is strongly
controlled by reactions with DOM [107]. Thus, hydrogen peroxide or —more precisely— its
anion HO2™ cannot compete in order to play an important role in the initiation step of the
radical-chain Oz decomposition mechanism (see section 1.3.2). In addition to increase the
ozone dose in order to test if a more significant effect is observed on Os-recalcitrant MPs
removal, some optimization of the peroxone process —especially concerning the approach

employed for oxidants (i.e., Oz and H202) dosing- is still to be fully explored.

Obtaining high quality reclaimed water may be imperative in a near future. In such situations,

making efforts to further remove or at least control the fate of ozone-resistant

29



Chapter 1

micropollutants during ozonation and ozone-based AOPs application to wastewater effluents
should become a necessary task, especially if some of these substances could pose risks to

humans and the environment.
Prediction and control of micropollutants abatement during wastewater ozonation

According to chemical reaction Kinetics, which in the case of ozone and hydroxyl radical
reactions with micropollutants are considered to follow second-order laws (first order with
respect to each reactant), the removal of a MP during ozonation can be described by Eq. (22)
[136].

[MP]

~In (W) = kos - j [05]1dt + k.o - f [+ OH]d¢ (22)

Predictions on MP removal could be thus performed as long as kinetic constants (i.e., ko3
and k.on) and oxidant time-integrated concentrations —better known as oxidant exposures
(i.e., [[Oz]dt and [[*OH]dt)— are known. In the case of ozone-resistant MPs, the term in
Eq. (22) describing ozone oxidation is much smaller than the term accounting for hydroxyl
radical kinetics, as degradation process is controlled by the latter [136]. In the Kinetic

modelling of such compounds oxidation, therefore, Eq. (23) can be used instead.

MP
~In <[[Mp]]0> = koo - f [+ OH]d¢ (23)

There is already a large database of second-order rate constants for Oz [107] and <OH [146]
reactions with organic micropollutants. Unknown constants can be determined
experimentally [107], and semi-empirical prediction methods based on quantitative
structure-activity relationships or quantum chemical calculations can alternatively be used

for an estimation of these parameters [147-149].

Regarding oxidant exposures, these can be experimentally determined for different
wastewater sources by means of batch ozonation experiments in which the residual
concentration of both ozone and a *OH probe (i.e., a compound only reacting with hydroxyl
radicals) are monitored over time. By following this approach, Elovitz and von Gunten
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observed a couple of decades ago how for a given water matrix, the f[«OH]dt/[[Oz]dt ratio
was constant over ozonation time [150]. This relationship was defined as the Rct concept,
and together with oxidant exposures determination, it was soon found potentially useful for
performance characterization and kinetic modelling of ozone applications [151-154].
However, the whole methodology presents some drawbacks, especially when it is applied to
wastewater ozonation, where a fast ozone consumption during the initial ozonation stage is
typically observed (i.e., the 10D stage discussed above). In first place, [[Os]dt can be
accurately determined by conventional methods only after some ozonation time, when ozone
consumption becomes slower (i.e., after 10D completion) [155,156]. Thus, Rct concept
cannot be neither determined for the entire ozonation time, but only for secondary ozonation
stage. In addition, oxidant exposures and by consequence the R¢t concept strongly depend on
significant seasonal and operational variations, such as temperature, concentration of organic
and inorganic species in the water matrix and applied ozone dose [157,158]. Furthermore,
comparing Ret values between different wastewaters, although useful for other purposes, is
not really meaningful in terms of oxidation efficiency, as both ozone and hydroxyl radical
exposure variations may simultaneously affect the Rct value [150].

In a related line of work, Kwon and coworkers recently proposed the Row,03 concept [159],
a novel kinetic parameter that represents the exposure to «OH produced by Oz consumption
[Eq. (24)]. Because of its features, the Rownos parameter has potential as a tool for
performance characterization, in terms of oxidation efficiency, of ozone-based oxidation
processes. The Rown, o3 value does not depend on the ozone exposure but on the consumed
ozone dose, an easily determinable parameter during the whole ozonation time. Moreover,
it appears to be less affected by seasonal and operational variations than Rc¢t. The Ron,03
concept, furthermore, has proven useful in the kinetic modelling of ozone-recalcitrant MPs

abatement during ozonation [159].

[[» OH]dt
Consumed ozone

Ron,03 = (24)

The use of the Ron,0s parameter has been tested so far in synthetic and natural water
ozonation. Thus, it is also required to explore its potential in wastewater ozonation, where
ozone is highly unstable at the beginning of the process. Kwon and colleagues performed
the whole study by means of batch ozonation studies, and therefore they could not obtain
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data for ozone or «OH probe depletion during the primary ozonation stage due to
experimental shortcomings. They solved the problem by applying subsequent corrections
based on mechanistic interpretations of ozone consumption, finally allowing an accurate
prediction of MPs abatement [159]. However, it remains to be explored if this approach can
be further improved to allow the description and kinetic modelling of the whole ozonation
process. If possible, this would trigger its use in wastewater ozonation even for real-time

control purposes.

Alternative to the use of models based on kinetic parameters for the prediction and control
of micropollutants abatement during ozonation, an approach that is gaining increasing
attention is the use of water quality parameters as surrogates or proxies. Some studies have
already shown that decreases in ultraviolet absorbance (UVA) and total fluorescence (TF)
of wastewater matrices during ozonation could be potentially correlated to the abatement of
micropollutants [160-162]. The use of other potential surrogates, such as nitrate (NO3") or
the organic matter electron donating capacity (EDC), have been recently tested with similar
purposes [163,164]. Because of the simplicity of its measurement, which could be easily
implemented even for real-time control systems, the use of UVA monitoring for MPs

abatement prediction during ozonation appears to be the most practical approach.

Empirical models resulting from studies using surrogates to assess MPs removal prediction,
including UVA, do not always present satisfactory correlations, making them only useful for
rough estimations. This approach, however, still appears to have a certain unexplored
potential. For instance, the use of surrogates for potential online estimation of oxidant

exposure, instead of MPs abatement, has not been studied yet.

1.4.2 Transformation products and their ecotoxicological effects

Ozonation rarely leads to micropollutants mineralization (i.e., total transformation to CO>
and H20, mostly achieved for AOPs in which <OH is massively produced). Instead,
transformation products (TPs) are typically formed [107]. A combination of advanced
analytical techniques and the knowledge of mechanisms of ozone and hydroxyl radical
reactions with organic micropollutants (see section 1.3.1) allow the elucidation of these
products [107,133,146]. In addition of knowing which products are formed during

wastewater ozonation, the potential risks —to humans and the environment— associated to
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their presence in water matrices should be also kept in mind and tested, when possible, by
means of bioassays [133]. Although the biological effect of several classes of compounds in
general disappear by slight modifications of the chemical structure of the parent compound
during ozonation, TPs more toxic than parent MPs may be formed [104,107]. Protocols
comprising a wide range of specific and unspecific toxicity bioassays have been developed
over the last years [135]. Experimentally studying the products obtained for the vast and
increasing variety of existent MPs during ozonation, as well as their potential effects over
living species, would be an extremely costly and time-consuming task [104]. Computer-
aided methods based on the existing knowledge for a number of model compounds are
nowadays being developed and continuously improved for initial screening purposes [165—
167].

1.4.3 Formation of oxidation by-products

Another important aspect that requires proper consideration is the formation of oxidation by-
products as a consequence of ozone and hydroxyl radical reactions with regular wastewater
constituents. A case in point is the generation of bromate —a carcinogenic product— from
bromide [107,146]. Even though the process is still not fully understood due to its highly
complicated chemistry, efficient strategies for its mitigation during wastewater ozonation —
such as the use of the Os/H202 combination (i.e., peroxone process) — are nowadays fairly
well known [165]. The generation of oxygen-rich by-products (e.g., aldehydes, ketones and
carboxylic acids) from DOM transformations during ozonation also needs to be carefully
considered [168,169]. Although in general less toxic than MPs or their TPs, these products
are formed in total concentrations that significantly surpass the sum of the concentration of
micropollutants detected after ozonation [104]. Being so, they may contribute more to the
negative biological effects of the treated effluent than MPs and their TPs. Moreover, residual
DOM and its oxidation products may trigger some technical and additional environmental
problems if further treatment steps are planned next, such as membrane fouling, saturation
in adsorption systems or formation of toxic disinfection by-products [170]. In addition, these
compound can cause bacterial growth in distribution systems if the treated effluent is
intended for water reuse purposes, as well as to contribute to eutrophication in receiving
water bodies [170], regardless if the effluent is discharged or reused in environmental

applications (e.g., aquifer recharge).
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There are several studies assessing the formation of DOM oxidation by-products during
oxidative water and wastewater treatment [171-173], and potential strategies for the
mitigation of the derived negative impacts (i.e., biological post-treatments) have been
already proposed [138,174]. However, the knowledge regarding the fate of the different
DOM (or dissolved EfOM) fractions during wastewater ozonation is still limited.
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2 Objectives, justification and thesis structure

2.1 Objectives

Although ozonation is a mature and suitable technology for enhanced wastewater treatment
and reclamation, there are still some knowledge gaps regarding micropollutants (MPs)
abatement process that require further research on this area. For instance, little is known
about the degradation by ozonation of several MPs categorized as priority or emerging
concern substances in the latest European regulations in the field of water policy. A great
percentage of these compounds are pesticides belonging to different chemical families. The
abatement of ozone-resistant chemicals during ozonation is rarely discussed in literature, and
the same happens with the fate of the effluent organic matter (EFOM) along this process.
Moreover, exploring strategies for further promoting hydroxyl radical oxidation of these
compounds together with their monitoring along the ozonation process is needed, for a more

efficient application and control of MPs fate.

The work of this thesis is focused on the above mentioned research needs, with the following

specific objectives:

1. Study of kinetic, mechanistic and toxicological aspects of especially concerning
micropollutants degradation during ozonation. Concretely,

e Determining the second-order rate constants of reactions between three selected
pesticides, reported to be emerging concern or priority MPs, and both ozone and
hydroxyl radicals.

e Studying the generation of transformation products and proposing degradation
pathways for all compounds.

e Assessing the potential ecotoxicological effects of formed transformation products.

2. Exploring the abatement of ozone-recalcitrant chemicals from six different wastewater
treatment plant effluents during ozonation, including the study of potential modelling
strategies for this process. This included,

e Study of extended ozone doses for the effective abatement of ozone-recalcitrant

compounds.
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Testing the RoHos concept as potential tool for performance characterization and
kinetic modelling of ozone-resistant MPs degradation during wastewater ozonation.
Proposal of surrogate monitoring strategies for prediction and monitoring of ozone-

refractory micropollutants during ozonation.

3. Assessment of effluent organic matter changes during ozonation applied for

micropollutants abatement, including ozone-refractory compounds. Particularly,

Studying organic matter transformation through analysis of general effluent quality
parameters.

Examining changes experimented by the different organic fractions forming part of
EfOM along ozonation, and comparing these with variations observed in general
parameters.

Studying relationships between EfOM changes, typical ozonation parameters and
effluent quality properties that could be useful for a first assessment or estimation of

the fate of organic matter during ozonation.

4. Application, intensification and modelling of peroxone (O3/H202) process for enhanced

oxidation of ozone-refractory micropollutants in wastewater effluents. Concretely,

Exploring novel strategies for hydrogen peroxide dosing during this process
application, particularly the addition of this reagent simultaneously to ozone dosing.
Process modelling through Ronos concept application.

Comparison in terms of oxidation efficiency between continuous and initial H20>
dosing strategy.

Testing prediction and monitoring strategies for ozone-refractory MPs abatement
during this process application based on the use of reaction kinetics, Ronoz concept

and effluent quality parameters.

2.2 Justification and thesis structure

The general objective of this thesis was contributing to the existing knowledge regarding

performance characterization and kinetic modelling of ozone-based processes applied to

micropollutants removal from aqueous matrices. Under this framework, the specific

objectives above detailed were proposed, this leading to the separation of the thesis results
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in various sections. The completion of each specific objective derived in the publications
indicated for each section and presented in Appendices I-V1.

Section 4.1: Kinetic, mechanistic and toxicological studies of selected priority/emerging
concern pesticides degradation during ozonation (Appendices I-111). Three pesticides
belonging to three different chemical classes, namely methiocarb (carbamates), acetamiprid
(neonicotinoids) and dichlorvos (organophosphorus), were selected for this part of the work,
considering the special concern posed by this family of micropollutants. Derived results
provided fundamental information regarding the removal efficiency of these compounds in
existing or newly planned ozone-based treatments, including the potential consequences of
their respective oxidations in terms of transformation products and associated toxicity. At
the same time, kinetic data (i.e., rate constants of reactions of selected compounds with ozone
and hydroxyl radicals) served to model abatement of micropollutants in ozone-based
applications. Finally, kinetic, mechanistic and ecotoxicological data contributed to enrich
the existing databases and computer-based platforms employing quantitative structure-
activity relationships or gquantum chemical calculations for in silico estimation of these

properties for a variety of micropollutants.

The following three publications, included as Appendices I-111 in section 4.1, were derived

from results obtained in this part of the thesis:

Cruz-Alcalde, A., Sans, C., Esplugas, S. (2017). Exploring ozonation as treatment alternative

for methiocarb and formed transformation products abatement, Chemosphere 186, 725-732.

Cruz-Alcalde, A., Sans, C., Esplugas, S. (2017). Priority pesticides abatement by advanced

water technologies: The case of acetamiprid removal by ozonation, Science of the Total
Environment 599-600, 1454-1461.

Cruz-Alcalde, A., Sans, C., Esplugas, S. (2018). Priority pesticide dichlorvos removal from

water by ozonation process: Reactivity, transformation products and associated toxicity,

Separation and Purification Technology 192, 123-129.

Section 4.2.1: Abatement of ozone-recalcitrant species, kinetic modelling and potential

control strategies (Appendix 1V). In this part of the thesis an assessment of ozone-

37



Chapter 2

refractory compounds fate during wastewater ozonation was performed through experiments
in six wastewater effluents showing a broad range of water qualities. These were spiked with
some ozone-resistant micropollutants as model compounds, including ACMP as *OH probe.
Modelling and online monitoring strategies involving kinetic concepts and effluent quality

parameters were tested.

The following publication, included as Appendix IV in section 4.2, was derived from results

obtained in this part of the thesis:

Cruz-Alcalde, A., Esplugas, S., Sans, C. (2019). Abatement of ozone-recalcitrant

micropollutants during municipal wastewater ozonation: Kinetic modelling and surrogate-
based  control  strategies, = Chemical Engineering  Journal, in  press.
DOI: 10.1016/j.cej.2018.10.206

Section 4.2.2: Assessment of EFOM changes taking place through ozone application for
micropollutants abatement, including ozone-refractory compounds (Appendix V). The
assessment of EfOM evolution during wastewater ozonation was carried out in this part of
the thesis, taking as reference the treatment conditions required for the removal of ozone-
refractory compounds and employing the same effluent samples used to perform the
previous part (Appendix IV). The study was carried out through analyses of general quality
parameters related to EFOM content and by means of advanced chromatographic techniques
such as SEC-OCD, which allowed the characterization of EFOM components through their

classification into different fractions.

The following publication, included as Appendix V in section 4.2, was derived from results

obtained in this part of the thesis:

Cruz-Alcalde, A., Esplugas, S., Sans, C (2019). New insights on the fate of EFOM during

ozone application for effective abatement of micropollutants in wastewater effluents,

submitted to Journal of Hazardous Materials.

Section 4.3: Application, intensification and modelling of peroxone process for
enhanced oxidation of ozone-refractory micropollutants in wastewater effluents

(Appendix VI). The combination of ozone with hydrogen peroxide (peroxone process) was
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tested as a potential method for enhancing the removal of ozone-resistant micropollutants
during ozone application to wastewater effluents. Some alternative strategies related to
oxidants (Oz and H20) dosing during the treatment were tested and compared. The work
was performed through ozonation studies employing three different wastewater effluents
spiked again with model micropollutants. Similarly to the work performed in single
ozonation studies (Appendix IV), some modelling strategies for micropollutants abatement

in improved peroxone process were investigated.

The following publication, included as Appendix V1 in section 4.3, was derived from results
obtained in this part of the thesis:

Cruz-Alcalde, A., Esplugas, S., Sans, C (2019). Continuous H.O; addition in peroxone

process: performance improvement and modelling in wastewater effluents, submitted to

Chemical Engineering Journal and currently under 2" review.

39






3 Materials and methods

3.1 Chemicals and reagents

3.1.1 Priority pesticides, model micropollutants and reference compounds

Relevant data of priority pesticides (MC, ACMP, and DDVP), model micropollutants (ATZ
and IBU) and reference compounds (rest of them) employed in the research presented in this
thesis are gathered in Table 10. All of them were analytical grade standards acquired from

Sigma-Aldrich (Germany).

Table 10. Main data of employed priority pesticides, model micropollutants and reference compounds.

Compound Abbreviation Chemical Mole.cular CAS
formula Weight Number
Acetamiprid (ACMP) C10H11CINg 222.676 135410-20-7
Atrazine (ATZ) CsH14CINs 215.685 1912-24-9
p-Benzoquinone (pBZQ) CeH40O2 108.096 106-51-4
p-Chlorobenzoic acid (pCBA) C7HsCIO: 156.565 74-11-3
Dichlorvos (DDVP) C4H7Cl204P 220.980 62-73-7
Ibuprofen (1IBU) C13H1802 206.285 15687-27-1
Methiocarb (MC) C11H1sNO2S 225.306 2032-65-7
Metoprolol (MPL) C15H2sNO3 267.369 51384-51-1
Phenol (PH) CsHeO 94.113 108-95-2
Sulfamethoxazole (SMX) C10H1:N303sS 253.276 723-46-6

3.1.2 Rest of chemicals and reagents

Mercuric sulfate (HgSOas), potassium iodide (K1), sodium dihydrogen phosphate (NaH2PO4),
sodium hydrogen phosphate (Na2HPOs), sodium hydroxide (NaOH), hydrochloric acid
solution (HCI, 37% wi/w), hydrogen peroxide solution (30% w/v), phosphoric acid solution
(HsPO4, 85% wiw), potassium dichromate solution (K2Cr.O7, 0.04 M with 80 g L™ of
HgSO.), silver sulfate solution (Ag2SO4, 10 g L™ in H2SO4), tert-Butanol (tBuOH) and
HPLC grade acetonitrile (ACN) were acquired from Panreac (Spain). Ammonium
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metavanadate (NH4VOz3) and potassium indigotrisulfonate (C1s6H7K3N2011S3, > 60%) were
purchased from Sigma-Aldrich (Germany). Unless otherwise specified, the above reagents
were analytical grade. Ultrapure water (TOC < 2 ppb; resistivity: 18.2 MQ cm) was produced
by a Milli-Q filtration system (Millipore, USA). Pure oxygen (> 99.999%) was supplied by
Abell6 Linde (Spain). Finally, all the reagents employed during toxicity bioassays
(Microtox® Acute Reagent, Reconstitution Solution, Osmotic Adjustment Solution and

Diluent) were purchased from Modern Water (UK).

3.2 Wastewater samples

Wastewater effluents from five WWTPs in the province of Barcelona (Spain) were

employed in this thesis (see Figure 12).

A wwtp

* Barcelona
(UB, Faculty of Chemistry)

Figure 12. Location of WWTPs in the province of Barcelona from where effluent samples were collected.

All these plants employ similar physicochemical processes in order to remove large and
suspended solids from the raw wastewater influent, in first place, and then different
secondary or biological treatments for the removal of biodegradable organic matter. The
WWTP located in La Llagosta [358333 population equivalent (PE); design flow (DF):
43000 m® d*] employs conventional activated sludge (CAS, see Figure 13) technology in
the secondary treatment, without removal of nitrogen or phosphorus. Effluent sample C-LLA
(or C3) was collected there. Two different treatment lines are implemented in the WWTP of
El Prat de Llobregat (2275000 PE; DF: 420000 m® d't). However, only effluent sample from
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the line employing CAS technology with nutrient elimination (C-PRA or C1) as biological
treatment was used in this thesis. Similarly, two different treatment lines are operated in the
plant of Gava-Viladecans (384000 PE; DF: 64000 m® d?). In this case, however, effluent
samples from both systems were collected for experimentation. One of the lines employs a
modified (capacity augmented) CAS system through integrated fixed-film activated sludge
(IFAS) technology. Effluent samples C-GAV (or C2) and CAS-3 came from this system.
The other line treats wastewater through a secondary process that consists of a membrane
bioreactor (MBR, see Figure 13) system, a combination of CAS process with ultrafiltration
membrane technology. Nitrogen and phosphorus are removed in both treatment lines.
Effluent samples M-GAV (or M3) and MBR-2 were collected from this process. The
biological process in the WWTPs of Vacarisses (5280 PE; DF: 1320 m® d!) and Vallvidrera
(5500 PE; DF: 1100 m? d*) consist both of MBR processes. Effluents M-VAC (or M1) and
MBR-1 were collected from Vacarisses, whereas effluent M-VAL (or M2) came from
Vallvidrera.

Treated

Influent wastewater
A A 4
CAS
——————
Aeration tank Excess
sludge
_ Treated
* wastewater
Influent
3 Membrane module
MBR Excess
e |~ sludge
Aeration tank

Figure 13. Scheme of the aerobic biological stage of wastewater treatment in conventional activated sludge
(CAS) and membrane bioreactor (MBR) systems. In MBR technology, a secondary clarifier (settling tank) is
not necessary to separate clean effluent from biomass and other suspended solids, as these are retained by the

membrane.
Different sampling campaigns were carried out between 2017 and 2018, with the aim of

having fresh effluent available to carry out experiments and minimize sample degradation.
Effluents M-VAC (M1), M-VAL (M2), M-GAV (M3), C-PRA (C1), C-GAV (C2) and
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C-LLA (C3) were employed for single ozonation studies (i.e., publications presented in
Appendices IV and V, the first nomenclature is the one employed in Appendix IV, while the
one in brackets was used in Appendix V), whereas effluents MBR-1, MBR-2 and CAS-3
were used in the work testing the peroxone process (publication presented in Appendix VI).

A summary of their main quality parameters are gathered in Table 11.

The raw CAS effluents [i.e., C-PRA (C1), C-GAV (C2), C-LLA (C3) and CAS-3] were
filtered with conventional filter paper to remove the largest solid particles. Effluent samples
coming from MBR systems (i.e., M-VAC (M1), M-VAL (M2), M-GAV (M3), MBR-1 and
MBR-2) were used as collected. All samples were stored at 4°C prior to be used.

Table 11. Main quality parameters of employed wastewater effluents. All measurements were performed in
triplicate, with standard deviations lower than 5% in all cases. Some samples were employed in the studies
presented in both Appendices IV and V, using two different nomenclatures in their designation. In this table,
both are indicated. The first one corresponds to that used in Appendix 1V, while the one in brackets is that

employed in the work presented in Appendix V.

Sample pH TOC DOC UV2s4 Alkalinity NO2
ID [mgCL' [mgCL?' [ecm?t] [mgCaCOsL?] [mgNL7]
M-VAC

7.9 6.7 6.6 0.179 330 0.85
(M1)
M-VAL

7.4 10.5 10.3 0.163 178 0.03
(M2)
M-GAV

7.7 12.4 12.1 0.149 200 0.12
(M3)
C-PRA

7.5 14.0 13.6 0.229 264 0.09
(C1)
C-GAV

7.8 42.1 27.6 0.672 517 0.09
(C2)
C-LLA

1.7 25.6 21.3 0.664 419 0.03
(C3)
MBR-1 7.8 7.2 7.1 0.090 448 0.03
MBR-2 1.7 13.6 13.3 0.174 208 0.19
CAS-3 7.8 51.1 21.7 0.503 569 0.16
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3.3 Ozonation experiments

Batch ozonation is probably the most accurate method for exact ozone dosing. If high doses
of this oxidant are wanted to be applied, however, this approach becomes limited by the
maximum concentration that can be achieved in the ozone stock solution. If this is not large
enough, the sample dilution after Oz addition may be excessive. To avoid this situation,

ozone is applied to the system by means of a gas-liquid contactor.

In this thesis, ozonation experiments were performed by following two different procedures.
For kinetic, mechanistic and toxicological studies of priority pesticides (MC, ACMP and
DDVP) performed in synthetic water (i.e., studies conducting to the journal publications
gathered in Appendices I-111), batch ozonation assays were carried out. In studies employing
actual wastewater effluent samples (i.e., studies leading to the journal publications presented

in Appendices IV-VI), experiments were conducted in semi-batch mode.

3.3.1 Control experiments

Control experiments consisting of hydrolysis, photolysis and adsorption tests were carried
out prior to ozonation assays in order to check if other mechanisms different than ozone and
hydroxyl radical oxidation could contribute to pesticides degradation during ozonation

experiments.

Solutions containing the target pesticides (4-20 uM) were placed into 250 mL stirred
beakers. For hydrolysis assays, the medium pH was adjusted at the desired value (generally
7) by means of phosphate buffers (1 mM) and/or a few drops of concentrated HsPO4 or
NaOH. The beaker was closed and covered with aluminum foil to avoid light exposure.
Samples were taken at 1, 2, 5, 12 and 24 h for pesticides residuals analyses. Photolysis at lab
conditions followed the same procedure, but it was tested in unbuffered ultrapure water
(pH ~ 5.5) and without covering or closing the beaker containing the pesticide solution.
Finally, adsorption tests were performed with unbuffered ultrapure water and in a covered
and closed beaker. In this case, however, the pesticides were kept in contact during the assays
with some materials commonly employed in the laboratory (i.e., plastic tubing, filters...) in

order to check their potential adsorption onto these non-polar surfaces.
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3.3.2 Batch ozonation

Since a greater control of reaction conditions can be achieved by means of this methodology,
batch ozonation experiments were useful to determine the absolute (second-order) rate
constants for reactions between pesticides (MC, ACMP and DDVP) and both, ozone and
hydroxyl radicals. Moreover, this approach was also employed to elucidate the degradation
pathways of these compounds and to assess the acute toxicity of unreacted and oxidized

samples containing the parent compound and/or transformation products.

Ozonation experiments in batch mode were performed by mixing aqueous ozone stock
solutions with aqueous solutions of the target pesticides. Ozone stock solutions
(~ 10-14 mg L) were prepared in a 1000 mL reactor by continuously bubbling a gaseous
oxygen/ozone mixture (Cos ~ 48 mg L) into ultrapure water at a rate of 40 L/h. The water
temperature was kept at 5-10 °C by means of a KISS K6 thermostatic bath (Huber,
Germany). Ozone was produced by a 301.19 lab-scale ozone generator (Sander, Germany),
which was fed with a dry pure oxygen stream (2 bar). The generator was also cooled through
a 280 Minichiller circulator, also supplied by Huber. The Oz concentration in aqueous phase
was continuously monitored by means of a Q45H/64 ozone probe (Analytical technology,
USA). All kinetic and degradation experiments were performed in triplicate, at a temperature
of 20 + 2 °C.

Rate constants of ozone reactions with selected pesticides

The second-order rate constants for the reactions of MC and DDVP with Oz were determined
by competition Kinetics, employing SMX and MPL as reference compounds, respectively.
In short, a target micropollutant M and a reference compound R react with ozone [reactions
(25) and (26)]. The respective second-order rate constants were kv oz and kr os. The method
required that kr,03 was already known, which implied its previous determination by means
of a reliable method [107]. In this case, values of rate constants required for Kinetic

determinations were taken from previous literature (Table 12).

M + Os — Oxidation products of M (25)
R + O3 — Oxidation products of R (26)
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The relative degradations as a function of the ozone concentration, which were determined
experimentally, were given by equation (27).

(600 = Feer " () e

The medium pH was kept at a constant value of 7 by means of a H,PO4/HPO4> buffer
(1 mM), and tBuOH (100 mM) was added as *OH scavenger. Varying volumes of ozone
stock solutions and solutions containing the target pesticides and reference compounds
(4-20 pM) were mixed to reach different ozone doses, which were between 5 and 50 pM.
Vials were then capped and placed in an orbital shaker until ozone was completely
consumed, which in general occurred within 2 h. Then, the residual concentrations of target

and reference chemicals were determined.

Since acetamiprid was found to barely react with ozone during preliminary experiments, a
different protocol than competition Kinetics was adopted in order to determine the second-
order rate constant of the ACMP-O3 reaction. In that case, the reactor was a 250 mL glass
bottle and experiments were performed at pH 2 to avoid the presence of hydroxyl radicals.
ACMP and Oz stock solutions were mixed to reach initial reactants concentrations of 4 and
200 puM, respectively. The medium was stirred for 10 s to achieve homogeneous conditions.
0.5 mL aliquots were withdrawn at selected reaction times and quenched by 2.5 mL of an
indigo solution. Then, the residual concentrations of ACMP and Oz were determined and the
rate constant could be calculated according to equation (28). The time-integrated ozone

concentration was determined by means of the trapezoidal method of numerical integration.

[ACMP]
—In <[

ACTP]O> = kacwmp,03 f[03]dt (28)

Rate constants of hydroxyl radical reactions with selected pesticides

The second-order rate constants for the reactions of MC, ACMP and DDVP with «OH were
also determined by competition kinetics, following a similar procedure than the one
described above for Osz-pesticides reactions. This time, however, tBuOH was not employed.

For ACMP reaction kinetics with *OH, pCBA was employed as reference compound. Ozone
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oxidation of pCBA could be neglected due to its low reactivity with this oxidant, compared
to that with hydroxyl radicals (see Table 12). On the other hand, in the case of MC and
DDVP determinations, two reference compounds (for MC: SMX and PH; for DDVP: MPL
and pBZQ) were employed instead of one, as both ozone and hydroxyl radical reactions
contributed to pesticides degradation. In these cases, the rate constant km..on was determined
by solving the system formed by equations (29) and (30), provided that the rest of kinetic
constants were known (R and S represent two generic reference compounds). Rct, which is
defined as the constant relationship between hydroxyl radical and ozone concentrations (see

section 1.4.1), also became determined by means of this procedure.

[M]\ _ (kmo03 + km.on * Ret) [R]

tn ([M]o) ~ (kros + kr.on - Ret) o ([R]o) (29)
[MI\ _ (kmo3 + kmeon " Re) | ([S]

tn ([M]o)  (kso3 + ks.on - Ret) tn ([3]0) (30)

Table 12. Kinetic data of reactions involved in competition Kinetics experiments. Data of rate constants in the

case of dissociating compounds are given for pH 7, that is, conditions under which assays were carried out.

Reaction k [M-1s1] Reference
SMX + O3z — products 2.0-10° [175]
SMX + "OH — products 5.5-10° [176]
PH + O3 — products 1.8-10° [177]
PH + "OH — products 5.5-10° [119]
pCBA + O3 — products <0.15 [178]
pCBA + "OH — products 5.0-10° [119]
MPL + O3 — products 2.0-103 [179]
MPL + *OH — products 7.3-10° [179]
pBZQ + O3 — products 2.5-10° [180]
pBZQ + "OH — products 1.2-10° [119]

Additional degradation experiments

Additional degradation experiments were carried out with the following purposes:
1) demonstrating the relative contribution of each oxidant (i.e., ozone and hydroxyl radicals)

to the overall pesticides degradation; 2) elucidating the degradation pathways followed by
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pesticides during ozonation process; and 3) assessing the ecotoxicity of both parent
compounds and degradation products. Experiments with and without the presence of tBuOH
(25 mM) were performed. The medium pH was kept at a constant value of 7 by means of a
H,PO4/HPO4> buffer (1 mM). Varying volumes of ozone stock solutions and solutions
containing the target pesticides (4-20 puM) were mixed to reach different ozone doses, which
were between 5 and 175 pM. Samples were withdrawn after total Oz consumption. Once the
residual concentrations of pesticides were determined, samples were frozen and later

employed for TPs and toxicity determinations.

3.3.3 Semi-batch ozonation

To achieve higher ozone doses in actual wastewater samples while avoiding sample dilution,
ozonation in semi-batch mode was selected as work methodology in this part of the research.
A semi-batch ozonation setup (Figure 14) was especially designed and built on this purpose
over the period between September 2016 and July 2017, simultaneously to the performance

of the first part of the thesis experimental work (i.e., batch ozonation studies).

Figure 14. Picture of the lab-scale, semi-batch ozonation setup.

Wastewater ozonation experiments in semi-batch mode were performed in a tailor-made,
750 mL jacketed glass reactor (approx. vessel dimensions: 15x8 cm), which was ordered to
Verres Vagner (France). Ozone was again produced from dry pure oxygen and injected at
the bottom of the reactor through a fritted glass diffuser (pore size: 150-250 um), also
fabricated by Verres VVagner. The reactor was equipped with a mechanical mixing system
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that ensured medium homogeneity and a proper contact between liquid and gas phases. This
system consisted of a stainless steel drive shaft with ball bearings, rotor and lower bearing
made of PTFE and a conductor made of glass, all supplied by Bola (Germany). The 6-bladed
propeller stirrer, which was also made of glass and supplied by Verres VVagner, was placed
at a distance of 5 mm from the gas diffuser. The stirring velocity, achieved through a RSLab-
13 overhead stirrer (RSLab, UK), was kept at 300 rpm.

Experiments were performed at 20 + 1 °C by employing a KISS K6 thermostatic bath (Huber,
Germany). No adjustment of the medium pH was performed. The gas flow rate and the inlet
ozone concentration were maintained at 0.1 NL min and 30 mg NL, respectively. The gas
flow rate was continuously measured by means of a GMF17 TIO gas totalizer and flow meter
(Aalborg, USA). Inlet and outlet gas-phase ozone concentrations were monitored by two
BMT 964 ozone analyzers (BMT Messtechnik, Germany), placed up and downstream the
reactor, respectively. The ozone concentration in the aqueous phase was continuously
measured by means of a Q45H/64 dissolved Oz probe (Analytical Technology, USA), which
was connected to a liquid recirculation stream (flow rate of 200 mL mint) propelled by a
Masterflex L/S compact pump (Cole Parmer, USA). Ozone concentration data measured in
both gas and liquid phases was registered every 10 s by means of a DagPRO® 5300 portable

data logger (Fourtec, USA). A detailed scheme of the ozonation setup is shown in Figure 15.
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Figure 15. Scheme of the lab-scale, semi-batch ozonation setup. 1. Oxygen bottle; 2. Ozone generator; 3.
Regulating valve; 4. Manometer; 5. Gas flow-meter; 6. Three-way valve; 7. Reactor; 8. Pump; 9. Dissolved
ozone measuring system; 10. Foam trap; 11. Kl solution for O3 quenching; 12. Thermometer; 13. Ozone
analyzer (gas-phase). Continuous and dashed lines indicate gas and liquid streams, respectively. Red and blue

arrows in the ozone generator and reactor indicate the cooling water circuit.
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Ozone consumption was determined as the Transferred Ozone Dose (TOD), which is defined
through Eqg. (31) and represents the transferred ozone to the liquid phase per unit of volume
and time. F and V are the gas flow rate and the liquid volume, respectively, t is the ozonation
time and [Oz]in and [Os]out represent the ozone concentrations measured at the inlet and outlet
gas streams, respectively. The trapezoidal method of numerical integration with a step size
of 10 s was implemented for TOD calculation.

Top = [ = ([0l ~ [0 lou)dt (31)

For a more accurate estimation of ozone consumption during experiments, TOD corrections
were applied taking into account the reactor headspace and the dead volume existent between
the liquid-gas interface and the outlet ozone analyzer. The headspace was modelled as a
continuous stirred-tank reactor (CSTR) to account for ozone dilution in the gas phase,
whereas the gas stream circulating from the reactor outlet to the Oz analyzer was considered

to follow a plug-flow model.

The 10D values for tested effluents were estimated as the minimum TOD required for ozone
detection in the aqueous phase, according to the methodology firstly proposed by Roustan
et al. [142] for continuous bubble columns and here adapted for a semi-batch ozone
contactor. This and other important parameters related to ozone mass transfer from gas to
liquid phase, such as the volumetric mass transfer coefficient (k.a), the mass transfer
efficiency () or the first-order Oz decay constant (kq) were also determined in semi-batch
ozonation experiments (for wastewater effluents used in Appendices IV and V). They
provided information about effluent quality and its relationship with the gas-liquid ozone
transfer, a critical process in wastewater ozonation. Detailed information about these
parameters and their estimation procedures can be found in the Supplementary Information

of the publication presented in Appendix IV.

In a typical experiment, a wastewater effluent sample was first spiked with low
concentrations (< 100 pg L) of one or more model compounds. In general, ACMP
(100 pug L) was employed as *OH probe, whereas ibuprofen (IBU) and atrazine (ATZ)
(25-50 pg L) were mainly used to validate kinetic models for ozone-refractory MPs
abatement prediction. Finally, methiocarb (MC) and dichlorvos (DDVP) (50 pg L) were
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used in some experiments as model ozone-reactive MPs. After MPs spiking, the resulting
solution was placed in the reactor vessel and ozonized for 30-60 min under the operational
conditions described above. Samples were taken at known time intervals and kept at room
conditions until complete consumption of dissolved ozone was achieved. Then, analyses
were conducted. Parameters such as the residual concentration of micropollutants, UV
absorbance, TOC (or DOC) and COD were typically determined. Others, such as the type

and concentration of EfOM fractions were only analyzed when required (see Appendix V).

In peroxone experiments, that is experiments employing hydrogen peroxide combined with
ozone (see Appendix VI), the addition of H20, was performed by two different methods:
a) total initial spiking; or b) continuous dosing by means of a metering pump. In the latter
case, an Ismatec 829 pump (Cole-Parmer, USA) supplied the ozone contactor with H20:
from a reservoir tank containing a dilution of the commercial solution. The pump flow-rate
was set at the lowest possible value (0.33 mL min™) to minimize the medium dilution. The
transferred ozone dose per unit time (TOD/t, mg O3 L™t min™!) was employed as reference
parameter for H.O> addition, with the aim of applying H202/O3 molar ratios of 0.25, 0.5 and
1 when working in continuous dosing mode. As ozonation typically exhibits a two-stage
behavior regarding ozone transfer to the liquid phase (see section 1.4.1 and ref. [143]), two
TOD/t values previously determined in single ozonation assays were required to calculate
the H20- flow necessary to meet the working oxidant ratios. Being so, hydrogen peroxide
addition initially started from a reservoir tank containing a more concentrated H.O> solution
(tank 1), since the ozone mass transfer in this stage was faster (i.e., higher TOD/t). After
IOD completion, the secondary ozonation regime started. In this stage, characterized by a
slower ozone consumption (i.e., lower TOD/t), H.O> was dosed from a reservoir containing
a less concentrated dilution (tank 2). For details regarding dosing conditions in peroxone

experiments, the reader is referred to Appendix VI.

3.4 Analyses

3.4.1 Micropollutants residual concentrations

The concentrations of micropollutants during oxidation experiments were determined by
High Performance Liquid Chromatography with ultraviolet detection (HPLC-UV). A 1260

52



Materials and methods

Infinity HPLC (Agilent Technologies, USA) equipped with a Diode Array Detector (DAD)
was used on that purpose. The employed column was a Mediterranea Sea 18
(250 mm x 4.6 mm, 5 um size packaging) supplied by Teknokroma (Spain). Mixtures of
acetonitrile (ACN) and ultrapure water (pH 3, acidified with H3sPQOjs) at varying proportions
were employed as mobile phase. The flow rate was generally set around 1 mL min?,
although it was modified as appropriate. The sample (previously filtered through 0.45 pm
PTFE membranes) injection volume ranged from 20-100 pL, depending on the compound
of interest and the range of concentrations to determine. The wavelengths of detection were
selected according to the UV absorption properties of the different analytes that were
quantified, but always in the range between 205 and 270 nm. Details of HPLC conditions
regarding mobile phases, injection volumes and detection wavelengths can be found in

Appendices I-VI.

3.4.2 Oxidation intermediates

Degradation intermediates of the studied pesticides were elucidated by HPLC-UV combined
with Mass Spectrometry (MS). These analyses were performed in collaboration with the
Molecular Characterization Mass Spectrometry Unit of the Scientific and Technological
Centers of the University of Barcelona. An Agilent G1969A Electrospray-lonization-Time-
of-Flight (ESI-TOF) MS system was coupled in series to a 1100 HPLC system equipped
with a DAD, also supplied by Agilent. The MS settings were as follows: sample inlet
flow: 0.3 mL min; capillary voltage, 4000 V; fragmentor voltage, 175 V; drying gas
temperature, 325 °C; drying gas flow, 10 L min?; nebulizer pressure, 30 psig; data
acquisition, 25-1000 m/z. Both negative and positive ESI modes were preliminary tested
during the identification of all three pesticides (MC, ACMP and DDVP) degradation
intermediates. However, positive ionization allowed a better detection of MC and ACMP
intermediates, whereas negative ESI mode worked better in the case of DDVP degradation

products.

3.4.3 Total Organic Carbon

The Total Organic Carbon (TOC) content was determined by means of a 5055 TOC-VCSN
analyzer equipped with an ASI-V autosampler, all by Shimadzu (Japan), and according to

the Standard Methods 5310 B procedure [181]. The analysis consists of three steps:
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a) removal of inorganic carbon by sample acidification (HCI, 2 M) and subsequent air
bubbling, b) catalytic combustion of the sample at 680 °C and c) quantification of CO..
Dissolved Organic Carbon (DOC) can also be measured through this procedure, previous

filtration of the sample through 0.45 pum syringe filters.

3.4.4 Chemical Oxygen Demand

The Chemical Oxygen Demand (COD) gives a global measurement of the organic load in a
water sample. This analysis determines the equivalent amount of oxygen necessary to
oxidize organic species contained in a water sample by means of strong oxidizing agents.
Tests were carried out by following the Standard Methods 5220 D procedure [181]. 2.5 mL
of the sample were digested at 150 °C during 2 h with 1.5 mL of potassium dichromate
(K2Cr207, 4 mM) and 3.5 mL of silver sulfate solution (Ag2SO4, 10 g L) in sulfuric acid
(H2S04). Mercuric sulfate (HgSO4, 25 g L) was also present in the medium in order to
avoid potential interferences caused by chloride anion. During the oxidation reaction, Cr®*
is reduced to Cr3. The Cr®" disappearance, which is proportional to the extent of the
oxidation reaction, was quantified by measuring the absorbance of the solution at 420 nm
(low COD protocol) with an Odyssey DR2500 UV-Vis spectrophotometer (Hach, USA).
Tubes employed for sample digestion (round bottom, 16 mm diameter) were also employed

as cuvettes for colorimetric measurements.

3.4.5 Ultraviolet Absorbance

All dissolved organic matters (e.g., EfOM in the case of wastewater effluents) have in
common that they exhibit strong UVA (Figure 16). This fact makes this parameter useful to

characterize water and wastewater samples.

Particularly, UVA measured at a wavelength of 254 nm (i.e., UV A2s4) has been traditionally
considered a good indicator of the level of aromatic moieties in aqueous matrices. For a
better characterization of EfOMs, UVA2s4 is typically normalized to the concentration of
organic matter of the sample (e.g., UVA254/DOC, also known as specific UV absorbance or
SUVA). Since UV active moieties of EfOM have a certain reactivity with ozone, this
parameter can be of interest when applying ozonation process for water and wastewater

treatment. Further details regarding the relevance of UVA for water and wastewater
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ozonation can be found in the book Chemistry of Ozone in Water and Wastewater Treatment
by von Sonntag and von Gunten [107]. UVA was determined by means of a DR6000 UV-Vis
spectrophotometer (Hach, USA). Measurements at 254 nm or wavelength scans

(200-400 nm) were typically performed. 1x1 cm quartz cuvettes were in all cases employed.
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Figure 16. UV-Vis spectrum of a typical wastewater (effluent of the municipal WWTP in Neuss, Germany)
[107].

3.4.6 Turbidity

Turbidity in water is caused by suspended and colloidal matter. In wastewater effluent
samples, the measurement of this parameter together with other physicochemical parameters
such as TOC and DOC may provide additional data regarding the physical state (dissolved,
colloidal or suspended) of EfOM. Turbidity was determined by means of a Hach 2100P
portable turbidimeter, through a protocol that is based on the Standard Methods 2130 B
procedure [181].

3.4.7 Assessment of Effluent Organic Matter fractions

Typical physicochemical parameters employed for EfFOM characterization, such as TOC,
DOC, COD, UVA do not always provide enough information regarding the chemical nature
of wastewater organic constituents. Under some circumstances, especially for wastewater
reuse applications, it may be convenient to know the type and concentration of the different
fractions of organic matter that is present in wastewater effluents, and how this composition
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may vary after applying subsequent treatment steps (e.g., ozonation). Quantitative
information regarding dissolved EfOM fractions can be obtained by means of Size Exclusion
Chromatography combined with Organic Carbon Detection (SEC-OCD). This technique,
which also employs UV and Organic Nitrogen Detection (OND), allows the identification
and quantification of the organic fractions gathered in Table 13 [182,183].

Table 13. Characteristics of dissolved EfOM fractions [182].

Dissolved EfOM fraction Molecular  Description
Weight
Biopolymers (BP) > 50000- Hydrophilic. Associated to amino acids
2000000 and proteins. Not UV-absorbing.
Humic substances (HS) 100-100000  Mix of humins (non-soluble) and

humic/fulvic acids, in varying
concentrations.

Building Blocks (BB) 350-500 Degradation products of HS and
precursors of LMWA.

Low Molecular Weight < 350 Final degradation products of organics.

Acids (LMWA) Also released by algae and bacteria.

Low Molecular Weight <350 Short-chained, slightly hydrophobic

Neutrals and Amphiphilics products, such as alcohols, aldehydes,

(LMWN) ketones and amino acids.

SEC-OCD determinations were performed in collaboration of the R&D Department of
ACCIONA Agua, a Spanish company dedicated to the development and management of
water services. As recommended, samples were filtered through 0.45 um PTFE membranes

and preserved at 4 °C and dark conditions until analyses were performed.

3.4.8 Nitrite content

Nitrite (NO2) concentration is an important parameter that should be always considered in
wastewater ozonation. Ozone rapidly reacts with nitrite (kos with nitrite: 3.8-10° M1s?),
yielding nitrate (NO3) and singlet oxygen (*O2) as main products [reaction (32)].

NO2, + O3 — NOs + !0, (32)

In addition to this reaction, *OH is also formed, but the yield is only near 4% [184]. By a

simple calculation, therefore, it can be deducted that each mg of nitrogen in the form of
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nitrite (NO, expressed as mg N L) consumes 3.43 mg of ozone without generating
hydroxyl radicals. This effect can be critical in wastewater ozonation, where nitrite formed

during partial nitrification of ammonia can be present.

Nitrite content in wastewater effluents samples was determined by lon-Exchange
Chromatography (IEC). An HPLC system consisting of a 515 pump (Waters, USA), a 465
autosampler and a 332 UV detector (Kontron, Germany) was employed in this analysis. The
column was a IC-Pak Anion (150 mm x 4.6 mm, 10 um size packaging), also supplied by
Waters. The mobile phase consisted of a borate-gluconate buffer, and the flow was
maintained at 2 mL min*. The injection volume was 200 pL, and the detection was carried

out at 214 nm.

3.4.9 Alkalinity

Alkalinity of a water is a measure of its capacity for neutralizing acids. In wastewater, this
buffering capacity is mainly attributed to the bicarbonate (HCO3") and carbonate content
(CO3?), although other species such as hydroxide, phosphate, ammonia and sulfate can also
contribute to this property. The alkalinity was measured through an automatic titration
system (pH Burette 24) combined with a Basic 20 pH meter, all supplied by CRISON
(Spain). Samples were titrated with hydrochloric acid (HCI, 0.1 M), and the selected
end-point was pH 4.3.

3.4.10 Dissolved ozone concentration

The residual concentration of ozone (O3) in batch ozonation experiments was determined by
the indigo method, first described by Bader and Hoigné in 1981 [185] and included as
4500-03 B procedure in the Standard Methods [181]. The principle of this method is that
ozone rapidly decolorizes indigo dye in acidic solution, being the decrease in absorbance
linear with increasing concentration of the oxidant. 0.5 mL of the sample was added to
2.5 mL of indigo reagent Il solution (potassium indigo trisulfonate [C1sH7N2011S3K3],
77 mg L%; sodium dihydrogen phosphate [NaH2PO4], 10 g L'!; concentrated phosphoric acid
[H3POs4, 85% w/w] 7.1 mL in 1 L). The absorbance at 600 nm was immediately measured
by means of a DR6000 UV-Vis spectrophotometer (Hach, USA). The concentration of ozone
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was determined from the difference between the absorbance measured in sample and blank
(prepared with ultrapure water). 1x1 cm quartz cuvettes were employed.

Regular calibrations of the Os probe employed in semi-batch ozonation experiments were
also carried out employing the indigo method as reference, as recommended by the

manufacturer.

3.4.11 Hydrogen peroxide concentration

H20> concentration was determined by means of the metavanadate spectrophotometric
procedure [186]. 1.5 mL of the sample were mixed with 1.5 mL of an ammonium
metavanadate solution (5.14 g L) prepared in acidic medium (19.2 mL H2SO4 L™?). Under
these conditions, the metavanadate (VOgz") anion reacts with H,O2 forming the species VO2**,
which presents an orange-coloration. The generation of this species, proportional to H>O>
concentration, was measured at 450 nm by means of a DR3900 UV-Vis spectrophotometer

(Hach, USA). 13 mm diameter (flat bottom) test tubes were employed as cuvettes.

3.4.12 Acute toxicity: Microtox® bioassay

Acute ecotoxicity of pesticides and their respective degradation products was assessed by
means of the Microtox® toxicity test, which employs bioluminescent bacteria Vibrio fischeri,
a marine organism. When exposed to a toxic substance, bacteria respiration is disrupted,
inhibiting the metabolic pathway that converts chemical energy into visible light. Response
to toxicity is therefore measured as a change in luminescence. The tests were conducted by
strictly following the protocol recommended by the manufacturer (Modern Water, UK).
After reconstitution of a freeze-dried culture of Vibrio fischeri (Microtox® Acute Reagent)
in 1 mL of the Microtox® Reconstitution Solution (especially prepared ultrapure water),
10 pL of this reagent were mixed with 0.5 mL of the Microtox® Diluent (especially prepared
ultrapure water containing 2% NaCl). After waiting 15 min for the stabilization of bacteria
light emission, luminescence was recorded by means of a Microtox® M500 analyzer, a
temperature-controlled photometer. Then, bacterial dilutions and the sample (adjusted with
the Microtox® Osmotic Adjustment Solution, which is a 22% NaCl solution in ultrapure
water) were mixed to finally prepare 45, 22.5, 11.25 and 5.6% serial dilutions. After 15 min

of contact, luminescence of all dilutions was recorded. Results were expressed as 1/ECs,
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where ECsg is the sample dilution causing a 50% reduction in light emission after 15 min of
contact. A scheme of the protocol employed in this bioassay is shown in Figure 17.
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Figure 17. Microtox® tests. Scheme of procedure.
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4 Results and discussion

A summary of most relevant findings of this thesis are presented in the following sections.
First, the results of kinetic, mechanistic and ecotoxicological studies of selected pesticides
oxidation during ozonation (corresponding to publications in Appendices I, Il and Il1) are
presented. Then, the main findings of ozone application to municipal wastewater effluents
are discussed. This second part starts with the results obtained in the study dealing with the
effective abatement and control of ozone-recalcitrant MPs during ozone application
(Appendix 1V), including kinetic modelling and surrogate control strategies, and ends with
the presentation of results about the fate of dissolved EfOM fractions during the treatment
(Appendix VI). Finally, results obtained in the study dealing with the combination of ozone
and hydrogen peroxide (i.e., peroxone process) for enhanced micropollutants oxidation in
wastewater effluents are presented (Appendix V1). The latter includes potential strategies for

performance improvement and kinetic modelling of the process.

4.1 Kinetic, mechanistic and toxicological studies of selected
priority/emerging concern pesticides degradation during ozonation

(Appendices I-111)

4.1.1 Reaction Kinetics

Kinetic studies performed according to the methods detailed in section 3.3.2, allowed the
determination of the second-order rate constants of ozone and hydroxyl radical reactions
with MC, ACMP and DDVP. Obtained values are presented in Table 14.

The rate of reaction between MC and ozone was determined to be considerable high, which
is attributable to the thioether or sulfide moiety that is present in the carbamate molecule.
Sulfides, with sulfur atom in its lowest oxidation state, can undergo fast O-transfer reactions
with ozone [107]. On its part, ACMP reaction with ozone was determined to occur very
slowly. According to the classification by ozone reactivity proposed by Lee and coworkers
[136], this pesticide would be considered ozone-refractory. The pyridine group is quite
unreactive to ozone, and the terminal cyano moiety, with strong electron withdrawing

properties, probably contributes to hinder ozone oxidation in other site of the molecule.
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Regarding DDVP reaction with ozone, a moderate rate constant value was obtained. Organic
phosphates are typically ozone-refractory compounds [107,122], although the double bound

in the dichlorovinyl moiety can probably undergo cycloaddition reactions [107].

Table 14. Rate constants of ozone and hydroxyl radical reactions with studied pesticides. Categorization into
high, moderate or low reactivity groups is based on the classification established by Lee et al. [136]. For O3
reactions: k < 10 Ms? (low); 10 < k < 10° M's? (moderate); k > 10° Ms? (high). For «OH reactions:
k <1-10°Ms? (low); 1-10° < k < 5-10° M%s? (moderate); k > 5-10° M-s? (high). Data compiled from

publications presented in Appendices I-11l.

Pesticide kos [M1s!]  Os reactivity koo [M1s!]  «OH reactivity
MC 1.7-10° High 8.2:10° High

ACMP 0.25 Low 2.1-10° Moderate
DDVP 590 Moderate 2.2-10° Moderate

Concerning reactions with hydroxyl radical, the corresponding rate constants for all
pesticides with this oxidant were determined to be in the 10° Ms™ order, which is typical
for most organic micropollutants given the high reactivity and low selectivity of «OH.
According to the classification by reactivity established by Lee et al. (see ref. [136] and/or
Table 9 in section 1.4.1), MC rate constant values would be considered high, whereas those
for ACMP and DDVP would be categorized as moderate.

4.1.2 Degradation mechanisms

HPLC-MS analyses of samples obtained in degradation experiments at different ozone doses
allowed the identification of MC, ACMP and DDVP oxidation products (see Tables 2, 1 and
2 of Appendices I, Il and Ill, respectively). According to this information and some
knowledge on Oz and *OH oxidation mechanisms with organic compounds, degradation
mechanisms for all three pesticides were tentatively proposed to explain their degradation

during ozone application.

Regarding MC (see proposed mechanisms in Figure 3 of Appendix I), detection of
methiocarb sulfoxide (MCX), methiocarb sulfoxide phenol (MCXP) and methiocarb sulfone
phenol (MCNP) led to the conclusion that the sulfur group in the parent compound molecule

was firstly oxidized, leading to MC sulfoxidation followed by hydrolysis and subsequent
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sulfonation of the resulting phenol sulfoxide. Further oxidized TPs could not be detected,
and different TPs for the two typical degradation pathways in ozonation, namely ozone and
hydroxyl radical oxidation, could not be distinguished through experiments with and without
the presence of tBUOH. However, obtained TPs could be followed through HPLC-UV at
different ozone doses (see Figure 2 in Appendix 1), revealing initial and simultaneous
formation of MCX and MCXP followed by a signal decay after reaching a maximum.
Gradual formation of MCNP was also observed after an initial lag phase. Thus, the
mechanism proposed for MC degradation during ozonation was confirmed in view of these
findings. Another interesting observation was that the system experimented less significant
changes (at the same ozone doses) in experiments conducted in the presence of tBuOH.
Oxidation by *OH, formed through ozone decomposition and suppressed in the presence of
this scavenger, proved useful for a more effective degradation of both MC and TPs. This
was especially relevant for TPs abatement, as sulfoxides and sulfones are significantly less
reactive to ozone than sulfides (i.e., the -S- moiety in the MC molecule) [107]. Thus, «OH

could contribute to its effective degradation.

As ACMP showed a high resistance to ozone oxidation, the study of their degradation
pathways focused on oxidation by hydroxyl radical. According to the identified structures,
different possible pathways were proposed (see Figure 4 in Appendix I1). The first tentative
route would start with H-abstraction in the methylene group of the ACMP tertiary amine,
ultimately vyielding the identified compounds 6-chloronicotinic acid and N’-cyano
acetamidine through a combination of *OH and O oxidation with hydrolysis steps. N ’-cyano
acetamidine would be potentially preceded by formation of the corresponding
N’-cyano-N-methyl acetamidine, a chemical species that was also identified through
HPLC-MS. The initial ACMP oxidation by *OH could also occur by H-abstraction in the
methyl group of its amine moiety. In that case, ACMP-N-desmethyl —which was also
identified— would be formed as oxidation product.

Degradation of the pesticide DDVP could occur via hydroxyl radical —but also ozone-
oxidation, as shown in the tentative mechanisms represented in Figure 4 of Appendix Ill. In
the first case (*OH), various initial steps are possible, in the view of the identified TPs. Thus,
oxidation could start by H-abstraction at one of the methyl groups bonded to DDVP
phosphate group, or by «OH addition to the phosphorus atom in the same structure. In any

of these two cases, desmethyl dichlorvos (d-DDVP) would be formed as transformation
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product, either by further «OH oxidation and formaldehyde release or by elimination of a
methanolate from the resulting structures. Additionally, «OH could also attack the
dichlorovinyl moiety of DDVP. In this case, the degradation route would ultimately yield
dimethyl phosphate (DMP) and dichloroacetic acid (DCA) as products. The latter (DCA),
could also be formed through hydrolysis and subsequent O, oxidation of the intermediate
d-DDVP, formed in the firstly described pathway. According to the only TP identified in
ozonation experiments in the presence of tBuOH, DMP, DDVP could first undergo a

cycloaddition reaction with ozone, followed by decarbonation of the resulting molecule.

4.1.3 Ecotoxicological assessment

The potential, negative ecotoxicological effects of the studied pesticides and their
respectively formed transformation products during ozonation were evaluated through
bioassays employing the luminescent bacteria Vibrio fischeri.

Although the composition of tested (i.e., oxidized) samples was unknown in all experiments
with the exception of the initial model solutions, an interesting correlation was observed in
MC degradation experiments between the observed toxicity and the corresponding
HPLC-UV of the reaction intermediate MCX (see Figure 4 in Appendix I). According to
previous studies, it appears to be that MCX is even more toxic than the parent compound
MC [65-67], and that was probably the reason why toxicity increased during the process,
reaching a maximum level at approximately the ozone dosage for which the maximum
concentration of this compound was measured. Moreover, inhibition in bacteria light
emission decreased when this chemical species started to be abated by the joint action of
ozone and hydroxyl radicals. In experiments performed in the presence of tBuOH, toxicity
levels reached higher levels in comparison to experiments without radical scavenger
addition. The most effective abatement of MCX in the presence of «OH, compared to ozone,

also led to a fastest toxicity reduction.

Ecotoxicity evaluation in the case of ACMP ozonation (see Figure 5 in Appendix Il) also
yielded interesting results, although in that case the observed rising in solution toxicity at
intermediate ozone doses could not be attributed to any detected degradation compound. In
fact, the identified TPs should apparently not be more toxic than the parent compound.
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Synergistic effects between various TPs formed in the process, as well as the presence of
non-detected TPs were proposed as possible explanation to the observed results.

Ozonation of DDVP also led to changes in the toxicity of the model solution, although the
observed trend was different in experiments with or without addition of tBuOH. These
results are represented in Figure 5 of Appendix Ill. In the first case, in which only ozone
oxidation contributed to DDVP oxidation, solution toxicity initially decreased, and then
started an increasing trend. Some explanations to these findings were proposed, namely
synergy between detected TPs or additional toxicity exerted by non-detected intermediate
species. Phosgene formation was described as part of the suggested DDVP degradation
mechanism by ozone. However, this toxic species is known to rapidly hydrolyze in aqueous
solution [187], and therefore its presence was dismissed as potential contributor to the
observed increase in toxicity. Other possibilities could be the formation of aldehydes or
peroxides typically formed through ozonation [107], although the presence of any of these
species could not be confirmed. Finally, accumulation of the detected intermediate DMP,
which is expected to react slowly with ozone, was also regarded as potential explanation for
the observed results. In the case of DDVP oxidation by the joint action of ozone and hydroxyl
radicals, a slightly, initial increase in the 1/ECso value was observed, followed by a
decreasing trend that was attributed to effective oxidation by «OH of all species potentially

contributing to solution toxicity.
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molecular ozone and formed hy-
droxyl radicals.

o The generation of TPs equally or even
more toxic than MC was observed.

e Changes in toxicity were associated
to the concentration of a major TP,
MCX.

e Ozone could only degrade MOC,
whereas hydroxyl radicals oxidized
all species.

e Indirect reaction must be favored to
ensure MC removal and toxicity
abatement.
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Despite the high toxicity and resistance to conventional water treatments exhibited by methiocarb (MC),
there are no reports regarding the degradation of this priority pesticide by means of alternative puri-
fication technologies. In this work, the removal of MC by means of ozonation was studied for the first
time, employing a multi-reactor methodology and neutral pH conditions. The second-order rate con-
stants of MC reaction with molecular ozone (O3) and formed hydroxyl radicals (OH-) were determined to
be 1.7-10% and 8.2-10° M~ s7!, respectively. During degradation experiments, direct ozone reaction was
observed to effectively remove MC, but not its formed intermediates, whereas OH- could oxidize all
species. The major identified TPs were methiocarb sulfoxide (MCX), methiocarb sulfoxide phenol (MCXP)
and methiocarb sulfone phenol (MCNP), all of them formed through MC oxidation by O3 or OH- in
combination with hydrolysis. A toxicity assessment evidenced a strong dependence on MCX concen-
tration, even at very low values. Despite the OH- capability to degrade MC and its main metabolites, the
relative resistance of TPs towards ozone attack enlarged the oxidant dosage (2.5 mg Os/mg DOC)
necessary to achieve a relatively low toxicity of the medium. Even though ozonation could be a suitable
technique for MC removal from water compartments, strategies aimed to further promote the indirect
contribution of hydroxyl radicals during this process should be explored.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Methiocarb (mesurol, 3,5-dimethyl-4-(methylthio)phenyl meth-
ylcarbamate) (MC) is one of the most common carbamate pesticides
worldwide, employed in agriculture as insecticide, acaricide,
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molluscicide and bird repellent (Altinok et al., 2006; Blazkova et al.,
2009; Gitahi et al,, 2002; Keum et al.,, 2000; Sinclair et al., 2006).
This chemical has been detected in natural waters of several coun-
tries (APVMA, 2005; Barcel¢ et al., 1996; Fytianos et al., 2006; Garcia
de Llasera and Bernal-Gonzalez, 2001; Squillace et al., 2002) at con-
centration levels ranging from ng L~ to pg L~ It also has been
detected in wastewater effluents (Campo et al., 2013; Masia et al.,
2013), this last suggesting the resistance of MC to conventional
wastewater treatments. Although the detected concentrations of this
micropollutant in water compartments are generally low, it repre-
sents a serious threat to the aquatic and human life considering its
high toxicity and that of some of its water metabolites (UNFAO (Food
and Agriculture Organization of the United Nations) and WHO
(World Health Organization), 1999). For example, methiocarb sulf-
oxide (MCX), which is one of the typical MC natural transformation
products (TPs), has been reported to be even more toxic than the
parent compound (Marss, 1998), and is currently included on the
Priority List of Transformation Products in Great British Drinking
Water Supplies (Sinclair et al., 2006). Because of all these reasons, the
World Health Organization has classified MC as a highly hazardous
pesticide (World Health Organization, 2010). Furthermore, MC has
been included in the recently launched 1st watch list of Decision
(2015)/495/EU for European monitoring (The European Comission,
2015), among other micropollutants considered as priority
substances.

Several studies regarding the fate of MC during conventional
wastewater and simulated drinking water treatment have been
reported during the last few years. For wastewater treatment, no
concluding results have been obtained about MC fate. For example,
higher concentrations were found in the effluents than in the in-
fluents in a Spanish sewage treatment plant, probably due to limi-
tations in sampling procedure (Barbosa et al., 2016; Campo et al.,
2013). Studies regarding the fate of MC in simulated drinking wa-
ter treatment have demonstrated that reactions between this
pesticide and most commonly used disinfectants (i.e.: free chlorine,
ClO, and NHCl), which also possess a certain oxidizing power, yield
transformation products (TPs) more toxic and persistent than the
parent compound, even though this one becomes degraded (Qiang
et al., 2014; Tian et al., 2013, 2010). However, despite the safety
concern regarding the presence of this pesticide and their TPs in the
aqueous systems, no studies related to the removal of MC by
advanced treatment options have been found in literature, as also
stated in a recent review by Barbosa et al. (2016). A possible
explanation for this lack of data could be related to the moderate-
high hydrophobic character of MC (log Kow = 3.2 and water solu-
bility 27 mg Ll at 20 °C (UNFAO (Food and Agriculture
Organization of the United Nations) and WHO (World Health
Organization), 1999)), which could complicate the handling of MC
during the experimental work due to its probable tendency of
becoming adsorbed to other hydrophobic materials.

Ozonation for the abatement of micropollutants has been
demonstrated to be an effective process (Dantas et al., 2008, 2007;
Huber et al., 2003; Jin et al., 2012; Vel Leitner and Roshani, 2010),
thus indicating the great potential of this advanced technology for
that purpose. Ozone (O3) is a strong oxidant that also undergoes
self-decomposition in water to release hydroxyl radicals (OH-),
under neutral and alkaline conditions, with stronger oxidizing
capability than O3 (Gligorovski et al., 2015). Since this technology is
increasingly employed in wastewater and drinking water treat-
ment, detailed information about kinetics, intermediates genera-
tion and associated toxicity changes during the process is essential,
even more with the detection of new micropollutants.

To the best of our knowledge, this is the first report on MC
removal by means of ozonation. The study aimed to determine the
kinetics of the process considering both, direct reaction with

molecular ozone and indirect reaction through hydroxyl radicals.
The possible reaction pathways of MC ozonation were also explored
by means of its main formed intermediates elucidation and finally,
the potential ecotoxicological effects of MC and its TPs during the
process were assessed by means of bacteria luminescence inhibi-
tion assays.

2. Materials and methods
2.1. Chemicals and reagents

Methiocarb, sulfamethoxazole and phenol analytical standards
were acquired from Sigma-Aldrich (Germany). NaH2PO4, NapHPOy,
H3POy, tert-butanol and acetonitrile were purchased from Panreac
(Spain), and were all analytical grade. Milli-Q water was produced
by a filtration system (Millipore, USA). Finally, all the reagents
employed during toxicity bioassays were purchased from Modern
Water (UK).

As early commented, MC was suspected to be adsorbed to some
non-polar materials, due to its hydrophobicity. In order to be sure
about that, some preliminary experiments were performed. Results
revealed important losses of MC when aqueous solutions of this
chemical were put in contact with plastic elements (i.e. filters,
tubing), whereas this was not observed when working with glass-
ware. Therefore, glass was selected as material for handling MC
solutions during experimentation.

2.2. Ozonation experiments

All ozonation experiments were carried out at 20 + 2 °C and pH
7, in Milli-Q water. Preliminary hydrolysis tests at pH 7 were per-
formed in order to determine the influence of this mechanism on
the overall MC removal. Reaction solution did not show hydrolysis
after a period of 2 h, which is exactly the time interval employed for
ozonation experiments, including analysis. Due to the tendency of
MC to become adsorbed onto many materials, as well as to the fast
reaction kinetics also exhibited during the preceding assays,
ozonation runs were carried out employing a multi-reactor meth-
odology, successfully used in several works (Borowska et al., 2016;
Ning et al., 2007). Detailed information of ozone stock solutions
preparation can be found in the supplementary information (Text
and Fig. S1). All ozonation experiments were done in triplicate.

Since preliminary experiments showed fast reaction rates (“k”
values > 1000 M~! s 1), the extensively-employed competition
kinetics method (Borowska et al., 2016; Buxton et al., 1988; Hoigné
and Bader, 1983; Huber et al., 2003; Jin et al., 2012) must be used to
determine the kinetic constants of the reaction between MC and
both, molecular ozone and hydroxyl radicals.

For kyico3 measurement, experiments were carried out in a se-
ries of 25 mL vials containing 20 uM of MC and 20 puM of sulfa-
methoxazole (SMX), the reference compound. The competitor was
selected considering the high-reactivity of MC with molecular
ozone. To avoid reactions involving hydroxyl radicals (OH-), tert-
butanol was employed as OH- scavenger (100 mM). Adequate
quantities of a H,POz/HPO3~ buffer were also added in order to
maintain the medium pH at a constant value of 7. Different doses
(from 5 to 50 uM) of the ozone stock solution were injected to each
vial as reactant. The mixtures were vigorously shaken for a few
seconds, to completely mix the ozone in. Samples were withdrawn
when the total consumption of ozone was achieved, and quickly
analyzed. The residual concentrations of MC and SMX were deter-
mined by HPLC-DAD.

For kyicone determination, a similar procedure was followed.
The multi-reactor system was used again, with initial concentra-
tions of 20 uM for all compounds and without the presence of a
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radical scavenger. Two references were employed since two re-
actions (i.e. MC with both, O3 and OH ) took place at the same time
and needed to be considered due to their expected important
contribution to MC depletion. SMX and phenol (PH) were chosen as
competitors, since both were expected to present similar overall
reactivity than MC.

Two extra sets of experiments were performed in order to
demonstrate the relative contribution of hydroxyl radicals on MC
removal. For direct reaction with ozone, each one of the 25 mL
reaction vials contained 20 uM of MC, 25 mM of tert-butanol and
adequate quantities of the pH 7 phosphate buffer. For reaction
involving molecular ozone and hydroxyl radicals, the same pro-
cedure was followed but no scavenger was added. For both ex-
periments, a wider range of ozone doses were applied (from 5 to
140 uM) in order to achieve the complete depletion of the pesticide.
Once analyzed, the samples withdrawn in these experiments were
frozen and lately employed for TPs and toxicity determinations.

2.3. Analytical procedures

The concentrations of MC, SMX and PH were quantified by
means of an HPLC equipped with a diode array detector (DAD), all
supplied by Agilent (1260 Infinity). For MC, PH and SMX analysis,
the column employed was a Teknokroma Mediterranea Seal8
(250 mm x 4.6 mm and 5 pm size packing). The chromatographic
conditions for each compound separation and detection are sum-
marized in Table S1 (supplementary information).

In order to elucidate the possible reaction pathways during MC
ozonation, samples in which different ozone doses were applied
were analyzed by LC-MS. An Agilent 1100 HPLC coupled with a
G1969A LC/MSD-TOF mass spectrometer was employed. MS data
were collected in full scan mode (25—1100 m/z), employing positive
electrospray ionization. The separation conditions were the same
ones employed for DAD quantification.

To assess the acute toxicity as a function of the applied ozone
dose, Microtox® bioassays were performed. This method measures
the inhibition of light emission of bioluminescent bacteria Vibrio
fischeri caused by the presence of toxic compounds in the aqueous
media. The results of this assay are usually expressed as ECsg,15min,
which represents the percentage of sample dilution (v:v) that
causes a 50% reduction in bacteria luminescence after a contact
time of 15 min. All the tests were carried out in duplicate in a
Microtox® M500 (Modern Water, UK) toxicity analyzer.

3. Results and discussion
3.1. Rate constant for the reaction between MC and O3

The second-order rate constant for the reaction of MC with
molecular ozone was calculated from Eq. (1), being this one ob-
tained by dividing the kinetic equations corresponding to the direct
reactions between MC and SMX with O3, as described elsewhere
(Dantas et al., 2008, 2007).

7ln([MC]> _ kuco, (7,,1([51\/0(])) 1)
MCly/)  ksmx .0, [SMX]o

As shown in this expression, a linear dependence between the
natural logarithm of the relative MC concentration and the natural
logarithm of the relative SMX concentration is expected, with the
ratio between the second-order kinetic constants of the target and
the reference compound being the slope. For the three replicates
that were performed, linear regression coefficients greater than
0.99 were obtained, together with a good agreement between the
corresponding slope values (0.87 + 0.01, see Fig. S2 of the

supplementary information). Considering a value of 2.0- 10 M~1s~1

for ksmx 03 at pH 7 (Huber et al., 2003; Jin et al., 2012), the second-
order rate constant for reaction between MC and molecular ozone,
knic03, was determined to be (1.7 + 0.1)-10° M1 s~1, As suspected
during preliminary experiments, the rate of the reaction between
MC and O3 is considerable fast. MC molecule contains a thioether
moiety, which has been considered to be the main responsible for
the fast kinetics (between 2.0-10° and 6.7-10°> M~! s~1) presented
by other compounds containing this functional group in their cor-
responding reactions with molecular ozone (Dodd et al., 2006; Jeon
et al., 2016). Since MC does not show basic or acidic properties in
aqueous systems (UNFAO (Food and Agriculture Organization of the
United Nations) and WHO (World Health Organization), 1999), the
reactivity of this compound with ozone is not expected to be
dependent on the medium pH, as reported for many other dissoci-
ating chemicals (Borowska et al., 2016; Dantas et al., 2008, 2007;
Hoigné and Bader, 1983).

3.2. Rate constant for the reaction between MC and OH-

For kymcon. determination, a different protocol was employed:
since no radical scavenger was added to the reaction medium, the
contribution of molecular ozone and hydroxyl radicals to the
overall MC depletion must be considered. Because of that, two
reference compounds (SMX and PH) were needed in order to later
solve the corresponding mathematical equations. This method was
successfully employed for similar purposes in a previous study (Vel
Leitner and Roshani, 2010). In the present case, six reactions were
considered to simultaneously take place in the described system.
They are gathered in Table 1, along with the corresponding kinetic
constant values found in literature.

The second-order rate constant for the reaction of MC with
hydroxyl radicals was calculated by solving the system formed by
Egs. (2) and (3). Detailed information about the obtaining of these
expressions can be found in Text S2 (supplementary information).

[MC] - (kMCA,O3 +k1\/]cﬁ0H.RCt)

n _ [SMX]
(ksmix.0, + ksmix.on-Ret)

[SMX],

IMC], )

n [MC] _ (kMC,03 +kMCAOH'RCt) [PH]
[MClo  (kpu,0, + kpHon-Ret) — [PH]g

From the above equations, it can be deduced that by plotting the
natural logarithm of the relative concentration of MC versus the
natural logarithm of the relative concentration of each one of the
competitors, per separate, two linear relations are obtained.
Together with the experimentally obtained slopes, if all the
required kinetic constant values are known the system can be
solved in order to determine kyicon., as well as Rct. The latter cor-
responds to a time-independent relation which represents the ratio
[OH-]/[O3] in a reaction medium subject to ozonation (Elovitz and
Von Gunten, 1999).

A good agreement was observed between the three replicates
that were performed: slope values of 0.90 + 0.02 and 0.98 + 0.01

l (3)

Table 1
Reactions considered during competition experiments for kycon. determination.
Reaction kM 'sT] Reference
MC + 03 — kyico3 1.7-10° This study
MC+ OH- — kyc oH- Unknown -
SMX + 03 — ksyx.03 2.0-106 (Jin et al., 2012)
SMX + OH- — ksyix oH- 5.5-10° (Huber et al., 2003)
PH + 03 — kpy 03 1.8-10° (Hoigné and Bader, 1983)
PH + OH- — kpy on. 6.6-10° (Buxton et al., 1988)
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resulted for MC-SMX and MC-PH corresponding relationships,
respectively. All the linear coefficients were above 0.99 (see Fig. S3
of the supplementary information). The kinetic constant was
determined to be (8.2 + 0.2)-10° M~! s~!, which indicates the high
reactivity of MC with hydroxyl radicals. In that case, the fast kinetics
was not attributable to a single specific reaction like the one
exhibited between molecular ozone and the thioether group:
although this sulfur moiety is also highly reactive to hydroxyl
radicals, with reported rate constants in the order of 10° to
1019 M1 s71 (Rézsa et al., 2017; Szabé et al., 2015), the character-
istic non-selectivity of OH- could promote other reaction mecha-
nisms usually exhibited by this transient species (e.g. electron or
hydrogen abstraction) (Gligorovski et al., 2015).

3.3. MC degradation by ozone and hydroxyl radicals

During the ozonation process, methiocarb can react with mo-
lecular ozone but also with hydroxyl radicals generated by ozone
decomposition (Gligorovski et al., 2015). Degradation experiments
applying different ozone dosages were performed in order to
observe the removal profile by means of the direct route (attack of
molecular ozone), as well as to demonstrate the contribution of
hydroxyl radicals to the overall depletion of MC at neutral pH. Re-
sults are shown in Fig. 1. Transformation by means of O3/OH-
combination was more effective than the removal only due to O3
attack: the ozone dose required to deplete over a 99% of the initial
MC concentration was about 2.5 times lower in the first case than in
the second (1.1 mg L' vs 2.8 mg L~1). At pH 7, therefore, the in-
direct degradation pathway could play an important role in the
global depletion of MC. This means that efficiency of ozonation for
MC depletion will strongly depend on water pH, among other
characteristics, since decomposition of ozone in hydroxyl radicals is
accelerated under alkaline conditions (Gligorovski et al., 2015).

According to bibliography (Gerrity et al., 2012; Lee et al., 2013),
doses until 1 mg O3/mg DOC are considered reasonable for disin-
fection and trace pollutant oxidation in drinking and wastewater
treatment plants. In the case of study, the normalized ozone dose of
0.4 mg Os/mg DOC was calculated to be enough to completely
remove MC by means of the O3 and OH- joint action. As stated
before, besides the chemical reactivity of the pollutant with ozone,
the efficiency of the process strongly depends on water character-
istics like pH or organic matter content. For instance, and given the
high value obtained for the second-order rate constant of MC re-
action with O3 (1.7-10% M~Is~1), in waters containing natural

1.00
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0.80 03/0H-

0.60

0.40

[MC}/[MC],

0.20

o

0.00

N,
Py

4 5 6
Applied ozone dose [mg L-']

Fig. 1. Profile of MC degradation ([MC]o = 20 uM) as a function of the applied ozone
dose, for experiments with (03) and without (O3/OH-) radical scavenger.

organic matter (NOM) or soluble microbial compounds (SMP) at
concentration levels of mg L=, MC (from ng L~ !-ug L~1) removal is
expected to happen mainly via ozone oxidation. It is clear, there-
fore, that the required ozone doses to deplete MC in real waters are
difficult to determine only on the basis of the above results. Car-
rying out experiments with realistic matrices and MC concentra-
tions could constitute a good idea on that purpose. However,
inherent difficulties related to MC hydrophobic properties, which
led to the adsorption of this chemical onto many materials, made
complicated the performance of this experimental work. A good
alternative could be the use of kinetic models, like the ones based
on the Rct concept (Elovitz and Von Gunten, 1999; Ning et al.,
2007): the obtaining of this parameter for particular waters,
together with the second-order rate constants provided in this
study, should allow the prediction of MC removal and thus the
estimation of the ozone dosage required for the complete depletion
of this contaminant in real aqueous matrices (Elovitz and Von
Gunten, 1999; Lee et al., 2013).

After viewing the results obtained up to this point of the study,
and without forgetting their limitations, what is clear is that
ozonation could constitute a suitable treatment option regarding
MC removal from water. Its high reactivity with O3 and OH-,
together with the significant contribution of hydroxyl radicals to its
degradation at neutral pH, allows to suggest that this contaminant
could be totally removed during ozonation stages. However, and
because of mineralization capability of ozonation is low, it was
necessary to explore other basic aspects of the process like the
generation of reaction intermediates and the associated toxicity
changes.

3.4. Reaction intermediates and possible mechanisms

The identification of relevant TPs generated during MC ozona-
tion, with or without the presence of a radical scavenger was per-
formed by means of HPLC-MS. The same signals were observed in
both processes, leading this fact to the idea that all the identified
TPs could have been formed simultaneously through the two
possible ozonation degradative routes. An example of chromato-
gram illustrating the appearance of TPs signals can be found in
Fig. S2 (supplementary information).

The proposed molecular structures of peaks for which the
identification procedure was successful are gathered in Table 2. The
observed differences between them were two: the relative degree
of oxidation presented by the original thioether moiety, on one
hand, and the loss of the carbamate group caused by hydrolysis of
TP's, on the other. Both reactions are possible, well-known, and
indeed have been considered in several papers regarding the
environmental fate and degradation of MC by other oxidants (Qiang
et al., 2014; Tian et al., 2013, 2010; UNFAO (Food and Agriculture
Organization of the United Nations) and WHO (World Health
Organization), 1999). In the case of O3 and OH- attack to thio-
ether groups, the mechanisms are reported in studies concerning
the degradation of organic compounds containing this moiety (Jeon
et al, 2016; Jin et al., 2012; Szabd et al., 2015). By this way,
methiocarb sulfoxide (MCX), methiocarb sulfoxide phenol (MCXP),
and methiocarb sulfone phenol (MCNP) were identified as the
major TPs formed during MC ozonation process. The generation of
these species, as well as the formation of other byproducts like
methiocarb sulfone (MCN) and methiocarb phenol (MCP) (not
observed in this work), are reported in previous studies regarding
MC oxidation by chlorine dioxide (Tian et al., 2010), free chlorine
(Tian et al., 2013) and monochloramine (Qiang et al., 2014).

Fig. 2 shows the semi-quantitative evolution of MC and its major
formed TPs during ozonation process, as a function of the applied
ozone dose. Since non-reference standards were available for all
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Table 2
Detected TPs and corresponding structures.

mfz Name

Proposed structure

226 (m+1) Methiocarb (MC)

201 (m+1) Methiocarb sulfone phenol (MCNP)
242 (m+1) Methiocarb sulfoxide (MCX)
185 (m+1) Methiocarb sulfoxide phenol (MCXP)

CH,
S
Sy o) CH,
H

CH; O

HO CH,

HO CH,

the species, the graphs provide the relative variation of the TPs
presence in the reaction medium, but not the evolution of their
absolute concentrations. As early commented, the major formed
byproducts were the same ones in the process only involving the
direct attack of ozone (Fig. 2 A) than in the process that involved the
attack of both, molecular ozone and hydroxyl radicals (Fig. 2 B).
Besides, the evolution profiles as a function of the applied ozone
dose presented shape similarities, being the main difference related
to the relative efficiency of each degradative process in terms of
required oxidant dosage: since the removal of MC for the process
only involving the attack of molecular ozone needed larger oxidant
doses than for the process in which both ozone and hydroxyl rad-
icals participated, the generation and subsequent destruction of the
TPs also required larger ozone doses in the first case than in the
second. Another key difference was the relative residual signal of
these products at each experimental point, always significantly
lower when the radical route played its role. Without the presence
of tert-butanol, formed hydroxyl radicals were supposed to oxidize
part of the remaining MC and TPs, thereby contributing to their
global depletion. Since these organic species are generally more
reactive to hydroxyl radicals than molecular ozone, that contrib-
uted to an enhanced efficiency of the degradative process.

Taking into account the observed TPs and their semi-quantitative
evolution with the ozone dosage, the sequential pathway shown in
Fig. 3 was proposed for MC ozonation. It has to be cleared that this
mechanism attempted to explain what seems to constitute the first

steps of the degradation pathway followed by the pesticide during
the process, considering that further oxidation products were not
possible to be identified. MC oxidation by ozone or hydroxyl radicals
firstly occurred at the thioether moiety. Additionally, and due to its
demonstrated potential to undergo hydrolysis in water at pH values
up to 6.5 (Qiang et al., 2014; Tian et al., 2013), the carbamate group
was prone to disintegration generating MCXP as side-product. Then,
the concentrations of MCX and MCXP increased by means of these
mechanisms until MC was totally depleted. In the view of the pro-
files presented in Fig. 2, it seems like MCX and MCXP signals
decreased at different rates from this moment, being the disap-
pearance of MCXP slightly faster than the one for MCX. It is possible
that MCXP was easier to oxidize than MCX, as happened in the study
employing monochloramine as oxidant (Qiang et al., 2014). Finally,
higher ozone doses allowed further oxidation of MCXP, leading to
MCNP generation.

It is known that as a carbamate pesticide, the specific action of
MC against pests is based on the inhibition of the vital enzyme
cholinesterase by its carbamate group (Padilla et al., 2007). Because
of that, MCNX and MCNP probably did not maintain their activity as
pesticides after losing their carbamate moiety, which did not mean
that these species were non-toxic. Following the same reasoning,
MCX probably kept its activity as pesticide, since its carbamate
moiety remained unaltered. Because this TP is more toxic than the
parent compound (Marss, 1998), the observed increase in toxicity
could be attributable to the only difference between both molecular
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Fig. 2. Semi-quantitative monitoring of MC TPs generated during reaction of the
pesticide (Co = 20 uM) with O3 (A) and O3/OH-(B), as a function of the applied ozone
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Fig. 3. Proposed reaction mechanism for MC attack by molecular ozone and formed
hydroxyl radicals.

structures: the sulfoxide moiety of MCX, in contrast with the sulfur
group presented by MC.

3.5. Toxicity during MC ozonation process as a function of the
applied ozone dose

The chemical alterations produced during the ozonation-
hydrolysis process implied changes in the properties of the result-
ing species, including toxicity. The variation of 1/ECsp versus the
applied ozone dose is presented in Fig. 4. This parameter provides a
direct idea about the ecotoxicity of the solution, since higher values
imply a higher inhibition in bacteria bioluminescence. Initial
toxicity for both experiments was relatively high (ECsg about 4.5%),
which is not surprising considering that MC had already demon-
strated to be highly toxic (Marss, 1998; World Health Organization,
2010). For the untreated solution, the corresponding ECsp value
expressed in concentration units could be also calculated, since the
composition of this sample was known. With an ECsp of 0.2 mg L™,
and according to the toxicity classification stablished in Directive
93/67/EEC (very toxic to aquatic organisms (0.1-1 mg L~1), toxic
(1-10 mg L~ 1), harmful (10—100 mg L~1), non-toxic (>100 mg L~1))
(European Commission Joint Research Centre, 2003), MC would be
considered as very toxic to aquatic organisms, which would confirm
again the previous knowledge about MC ecotoxicity. For the rest of
experimental points, only the ECsp in terms of sample dilution (% v/
v) could be provided since the corresponding samples compositions
were unknown.

For experiments in the presence of tert-butanol, solution
toxicity increased to a maximum (ECsg about 1.5%) for applied O3
concentrations about 3.5—4 mg L', and decreased for higher
dosages. However, this decrement was not significant and for larger
ozone doses the acute toxicity was even higher (ECs5p about 2%) than
that for the untreated solution. For experiments without the
presence of radical scavenger, a small increase in toxicity (ECso
about 4%) was observed at O3 doses about 0.5—1 mg L™, followed
by a significant drop of this parameter: for ozone doses about
7 mg L™, ECso value was about 95%, which represented a relatively
low toxicity.

Changes in toxicity observed in both experiments can be
attributed to the generation of TPs more toxic than the parent
compound, as concluded in many other related studies (Borowska
et al., 2016; Dantas et al., 2008, 2007). In the current case, reac-
tion intermediate MCX is the main suspect of increasing toxicity,
since is known to be about 2—3 times more toxic than MC based on
oral LD5g values in rats (Marss, 1998). Also, other TPs like MCXP and
MCNP, as well as hydrogen peroxide formed through ozone
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decomposition (Hoigné, 1982) could contribute to this increase in
bacteria bioluminescence inhibition. Of course, it was not possible
to exactly quantify the contribution of this species to the total
toxicity of the solution, but by comparing the MCX and toxicity
profiles, a correlation between both parameters appears to be
suitable: in all experiments, the maximum 1/ECsg value is reached
at approximately the O3 dosage in which the maximum relative
amount of MCX (DAD signal) is also observed. In addition, when the
concentration of this intermediate starts to decrease, the toxicity of
the solution also starts to diminish. Since toxicity changes appears
to be mainly caused by variations of the MCX concentration, the
rest of TPs generated during the process and contained in the
analyzed samples should necessarily present similar or lower
toxicity levels than MC. This fact would be in total agreement with
the previous literature regarding this issue (Marss, 1998; Tian et al.,
2013, 2010).

In the view of the last results, ozonation of MC contributed to
increase the toxicity of the reaction medium when low oxidant
doses were applied. The relative resistance of the formed TPs to-
wards direct ozone attack caused a drop in the overall efficiency of
the process, thus enlarging the oxidant dosage required to reach
relatively low toxicities. Thus, a normalized ozone dose of
approximately 2.5 mg Os/mg DOC, which probably would be
considered as economically non-reasonable (Gerrity et al., 2012;
Lee et al., 2013), would be needed under the studied conditions.
Since the attack of hydroxyl radicals during MC ozonation revealed
to be essential if the removal of its toxic TPs (especially MCX) is
wanted to be achieved, an enhancement of the indirect degradation
route should be promoted. It is important to mention, however,
that in waters with pH values up to 7 the indirect degradative route
would be naturally favored, thus enlarging the process efficiency.

4. Conclusions

For the first time, the kinetics, pathways and toxicity changes
associated to MC degradation during ozonation process at neutral
pH were investigated. The second-order rate constants for re-
actions of MC with ozone and hydroxyl radicals were determined to
be 1.7-10°% and 8.2-10° M~! s~, respectively. Both ozone and hy-
droxyl radicals showed to play an important role in the overall
depletion of MC at neutral pH, thus indicating the potential of the
ozonation process to remove MC from water. Specifically, the OH-
attack highly contributed to increase the efficiency of the process
by reducing to more than half the oxidant dose necessary to
completely degrade MC. MCX, MCXP and MCNP were the major
intermediates identified in the MC ozonation process. These
byproducts were generated through a sequential combination of
both O3 and OH: oxidation and hydrolysis. The toxicity changes
observed in MC ozonation were principally attributed to variations
in the MCX concentration. Despite its demonstrated capacity to
oxidize MC, direct ozone attack was unable to completely degrade
MCX. Although the oxidation by OH- showed its ability to degrade
MC and all its TPs, the resistance towards ozone attack exhibited by
these compounds increased the oxidant dosage necessary to ach-
ieve a relative low toxicity in the medium. In order to overcome
these problems and enhance the overall efficiency of the process,
the indirect degradation route through hydroxyl radicals should be
favored.
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Text S1. Preparation of ozone stock solutions

Ozone stock solutions were prepared by continuously bubbling 30 L/h of a gaseous
ozone/oxygen mixture with an ozone concentration of 48 mg/L, coming from a 301.19
Sander Labor Ozonator (Germany), into a 1000 mL jacketed reactor containing Milli-Q
water, to reach a dissolved ozone concentration of 14 mg L. The O3 concentration in
aqueous phase was continuously monitored by means of a Q45H/64 ozone probe
(Analytical technology, US) connected to a liquid recirculation stream. To avoid ozone
loses, ozone stock solutions were withdrawn from the reactor and immediately kept in

an ice bath. Figure S1 shows a scheme of the experimental setup.

Text S2. Determination of second-order rate constants for the reaction between

MC and hydroxyl radicals

The removal of each compound (MC, SMX and PH) can be described by second-order

Kinetic equations involving ozone and hydroxyl radicals:

d
_ [CIZC 1_ Knc.03[MC1[03] + kyc on.[MC][OH -] O
d
_ [S;il\;IX] = ksmx,03[SMX][03] + ksyx,on.[SMX][OH -] 3)
_ d[cfl’:ll = kpy 03[PH1[03) + kpy 0. [PH][OH -] @

Dividing Eq. (1) by Eq. (2) and Eg. (3), the following two expressions are respectively

obtained:

d[MC] _ knc,0,[031[OH -] + kyc,on.[05][OH -]
d[SMX]  ksmx,0,[03][0OH ‘] + ksyx,on.[03][OH -]

()

d[MC] _ Kwuc,0,[03][0H -] + kyc,on.[05][OH -] (6)
dA[SMX]  ksmx,0,[03]1[0H ‘] + ksyx,0n.[03][OH -]

SI-2
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The Rct concept can be introduced into the previous equations. This parameter
represents the ratio of OH- exposure over the Oz exposure in a reaction medium subject
to ozonation. Because of this relation is time-independent, it corresponds directly to the
ratio [OH-]/[Oz]. Substitution of Rct into Eq. (5) and Eq. (6) yields:

dMC]  [MCl(kmc,0, + kuc,on-Rct) @)
d[SMX] [SMX](ksmx,0, + ksmx,on.Rct)

d[MC]  [MC](kuc,o, + kuconRet) ®)
d[PH]  [PH](kpn,o, + kpu,on-Rct)

Integration of Eq. (7) and Eq. (8) gives the following expressions:

[MC]  (kmco, + kmconRct) — [SMX]

n = n 9
[MClo  (ksmx,0, + ksux,on.Rct)  [SMX]g ®)

[MC]  (kmc,o0, + Kmcon-Ret) n [PH]
[MCly  (kpmo, + kpuon.Rct)  [PH]

In

(10)

From Eq. (9) and Eq. (10), it is deduced that plotting the natural logarithm reduction of
MC versus the natural logarithm reduction of each one of the references, separately,
allows obtaining two linear relations. The corresponding slopes can be expressed as

follows:

_ (kmc,05 * kmcon-Rct)
(ksmx,05 + Ksmx,on-Rct)

A (11)

_ (kmc,05 + kmcon Ret)
(kPH,03 + kpy,on-Ret)

(12)

Experimentally knowing the values of A and B, as well as the rest of the required
second-order kinetic constant values, the system formed by Eq. (11) and Eqg. (12) can be

solved in order to determine kmcou. and Rct.
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Figure S1. Ozonation system
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Figure S2. Determination of kwc,03 by competition kinetics
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Figure S3. Determination of kmc,on by competition kinetics
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Figure S4. Chromatogram showing the appearance of MC intermediates signals
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Table S1. Chromatographic conditions for MC, SMX and PH separation and
quantification.

Wavelength of

Compound Mobile phase Flow rate [mLmin™] )
detection [nm]
MC 60:40 (ACN:H20) 14 225
SMX 40:60 (ACN:H20) 1.0 270
PH 50:50 (MeOH: H20) 0.8 270
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ABSTRACT

With the aim of exploring treatment alternatives for priority insecticide acetamiprid (ACMP) abatement, the re-
moval of this compound from water by ozonation was studied for the first time, paying special attention to the
kinetic, mechanistic and toxicological aspects of the process. The second order rate constants of reactions be-
tween ACMP and both molecular ozone (0s;) and hydroxyl radicals (OHe) were determined to be
025M~ s 'and2.1 - 10° M~ s~ respectively. On the basis of kinetic results, the degradation of ACMP during
ozonation could be well-explained by the reactivity of this pesticide with OHe. HPLC/MS analysis of the ozonated
ACMP showed ACMP-N-desmethyl, 6-chloronicotinic acid, N’cyano-N-methyl acetamidine and N’-cyano
acetamidine as the major transformation products (TPs), all of them formed through amine « carbon oxidation
in combination with hydrolysis. Microtox bioassays revealed an increase in the toxicity of the medium during
ACMP ozonation process, followed by a decrease to relatively low values. These changes could be attributed to
the synergistic effects between TPs as well as to the presence of toxic intermediate aldehydes. Even though
adopting strategies to further promote ozone decomposition to hydroxyl radicals appears to be essential, ozon-
ation can be an effective treatment process for ACMP removal and associated toxicity abatement.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Since 2013 some regulations regarding the identification, monitor-
ing and control of priority substances/groups of substances in aquatic

* Corresponding author.

E-mail address: alberto.cruz@ub.edu (A. Cruz-Alcalde).

http://dx.doi.org/10.1016/j.scitotenv.2017.05.065
0048-9697/© 2017 Elsevier B.V. All rights reserved.

compartments have been published (Barbosa et al., 2016; Ribeiro et
al., 2015). For example, the 1st watch list of substances for Union-
wide monitoring, Decision 2015/495/EU (The European Commission,
Decision 2015/495/EU, 2015), promotes the study of alternative water
and wastewater treatment options aimed to remove these substances
from aqueous resources. Several pesticides belonging to different fami-
lies are included as priority pollutants. One of these groups,
neonicotinoids, are nowadays one of the most employed class of
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pesticides (Cimino et al., 2016). They offer insect selectivity, excellent
physicochemical properties, wide spectrum of efficacy and a relative
safe use in comparison with other pesticide classes like organophospho-
rus, carbamates or pyrethroids (Simon-Delso et al., 2015a; Jeschke et al.,
2011). The widespread use of these chemicals has resulted in their oc-
currence in all environment compartments, including water (Simon-
Delso et al., 2015a). According to previous studies, the presence of
neonicotinoids in nature could be harmful to a broad range of inverte-
brate (Pisa et al.,, 2015) and also vertebrate (Gibbons et al., 2015) non-
target organisms. Regarding the risks for human health, several recent
studies have associated the chronic exposure to neonicotinoids with
certain types of developmental disorders like congenital heart defects
(CHD) (Carmichael et al., 2014), neural tube defects (NTD) (Yang et
al., 2014) and autism spectrum disorder (ASD) (Keil et al., 2014).

(E)-N-(6-chloro-3-pyridylmethyl)-N’-cyano-N-methylacetamidine,
better known as acetamiprid (ACMP) is a pesticide belonging to
neonicotinoid insecticides class. It is one of the most applied insecticides
nowadays, being the fourth most employed neonicotinoid in USA
(Cimino et al., 2016) and representing more than a 10% of the total
sales of this group of insecticides in the last years (Simon-Delso et al.,
2015Db). China, one of the largest ACMP producers, had in 2013 a pro-
duction of 8000 tons of this insecticide, 5000 of which were exported
(Shao et al.,, 2013). Because of its extensive usage, this micropollutant
has been detected in surface (20-380 ng L™ ! (Sanchez-Bayo & Hyne,
2014); 2.7-59.3 ng L™ ! (Struger et al., 2017); 2-410 ng L~ ! (Kreuger
etal., 2010); upto 41 ug L~ (Anderson et al,, 2013)) and also wastewa-
ter (50 ng L~ (Bernabeu et al.,, 2011)) samples worldwide. The pres-
ence of ACMP in the environment can pose risks to human health.
Based on a previous work by Kimura-Kuroda (Kimura-Kuroda et al.,
2012), the European Food Safety Authority (EFSA) recently delivered a
Scientific Opinion concluding that chronic exposure to ACMP could af-
fect neural development and function in humans (EFSA J., 2013). A
more recent study associated the chronic exposure to this insecticide
with some adverse effects on human health, including memory loss
and finger tremors (Marfo et al., 2015). Moreover, ACMP has been dem-
onstrated to negatively affect other species like aquatic (Li et al., 2010)
and soil (Yao et al,, 2006) microorganisms, as well as beneficial insects
(Iwasa et al., 2004; El Hassani et al., 2008). However, despite its pres-
ence in water compartments pose a serious threat to environmental
and human safety, scientific literature regarding the removal of ACMP
by means of non-conventional treatment technologies is still incom-
plete (Barbosa et al., 2016). Regarding the use of Advanced Oxidation
Processes (AOPs) for this purpose, some studies concerning the applica-
tion of Fenton-based treatments (Carra et al., 2015; Mitsika et al., 2013),
heterogeneous photocatalysis (Fenoll et al., 2015; Guzsvany et al., 2012)
and other related technologies like the innovative low temperature
plasma (Li et al., 2014) have been published in the last few years, all
of them demonstrating their potential for efficiently remove ACMP
from different water matrices. However, no reports concerning the em-
ployment of ozone for ACMP abatement have been found.

Ozone-based processes have demonstrated to have great potential
for micropollutants removal from water (Acero et al., 2000; Borowska
et al.,, 2016; Dantas et al., 2007; Dantas et al., 2008; Huber et al., 2003;
Zhao et al., 2017). This technology is based on the strong oxidizing ca-
pacity of ozone (0O3), which also yields hydroxyl radicals (OHe) during
ozone decay (Gligorovski et al., 2015). Although ozone and hydroxyl
radicals can be effective in removing pollutants, transformation prod-
ucts (TPs) which may also be toxic can be formed during ozonation. It
is important, therefore, to possess full knowledge of this process by
studying reaction kinetics, transformation products, and residual toxic-
ity of the treated water.

The present work aimed, for the first time, to go in-depth with the
fundamentals (i.e., reaction Kinetics, transformation products and asso-
ciated toxicity evolution) of ACMP ozonation process. The objective was
to determine the reaction kinetics of this pesticide when reacting with
both, molecular ozone and formed hydroxyl radicals, as well as to

elucidate the possible reaction pathways and potential negative effects
of the resulting transformation products from ACMP degradation.

2. Materials and methods
2.1. Chemicals and reagents

Acetamiprid and p-chlorobenzoic acid analytical standards, as well
as potassium indigotrisulfonate, were acquired from Sigma-Aldrich
(Germany). Na;HPO,4, NaH,PO4 H3PO,4 and acetonitrile were purchased
from Panreac (Spain), and were all analytical grade. Milli-Q water was
produced by a filtration system (Millipore, USA). Pure oxygen (>
99.999%) was supplied by Abell6 Linde (Spain).

In order to control the effects of side mechanisms like hydrolysis, ad-
sorption or UV-Vis photolysis on ACMP disappearance during ozona-
tion experiments, several control assays were performed. All runs
were carried out in 250 mL closed glass beakers, with initial ACMP con-
centrations of 1 mg L™ . For hydrolysis and adsorption experiments, the
beaker was covered with aluminum foil in order to avoid the possible
influence of ambient radiation. The pH in hydrolysis tests was adjusted
to a value of 2 or 7 by adding adequate quantities of H;PO4 and
Na,HPO,. For adsorption experiments, several plastic materials (differ-
ent types of silicones, PVDF and PTFE) usually employed in laboratory
were put in contact with the pesticide solution. In all experiments, the
medium was under stirring conditions. Samples were withdrawn at 0,
1,5 and 24 h, and analyzed by HPLC-DAD. Results showed that ACMP
remained stable prior to oxidant addition.

2.2. Ozonation experiments

All experiments in this work were performed by mixing aqueous
ozone stock solutions with aqueous stock solutions of ACMP. Ozone
stock solutions (10-12 mg L™ ') were prepared in a 1000 mL jacketed
reactor by continuously bubbling a gaseous 0zone/oxygen mixture (~
48 mg L~ 1) into Milli-Q water at a rate of 40 L/h, using a 301.19 Sander
Labor Ozonator (Germany). The medium was maintained at a tempera-
ture of 10 & 1 °C. The O3 concentration in aqueous phase was continu-
ously monitored by means of a Q45H/64 ozone probe (Analytical
technology, US) connected to a liquid recirculation stream. All kinetic
and degradation experiments were performed in triplicate, at a con-
trolled temperature of 20 + 2 °C.

The second-order rate constant for the reaction between ACMP and
molecular ozone was directly determined under pseudo-first order con-
ditions (David Yao & Haag, 1991), with a 50-fold molar excess of ozone
with respect to the target compound. In order to avoid the presence of
hydroxyl radicals in the system, the reaction medium was adjusted to
pH 2 by adding adequate quantities of H3PO4 and Na,HPO,4 (Ning et
al., 2007a). Experiments were performed in a closed 250 mL bottle, in
which the headspace was almost removed in order to avoid aqueous
ozone losses. ACMP and ozone stock solutions were mixed to reach ini-
tial reactant concentrations of 4 and 200 pM, respectively, and the me-
dium was stirred for 10 s to obtain homogeneous conditions. Aliquots
of 0.5 mL were withdrawn at prefixed reaction times, and immediately
quenched with 2.5 mL of an indigo solution. These samples were finally
employed to determine the dissolved ozone concentration (Bader &
Hoigné, 1981), as well as to quantify the remaining concentration of
ACMP by HPLC-DAD.

Due to the fast reaction rates expected for the reaction between
ACMP and indirectly formed hydroxyl radicals, competition kinetics
method (Acero et al., 2000; Huber et al., 2003) must be employed in
order to determine the corresponding second-order rate constant. The
selected reference was p-chlorobenzoic acid (pCBA), since the reactivity
of this chemical with molecular ozone is very low (<0.15 M~ ! s~
(David Yao & Haag, 1991)), whereas its reaction with hydroxyl radicals
isfast (5 - 10°M~'s™!, (Neta, 1968)). In order to guarantee the proper
generation of OHe while maintaining a relative stability of aqueous
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ozone, experiments were performed at pH 7 by adding adequate quan-
tities of a H,PO4 /HPOZ ™~ buffer (1 mM). Reactions were conducted
employing a multi-reactor system, successfully used in several previous
works (Borowska et al., 2016; Ning et al., 2007b): in a series of 25 mL
vials containing 4 uM of ACMP and 4 pM of pCBA, different doses
(from 5 to 35 pM) of the ozone stock solution were injected and
mixed. Samples were taken when the total consumption of ozone was
achieved (all within 2 h). The residual concentrations of ACMP and
PCBA were determined by HPLC-DAD.

With the aim of demonstrating the relative contribution of each ox-
idant involved in ozonation (i.e., molecular ozone and hydroxyl radi-
cals) to ACMP degradation, two additional sets of experiments were
performed. Again, the multi-reactor methodology was used. For direct
reaction with ozone, each reaction vial (total volume of 25 mL)
contained 10 pM of ACMP and 25 mM of tert-butanol as radical scaven-
ger. The pH of the solution was adjusted to 7 by adding adequate quan-
tities of a phosphate buffer (1 mM). For reaction involving both, the
attack of ozone and hydroxyl radicals, a similar procedure was followed
but no scavenger was employed. In all experiments, ozone doses be-
tween 5 and 175 pM were injected to each vial. Samples were with-
drawn when the total consumption of ozone was achieved (all within
2 h). Once the residual concentration of ACMP was chromatographically
determined, the corresponding samples were frozen and later
employed for TPs and toxicity determinations.

2.3. Analytical procedures

The concentrations of ACMP and pCBA were quantified by means of a
high performance liquid chromatograph (HPLC) equipped with a diode
array detector (DAD), all supplied by Agilent (1260 Infinity). The column
employed was a Teknokroma Mediterranea Seal8 (250 mm x 4.6 mm
and 5 pm size packing). For ACMP analysis, the mobile phase consisted on
a 30:70 volumetric mixture of acetonitrile and Milli-Q water acidified at
pH 3 by the addition of H3PO4 The flow rate was maintained at
14 mL min~}, and the detection wavelength was set to 250 nm. For pCBA
quantification, the mobile phase consisted on a 50:50 volumetric mixture
of acetonitrile and pH 3 Milli-Q water. The flow rate was set to
1 mL min~" and the UV detection was performed at 236 nm. The limits of
detection (LODs) for ACMP and pCBA were 0.018 and 0.029 LM, respectively.

With the aim of elucidating the ACMP degradation pathways given in
ozonation process, samples in which different ozone doses were applied
were analyzed by Liquid Chromatography-Mass Spectrometry (LC-MS).
An Agilent 1100 HPLC coupled with a G1969A LC/MSD-TOF mass spec-
trometer was employed. MS data were collected in full scan mode (25-
1100 m/z), employing positive electrospray ionization. The separation
of chemical species was achieved by operating with the following elution
program: a 5:95 volumetric mixture of ACN and Milli-Q (pH 3) was
maintained as initial mobile phase for 5 min; then, a linear gradient
changed the eluent composition from 5:95 to 30:70 in 5 min; the
30:70 mixture was maintained during the next 10 min and, finally, a lin-

ear gradient returned back the eluent initial composition (5:95) in 5 min.

In order to assess the toxicity changes along the ACMP ozonation pro-
cess, Microtox® bioassays were performed. This method measures the in-
hibition of light emission of bioluminescent bacteria Vibrio fischeri caused
by the presence, in aqueous media, of toxic compounds. The results of this
assay are usually expressed as ECsq,15min, Which represents the percentage
of sample dilution (% v/v) that causes a 50% reduction in bacteria lumines-
cence after 15 min of exposure. All the tests were carried out in duplicate
in a Microtox® M500 (Modern Water, UK) toxicity analyzer.

3. Results and discussion
3.1. Kinetics of ACMP reactions with ozone and hydroxyl radicals

Under the experimental conditions employed in these assays (i.e.
pH 2), the half-life of molecular ozone in pure aqueous solutions was

observed to be >6 h, thus evidencing that no radical chain reaction oc-
curred. It was assumed, therefore, that molecular ozone was the only
oxidant in the reaction medium. Thus, the second-order rate constant
for the reaction between ACMP and Os could be calculated from Eq. 1,
being obtained by integrating the corresponding kinetic equation.

—In Qfg‘w/’g]o) = kuic.0,1o[03]dt (1)

By plotting the natural logarithm of the relative residual concentra-
tion of ACMP against the ozone exposure, [[Os]dt, a linear relation was
obtained. The slope of the function corresponds to the second-order ki-
netic constant for the reaction between ACMP and molecular ozone. Fig.
1 shows the relative concentration of ACMP and ozone during the ex-
periment (A), as well as the logarithmic relative concentration of
ACMP as a function of [O3]dt (B). The ozone exposure was determined
by calculating the area under the ozone decay curve, employing the
trapezoidal method of numerical integration. kacyp-oz Was determined
tobe 025+ 002M s,

In the view of the above results it is clear that reactivity of ACMP to-
wards direct ozone attack is very low, as expected from preliminary ex-
periments. It is important to note that the determined value
corresponds to ACMP deprotonated form, since the pKa value of this
pesticide is 0.7 (EPA, 2002). Therefore, the rate constant value should
remain unaltered for higher pH values, including the ones exhibited
by most water and wastewater real matrices.

Since the reactivity of ACMP and pCBA with molecular ozone is very
low, and reactions between these chemicals and OHe were expected to
be fast, it was assumed that depletion of both compounds under the
employed experimental conditions (pH = 7) was only due to OHe at-
tack. Therefore, the second-order rate constant for the reaction between
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Fig. 1. Determination of second-order rate constant (kacvp.o3) for the reaction of ACMP
and ozone. A) Relative concentration of ACMP and ozone vs reaction time. B) Natural
logarithm of the relative concentration of ACMP vs ozone exposure. Conditions:
[ACMP]o = 4 uM, [03]o = 200 UM, pH 2, temperature = 20 + 2 °C.



A. Cruz-Alcalde et al. / Science of the Total Environment 599-600 (2017) 1454-1461 1457

ACMP and OHe could be calculated from Eq. 2, being obtained by divid-
ing the kinetic equations corresponding to reactions between OHe and
both ACMP and pCBA.

[ACMP] kACMP.OH [pCBA]

i (Gacip,) e (™ (pcon, ) 2

According to the above expression, a linear dependence between the
natural logarithm of the relative ACMP concentration and the natural
logarithm of the relative pCBA concentration was expected. The slope
of this relationship represents the ratio between the second-order rate
constants of OHe with target (ACMP) and reference (pCBA) compound,
respectively. Fig. 2 shows the relative concentration of both ACMP and
PCBA as a function of the ozone dose (A), as well as the natural loga-
rithm of ACMP relative concentration as a function of the natural loga-
rithm of the relative pCBA concentration (B). A value of (2.1 +
0.1)-10° M~ ! s~ ! was finally determined for kacyp, o~ The high reac-
tivity of ACMP with hydroxyl radicals is explained by the non-selective

character of the oxidant (Gligorovski et al., 2015) which readily undergo
reactions with different points of organic molecules.

3.2. ACMP degradation by ozone and hydroxy! radicals

It is well known that during ozonation, a compound can directly
react with molecular ozone but also with hydroxyl radicals formed
through O3 decomposition (Gligorovski et al., 2015). With the aim of ob-
serving and comparing the removal of ACMP by both possible transfor-
mation routes, degradation experiments were conducted at pH 7 with
and without the presence of a radical scavenger. Results are shown in
Fig. 3. Degradation by means of the direct reaction barely occurred,
which was not surprising considering the extremely low rates exhibited
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Fig. 2. Determination of second-order rate constant (kacypop.) for the reaction of ACMP and
OHe by competition kinetics. A) Relative concentrations of ACMP and pCBA as a function of
the ozone dose. B) Natural logarithm of ACMP relative concentration vs natural logarithm of
PCBA relative concentration. Conditions: [ACMP]y, = [pCBA]o = 4 1M, pH 7, temperature =
20+2°C
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Fig. 3. Profile of ACMP degradation as a function of the ozone dose, for experiments with
(03) and without (O3/OHe) the presence of tert-butanol (25 mM). Conditions: [ACMP], =
10 pM, pH 7, temperature = 20 + 2 °C.

by the reaction between ACMP and Os during the preceding kinetic
runs. Besides, under the employed neutral pH conditions, ozone self-de-
composition becomes relevant and therefore the stability of this oxidant
in the medium is reduced with respect to more acidic conditions. For its
part, indirect transformation trough hydroxyl radicals demonstrated
the effectiveness usually exhibited by this transient species in organics
oxidation, and showed to be in total agreement with the findings of
the previously mentioned studies dealing with the removal of ACMP
by means of other AOPs (Carra et al.,, 2015; Fenoll et al., 2015). With
an ozone dosage of approximately 5.50 mg L™ !, the complete removal
of ACMP was achieved.

Considering the initial concentration of ACMP in degradation exper-
iments, a normalized ozone dose of approximately 2.50 mg O3/mg DOC
(Dissolved Organic Carbon) was required to 100% eliminate ACMP
under the studied conditions. This oxidant dosage, according to litera-
ture (Gerrity etal., 2012; Lee et al,, 2013), would probably be considered
expensive since doses up to 1 mg Os3/mg DOC are usually enough for dis-
infection and trace pollutant removal in drinking and wastewater treat-
ment plants (Gerrity et al.,, 2012; Lee et al., 2013). Because of that
reason, and considering that ozone decomposition to hydroxyl radicals
is the key of ACMP removal by ozonation, strategies aimed to further
promote this indirect route should be pursued to make the process a
competitive treatment option for waters contaminated by this com-
pound. It is important to note, however, that since the process perfor-
mance would always depend on water characteristics, like pH or
inorganic and organic matter type and concentrations, the application
in real matrices should be properly evaluated in future studies. With
that purpose, experiments with real water matrices and pesticide con-
centrations should be performed. Another good option would be the
employment of kinetic models based on the use of water specific infor-
mation and the rate constants determined in this study (Gerrity et al.,
2012; Lee et al., 2013).

3.3. Reaction intermediates and possible mechanisms

The identification of major TPs generated during ACMP ozonation
was performed by means of LC-MS, being the corresponding chemical
structures proposed on the basis of the detected masses. Since ozone
was shown to be ineffective degrading ACMP molecules, it could be stat-
ed that all the detected species were reaction intermediates corre-
sponding to products of OHe reactions, that is, the indirect reaction
pathway. The molecular structures of the TPs that were identified are
shown in Table 1.

According to the detected structures and the experimental condi-
tions employed in the study, the first stages of ACMP degradation during
ozonation process could consist on a combination of OHe oxidation and
fast hydrolysis of the metabolites generated during the first step, as
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Table 1
ACMP, detected TPs and corresponding molecular structures.

m/z Name Proposed structure
223 Acetamiprid CH;
(m+1) (ACMP) Hy
C Cx=,,—CN
\ \I|\1/ N
= CH;
Cl N
209 ACMP-209 CHjy
(m+ 1)  Acetamiprid-N-desmethyl H,
C Cx= _~CN
AN \N/ N
| H
=
Cl N
158 ACMP-158 COOH
(m+ 1)  6-Chloronicotinic acid | A
=
Cl N
98 ACMP-98 CHj
(m+ 1) N'-cyano-N-methyl
acetamidine H3C\N/C§N/CN
H
84 ACMP-84 CH;
(m+ 1) N’-cyano acetamidine
C=x ., —CN
N~ N

shown in Fig. 4. The brackets in some of the proposed intermediates in-
dicate that these species could not be detected during the analysis,
probably due to their low concentration or fast tendency to undergo hy-
drolysis or become oxidized.

The identification of ACMP-158, ACMP-98 and ACMP-84 suggests
that the initial attack by hydroxyl radicals takes place at the methylene
group (C o) of the ACMP amine. After the fast H-abstraction carried out
by OHe, further oxidation of the a-aminoalkyl radical by molecular oxy-
gen in the presence of OH™ yields the corresponding o-
hydroxymethylamine (reaction 1). This mechanism is similar to the
one reported by Das et al. for trimethylamine OHe-induced oxidation
(Das et al,, 1987). The hydrolysis of the hydroxymethylamine (reaction
2) would lead to the generation of N’-cyano-N-methyl acetamidine
(ACMP-98) and 6-chloronicotinoid acid (ACMP-158). The latter, how-
ever, would require a previous step which should involve the genera-
tion of the corresponding aldehyde hydrate and its subsequent
transformation to a carboxylic acid (reaction 3), being the latter step
caused by the oxidizing conditions of the medium (Dell'Arciprete et
al., 2009). For its part, further attack to ACMP-98 by hydroxyl radicals
in the presence of O, (reaction 4) would result on the generation of its
demethylated form, or N’-cyano acetamidine (ACMP-84), after the hy-
drolysis of the corresponding, previously formed hydroxymethylamine
(reaction 5). Instead of at the methylene group, the initial H-abstraction
from ACMP structure can also take place at the methyl group of its
amine moiety (also an alpha C) (reaction 7). Hydrolysis of the resulting
hydroxymethylamine (reaction 8) would finally give ACMP-N-
desmethyl (ACMP-209). It is interesting to mention that the hydrated
form of formaldehyde would be yielded as a side product of ACMP-97
and ACMP-208 hydrolysis. Under the oxidizing conditions of the medi-
um, this compound could eventually be transformed and yield carbonic
acid as final product (reactions 6 and 9).

The pesticide properties of ACMP are based on its nicotinoid struc-
ture, which mimics the vital neurotransmitter acetylcholine (ACh) by
binding to the corresponding nicotinic acetylcholine receptor (nAChR)
(Jeschke et al., 2011). Due to the fact that this specific neural pathway
is more abundant in insects than in warm-blooded animals, ACMP and
those of its family (i.e. neonicotinoids) are more toxic to insects than
to mammals (Tomizawa & Casida, 2005). Since the presence of the
nicotinoid structure appears to be fundamental to maintain this selec-
tivity against pests, TPs ACMP-98 and ACMP-84 could have lost its
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Fig. 4. Proposed reaction pathways for ACMP degradation by OHe during ozonation
process.

ability to bind the insect nAChRs and thus their insecticide features,
which did not necessarily mean that these side products were non-
toxic. By the same argument, the intermediates ACMP-209 and ACMP-
158 (i.e. acetamiprid-N-desmethyl and 6-chloronicotinic acid) could
still maintain certain specificity in their pesticide action. However, in
order to ensure a proper interaction with the nAChRs and therefore a
high selective action against insects, it is also important for
neonicotinoid species to possess an electronegative moiety on their
molecule to bind to the unique, positive charged amino acid residue
present in the nicotinic cholinergic receptor (Tomizawa & Casida,
2005; Shao et al.,, 2011). In relation with that, it has been found that
nitro or cyano substituents could be the most adequate electron-with-
drawing moieties to enhance the affinity between the pesticide and
the receptor subsite (Tomizawa & Casida, 2005; Shao et al., 2011).
Therefore, in the present case it is expected for 6-chloronicotinic acid
to present less affinity with nAChRs and thus, an also less selective pes-
ticide action than the exhibited by acetamiprid-N-desmethyl, which
would still keep the original cyano group of ACMP.

3.4. Toxicity evolution during ACMP ozonation process
Due to the changes on the reaction medium composition, caused by

the generation of new products and the degradation of parent com-
pound, ACMP ozonation process also involved changes in the solution
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Fig. 5. Acute toxicity of the reaction medium during ACMP ozonation, as a function of the
ozone dose.

toxicity. The evolution of this property is represented in Fig. 5 by the
1/ECsp value for Vibrio fischeri assays, as a function of the ozone dos-
age. It is important to remember that higher 1/ECso values mean
higher toxicities, and vice versa. Initial ECs, value, that is, the effec-
tive concentration that inhibits a 50% of the bacteria light emission,
was determined to be 86 mg L~ (about 40 times the initial concen-
tration, in terms of sample dilution), which clearly represents a low
toxicity to non-target species. This value is lower than the one reported
by Dell'Arciprete et al. (129 mg L™ ), which was obtained by exposing
bioluminescent bacteria to solutions with different concentrations of
ACMP. For the rest of samples, only ECso in terms of percentage of
dilution (% v/v) could be determined since their compositions were
unknown. The toxicity of the medium notably increased for ozone
doses above 3 mg L™ !, reaching a maximum (ECs, 51.6%) for an O3 dos-
age of approximately 4.50 mg L~ . The application of larger ozone doses
resulted on significant toxicity abatement, as observed in the 1/ECsq
profile. A similar value than the starting one was practically achieved
for an ozone dose about 8.5 mg L~ .

In previous works regarding ACMP degradation by oxidation pro-
cesses in which hydroxyl radicals and other ROS (Reactive Oxygen Spe-
cies) were involved, an increase in the medium toxicity was observed
after the treatment with respect to the untreated solution
(Dell'Arciprete et al., 2009; Dell'Arciprete et al., 2010). The same hap-
pened in a previous research regarding the photocatalytic degradation
of 6-chloronicotinic acid, one of the ACMP TPs detected in this work
(ACMP-158) (Zabar et al., 2011). Although the results in this study
agree with the previous related literature, a larger extent of the oxida-
tion reaction in the present case with respect to the preceding re-
searches also led to the degradation of the intermediate species that
caused the observed increase in the medium toxicity.

The changes in toxicity observed during ACMP ozonation can be
attributed, as in many other works (Dantas et al., 2007; Dantas et
al., 2008; Zabar et al., 2011) to the generation of TPs more toxic
than the parent compound, as well as to the possible synergistic
effects between initial and newly formed species present in the re-
action medium. Because of the relative loss in their pesticide selec-
tivity, it would be reasonable to consider ACMP-158, ACMP-98 or
ACMP-84 as the most suitable candidates leading to the bacteria
bioluminescence inhibition, as Vibrio fischeri could be considered
as a non-target species. ACMP-209, for its part, should still main-
tain a similar activity than the parent compound, and therefore a
relative high specificity against insects. However, ACMP-158 (6-
chloronicotinic acid) has been reported to be less toxic to Vibrio
fischeri than ACMP itself (Dell'Arciprete et al., 2009), and no infor-
mation regarding the response of this bioluminescent bacteria
under ACMP-98 and ACMP-84 exposure has been found. Given
the scarcity of data on that topic, it was not possible to attribute

the increase in toxicity to the single presence of one of the detected
TPs. In addition to the possible synergistic effects between all the
present species, as earlier mentioned, it is possible that the observed
changes were related to the presence of other toxic intermediates
that could not be identified during the LC-MS analyses. In the preced-
ing section it has been stated that aldehyde hydrate compounds
(formaldehyde and 6-chloronicotinaldehyde hydrates) could be in-
volved in the ACMP degradation pathway. Since these compounds
are typically in equilibrium with their parent aldehydes, and the lat-
ter have already proven to be highly toxic to Microtox® bacteria
(ECsp of 1.35 mg L™ ! for formaldehyde versus 89 mg L™ for ACMP
determined in this study) (Zhao et al., 2017; Blum & Speece, 1991),
that could constitute an alternative good explanation to the ob-
served increase in toxicity.

Considering the Microtox results, it is clear that ozonation applied to
waters contaminated by ACMP could cause an increase in the toxicity of
the medium, at least within a certain range of ozone doses. Since the
employment of this treatment will always pursue the complete deple-
tion of the pesticide while ensuring the lowest possible toxicity in the
treated water matrix, this could enlarge the necessary ozone dosage to
prohibitive values, economically speaking. Moreover, because of ACMP
is resistant to molecular ozone oxidation, the degradation through hy-
droxyl radicals will be the main removal mechanism of this priority pes-
ticide during ozonation. Therefore, the water matrix characteristics will
play a decisive role in the ACMP degradation efficiency. In addition to
the conditions that naturally favor the ozone decomposition process
to hydroxyl radicals, like neutral and alkaline pH conditions, strategies
aimed to further promote the indirect pathway should be equally inves-
tigated and employed. This, of course, would be essential in order to en-
hance the degradation efficiency and consequently reducing the
oxidant dose to be applied.

4. Conclusions

The kinetics, reaction pathways and toxicity evolution during ACMP
ozonation process were explored for the first time. The second-order ki-
netic constant for the reactions of ACMP with molecular ozone and hy-
droxyl radicals were determined to be 0.25 M~' s~! and 2.1
- 10° M~ ' s~ 1, thus clearly indicating the resistance of the pesticide
structure towards Os attack. This ozone-recalcitrance was confirmed
through degradation experiments at neutral pH, in which the direct re-
action was barely observed. Formed hydroxyl radicals showed to
completely remove ACMP (initial concentration 10 M) with an ozone
dosage of 5.5 mg L~ !, while their major intermediate products needed
higher doses. The proposed ACMP degradation pathways consisted of
combinations of oxidation and hydrolysis steps, which would yield dif-
ferent TPs depending on the initial site in which the hydrogen abstrac-
tion by hydroxyl radicals took place. Toxicity of the reaction medium
increased to reach a maximum, and then decreased to relatively low
values. Since these changes could not be related to the single presence
of some of the detected TPs, they were attributed to synergistic effects
among different species as well as to the presence, although not identi-
fied, of intermediate aldehydes which even at very low concentrations,
exhibited acute toxicity to bacteria. In the view of the obtained results,
further promoting ozone decomposition to hydroxyl radicals appears
to be necessary to achieve a complete ACMP and associated toxicity
abatement while maintaining a reasonable efficiency.
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ARTICLE INFO ABSTRACT

The treatability of waters contaminated with priority pesticide dichlorvos (DDVP) by means of ozonation has
been assessed for the first time. In order to do so, reaction kinetics, transformation mechanisms and associated
toxicity have been inspected in detail. Second-order rate constants of DDVP reactions with Oz and OH" were
determined to be 590 and 2.2:10° M~ 's™ %, respectively. These values partly explained the degradation profiles
obtained during experiments with and without the presence of an OH" scavenger, in which the significant
contribution of the indirect degradative route in the removal of DDVP was revealed. LC-MS analyses for ozo-
nated samples allowed the elucidation of desmethyl dichlorvos (d-DDVP), dichloroacetic acid (DCA) and di-
methyl phosphate (DMP) as main transformation products (TPs). DMP was found to be present in both O3z and
OH ' -mediated oxidation pathways. Three possible degradation routes were proposed for OH" degradation,
whereas the direct oxidation by O3 was only well-explained by the addition of this oxidant to the double bond of
DDVP dichlorovinyl moiety. Microtox® bioassays revealed the inability of molecular ozone to reduce the toxicity
of the medium and pointed out the importance of OH" contribution in the degradation process. In general,
ozonation could be a suitable treatment alternative for DDVP, formed TPs and associated toxicity abatement.

Keywords:

Dichlorvos

Ozone oxidation

Hydroxyl radicals
Second-order rate constants
Toxic intermediates

1. Introduction

Although discharge limits for micropollutants have not been legally
stablished yet, some regulations regarding the identification, mon-
itoring and control of some of these substances in the aquatic en-
vironment have been released over the last few years [1]. Directive
2013/39/EU, for instance, recommended attention to the monitoring of
45 compounds/groups of compounds considered as priority substances,
giving special importance to the development and implementation of
innovative remediation technologies aimed to remove these chemicals
from water and wastewater [2].

About half (22/45) of the priority substances considered in the list
are pesticides [2], fact that points out the special concern regarding the
presence of this kind of pollutants in water compartments. Increases in
cancer incidence, endocrine disruption, birth defects and genetic mu-
tations are some of the chronic consequences to human health that have
been directly linked to pesticide exposure [3]. Also, it is well-known
that pesticides can pose a risk to other living species [4]. However,
since the agricultural use of these chemicals is still necessary to ensure
harvest quality and food protection, pesticides continuously enter
aquatic resources mainly via runoff, soil leaching or spray drifting [5].
Moreover, and far of contributing to improve this problematic situation,

* Corresponding author.
E-mail address: alberto.cruz@ub.edu (A. Cruz-Alcalde).
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most of these compounds are resistant to conventional water and
wastewater treatments [6] thus increasing their environmental persis-
tence and associated potential risks.

Dichlorvos (2,2-Dihclorovinyl dimethyl phosphate, DDVP) is a
chlorinated organophosphorus pesticide. It has been traditionally em-
ployed as insecticide in agriculture, food storage areas, workplaces and
homes [7], as well as to treat parasite infections in livestock and do-
mestic animals [8]. As most organophosphorus insecticides, DDVP is
highly toxic to humans: the acute exposure to this chemical can cause
breathing problems, coma or even death [9]. Chronic exposure to DDVP
has been related to increased risk of diabetes [10], whereas some stu-
dies suggest this pesticide could negatively affect liver [11] and renal
[12] function. Moreover, and according to the International Agency for
Research on Cancer (IARC), DDVP probably presents carcinogenic ac-
tivity in humans [13]. DDVP can also affect other living species. For
instance, it has been found that the chronic exposure to this chemical
induces oxidative damage, developmental changes, mutagenesis and
carcinogenicity in fish [14]. Because of all these reasons, DDVP has
been classified by the World Health Organization (WHO) as a highly
hazardous pesticide [15] and has been excluded from the list of in-
secticides approved for use in some world regions like the European
Union [16]. In other countries like USA [17] or Australia [18], the use
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of DDVP has been restricted but still continues. Moreover, DDVP is still
largely used in many developing countries where poor environmental
controls are applied [19,20]. The widespread employment of this in-
secticide has therefore caused its detection in surface waters world-
wide, in concentrations ranging from 1.4 to 5630 ng L™ * [21-25].

Despite the serious risks to human and environmental health posed
by the presence of DDVP in water resources, the knowledge regarding
the removal of this compound by means of unconventional water
treatments is still incomplete. Concerning the use of Advanced
Oxidation Processes (AOPs) on that purpose, some works in which
heterogeneous photocatalysis [8,26-28], Fenton [29] and different
combinations of oxidative processes [7] were applied can be found in
literature. Even so, the use of other advanced treatments like ozonation
has been barely explored.

Ozonation process has extensively demonstrated to have a great
potential for micropollutant abatement [30-33]. Ozone (O3) is a strong
oxidizing agent that also decomposes in water to yield hydroxyl radicals
(OH"), a transient species with extraordinary oxidation capacity [34].
However, although ozonation can be a suitable alternative to remove
these contaminants from water it is important, prior to its full-scale
application, to deeply investigate the fundamentals of the degradative
process by studying the kinetics and mechanisms of the principal re-
actions involved. This information is crucial to proper assess the process
efficiency since harmful transformation products (TPs) can be formed
during the treatment, even though the parent compound becomes
completely removed [34].

To the best of our knowledge this is the first time in which the
degradation of priority pesticide DDVP by means of ozonation process
is explored. The study aimed to determine the reaction kinetics of this
compound with both, molecular ozone and hydroxyl radicals, as well as
to elucidate the possible reaction mechanisms involved in the process.
In order to evaluate the potential risks that formed TPs could pose, the
residual toxicity of the treated water was also determined.

2. Materials and methods
2.1. Chemicals and reagents

Dichlorvos, metoprolol, and p-benzoquinone analytical standards
were acquired from Sigma-Aldrich (Germany). NaH,PO,4, Na,HPO,,
H3PO,, tert-butanol and acetonitrile were purchased from Panreac
(Spain), and were all analytical grade. Milli-Q water was produced by a
filtration system (Millipore, USA). Pure oxygen (> 99.999%) was
supplied by Abell6 Linde (Spain). Finally, all the reagents employed
during toxicity bioassays were purchased from Modern Water (UK).

2.2. Ozonation experiments

Several control experiments were performed in order to determine
the possible effects of hydrolysis, adsorption or UV-Vis photolysis on
DDVP disappearance during ozonation experiments. All the assays were
carried out in 250 mL closed glass beakers, with initial DDVP con-
centrations of 1 mgL~'. For hydrolysis and adsorption experiments,
the beakers were covered with aluminum foil in order to prevent the
possible influence of radiation. The pH in hydrolysis tests was adjusted
to a value of 7 by adding adequate quantities of a H3PO4/Na,HPO,
buffer solution. For adsorption experiments, different types of silicones,
PVDF and PTFE were put in contact with the pesticide solutions.
Samples were taken at 0, 1, 5 and 24 h, and analyzed by HPLC-DAD.
Results showed that DDVP remained stable for hydrolysis, photolysis
and most of the adsorption experiments. Only in the case of silicones a
significant disappearance of DDVP (5-10%) was observed, after 24 h.
The use of this kind of materials was therefore discarded during ex-
perimentation.

All ozonation experiments were carried out in triplicate, at a con-
trolled temperature of 20 + 2 °C and neutral pH conditions, in Milli-Q
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water. A multi-reactor methodology, successfully employed in several
previous works [30,35,36], was employed for kinetic and degradation
experiments. Detailed information regarding ozone stock solutions
preparation can be found elsewhere [35].

For kppyp 03 measurement, competition kinetics method [30,37] was
employed. Experiments were carried out in a series of 25 mL vials
containing 20 uM of DDVP and 20 uM of metoprolol (MPL), the re-
ference compound. This competitor was selected considering the
moderate reactivity of DDVP with molecular ozone, revealed during
preliminary experiments. To avoid the presence of hydroxyl radicals
(OH"), tert-butanol (100 mM) was employed as scavenger. Adequate
quantities of the phosphate buffer were also added in order to maintain
the medium pH at a constant value of 7. Different doses (from 5 to
40 uM) of the ozone stock solution ([O3] = 14 mg L™ 1) were injected to
each vial to initiate the reaction. The mixtures were shaken for a few
seconds to obtain homogeneous conditions. Samples were withdrawn
when the total consumption of ozone was achieved (all within 2 h). The
residual concentrations of DDVP and MPL were determined by HPLC-
DAD. For kyc,on” determination, a similar procedure was followed. This
time, however, two references were employed instead of one since re-
actions of DDVP with O3 and OH’ took place at the same time and
needed to be considered due to their significant contribution to DDVP
degradation. MPL and p-benzoquinone (pBZQ) were selected as com-
petitors since both were expected to present similar overall reactivity
than DDVP. pBZQ residual concentration was also determined by HPLC-
DAD.

In order to demonstrate the relative contribution of each oxidant
(i.e., O3 and OH") to DDVP degradation, two extra sets of experiments
were carried out. For direct degradation by molecular ozone, each re-
action vial contained 20 uM of DDVP, 25 mM of tert-butanol and ade-
quate quantities of the pH 7 phosphate buffer. Different doses (from 5
to 175 puM) of the ozone stock solution were applied. Samples were
withdrawn when the total consumption of ozone was achieved (all
within 2 h). Once the DDVP concentrations were analyzed by HPLC-
DAD, samples were frozen and lately employed for TPs and toxicity
determinations.

2.3. Analytical procedures

The concentrations of DDVP, MPL and pBZQ were quantified by
means of a high performance liquid chromatograph (HPLC) equipped
with a diode array detector (DAD), all supplied by Agilent (1260
Infinity). The column employed was a Teknokroma Mediterranea Seal8
(250 mm X 4.6 mm and 5 pm size packing). The mobile phase con-
sisted on a 35:65 volumetric mixture of acetonitrile and Milli-Q water
acidified at pH 3 by the addition of H3PO,4. The flow rate was set to
1mLmin~! and the UV detection was performed at 205, 220 and
254 nm for DDVP, MPL and pBZQ, respectively.

In order to elucidate the possible reaction pathways during DDVP
ozonation, samples in which different ozone doses were applied were
analyzed by LC-MS. An Agilent 1100 HPLC coupled with a G1969A LC/
MSD-TOF mass spectrometer was employed. MS data were collected in
full scan mode (25-1100 m/z), employing negative electrospray ioni-
zation.

With the aim of assessing the toxicity changes during DDVP ozo-
nation process, Microtox® assays were performed for samples with-
drawn from degradation experiments. This method measures the in-
hibition of light emission of bioluminescent bacteria Vibrio fischeri
caused by the presence of toxic compounds in the aqueous media. The
results of this assay are usually expressed as ECsg 15min, Which re-
presents the percentage of sample dilution (v/v) that causes a 50%
reduction in bacteria luminescence after a contact time of 15 min. All
the tests were carried out in duplicate in a Microtox® M500 (Modern
Water, UK) toxicity analyzer.
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Fig. 1. Determination of second-order rate constant (kppyp.o3) for the reaction of DDVP
and ozone by competition kinetics. Conditions: [DDVP], = [MPL], = 20 uM, pH 7,
temperature = 20 = 2°C.

3. Results and discussion
3.1. Kinetics of DDVP reactions with ozone and hydroxyl radicals

The second-order rate constant of DDVP reaction with molecular
ozone was calculated from Eq. (1), obtained by dividing the kinetic
equations corresponding to reactions between Oz and both DDVP and

| ()

—ln(
(@)

According to this expression, a linear dependence between the
natural logarithm of the relative DDVP concentration and the natural
logarithm of the relative MPL concentration was expected. The ratio
between the second-order rate constants of O3 with target (DDVP) and
reference (MPL) compound would represent the slope of this line.

Fig. 1 shows the experimental results, in which a good linear ad-
justment was obtained (R*> > 0.99). By knowing the second-order rate
constant value for the reaction between ozone and the reference com-
pound, the second-order rate constant for the reaction between DDVP
and molecular ozone could be easily calculated. Under pH 7 conditions,
and according to the results obtained in previous works [38], MPL re-
action with ozone presented a second-order rate constant of
2.0103 M~ 1s™1. A value of 590 + 20 M~ !s™! was finally determined
for kppyp.oz at pH 7 and 20 °C, which indicates a moderate reaction rate
of DDVP with molecular ozone, according to the classifications stab-
lished by Von Gunten and coworkers regarding the reactivity of mi-
cropollutants with this oxidant [39,40]. Since DDVP does not show
basic or acidic properties in water, the reactivity of this compound with
O3 was not expected to change with the medium pH, as happens with
many other chemicals [37].

The second-order rate constant of DDVP reaction with hydroxyl
radicals was calculated by solving the system formed by Egs. (2) and
(3). Detailed information about the obtaining of these expressions can
be found in previous works, in which this methodology was successfully
employed [35,41].

[MPL]
[MPL]y

_ kppvp,0s

[DDVP] )

[DDVP]o knpr,0

[DDVP] _ (kppve,o; + kppvpowRet)  [MPL]

[DDVP], (kmpro; + kmprowRet) — [MPL]y 2)
[DDVP] _ (kppvp.0s + kppve.onRet) In [pBZQ]

[DDVPly  (kppzo.05 + kpszoowRet)  [PBZQly 3)

It is important to note that since this protocol employed two reference
compounds (MPL and pBZQ) and each one of them could react with
both ozone and hydroxyl radicals, six reactions needed to be considered
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Table 1
Reactions considered during competition experiments for kppyp,on* determination.

Reaction 2nd-order k value [M~'s™1] Reference
DDVP + O3 — kppvp,03 590 This study
DDVP + OH' — kppvp,on Unknown -
MPL + O3 — kympr,03 2.010° [38]
MPL + OH' = kypr,on 7.310° [38]
PBZQ + O3 — kppz0,03 2.510° [42]
PBZQ + OH' = kppzo,0H' 1.210° [43]
0.4
= W e 2
= -
z & .
= 02+ i LMy =03035x+0.0134 | ORef:
& R?=0.99 MPL
E i »—é« R 17
A
= o Ref.:
& I BZQ
0.0 & : : : : :
0.0 0.2 0.4 0.6 0.8 1.0 1.2

-In([Ref.]/[Ref.],)

Fig. 2. Determination of kppypon by competition kinetics: —In([DDVP]/[DDVP],)
versus —In([Ref.]/[Ref.]o) for the simultaneous reaction of ozone and hydroxyl radicals
with DDVP and the references (Ref.) MPL and pBZQ. Conditions: [DDVP], = [MPL], =
[pBZQ]o = 20 uM, pH 7, temperature = 20 = 2°C.

to simultaneously take place in the studied system. These are gathered
in Table 1 along with their corresponding second-order rate constant
values.

From Egs. (2) and (3) it was deduced that by plotting the natural
logarithm of DDVP relative concentration versus the natural logarithm
of both MPL and pBZQ relative concentrations, two linear relationships
could be obtained. The slope values of these lines, together with the
second-order rate constant values shown in Table 1 were required to
solve the equation system.

Fig. 2 shows the experimental results, in which good linear adjust-
ments (R > 0.99) were obtained for both plots. The second-order rate
constant of DDVP reaction with hydroxyl radicals was determined to be
(2.2 = 0.1)10° M~ 's™?, thus pointing out the high reactivity of DDVP
with OH'. This was explained by the non-selective character of the
oxidant, which can readily undergo reactions with different points of
organic molecules [37].

3.2. DDVP degradation by ozone and hydroxyl radicals

During ozonation, DDVP could react with molecular ozone and also
with hydroxyl radicals formed as a consequence of ozone decay. In
order to determine the relative contribution of OH" to overall DDVP
removal, degradation experiments were conducted at pH 7 with and
without the presence of tert-butanol. Results are presented in Fig. 3.

Degradation through the combination of ozone and hydroxyl radi-
cals was more effective than the lonely attack by O3: an ozone dose of
approximately 2.8 mg L~ ! was required for the complete removal of
DDVP, while the double of this dose (5.5 mg L™ 1) was necessary in the
presence of tert-butanol. Therefore, the contribution of hydroxyl radi-
cals to the pesticide removal was significant at neutral pH. Higher pH
values, of course, would probably enhance this contribution since ozone
decomposition is accelerated under basic conditions [37]. Besides the
pH, other water characteristics like the organic and inorganic matter
content can also affect the process efficiency. Thus, performing ex-
periments with real water matrices and more realistic pesticide
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Fig. 3. DDVP degradation as a function of the ozone dose, for experiments with (O3) and
without (O3/0OH") the presence of tert-butanol (25 mM). Conditions: [DDVP], = 20 uM,
pH 7, temperature = 20 * 2°C.

concentrations would be convenient in order to properly determine the
ozone dose necessary to remove DDVP. Also, models based on the ki-
netic data here determined and water specific information [40,45]
could be useful on that purpose.

Besides the degradation of DDVP, the study of the formed TPs was
thought to be essential in order to assess the process efficiency: inter-
mediates presenting higher toxicity than the parent compound could be
formed, thus enlarging the oxidant dosage necessary to obtain a water
relatively free of harmful substances.

3.3. Reaction intermediates and possible mechanisms

Relevant TPs generated during DDVP ozonation with and without
radical scavenger addition were identified by means of LC-MS, on the
basis of the detected masses. The proposed molecular structures are
shown in Table 2.

Only one of the observed intermediates, DDVP-125 or dimethyl
phosphate (DMP), was detected in both experiments (i.e., experiments
with and without the presence of hydroxyl radicals). For their part,
DDVP-207 and DDVP-128 (desmethyl dichlorvos (d-DDVP) and

Table 2
DDVP, detected TPs and their corresponding molecular structures.
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dichloroacetic acid (DCA), respectively) were only detected in experi-
ments in which OH" were present in the reaction medium. These
findings appeared to indicate that DMP could be generated through
both molecular ozone and hydroxyl radicals mediated oxidation,
whereas d-DDVP and DCA were only formed via OH'. The first de-
gradation steps during DDVP ozonation process, therefore, could be
explained by the reaction pathways illustrated in Fig. 4.

The identification of d-DDVP suggests an initial H-abstraction, car-
ried out by OH', at one of the methyl groups of DDVP’s phosphate
moiety (pathway 1). A subsequent OH" addition after this first step,
followed by the yielding of a formaldehyde molecule from the resulting
structure would finally end in the d-DDVP (DDVP-207) formation.
Alternatively, this TP could be formed through OH" addition to the
phosphate moiety of DDVP, followed by the elimination of a metha-
nolate (CH30-) group from the resulting structure (pathway 2). The
attack by hydroxyl radicals to DDVP molecule could also take place at
its dichlorovinyl moiety. This pathway would consist on the addition of
OH’ to the corresponding double bound, followed by the hydrolysis of
the resulting radical to yield DMP (DDVP-125) and di-
chloroacetaldehyde (pathway 3). Under the oxidizing conditions of the
reaction medium, the latter would easily undergo oxidation to yield
DCA, the last detected TP (DDVP-128). As before commented, in ad-
dition to the OH -mediated oxidation and according to the LC-MS re-
sults obtained for samples in which tert-butanol was added as OH"
scavenger, the intermediate DDVP-125 (DMP) could be formed via
double bond cleavage by O3 (pathway 4). The primary ozonide would
be rapidly decomposed into a phosgene molecule and a zwitterion,
being the latter subsequently transformed into DMP through CO, re-
lease.

As an organophosphate, the insecticide properties of DDVP are
based on the irreversible inhibition of the vital enzyme acetyl choli-
nesterase. This inhibition is called cholinergic effect and is caused by
the phosphorylation of the active site of the enzyme, which is no longer
able to hydrolyze the acetylcholine neurotransmitter. This causes the
overstimulation of the insect nervous system [9]. Since the presence of
the phosphate structure is necessary to maintain the cholinergic effect,
the intermediate DDVP-128 was not expected to present that pesticide
mode of action. In addition, DDVP dichlorovinyl moiety enhances the

m/z Name Proposed structure Observations
220 (m-1) Dichlorvos (DDVP) O Parent compound in both experiments
I cn
Cl P\ / 3
e
)
/
Cl H,C
207 (m-1) DDVP-207 Desmethyl Dichlorvos (d-DDVP) O Only detected in the presence of OH’
| cn
Cl P\ / 3
e
= o \ O
OH
Cl
128 (m-1) DDVP-128 Dichloroacetic Acid (DCA) OH Only detected in the presence of OH"
Cl
6]
Cl
125 (m-1) DDVP-125 Dimethyl phosphate (DMP) O Detected in both experiments
I cH,
~ P\\ O/
HO o
/
H,C
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Fig. 4. Proposed reaction pathways for DDVP oxidation by molecular ozone and hydroxyl radicals during ozonation process.

binding between the enzyme’s active site and the pesticide due to the 0.030
electronegativity of its terminal chlorine. Because of that, it is probable
that DDVP-127 had lost its cholinergic properties. It is important to
note, however, that losing the cholinergic capacity does not mean to be 0.020

0.025 +

non-toxic since other toxicity mechanisms affecting the life of target 2
and non-target organisms could be manifested. For its part, inter- 2 o015 1 —o—03
mediate DDVP-207 still maintains the DDVP dichlorovinyl phosphate = y
structure and, as a consequence, this compound was expected to present 0.010 ¢ \ ool
similar insecticide activity than the parent compound. 0.005 1

0.000 + + t t
3.4. Toxicity evolution during DDVP ozonation 0 2 4 6 8

Ozone dose [mg L]

Change§ in the Chen?lcal 'spec1es anOIV_ed in DDVP oz.onatlon .pro- Fig. 5. Acute toxicity of the reaction medium during DDVP ozonation, in experiments
cess could imply alterations in the properties of the reaction medium. with (0s) and without (Os/OH’) the presence of tert-butanol. Conditions:
Among these properties, toxicity is of special interest since DDVP and [DDVP], = 20 uM, pH 7, temperature = 20 = 2 °C.
formed TPs could affect target (insects) but also non-target organisms.
The evolution of 1/ECs as a function of the ozone dose is presented in
Fig. 5, for samples corresponding to degradation experiments with and
without the presence of a radical scavenger. It has to be remembered
that higher 1/ECs, values mean higher inhibition of bacteria lumines-
cence (i.e., higher toxicity), and vice versa. Initial ECs, value, that is,
the sample concentration that causes mortality in the 50% of the bac-
teria population after 15 min contact was determined to be 3.8 mg L ™!

(ECso about 80% in terms of sample dilution). For the rest of samples,
only ECsp expressed as sample dilution could be obtained since the
medium compositions were unknown.

The toxicity during experiments with the addition of tert-butanol
initially decreased to a minimum, being this caused by the reduction of
DDVP concentration in the reaction solution. For low ozone doses, the
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amount of formed TPs is low and thus the contribution of these inter-
mediates and the synergies between them to the medium toxicity are
not expected to be significant. After this first drop, toxicity started to
increase for oxidant doses above 3 mg L™!. The final ECs, value
(51.3%), higher than the initial one (86.2%) indicates a global growth
in the toxicity of the medium that could be caused by synergistic effects
between residual DDVP and newly formed species like DDVP-125
(DMP) or phosgene, a well-known toxic agent. The latter, although not
detected during LC-MS analyses, was expected to be generated ac-
cording to the proposed degradation pathways (see Fig. 4). However,
this compound rapidly hydrolyzes [46]. Perhaps other toxic, non-de-
tected species formed during DDVP ozonation process (i.e. aldehydes or
H-,0, formed through ozone decomposition [34,47] could be present
and contribute to enhance the medium toxicity. Also, dimethyl phos-
phate, the TP generated through direct molecular ozone attack, pre-
sents a saturated, aliphatic molecular structure. Therefore, the re-
activity of this byproduct with molecular ozone is expected to be low
[48,49], and this would cause its accumulation in the system thus in-
creasing the residual toxicity of the medium. In the case of experiments
without the presence of tert-butanol, toxicity slightly increased for low
oxidant dosages (0-0.3 mg L™ 1), remained without major variations for
doses up to 3mgL~"! and then started to decrease, reaching 1/ECs,
values below the initial one. The initial rise of this parameter, although
not very significant, was probably due to synergistic effects between
remaining DDVP and early-formed TPs like DDVP-207, which as before
commented, could maintain a similar toxicity than the parent com-
pound. For doses above 3 mgL~!, DDVP was no longer present in the
reaction medium (see Fig. 3) and synergistic effects apparently dis-
appeared. From this point, therefore, further OH -mediated oxidation of
the TPs that were present in the reaction system allowed the final
toxicity abatement of the solution.

In the view of the Microtox® results, it can be stated that O3 oxi-
dation alone contributed to increase the toxicity of the medium. The
low reactivity of formed TP (i.e., DMP) with this oxidant probably
caused the accumulation of this chemical species in the reaction
medium, thus inducing the observed increase in toxicity. However,
hydroxyl radicals formed through ozone decomposition allowed to
solve this problem since this transient species were able to remove both
DDVP and TPs. Therefore, it is concluded that ozonation process could
be a suitable treatment alternative for DDVP removal and associated
toxicity abatement, provided that the indirect degradative route (i.e.,
OH'-mediated oxidation) is properly promoted.

4. Conclusions

The obtained results allow drawing some conclusions regarding the
degradation of dichlorvos by means of ozonation. The moderate and
high values for second-order rate constants of DDVP reactions with O3
and OH’, respectively, point out the treatability by ozone-based pro-
cesses of water matrices containing traces of this priority pesticide. Both
ozone and hydroxyl radicals can play an important role in DDVP
abatement, although studies dealing with real waters and lower con-
centrations of the contaminant are required in order to properly assess
the process performance. Proposed reaction mechanisms indicate the
formation of dimethyl phosphate as a common TP for both O3 and OH"
degradation routes. This intermediate is expected to present low re-
activity towards ozone, even though can be degraded by hydroxyl ra-
dical-mediated oxidation. The acute toxicity analyses in experiments
with OH" scavenger demonstrates that a rise in the bacteria lumines-
cence inhibition occur for increasing oxidant dosages. However, results
of experiments without tert-butanol show that formed hydroxyl radicals
are able to abate the toxicity of the reaction medium. It is clear,
therefore, that the contribution of the OH" degradation route during
ozonation process is required in order to remove DDVP, formed TPs and
reduce the associated toxicity. Strategies aimed to enhance this indirect
via need to be assessed to improve the process efficiency.
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Results and discussion

4.2 Ozonation for enhanced treatment of wastewater effluents

Ozonation was applied to biotreated municipal wastewater effluents with the aim of get
novel insights into the effective abatement and fate control of ozone-recalcitrant
micropollutants during this treatment. Six different effluents were employed: three collected
from MBR treatments (M-VAC, M-VAL and M-GAV), and three others from CAS systems
(C-PRA, C-GAV and C-LLA). The process was first explored in terms of the abatement of
a model micropollutant (ACMP) spiked at low concentrations, developing this way novel
tools for performance characterization and kinetic modelling based on the use of this class
of compound as probe for hydroxyl radicals. Then, by combining these tools with the
measurement of water quality parameters, a potential online control strategy was developed.
Results obtained in that work led to the publication presented in Appendix IV. Through
additional ozonation experiments employing the same effluents, a comprehensive
assessment on the fate of EfOM during the process was performed. Potential scenarios in
which higher ozone doses are applied for a more effective abatement of ozone-refractory
MPs were considered in this part of the work. Obtained results led to the publication
presented in Appendix V.

4.2.1 Abatement of ozone-recalcitrant species, kinetic modelling and potential control

strategies (Appendix 1V)

The oxidation of ACMP during semi-batch ozonation experiments of different wastewater
effluents was assessed and compared, with especial focus on employed ozone doses, to
literature works including data on ozone-resistant MPs abatement. In general, specific (i.e.,
DOC-normalized) ozone doses employed in lab-, pilot- and full-scale investigations ranged
up to 2 mg Oz mg C?, which as claimed in many scientific reports are often enough to
effectively abate most compounds with high to moderate reactivity to ozone
[136,138,188,189]. However, and because of its low reactivity with that oxidant (see Table
14 in section 4.1.1), ACMP abatement ranged from 30 to 80% depending on the effluent
(see Figure 2 in Appendix IV). It is clear, therefore, that an increase of the applied ozone
doses in wastewater ozonation with respect to the currently employed ones would be
required to also remove refractory compounds during ozone application. However, if

absolute ozone doses (i.e., mg O3 L) are considered, it is possible that this strategy would
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be considered economically feasible for only those effluents with a lower pollution load and
alkalinity, such as MBR effluents and C-PRA (see Table 11 in section 3.2 or Table 1 in
Appendix V). On the contrary, for more polluted effluents such as C-GAV and C-LLA, this

option would be probably dismissed due to very high operational expenses.

ACMP abatement data obtained in batch ozonation experiments was employed to determine
hydroxyl radical exposures (J[*OH]dt) for all effluents throughout the entire ozonation time.
This could be done by assuming that observed removals were entirely due to hydroxyl radical
oxidation, which is valid given the extremely low reactivity of this chemical with ozone.
Eq. (23) (section 1.4.1) and the rate constant value of reaction between ACMP and «OH
(2.1-10° M%s1) previously determined in batch ozonation experiments (see section 4.1.1 and
Appendix Il) were applied, according to a previously, well established methodology [150].
As explained in section 1.4.1, *OH exposure is key to assess the abatement of MPs,
particularly ozone-recalcitrant species. Due to significant differences in water quality
between effluents (see Table 11 in section 3.2), which were well reflected by the estimated
ozone demands (10D values of 14, 9, 11, 16, 28 and 19 mg O3z L™ for effluents M-VAC,
M-VAL, M-GAV, C-PRA, C-GAV and C-LLA, respectively), *OH exposures were
normalized to TOD in order to compare oxidation efficiencies in terms of radical availability
per consumed ozone. Thus, the recently defined Ron,0s concept (section 1.4.1 and ref. [159])
was tested as a potential tool for performance characterization of wastewater ozonation.
Linear correlations between *OH exposure and TOD data were observed in all cases
(R? > 0.98), and since two regimes of ozone consumption —as usual in wastewater ozonation
[142,143]- were observed, two linear plots were obtained for each one of the tested effluents
(see Figure 3 of Appendix IV). 10D values, also represented in Figure 3 of Appendix 1V,
indicated the limit between both of them. Ron,03 values corresponded to the slope values of
these lines. For initial or 10D stage, obtained Rownos values ranged from 1.53-107 to
7.60-10"s, whereas values between 0.61-10° and 2.95-10° s were obtained after 10D
completion (secondary ozonation stage). Values found for Ron,0s and other parameters later
on discussed can be consulted in Table 3 of Appendix IV. Ronos Vvalues, and particularly
those corresponding to the initial or 10D stage, were closely related to effluent
characteristics, mainly organic matter concentration/properties and alkalinity. Being so,
MBR effluents displayed in general a higher oxidation efficiency in terms of hydroxyl

radical availability per consumed ozone. On the contrary, *OH exposure per consumed 0zone
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was markedly lower in effluent samples with significantly higher content of dissolved or
even suspended organics (e.g., GAV-V).

The ultraviolet absorbance at 254 nm (UVAzs4), a typical and easily measurable parameter
employed in wastewater characterization was monitored during ozonation experiments, and
a good correlation (R? > 0.98) was observed with TOD, according to Eq. (33). A two-stage
behavior, similar to that for Ron,03 plots, was also observed in this relationship. The
corresponding plots are found in Figure 4 of Appendix IV. The parameter kuvaos was
defined as the coefficient of proportionality between the negative, natural logarithm of the
relative UV A2s4 and TOD. Values estimated for this parameter can be consulted in Table 3
of Appendix IV.

< UVA,5,
—n [ —22%
UVAzs54,0

> = kyva,o03 - TOD (33)
Considering the existing correlations between «OH exposure and TOD [Eg. (24)], on one
hand, and between UVA2s: and TOD [Eq. (33)], on the other, an additional correlation
between «OH exposure and UVA2s4 could be deducted and experimentally verified (see
Figure 5 and Table 3 in Appendix IV). Similarly to the above mentioned correlations,
kuvaon was defined as the slope of the linear relationship between [[«OH]dt and the
negative, natural logarithm of the relative absorbance, according to Eq. (34). R? coefficients

above 0.98 were again obtained in all cases.

< UVAjs,
— n —
UVAzs540

) ~ kuvaon - | [+ OMde (39
The relationship between UV A2ss decrease and hydroxyl radical exposure suggested that
absorbance monitoring throughout ozonation of wastewater effluents could be used for
online prediction of *OH exposure. Combining this relationship with Eq. (23), a new
relationship (Eg. 34) might be employed to predict the abatement of ozone-recalcitrant
species. In addition to continuous UV A2s4 measurement, both the rate constant of reactions
between «OH and the target compound and the value of kuvaon —empirically known for a

given effluent— would be required.
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K.oH
[MP] ( UVA,c, )kUVA,OH (34)

[MP],  \UVAjs4,

In order to validate this approach, additional ozonation experiments were performed in
effluents spiked with low concentrations of two known ozone-recalcitrant micropollutants:
the drug ibuprofen (IBU) [176] and the pesticide atrazine (ATZ) [190]. Predictions were
performed according to the described methodology. In addition, predictions based on the use
of the Ronos concept were employed with the aim of demonstrate its usefulness as tool for
controlling the fate of ozone-recalcitrant species during ozone application. Eqg. (35) was

employed to that purpose, which was the result of combining Egs. (23) and (24).

- ln( MP) > = k.on " Ron,03 - TOD (35)
[MP], '

Good agreements (R? > 0.98) between measured and predicted abatements were observed

for different compounds (IBU and ATZ), tested effluents (six, three from MBR systems and

three other from CAS bioreactor) and prediction models (based on Ron,0s and TOD

monitoring, on one hand, and on kuvaon and UVA2ss monitoring, on the other). Plots of

predicted and measured degradation data can be found in Figures 6 and 7 of Appendix 1V,

respectively, and also in the corresponding Supplementary Information (Figures 8 and 9).

4.2.2 Assessment of EfOM changes taking place through ozone application for
micropollutants  abatement, including ozone-refractory = compounds
(Appendix V)

EfOM transformation during ozonation of M1-M3 and C1-C3 wastewater effluents was
assessed. The effective degradation of the ozone-refractory compound ACMP was selected
as reference to establish a range of potentially practical ozone dosages (up to 1 mM, see
Figure 1 in Appendix V)). Under those treatment conditions, typical wastewater parameters
related to the organic matter content were measured, and changes taking place in the

dissolved EfOM fractions were also evaluated through SEC-OCD determinations.
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General quality parameters such as UVA2s4, COD and DOC revealed changes in aromaticity,
oxidation state and variations in the concentration of dissolved organic carbon in all
effluents. Corresponding data is presented in Figures 2, 3 and 4 of Appendix V. Aromaticity
reduction was substantial in all effluents even at low or moderate ozone doses, which was
normal as ozone readily reacts during its initial stage with electron-rich moieties of EfOM
[107]. COD reduction were in comparison lower (up to 45% reduction versus up to 80%
observed for UV A2s4), indicating that even though aromaticity is reduced after some changes
in the moieties responsible for this property, structural changes required for significant
oxidation of organic matter are only achieved if stronger oxidation conditions are applied.
Reduction in both UVA2s4 and COD strongly depended on the effluent properties, being
these more effective in those samples with a lower content in organic and inorganic carbon
(i.e., MBR effluents). DOC analyses, on its part, revealed that relatively low mineralization
was achieved in MBR effluents (up to about 20-25% for the highest ozone doses, that is,
0.6 mM). CAS effluents, on their part, increased organic carbon content (about 5, 35 and
20% in effluents C1, C2 and C3, respectively, for Oz doses between 0.7 and 1 mM) during
the process. This was most noticeable for those samples with a higher content in suspended

EfOM (i.e., C2 and C3), and it was attributed to solubilization of this matter upon oxidation.

A closer look at the evolution of specific fractions of dissolved EfOM through the SEC-OCD
technique revealed in CAS effluents an increase in the concentration of humic substances
with increasing TOD values, especially in samples C2 and C3 (see Figure 5 in Appendix V).
As this was the only fraction for which a rise was observed, the increase in DOC content
previously described was attributed to the solubilization of this class of matter. This behavior
was not so clearly observed in effluent C1, for which it a slight increase in the humic fraction
content was observed at low ozone dosages, followed by an also slight decrease for higher
TOD values. Similarly, the DOC gain observed in the other CAS samples was not so clear
in the case of C1. The lower content in particulate EFOM of this wastewater was probably
the reason why this occurred. Concerning the other investigated fractions of EfOM in CAS
effluents, accumulation of lower molecular weight compounds such as the so-called building

blocks, organic acids and neutrals was in general observed along the process.

In MBR samples, which were free of suspended EfOM because of their previous treatment
through ultrafiltration membranes, the humic fraction experimented a sustained decrease in

all samples, which in general led to the generation of smaller components such as building
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blocks or low molecular weight organic acids. This data is represented in Figure 6 of
Appendix V. The latter fraction was also presumably enriched through oxidation of low
molecular weight neutrals. The concentration in biopolymers, on its part, slightly decreased
during the process, although the initial content in this fraction in the untreated effluent was

not very significant compared to other EfOM fractions.

Changes in humic contents for MBR samples were related to some effluent quality and
ozonation parameters, in an attempt of stablishing useful relationships potentially allowing
a first assessment and estimation of EfOM evolution during ozonation. It was observed that
humics content significantly decreased only after an also significant abatement of UV A2s4
was observed (see Figure 7A in Appendix V). Thus, although humic substances have always
been related to EFOM aromaticity [191-193], a lag between both (i.e., the content in humic
substances and UV Azs4) during ozonation was revealed in this study. Interestingly, this lag
(i.e., the observed % in UV A2z reduction from which a significant abatement of humic
substances was observed) and the rate through which humics were removed from MBR
samples correlated well with 10D (0.29, 0.19 and 0.23 mmol Oz L for M1, M2 and M3,
respectively) and the 10D-normalized *OH exposure (J[+OH]dt/IOD) values (3.1-107,
7.3:107 and 4.9-107 s for M1, M2 and M3, respectively) determined for each effluent
(Appendix V, Table 3). In general, lower oxidant (both Oz and *«OH) demands at the
beginning of the process resulted in a more immediate (i.e., lower observed lag) and faster

abatement of humic moieties.
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ABSTRACT

Although ozonation is nowadays recognized as one of the most efficient technologies for micropollutants
abatement in municipal wastewater effluents, several of the compounds potentially present in those waters
exhibit a strong resistance to direct ozone oxidation. In addition, the real-time control of the removal process is
still challenging. In this work, the abatement of ozone-recalcitrant micropollutants during wastewater ozonation
of six different wastewater effluents was explored using the pesticide acetamiprid as hydroxyl radical (-OH)
probe. By means of this data, the oxidation efficiency (i.e., hydroxyl radical exposure per consumed ozone) could
be described by means of a two-stage model based on the Ropos concept. This was possible using a semi-
continuous bubbling ozone contactor in all experiments, which permitted the inclusion of the ozone mass bal-
ance in the model. Rogo3 values of (1.53-7.60)-10 s for initial ozonation stage and (0.61-2.95)10~°s for the
secondary stage were obtained allowing the characterization and comparison of the process performance in a
wide range of effluent qualities, including water matrices with a high content of dissolved and particulate or-
ganic matter (total organic carbon (TOC), dissolved organic carbon (DOC) and turbidity tested ranges:
6.7-50mg CL™!, 6.6-27.6 mg CL~ ! and 0.3-28.6 NTU, respectively). Finally, a surrogate strategy involving -
OH exposure estimation by means of ultraviolet absorbance at 254 nm (UVA,s4) measurements was proposed
based on the Ropos concept, and by means of its application the removal of atrazine and ibuprofen in six
different wastewaters could be rightly predicted (R% > 0.98).
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1. Introduction

Ozonation has largely demonstrated to be one of the most effective
and easily implementable advanced treatment technologies for micro-
pollutants (MPs) abatement in municipal wastewater effluents. From
laboratory to full-scale studies, a considerable number of works have
reported the benefits, in terms of water quality, derived from ozone
(03) application after the secondary stage of a wastewater treatment
train [2,11,20,24,28]. However, and although this technology is
nowadays increasingly implemented in wastewater treatment plants
(WWTPs) around the world [5], the control of MPs removal during the
process — necessary to optimize the required oxidant doses - is still
challenging. Despite the vast advances in chromatographic techniques,
which currently allow the simultaneous determination of a few hundred
compounds from pg L' to ng L™! levels [2], the huge number of
chemicals [9,22] potentially present in wastewater effluents makes the
measurement of their individual oxidation efficiencies a completely
prohibitive option from a practical and economical perspective. A
helpful alternative could be the employment of chemical kinetics,
which establishes that the removal of any MP during ozonation can be
predicted if the second-order rate constants of reactions between this
compound and both ozone (kos3) and hydroxyl radicals (k- o), as well
as the ozone and hydroxyl radical exposures (J [Os]dt and [ [-OH]d¢t)
are known, according to Eq. (1).

- m(m) = ko f [0s]dt + koon f [+OH]dt

[MP]y 1)

Despite the great potential of ozonation process, some of the organic
compounds typically present in secondary effluents present a strong
recalcitrance towards direct ozone oxidation. They are known as ozone-
resistant micropollutants, and they are characterized by second-order
rate constants with molecular ozone generally below 10M~'s~! [16].
As most of these chemicals are only effectively eliminated by hydroxyl
radical (-OH) oxidation, they are considered to be one of the main
limiting factors for ozone applications [25]. In some parts of the world,
obtaining a high quality water from wastewater may be required in a
near future for applications involving further human exposure. In these
situations, the monitoring and control of the fate of ozone-recalcitrant
MPs during ozonation might be essential, especially considering that
some of these compounds can pose risks to human and environmental
health. In such cases, and according to chemical kinetics (see Eq. (1)), if
these species (ozone-resistant compounds) are effectively removed from
the effluent, it can be fairly hypothesized that those other compounds
presenting a certain degree of reactivity with O3 (i.e., in general, kos
values larger than 10 M~ 1s™1Y) would be faster oxidized. It is clear,
therefore, that a potential approach to ensure the removal of MPs
during the ozonation step in a WWTP could be the control of those MPs
whose abatement is more difficult to achieve, that is, Os-resistant
compounds. In accordance with this hypothesis of work, Eq. (1) could
be simplified to Eq. (2).

- ln(m) = k.OHf ['OH] dt

[MP]y 2)

Regarding k- o values, there is a large kinetic database in literature
for reactions between organic compounds and hydroxyl radicals [4,27].
With respect to -OH exposure, this term can be experimentally de-
termined through the monitoring of a -OH probe compound [10]. This
method, although useful for prediction of contaminants removal in lab-
scale studies or during the planning stage of wastewater ozonation units
[17,16,25], is time consuming and hardly has an application in real-
time control systems. A possible solution to this limitation could be the
use of a water quality parameter as surrogate for online estimation of -
OH exposure. A recent work by Chys and coworkers shows the potential
of this approach employing the ultraviolet absorbance at 254 nm
(UVA,s4) and total fluorescence (TF) as surrogates [5]. In a parallel —
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but related — line of work, some studies have also shown that decreases
in UVAys4 and total fluorescence (TF) could be correlated to the
abatement of micropollutants [12,23,26].

In general, lab-scale studies dealing with micropollutants oxidative
abatement from wastewater by means of ozonation - and especially
those working on the kinetic modelling of the process — ignore the
ozone mass transfer and the relationship between this factor and the
process performance. The performance of batch ozonation experiments
with addition of O3 from aqueous stock solutions, although practical for
absolute kinetics determinations, prevents the accurate characteriza-
tion of the initial, fast O3-consuming, ozonation stage. Furthermore, in
most ozonation studies the oxidation performance is usually described
by means of parameters that are strongly dependent from the applied
dose of oxidant, such as the R, concept [10]. Regarding this, Kwon and
coworkers [15] have recently proposed the Rppo3 concept, a kinetic
parameter defined as the -OH exposure (i.e., the time-integrated -OH
concentration) per consumed O; (i.e., the transferred ozone dose
(TOD)) (see Eq. (3)). The Royos concept is independent from the O3
dose and appears to be useful for both, performance characterization
and kinetic modelling of ozonation process. However, a single Rogos
value is not enough to characterize the whole ozonation process, as
deducted by the work performed by Kwon et al. [15].

_ [[-OH]dt
Roro, = 20 3)

The main goal of this study was, on one hand, to assess the oxidation
performance of semi-continuous ozonation for enhanced wastewater
treatment, particularly focusing on the monitoring and control of
ozone-resistant micropollutants removal from effluents. On the other,
and by means of kinetic parameters like Rporo3z and the monitoring of
UVA,s, as surrogate quality parameter, to establish the fundamentals of
potential strategies for the real-time prediction and control of the
abatement of these recalcitrant species during the whole process. The
proposed models were validated by predicting the abatement of ozone-
recalcitrant micropollutants atrazine and ibuprofen in all the employed
effluents. The removal of moderate and highly ozone-sensitive micro-
pollutants during the process was also verified.

2. Materials and methods
2.1. Chemicals and reagents

Acetamiprid (ACMP), atrazine (ATZ), ibuprofen (IBU), methiocarb
(MC) and dichlorvos (DDVP) analytical standards were acquired from
Sigma-Aldrich (Germany). Ultrapure water was produced by a filtration
system (Millipore, USA). Pure oxygen (=99.999%) was supplied by
Abell6 Linde (Spain).

2.2. Wastewater effluents

Six wastewater effluents from five WWTPs in the province of
Barcelona (Spain) were employed in this work. Three of them (M-VAC,
M-VAL and M-GAV) came from membrane biological reactor (MBR)
systems, whereas the rest (C-PRA, C-GAV and C-C-LLA) were collected
from conventional activated sludge (CAS) treatments. All samples were
directly collected from the outlet stream of the corresponding biological
treatments. Their main quality parameters are gathered in Table 1. The
raw CAS effluents were filtered with conventional filter paper to re-
move the largest particles. For each sample, total organic carbon (TOC)
and dissolved organic carbon (DOC) (after being filtered through
0.45 um PTFE syringe filters) were measured by means of a Shimadzu
TOC-VCSN analyzer. The ultraviolet (UV) absorbance was determined
with a DR6000 UV VIS spectrophotometer (Hach, USA). Turbidity was
measured with a 2100Q portable turbidimeter, also by Hach. Alkalinity
was determined by means of an automatic titration device coupled with
a pH meter (Crison, Spain). Nitrite (NO,, ) concentration was
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Table 1
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Main effluent water quality parameters (M-: membrane biological systems; C-: conventional activated sludge treatments). All measurements were performed per

triplicate. Discrepancies between values were in all cases lower than 5%.

WWTP ID  Location pH TOC[mgCL™'] DOC[mgCL '] UV [em™']  Turbidity [NTU]  Alkalinity [mg CaCOsL™']  NO,” [mgNL™']
M-VAC Vacarisses 7.9 6.7 6.6 0.179 0.6 330 0.85
M-VAL Vallvidrera 7.4 105 10.3 0.163 0.9 178 0.03
M-GAV Gava-Viladecans 7.7 124 12.1 0.149 0.3 200 0.12
C-PRA El Prat de Llobregat 7.5  14.0 13.6 0.229 1.1 264 0.09
C-GAV Gava-Viladecans 7.8 421 27.6 0.672 28.6 517 0.09
C-LLA La Llagosta 7.7 256 21.3 0.664 20.1 419 0.03

determined through ion-exchange chromatograph with UV detection.
All the effluent samples were stored at 4 °C prior to be used.

The employed wastewater effluents showed broad variations in
their main quality parameters. These marked differences were con-
sidered highly valuable since allowed the performance of a study whose
results could cover a wide range of water qualities.

2.3. Ozonation of wastewater effluents

Wastewater ozonation experiments were performed in a 750 mL
jacketed reactor, operated in semi-continuous mode. Ozone was pro-
duced by a 301.19 lab ozonizer (Sander, Germany) and injected at the
bottom of the reactor by means of a porous diffuser made of sintered
glass (pore size: 150-250 pm). A mechanical mixing system ensured the
good contact between liquid and gas phases. Experiments were per-
formed at 20 *+ 1 °C, without pH adjustment. The gas flow rate and the
inlet ozone concentration were maintained at 0.1 NLmin~' and 30 mg
NL™!, respectively. Inlet and outlet gas-phase ozone concentrations
were continuously monitored by two BMT 964 ozone analyzers (BMT
Messtechnik, Germany) placed up and downstream the reactor, re-
spectively. The ozone concentration in the aqueous phase was mea-
sured by means of a Q45H/64 dissolved Os; probe (Analytical
Technology, USA), which was connected to a liquid recirculation
stream (flow rate: 200 mL min~'). A detailed scheme of the ozonation
setup is shown in Fig. 1.

The ozone consumption was determined as the transferred ozone
dose (TOD), which is defined by Eq. (4) and represents the accumulated
amount of ozone that is transferred to the water sample per unit of
volume and time.

Fgas

t
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0 lig
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IOE

1 22

- <10

o0 00

2 3 4

ry 12 4
11
] o Reg=g
12
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Fgas, Vijq are the gas flow rate and the liquid volume, respectively; t
stands for the ozonation time; [O3zgqesin and [Oslgqsoue represent the
ozone concentrations measured at the inlet and outlet gas streams, re-
spectively. The trapezoidal method of numerical integration (integra-
tion step: 10s) was employed in these calculations. The existent dead
volume between the reactor liquid-gas interface and the outlet ozone
gas analyzer was considered for TOD calculations. The reactor head-
space was modelled as a continuous stirred-tank reactor (CSTR) to ac-
count for ozone dilution in the gas phase, whereas gas streams circu-
lating through standard polytetrafluoroethylene (PTFE) tubing have
been considered to follow plug-flow behavior (estimated delay:
2.0 min).

Each wastewater effluent was spiked with 100 ug L~ of ACMP as -
OH probe compound (kacmp,03 = 0.25M ™! st and
kacmp, o = 2.110° M~ ! s~ [7], then ozonized for 60 min under the
mentioned operational conditions. Samples were withdrawn at known
time intervals and kept at room conditions until complete consumption
of dissolved ozone was achieved. The residual concentration of ACMP
was then measured by high performance liquid chromatography with
UV detection (HPLC-UV). The UV absorbance data was determined with
a DR6000 UV-Visible spectrophotometer (Hach, USA). Additional
ozonation experiments were performed in order to test the proposed
strategy for the control of micropollutants abatement. In this case, each
wastewater effluent was spiked with low concentrations (25-50 ug L™ 1)
of the pesticides atrazine (ATZ), methiocarb (MC) and dichlorvos
(DDVP), as well as the anti-inflammatory drug ibuprofen (IBU). The
residual concentrations of these micropollutants in samples taken at
various reaction times were also determined by HPLC-UV. All experi-
ments were performed in duplicate.

The concentrations of ACMP, ATZ, MC, DDVP and IBU were
quantified by means of a HPLC equipped with a diode array detector
(DAD), all supplied by Agilent (1260 Infinity). The column employed

A

6

Fig. 1. Ozonation setup. 1. Oxygen bottle; 2. Ozonizer; 3. Regulating valve; 4. Manometer; 5. Gas flow-meter; 6. Three-way valve; 7. Reactor; 8. Dissolved ozone
measuring system; 9. Foam trap; 10. KI solution for O3 quenching; 11. Thermometer; 12. Ozone analyzer (gas-phase).
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was a Teknokroma Mediterranea Seal8 (250 mm X 4.6 mm and 5 pm
size packing). The flow rate and injection volume were set, respec-
tively, at 1.0 mLmin~' and 100 pL in all determinations. For ACMP
and DDVP analyses, the mobile phase consisted of 30:70 volumetric
mixtures of acetonitrile and Milli-Q water acidified at pH 3 by the
addition of H3PO,. The detection wavelength was set to 250 nm
(ACMP) and 225 (DDVP) nm, respectively. For ATZ, MC and IBU
quantification, the mobile phase consisted of 70:30 volumetric
mixtures of acetonitrile and pH 3 Milli-Q water, and the UV detection
was performed at 225 nm. The limits of quantitation were: 3.3 ug/L
(ACMP), 9.2pnug/L (DDVP), 0.9pug/L (ATZ), 8.3nug/L (MC) and
2.1 pg/L (IBU).

3. Results and discussion
3.1. Ogzone mass transfer and demand

During wastewater ozonation experiments, inlet and outlet (gas
phase), as well as dissolved (liquid phase) ozone concentrations were
continuously measured and registered (see Fig. S1 of the
Supplementary Information (SI)). The monitoring of these data allowed
a complete assessment of the ozone mass balance and the estimation of
some parameters describing key aspects of the process, such as the
ozone transfer efficiency (5,), the volumetric mass transfer coefficient
(Kpa), the rate of ozone decay (k) and the immediate ozone demand
(IOD). The corresponding values for each effluent are gathered in
Table 2. Further information regarding these parameters and their es-
timation procedures can be found in the SI (Texts S1-S3 and Figs.
§$2-S5).

Differences observed between effluents in ozone transfer behavior
could be explained by the properties of each sample, especially — but
not exclusively — the initial concentrations of dissolved and particulate
organic matter (OM) (see TOC and DOC data in Table 1). This is clearly
illustrated by results obtained for IOD. This parameter describes the
ozone demand at the initial stage of ozonation, where this oxidant is
instantaneously consumed by the reactive components of the water
matrix. Thus, this parameter represents the dose of ozone for which the
transition between primary (fast) and secondary (slow) ozonation
stages takes place. In general, increasing contents in organic matter
leads to larger ozone demands. DOC-normalized IODs (i.e., IOD/DOC)
were in general in the range between 0.9 and 1.2 mg O3 mg C™ ', being
this a proof of the similar effluent organic matter (EfOM) character and
ozone needs for different effluent sources. The only exception was
found to be the M-VAC sample, which presented an I0D/TOC of 1.7
(ozone demand exerted by nitrite [21] already deducted). This parti-
cular result could be probably attributed to the also individual prop-
erties of that effluent — besides nitrite content: highest pH, high alka-
linity, and one of the highest UVA,54/DOC ratios. For the rest of
parameters gathered in Table 2, in general, the relationship between
ozone transfer and effluent quality observed in the present study was in

agreement with previous findings and fundamental concepts

[14,18,19].

Table 2

10D, k4 and 7, values determined for wastewater effluent samples.
Sample ID 10D [mg kq [min~'] Kga [min~'] 1y, 1st-phase 1, 2nd-

05171 [tr. Os/app.  phase [tr.
053] Os/app. O3]

M-VAC 14 0.170 0.451 0.705 0.115
M-VAL 9 0.175 0.389 0.771 0.121
M-GAV 11 0.181 0.396 0.742 0.141
C-PRA 16 0.221 0.397 0.725 0.154
C-GAV 28 0.621 0.210 0.853 0.247
C-LLA 19 0.582 0.228 0.840 0.233
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Fig. 2. Abatement of acetamiprid from different wastewater effluents during
ozonation, as a function of the TOD/DOC ratio. The shaded area represents the
typical range of O5:DOC ratios applied in ozonation studies (up to 2mg O3 mg
C™Y. Maximum and minimum DOC-normalized IOD values are also re-
presented by dashed vertical lines.

3.2. Removal of a model ozone-resistant micropollutant and determination
of Ronos values

Fig. 2 shows ACMP degradation evolution during ozonation ex-
periments as a function of the employed O3:DOC ratios (determined as
TOD/initial DOC). Ozonation was extended to applied ozone doses
significantly higher than that reported in related lab-, pilot- and full-
scale ozonation works, where O3:DOC ratios mainly between 0.5 and
1.5mg O3 mg G~ ! but up to 2mg O3 mg C~* [2,5,11,15,16] have been
employed. Typical conditions applied in actual ozonation units are
characterized by none or limited ozone residual in the aqueous phase
during the process, that is, working within the initial ozonation stage in
which all the applied ozone is instantaneously consumed, before IOD
completion. In Fig. 2, the maximum and minimum DOC-normalized
IOD values (IOD/DOC) determined during experimentation are re-
presented by dashed lines.

It is clear, in the view of recent research, that currently employed
ozone doses are not able to completely remove ozone-recalcitrant
chemicals [2,16]. That is also obvious in the view of the findings of the
present work, where ACMP removals for a maximum O5:DOC ratio of
2mg O3 mg C~! ranged between 30 and 80%, depending on the water
source. If ozone was dosed up to IOD completion, the following ACMP
degradation levels would be approximately obtained: 17% for M-VAC,
25% for M-VAL, 22% for M-GAV; 20% for C-PRAT; 31% for C-GAV and
25% for C-LLA. Definitely, if a significant abatement of ozone-re-
calcitrant micropollutants is wanted to be reached, ozonation should be
extended beyond IOD. However, and due to the high pollution loads
(ie., high DOC) of samples from conventional activated sludge ef-
fluents, the absolute doses of oxidant to apply for the abatement of Os-
resistant compounds would be considered uneconomical. Thus, for
these effluents other alternatives should be explored for the removal of
these chemical species from wastewaters. On the contrary, extended
ozonation could be considered for clearer effluents, such as the MBR
systems employed in this study.

Because of the different O; demands and consumptions according to
the individual water qualities (see Table 2 and SI, texts S1-S3 and Figs.
S1-S5), the use of [ [-OH]dt alone as an absolute indicator of the oxi-
dation performance during ozonation process is not recommended. The
Romos concept can be used instead. Fig. 3 shows the [ [-OH]dt versus
TOD (consumed ozone, according to the employed experimental
methodology) plot for all the tested effluents. Linear relationships were
obtained in all cases (R®> > 0.98) and, according to Eq. (3), the cor-
responding Ropos values could be determined from their slope values
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Fig. 3. [ [-OH]dt versus TOD plot obtained during ozonation of wastewater
effluent samples spiked with acetamiprid as +OH probe compound. The slopes
of each linear regression represent the Ropoz values of primary and secondary
ozonation stages, which are gathered in Table 2. [ACMP], = 100 pg L™ ; Gas
flow rate = 0.100 = 0.005 NL min’l; Inlet (gas) ozone concentra-
tion = 30 + 1mg O3 NL ™Y Treaction = 20 + 1°C, Tin (gas) =22 * 2°C; Py,
(gas) = 25 + 2mbar. Values of the immediate ozone demand (IOD) for each
effluent are marked at the top of the graph and should be read by projecting the
symbols on the x-axis.

(Table 3). IOD values representing the transition between both stages
are also indicated in Fig. 3.

Two different Rppps were obtained for each water sample, one per
each of the two ozone consumption regimes that were observed during
ozonation experiments. According to the typically applied conditions in
actual ozonation units, first stage Ronos value would be enough to es-
timate the hydroxyl radical exposure during the treatment. If ozonation
is extended beyond IOD with the aim of further removing ozone-re-
calcitrant species, the secondary Ropo3 value should be also taken into
account. For all effluents, the initial Royo3z value was lower than the
secondary one. This means that at the beginning of the reaction there
were less radicals available per consumed ozone, when there is a strong
mass transfer and an instantaneous ozone consumption exerted by Os-
reacting matter. After IOD completion, the amount of consumed ozone
gradually decreased until stationary conditions were reached. In addi-
tion, during the early stage of ozonation the water matrix presents
larger amounts of -OH-scavenging matter. This situation changes when
the regime switches to the slow phase, as a fraction of these components
have already been consumed. From this point, therefore, both the O3
consumption and -OH scavenging rates diminish.

Changes in ozone transfer regimes turned into ca. 3 to 9-fold Rppo3
increases between primary and secondary ozonation stages, depending
on the water source. The observed trend in initial Ropo3 values were M-

Table 3
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VAL > M-GAV > M-VAC = C-PRA > C-LLA > C-GAV. Although M-
GAV and C-PRA exhibited similar values for -OH exposure, the C-PRA
effluent had larger ozone needs caused by a higher content in organic
matter and EfOM aromaticity. Therefore, for equal [ [-OH]dt values the
M-GAV sample presented a better oxidation efficiency. Similarly, the
obtained Rogo3 values for M-VAC and C-PRA effluents were very close.
The M-VAC effluent presents a NO,  content and alkalinity of
0.85mgNL™! and 329.5mg CaCO;L"!, respectively, versus the
0.09mgNL™! and 263.5mg CaCOs L™! exhibited by the C-PRA
sample. Thus, differences in OM content between these two waters [M-
VAC (TOC: 6.7mgL™1), C-PRA (TOC: 14.0mgL~1)], were compen-
sated by a larger O3 consumption without -OH generation (nitrite) and
also a higher -OH scavenging rate (carbonates) in the case of the M-
VAC effluent. M-VAL, C-GAV and C-LLA effluents presented the highest
and the two lowest oxidation efficiencies, respectively, which could be
also explained by their relative water qualities: the M-VAL sample had
relatively low values TOC and alkalinity, whereas the opposite situation
was observed for C-GAV and C-LLA effluents.

3.3. Effluent organic matter transformation during wastewater ozonation:
Evolution of UV,s, absorbance

The absorbance spectra as a function of the transferred ozone dose
(TOD) revealed a proportional decay in the UV absorption of the water
throughout the entire ozonation time, at practically any of the studied
wavelengths and for all the ozonized effluents (Fig. S6 of the SI). As
known, the electron-rich moieties present in wastewater effluents
(EfOM), with typically strong UV absorptions [27], are certainly re-
active to ozone: a sustained decrease in the UV absorption was there-
fore expected during the ozonation process. Fig. 4 shows, for all the
tested effluents, the plot of the relative decrease in UV absorbance with
time (A), as well as negative, natural logarithm of the relative UV ab-
sorbance versus the consumed ozone (B), represented in this case by the
TOD. A wavelength of 254 nm was chosen for absorbance monitoring
since UVA,s, is one of the parameters typically monitored in practice.

_ ln( UVAss

= kyva,03+TOD
UVAgsa0 )

5)

The relationship between the absorbance decrease and the TOD is
expressed by Eq. (5). This is reasonable here since the decay of UVAss4
has been demonstrated to follow a first-order kinetic relationship with
respect to ozone, and the ozone exposure (i.e., the time-integrated O5
concentration) is directly proportional to the consumed dose of this
oxidant [3]. In the view of the obtained results (Fig. 4B), in which linear
relationships with regression coefficients greater than 0.98 were gen-
erally obtained, these assumptions were confirmed.

Again, two different regimes were observed regarding the rate of
UVAjs4 reduction (kyya,0s, Table 3) in accordance with the relative
amount of aromatic and unsaturated moieties contained in the EfOM
along ozonation, for each one. M-VAL wastewater effluent exhibited the
highest rate constant for UVA,s4 depletion (2.59-10° M 1), whereas for
the C-GAV effluent (0.77-10° M~ 1) resulted to be the lowest one. This

Summary of Roros, kuva,oz and kyva,on (experimental and determined as kyva,03,/Romos) values obtained for ozonized wastewater effluents. Correlation coefficients
(R?) > 0.98 were obtained in all cases. Discrepancies between coefficients values obtained in duplicate experiments were in all cases lower than 5%.

WW ID Ronos [s] kUVA,03 [Mil] kUVA,OH (experimental) [Milsil] kUVA,OH (kUVA,DS/RDHOS) [Milsil]
1st (x107) 2nd (x10°) 1st (x10~3) 2nd (x1073) 1st (x10~°) 2nd (x10~%) 1st (x107°%) 2nd (x10~%)
M-VAC 2.95 2.53 1.64 1.50 5.73 5.90 5.56 5.92
M-VAL 7.60 2.95 2.59 1.79 3.37 6.06 3.41 6.05
M-GAV 5.29 1.35 1.88 0.82 3.49 5.98 3.55 6.08
C-PRA 2.94 1.18 1.48 0.76 4.94 6.46 5.03 6.43
C-GAV 1.53 0.61 0.77 0.25 5.00 4.20 5.05 4.09
C-LLA 1.79 1.23 0.93 0.59 5.13 4.80 5.20 4.80
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Fig. 4. Changes in UV absorbance during ozonation of wastewater effluents.
UVA,s4 evolution with time (A) and logarithmic relative decrease in UVAs4 (B)
as a function of the transferred ozone dose (TOD).

approximately 4-fold factor is partly explained by the huge differences
found in particulate/colloidal organic matter content of the CAS ef-
fluent with respect to the MBR effluent, (see turbidity, TOC and DOC
values in Table 1) [19]. If the focus is put in waters in which less or no
solids were present (M-VAL, M-VAC, M-GAV and C-PRA), other water
quality parameters with high influence on the ozonation process, such
as the carbonate presence (alkalinity) or the EfOM aromaticity can play
an important role. So, the MBR effluent with the fastest kinetics (M-
VAL) is also the one with a lower carbonate alkalinity content (178 mg
CaCO3;L~1). -OH oxidation appears to play a significant role in the
UVA,s4 reduction process during ozonation, and a significant increase
in the carbonate content reduces this important contribution by means
of the scavenging effect.

3.4. Kinetic modelling using the Ropos concept and UVA 25, monitoring

If the relationship between -OH exposure and transferred ozone
(i.e., Ropos definition, Eq. (3)) and the relationship between UVA,54
decay and TOD (Eq. (5)) are both combined, a new expression relating
the absorbance decrease and the -OH exposure can be obtained (Eq.

(6)).

_ l(%) — kovnon- / [-OFH] dt

UVAss40 (6)

Therefore, if the logarithm of the relative measured UVA,s, is gra-
phically represented against the time-integrated hydroxyl radical
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Fig. 5. Natural logarithm of relative UVA,s,4 as a function of -OH exposure,
determined during ozonation experiments of different wastewater effluent
samples: A, entire ozonation time; B, zoom of data corresponding to initial
ozonation stage.

concentration, a linear correlation is expected. Fig. 5 shows the loga-
rithm of relative UVA,s4 as a function of the hydroxyl radical exposure,
determined for all the tested effluents. Experimental data were fitted by
straight lines (R* > 0.98), thus confirming the linear behavior for this
data set previously deduced by means of theoretical analysis. Obtained
kuva,on values, that is, the slope of the obtained linear relationship
described by Eq. (6), are gathered in Table 3. To further validate the
relationship obtained by the combination of Eqgs. (2) and (4), kyva,ou
calculated as kyya,0s/Romnos was also included in this table and com-
pared with the experimentally determined values, obtaining differences
ranging from 0.1 to 3.0%.

According to the obtained results, good correlations could be es-
tablished between - OH-exposure and UVA,s4 attenuation, which opens
the door to potential real-time estimations of the [ [-OH]dt term by
means of online UVA,s4 measurements. The use of a similar approach
has been recently reported by Chys et al., who obtained good correla-
tions between -OH-exposure and both UVA,s4 and TF attenuation (R>
in the range of 0.82-0.90) in lab-scale wastewater ozonation
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Fig. 6. Prediction of ATZ and IBU removals during ozonation of M-VAC (representative example) effluent, employing both the Rppos concept (A) and the UVAys4-
based strategy for - OH exposure prediction (B). [ATZ], = [IBU], = 25 ug L™}, [MC], = [DDVP], = 50 ng L~ %; Gas flow rate = 0.100 = 0.005 NL min~'; Inlet (gas)
ozone concentration = 30 = 1mg O3 NL ™Y Treaction = 20 *= 1°C, Tjn (gas) = 22 + 2°C; P;, (gas) = 25 = 2mbar.
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Fig. 7. Measured versus predicted removals for atrazine and ibuprofen in six different wastewater effluents, employing both Ropoz (A) and UVAs4-based (B) models.

experiments. Similarly to Ropos concept, initial kyya,on values obtained
in the present study would be useful to perform -OH-exposure esti-
mations during the primary ozonation stage, that is, if working ozone
doses are within IOD completion. That situation, as mentioned, would
represent typical operational conditions of actual ozone applications for
enhanced water and wastewater treatment. However, if ozonation is
wanted to be extended up to the application of O3 doses beyond IOD,
the second-stage kyya on value should be used for -OH-exposure pre-
dictions in the secondary ozonation stage. By means of these two va-
lues, therefore, a complete characterization of the radical availability
during the whole ozonation process is certainly possible.

It seems to be that even a general model for -OH-exposure prediction
by UVA,s54 measurements could be proposed for clearer effluents such as
membrane bioreactor effluents and C-PRA (R? = 0.94 and 0.92 for initial
and secondary ozonation stages, respectively, see SI-Fig. S7). Significant
deviations from these predictions, however, would be observed for CAS
effluents with relatively high content in OM and inorganic salts (i.e., C-
GAV and C-LLA samples). Further investigations, therefore, would be
required in these cases to accurately quantify the individual and sy-
nergistic effects exerted by main matrix components, so proper correc-
tions according to the water quality could be applied to the model.

3.5. Prediction of ozone-resistant micropollutants removal by means of
models based on Roposz and UVA 54 measurements

In order to evaluate the usefulness of both the Rppos concept and
the newly developed method for -OH exposure monitoring by means of
UVA,s5, measurements, removal prediction assays were conducted for
each wastewater effluent and two typical target compounds: ibuprofen
(IBU) and atrazine (ATZ). The deprotonated form of both chemicals,
predominant at neutral pH, present low reactivity towards ozone, with
second-order rate constants of 9.6 and 6 M~ 's™!, respectively, and
moderate/high reactivity with hydroxyl radicals (k- oy of 7.410° and
3.010° M~ 's ™ for IBU and ATZ, respectively) [1,13]. According to Eq.
(2) and both the Ronos and kyya,os definitions (Egs. (3) and (5)), the
removal of these two Os-resistant micropollutants (MPs) can be pre-
dicted by Egs. (7) and (8), respectively.

[ IMPLY R
n([MP]O) = k-OH ROH03 TOD (7)
UVAzs4
) ()
[MP], o kuva,on 8)
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Consistently with the work developed in this study, and according
to the fact that we extended ozonation experiments in order to achieve
the complete abatement of ozone-recalcitrant micropollutants, two-
phase models were employed for these calculations using the Rppos and
kuva,o0s values determined in primary and secondary ozonation stages,
for each tested water source.

Fig. 6 shows the removal profiles of ATZ and IBU predicted for the
M-VAC effluent, as representative example, together with the relative
residual concentrations experimentally determined during the tests.
The concentrations of two additional micropollutants, the pesticides
methiocarb (MC) and dichlorvos (DDVP), were also followed during
removal prediction tests. MC presents high reactivity towards both O3
and +OH (kpcos = 1.710°M~'s™" and kyc on = 8.210°M™'s™ 1,
[8], whereas the insecticide DDVP rapidly reacts with hydroxyl radical
but has a moderate reaction rate with ozone (kppyp,03 = 590 M~ s~ !
and kppvp, o = 2.210°M~'s™ !, [6]. Similar plots were obtained for
the rest of tested effluent samples (see SI, Figs. S8 and S9). In all cases, a
good agreement between model predictions and experimental mea-
surements was observed. An initial, rapid removal rate followed by a
slower degradation period was observed for ATZ and IBU, being the
depletion of ATZ always less efficient than that for IBU. This was ki-
netically consistent, as IBU presents lower rate constant with -OH than
ATZ. On the other hand, MC and DDVP pesticides were degraded below
their respective detection limits at a contact time less than 5 min. These
results highlight again the strong dependence between the removal of
micropollutants with low ozone reactivity and -OH exposure, which in
turn can represent a limiting factor when implementing ozonation
treatments in secondary effluents. Chemicals with significant ozone
reactivity here illustrated by the MC and DDVP examples in this work
are always faster eliminated by the contribution of direct ozonation.
Finally, Fig. 7 shows how the removal of IBU and ATZ could be accu-
rately predicted by employing both Ropos and kyya,on concepts along
with chemical kinetics, in a wide range of wastewater effluent qualities
(R% > 0.98 for both models), down to complete recalcitrant micro-
pollutants abatement.

4. Conclusions

The production of a high quality reclaimed wastewater, especially if
the final application of this water involves potential human exposure,
may require the monitoring and control of ozone-resistant micro-
pollutants from wastewater effluents. In this work, the oxidation per-
formance of the whole semi-continuous ozonation process could be well
described by means of a two-stage model based on Ropp3 concept.
Determining the Rppoz values necessary to describe both initial and
secondary ozonation stages was achieved by coupling chemical kinetics
with a proper assessment of the ozone mass transfer. This tool was
demonstrated to be useful to describe and compare the process in dif-
ferent effluents showing a broad range of water properties. By means of
this approach, hydroxyl radical exposures during ozonation could be
accurately determined during the whole treatment, provided that the
consumed ozone dose was always known. Also derived from a strategy
based on the Rpyp3 concept, a new model involving UVA,5, monitoring
was proposed for the online estimation of hydroxyl radical exposure
along the entire process. The fundamentals of a potential strategy for
the monitoring and control of ozone-recalcitrant micropollutants
abatement during ozonation have been developed and presented in this
paper. Further research in this direction is from now on required, in-
cluding exhaustive studies concerning the influence of water quality
and seasonal variations on the kinetic parameters of the model (ie.,

Ronos and kUVA, OH)-
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Figure S1. Measured inlet (g), outlet (g) and dissolved (lig.) ozone concentrations
during secondary effluent ozonation experiments. Gas flow rate = 0.1 + 0.005 NL
mint; Inlet (g) ozone concentration = 30 £ 1 mg O3 NL™; Treaction = 20 £ 1 °C; Tin
(gas) =22 + 2 °C; Pin (gas) = 25 £ 2 mbar.
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Text S1 Determination of ozone transfer yields and volumetric mass transfer

coefficients (Kca).

The monitoring of inlet and outlet (gas) ozone concentrations during effluents ozonation
allowed the assessment of the ozone mass balance. Fig. S2 shows the transferred ozone
dose (TOD) and transfer yield evolution as a function of the applied ozone dose, for all
the tested effluents. The slope values of the TOD profiles (1, see Fig. S2) were employed
to estimate the ozone transfer efficiency during primary and secondary ozonation stages
and can be found in the main text (Table 2). The volumetric mass transfer coefficient,
KLa, was one of the parameters describing ozone mass transfer that could be estimated
during wastewater ozonation experiments. A detailed explanation of the employed

calculation procedure can be found elsewhere (Marce et al., 2016).
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Figure S2. TOD (primary y-axis) and ozone transfer yield (secondary y-axis)
evolution for tested wastewater effluents during ozonation experiments.
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Text S2 Determination of immediate ozone demand (10D)

Ozone concentration measurements in the liquid phase allowed the estimation of the
immediate ozone demand (IOD). The 10D represents the amount of ozone that is
consumed during the initial ozonation stage, in which a fraction of fast, Oz-reacting matter
present in the reaction medium is instantaneously transformed by the oxidant. During this
period, ozone cannot be detected in the liquid phase. Fig. S3 shows the evolution of
dissolved ozone concentration as a function of the transferred ozone dose (TOD) for the
six tested effluents. The TOD value from which this oxidant started to be detected in the

reaction medium is a good estimate for IOD (Roustan et al., 1998).
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Figure S3. Dissolved ozone concentration as a function of the transferred ozone dose

(TOD). These plots were employed to determine the immediate ozone demand (10D,

indicated in the first subplot) of each wastewater effluent.
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Text S3 Determination of first-order ozone decay constant (Kq).

The constant kq represents the overall rate of ozone decay due to moderate and slow
reactions in the secondary ozonation stage, and generally follows first-order kinetics
(Buffle et al., 2006). This parameter is largely dependent on the water matrix properties,
especially the pH, the concentration and nature of OM and the alkalinity (Von Gunten,
2003). The obtained values are shown in Table 2 of the main text. Ozone decay curves

and first-order plots employed in kq determinations can be found in Figs. S4 and S5.
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Figure S4. Determination of first-order ozone decay constant kq (secondary
ozonation stage) for MBR effluents, after 60 min of ozonation (stationary conditions

were already achieved).
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Figure S5. Determination of first-order ozone decay constant kq (secondary

ozonation stage) for CAS effluents, after 60 min of ozonation (stationary conditions

were already achieved).
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Figure S6. Changes in UV absorbance spectra with increasing ozone consumption
(TOD), for all the tested wastewater effluents.
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Figure S8. Prediction of ATZ and IBU removals during ozonation of wastewater
effluents, employing the model based on Ronos experimentally determined values.
Results corresponding to the M-VAC effluent are shown in the main text, as
representative example. Experimental conditions: [ATZ]o = [IBUJo = 25 ug L%,
[MCJo=[DDVP]o =50 ug L*; Gas flow rate = 0.1 £ 0.005 NL min; Inlet (gas) ozone
concentration = 30 = 1 mg Oz NL!; Treaction = 20 + 1 °C, Tin(gas) = 22 + 2 °C; Pin (gas)
=25+ 2 mbar.
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Figure S9. Prediction of ATZ and IBU removals during ozonation of wastewater

effluents, employing the model based on the UVA2s: monitoring for *«OH-exposure

prediction strategy. Results corresponding to the M-VAC effluent are shown in the

main text, as representative example. Experimental conditions: [ATZ]o = [IBU]o =
25 ug L1, [MCJo = [DDVP]o =50 pg L1; Gas flow rate = 0.1 £ 0.005 NL min™; Inlet
(gas) ozone concentration = 30 £ 1 mg Oz NL; Treaction = 20 = 1 °C, Tin (gas) = 22 +

2 °C; Pin (gas) = 25 = 2 mbar.
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ABSTRACT

Alterations occurring in the effluent organic matter (EfOM) during ozonation could be
detrimental depending on the final application of the treated effluent. In this work, the
fate of EfOM in different ozonized wastewaters was assessed through the monitoring of
general water quality parameters and organic fractions determined through size-exclusion
chromatography combined with organic carbon detection (SEC-OCD) analysis. The
abatement of an ozone-refractory micropollutant was employed as reference. UVA2s4 and
COD reductions ranged from 40 to 80% and from 10 to 45%, respectively, for ozone
doses between 0.6 and 1.0 mM, depending on the organic matter content (both dissolved
and suspended) and alkalinity of the effluents. DOC analysis showed 21-27% reductions
in MBR effluents, whereas for CAS samples this value increased (6-35%) during the
oxidative treatment. This was attributed to the continuous solubilization of humic
substances, according to SEC-OCD results. Moreover, accumulation of lower molecular
weight fractions such as building blocks or acids was observed in all the tested effluents,
attributed to the breakdown of largest EfOM fractions, mainly humic substances.
Relationships proposed in this work between humic substances evolution, water quality
(UVAzs4) and process parameters (0D, |/+</OH]dt/IOD, TOD) might be useful for EFOM

variations estimations along ozonation.
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1. Introduction

In a time in which water scarcity increasingly constitutes one of the most serious threats
for human and environmental safety, enhanced wastewater treatment and reclamation
consolidates as the strategy to follow if sustainability regarding this vital resource is
wanted to be preserved [1-3]. Advanced treatment of effluents released into freshwater
bodies minimizes the negative impacts (i.e., pollution of the receiving aqueous
compartments) derived from this practice. Reclaimed wastewater can be employed for a
variety of non-potable uses, including agricultural and municipal irrigation,
environmental applications, recreational activities or industrial processes [3,4]. By means
of these practices, significant volumes of freshwater —otherwise wasted— are saved.
However, the use of this alternative water source in applications implying further human
or animal exposure is limited by the presence of organic micropollutants which, although
in general not regulated, pose potential risks for living species [1]. Considering this
particular issue, ozonation is nowadays one of the most recognized advanced treatment

technologies for enhanced wastewater treatment and reclamation purposes [5-11].

So far, most studies dealing with ozonation of wastewater effluents mainly focus on the
fate of micropollutants and harmful oxidation byproducts, such as bromates [12-14].
Changes in effluent organic matter (EfOM) are traditionally set aside or studied, at most,
through the variation of general related parameters such as total and dissolved organic
carbon (TOC and DOC, respectively), chemical oxygen demand (COD) or ultraviolet
absorbance (UVA) [15-20]. There is still, however, a lack of knowledge regarding the
fate of the different organic fractions during municipal wastewater ozonation. Deeper
information can be obtained by means of size-exclusion chromatography in combination
with organic carbon detection, SEC-OCD [21], which is able to separate and quantify
biopolymers (BP), humic substances (HS), building blocks (BB), low molecular weight
neutrals (LMWN) and low molecular weight acids (LMWA). The sizes and a brief

description of these five groups are gathered in Table 1.
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Table 1. Properties of dissolved EfOM fractions.
Dissolved EfOM Molecular
fraction weight

Description

Associated to amino acids and proteins. Do not

Biopolymers (BP) 50000-2000000 L
absorb UV radiation.

Humic substances Mix of hydrophobic humics and humic/fulvic
100-100000 o . )

(HS) acids, in varying concentrations
Building blocks (BB) 350 - 500 Degradation intermediates of humic substances
Low molecular weight 350 Short chain, non-acidic degradation products:

<
neutrals (LMWN) alcohols, aldehydes, ketones...
Low molecular weight ] ] ]
) < 350 Final degradation products of organics
acids (LMWA)

Although only few of them use the above classification, there are several publications in
literature describing the impact of wastewater effluent ozonation on EfOM fractions [22—
31]. However, in some of these works the employed ozone doses were either not properly
quantified [22,23] or too high to be considered for practical applications [24]. Moreover,
changes in EfOM fractions are often available in a very qualitatively way [25-27], or
expressed as variations in the average molecular size but not quantified in terms of
organic carbon concentrations [28,29]. In other few works, changes in EfOM fractions
were not related to or discussed together with micropollutants oxidation or the reduction
of any other general parameters typically monitored in wastewater treatment [30,31].
None of these studies discuss the fate of EFOM for various wastewater sources presenting

different water qualities.

EfOM contained in reclaimed wastewater treated by ozonation can cause some technical
and environmental problems if further treatments are planned next. For instance, residual
OM could contribute to the formation of harmful disinfection by-products in a subsequent
disinfection step, or be partly responsible for membrane fouling in a filtration unit [32,33].
Also, EfOM can compete with target pollutants for adsorption sites in activated carbon
systems or avoid the separation of these chemicals from the water matrix if these are
bound to the organic matter surface [32,33]. Moreover, since prior to be used this water

need to be redirected to its final destination, EFOM can be a perfect substrate for bacterial
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growth in distribution systems, or cause eutrophication in receiving water compartments

if the final use is related to surface or groundwater recharge [32].

This work aimed to contribute to the —still- scarce knowledge regarding the variation of
EfOM fractions during ozonation of wastewater effluents. Concretely, the objective of
the study was to assess changes taking place when ozone doses required for the effective
abatement of micropollutants are applied. To do so, ozonation experiments in semi-
continuous mode where performed for six different wastewater effluents presenting a
wide range of water qualities and spiked with an ozone-resistant organic micropollutant
as internal reference. The evolution of distinguishable dissolved EfOM fractions was then
followed by means of the SEC-OCD technique, together with variations observed for
other parameters typically discussed in practice, such as UVAzs4, COD and DOC. Finally,
some relationships between EfOM changes and some effluent quality and ozonation

parameters were discussed.

2. Materials and methods

2.1. Wastewater effluents

Six wastewater effluents coming from five wastewater treatment plants (WWTPS) in the
province of Barcelona (Spain) were employed in this work. Three of these effluents (M1,
M2 and M3) were collected from the outlet of membrane biological reactor (MBR)
systems, whereas the rest (C1, C2 and C3) came from the outlet of conventional activated
sludge (CAS) treatment units. Their main quality parameters are gathered in Table 2. The
raw CAS effluents were filtered through conventional filter paper to remove the largest

particles. All the effluent samples were kept at 4 °C until they were used.

Differences observed in the main quality parameters of tested effluents were attributed to
particular WWTPs technologies and operational conditions, especially those regarding
biological processes. They covered a relatively broad range of effluent qualities and
therefore represented the diverse range of wastewaters that currently can be found in

practice.
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Table 2. Effluent quality parameters. M and C stands for MBR and CAS effluents, respectively.

Sample oH UVA2s4 TOC DOC COD Turbidity IC NO2
ID [m [ngCL?Y [mgCL? [mgO:L"] [NTU] [mgCL?'Y [mgNLY]
M1 7.9 17.9 6.7 6.6 14.9 0.6 87.4 0.9
M2 74 16.3 10.5 10.3 20.7 0.9 42.7 <0.1
M3 1.7 14.9 124 121 16.6 0.3 53.0 0.1
C1 7.5 22.9 14.0 13.6 29.7 1.1 63.6 0.1
C2 7.8 67.2 42.1 27.6 93.5 28.6 114.7 0.1
C3 1.7 66.4 25.6 21.3 53.0 20.1 98.3 <0.1

2.2. Ozonation experiments

Wastewater ozonation experiments were performed in a 750 mL semi-batch reactor, at a

temperature of 20 °C and without pH adjustment. A mechanical stirrer was used to

provide a proper contact between liquid and gas phases. The gas flow rate and the ozone

inlet concentration were maintained at 0.1 L min™ and 0.63 mmol L, respectively. The

transferred ozone dose (TOD), which represents the ozone consumption, was determined

through continuous evaluation of the Os mass balance in the gas phase. Further details of

the experimental setup and ozone dose calculations can be found elsewhere [34].

Each wastewater effluent was spiked with 0.45 uM of the pesticide acetamiprid (ACMP),

here employed as reference micropollutant, and then ozonized for 30 min under the

mentioned operational conditions. Samples were withdrawn at known time intervals and

kept at room conditions until complete consumption of dissolved ozone was achieved.

Then, analyses for ACMP, typical physicochemical parameters (namely UVA2s:, DOC
and COD) and EfOM fractions were conducted.

2.3. Analytical methods

ACMP concentration was determined through HPLC-UV, following the method
described elsewhere. UV absorbance at 254 nm, TOC-DOC and COD were determined
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according to Standard Methods procedures 5910B, 5310B and 5220D, respectively [35].
In order to characterize EfOM fractions after applying particular ozone doses, the SEC-
OCD technigue from DOC-Labor was employed. As mentioned, this procedure consists
of size exclusion chromatography (SEC) followed by organic carbon detection. Other
detectors, such as an UV absorbance or an organic nitrogen detector (UVD and OND,
respectively) are also typically added and used to identify and quantify EfOM fractions.

Additional information regarding this technique can be found elsewhere [21,36].

3. Results and discussion

3.1. Ozone demand, radical scavenging and removal of the reference compound ACMP

Immediate ozone demand (IOD) of each wastewater sample was estimated in this work
as the minimum TOD required to detect dissolved ozone in the reaction medium [37].
The initial hydroxyl radical (*OH) consumption rates, which provide information about
the amount of «OH available in the reaction medium for micropollutant oxidation [38],
were here estimated considering the sum of contributions by dissolved EfOM and
alkalinity. For EfOM contribution, a mean rate constant value between dissolved EfOM
and *OH of 2.1-10° (mg C L)*s™ was used according to the work by Lee et al. [10],
together with the DOC values in Table 2. Consumption rate due to alkalinity was
calculated according to the known rate constant of bicarbonate ion reaction with *OH
(8.5-10° M1s [39]) and the IC values in Table 2. Estimated values of IOD and «OH

consumption rates are presented in Table 3.

Table 3. Estimated IOD and *OH consumption rates of tested effluent samples. EFOM contributions in

samples C2 and C3 may have been underestimated, as only dissolved EfOM was taken into account.
Effluent sample ID M1 M2 M3 C1 C2 C3

10D [mmol O3 L7 0.29 0.19 0.23 0.3 0.6 0.4
*OH consumption rate [s?] 2.0-10° 2.5-10° 2.9-10° 3.3-10° 6.6-10° 5.2-10°

Although relatively low O3 doses (e.g., 0.1-0.3 mmol L or 5-15 mg L) should be
enough to meet the removal of organic compounds with medium or high reactivity to
ozone [10,11,14,40], this criteria could get gradually stricter as is likely to occur in view

of the increasing water scarcity and concern on micropollutants presence in water
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resources. Then, the abatement of even those MPs recalcitrant to ozone may be also
required in a near future. In this study, we selected ACMP as reference compound on the
basis of this hypothesis. ACMP reacts very slowly with ozone [41], and therefore only
hydroxyl radicals generated through Os decay contribute to its degradation during
ozonation. If ozone-resistant MPs such as this pesticide are significantly removed from
wastewater effluents, a higher abatement of any other compound with higher sensitivity
towards ozone attack would be guaranteed. Furthermore, Os doses necessary for

disinfection purposes are generally lower than that for micropollutant oxidation [9,42].

Measurements of the reference compound ACMP at regular reaction times allowed the
obtaining of the degradation profiles presented in Fig. 1. Ozone doses required to reach
80% abatement of ACMP differed significantly between samples. These were
approximately between 0.4 and 0.8 mM (~19-38 mg L) for effluents M1-M3 and C1,
whereas for effluents C2 and C3 such doses were about 1 mM (48 mg/L) or even higher.
If a less ambitious goal is established, let us say a minimum abatement of 50%, doses
between 0.3 and 0.5 mM (14-24 mg L) would instead be required for the cleanest
effluents and between 0.6 and 0.8 Mm (29-38 mg L) for samples C2 and C3.
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Figure 1. Abatement of the reference compound ACMP during semi-batch ozonation experiments with

different wastewater effluent samples.
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The feasibility of ozonation steps implementation for MPs abatement (including ozone-
resistant compounds) should be individually assessed for each wastewater source by
means of more comprehensive procedures [43], especially for those effluents presenting
a higher Oz demand and *OH scavenging rate (e.g., C2 and C3). In any case, in this study
we considered maximum ozone doses of about 1 mM as potentially practical for ozone
applications to enhanced wastewater treatment and reclamation goals, and explored the

fate of EFOM when subjected to these treatment conditions.

3.2.  Changes of general EfOM descriptors (UVA, COD and DOC) during ozonation

Changes in UV absorbance at 254 nm (UV Azs4) during ozonation experiments are shown
in Fig. 2. Ozone typically reacts with electron-rich moieties of EfOM [38] —responsible
for sample aromaticity—, resulting this in a sustained decrease of the wastewater UV
absorption along the process. Differences observed between effluents regarding UVA2s4
decrease can be related to their respective water characteristics, which led to different
availabilities of oxidants in the reaction medium (see estimated 10D and <OH
consumption rate values in Table 3). Thus, for C2 and C3 effluents, both containing
important amounts of Oz-consuming [20] particulate/colloidal matter (see TOC-DOC
content and turbidity, Table 2) and alkalinity (IC), the UV Azs4 decrease at 30 min (TOD:
0.9-1.0 mM) ranged between 40 and 50%, whereas for MBR effluents (M1-M3) this value
was determined to be considerably higher (70-80%) for a lower ozone consumption. In
the particular case of C1, its lower content in solid and colloidal matter (TOC-DOC: 0.4
mg C L turbidity = 1.1 NTU) compared with C2 and C3 allowed a larger aromaticity

reduction, more similar to that accounted for membrane bioreactor effluents.

Fig. 3 shows the COD/CODy profiles obtained for each water source, as a function of the
TOD. COD removals at the end of the treatment (TOD: 0.6-1.0 mM) ranged from 10 to
45%, depending on the tested sample. Again, clear differences were observed between
effluents, together with a consistent trend for this bulk parameter with respect to the
UV A2s4 evolution, previously described. According to this, for instance, the M2 effluent
—with relatively low content in organic matter and the lowest alkalinity among the studied
wastewaters— was the one for which the largest COD removal was observed, whereas C2
and C3 samples (highest content in both organic and inorganic carbon as well as in

colloidal and particulate matter) exhibited the lowest —and also the slowest— reduction for
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this parameter. In general, lower overall reductions of COD (max. 45%) in comparison
to UVA2s4 (up to 80%) were observed. It seems that the provided oxidation conditions
were not strong enough in order to achieve comparable levels of organic matter

transformation in terms aromaticity depletion and COD reduction.
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—A— M2

M3
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UVA54/UVAgss g
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0.0 f } f } f } f } }
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TOD [mmol O; L]

Figure 2. UV absorbance evolution during ozonation of wastewater effluents.
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Figure 3. COD removal versus transferred ozone dose during semi-batch effluent ozonation experiments.
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Fig. 4 shows the percentage of DOC removal during effluent ozonation experiments,
determined at three different ozone doses (TOD values of 0.2-0.3, 0.3-0.5 and 0.6-1.0
mM). For effluents M1, M2 and M3, all of them coming from MBR systems, the DOC
concentrations after 30 min of treatment (TOD: 0.6-0.7 mM) were reduced by 26.8%,
22.1% and 21.4%, respectively, which are in comparison lower removal levels than those
reached for COD or aromaticity at the same consumed ozone doses. In wastewater
ozonation, the degree of mineralization is typically low, and other water quality
parameters related to the organic content —such as COD and UV Azss— are in general more
affected during the process. This is reasonable, as DOC concentration only is reduced
when decarboxylation reactions are produced, that is, when the maximum possible level

of organic matter oxidation takes place [38].

40
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DOC removal [%0]

BTOD:02-03mM ®TOD:0.3-0.5mM TOD: 0.6 - 1.0mM

Figure 4. DOC concentration removal in wastewater ozonation experiments at various transferred ozone

doses (TOD).

Concerning effluents C1, C2 and C3, the observed DOC removals at the end of ozonation
experiments were negative in all cases. Water effluents coming from CAS systems
usually contain residual amounts of suspended solids and colloids (see TOC, DOC and
turbidity values of Table 2). Therefore, and in agreement with literature [44,45], it is
possible that part of this non-dissolved material could be solubilized upon oxidation. For
the CAS effluents tested in the present study, this phenomenon was observed after

consumption of relatively high ozone doses (i.e., 0.7-1.0 mM), rather than at low TOD
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values. In fact, at Oz doses between 0.2 and 0.5 mM only small changes in the DOC
concentration where registered, which could be indicative of a simultaneous oxidation-

solubilization of, respectively, the dissolved and undissolved EfOM.

3.3. Evolution of EfOM fractions

Figs. 5 and 6 show the evolution of (dissolved) EfOM fractions and their relative
contribution to DOC during ozonation of wastewater effluents. Samples coming from
CAS processes presented larger percentages of biopolymers than MBR effluents (6.9-
24.9% vs 0.8-1.7%, respectively), which was already expected given that ultrafiltration
membranes employed in MBR units are able to retain extracellular polymeric substances
(EPSs). Differences were also observed in the humic contents (2697-3319 and 3335-5217
ug C Lt for MBR and CAS, respectively) which, in agreement with previous related
studies concerning membrane fouling in MBR units, suggests that a part of the largest
constituents of this EFOM fraction could also be retained during the separation process
[24,46].

Regarding CAS effluents (Fig. 5), biopolymers were not significantly removed until
higher doses of ozone were consumed [from 6.9 to 4.2% (C1), from 23.9 to 15.3% (C2)
and from 13.8 to 7.5% (C3) of dissolved EfOM content for O3z doses of 0.7-1.0 mM].
Especially remarkable is the case of humic substances, which noticeably increased from
the beginning of the treatment, especially for C2 and C3 samples. The observed
accumulation of humic acids during the entire C2 and C3 ozonation time, together with
the fact that these two waters contain the highest fraction of suspended solids among all
the studied effluents may be linked. Thus, the non-soluble fraction of the humic matter
could be solubilized when oxidized [24,36]. This affirmation would be experimentally
supported by the DOC measurements made at different ozone doses and early seen in this
study, which revealed significant increases in this parameter (35% and 18% for C2 and
C3 samples, respectively) for consumed ozone doses of 0.9-1.0 mM. Significantly higher
doses applied in related works for effluents containing suspended EfOM [24] could have
hinder a possible initial increase of this fraction followed by subsequent depletion for
higher oxidant dosages. This was in fact observed for sample C1, a CAS effluent
containing a lesser amount of suspended solids. Moreover, the continuous solubilization

of humic species would provide an additional explanation to the low rates of UVA2s4
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depletion found for C2 and C3 waters. BB remained almost unaltered until higher ozone
doses were applied, which means that humic substances were not being destroyed at those
oxidation extents. Only at Oz doses of 0.7-1.0 mM, an enrichment in the BB contents
[from 15.3 to 21.7% (C1), from 11.4 to 17.4% (C2) and from 14.6 to 19.8% (C3)] was
noticeable in all EfOMs. Regarding LMWN, the concentration of this fraction slightly
increased at the end of the treatment for samples C2 and C3, but only after an initial —and
also slight— reduction at the first stages of the process took place. On the contrary, for
effluent C1 a sustained decrease in this fraction concentration was observed during the
entire ozonation time. Again, differences between effluents C2 and C3, on one hand, and
effluent C1, on the other, appear to be well explained by the solubilization process taking
place in the first ones: the continuous introduction of humic substances to the system
would hypothetically lead to an accumulation of degradation intermediates (i.e., LMWN),
contrarily to what typically happens in water matrices in which this re-dissolution of OM
does not significantly take place (e.g., MBR effluents and also sample C1). Despite the
slightly increase in LMWN observed for C2 and C3, a gradual impoverishment and
accumulation of this fraction in all the tested CAS effluents was registered [overall
changes in EFOM composition for consumed O3 doses of 0.7-1.0 mM: from 28.3 to 18.9%
(C1), from 22.5 to 18.9% (C2), from 28.4 to 22.15 (C3)]. Finally, a continuous
accumulation of LMWA was observed for all three samples, leading to the enrichment in
this component of the corresponding EfOM compositions [from 5.2 to 18.9% (C1), from
5.5 to 10.7% (C2) and from 9.8 to 19% (C3)]. This evolution was predictable, as
carboxylic acids present low reactivity towards ozone and the contribution of hydroxyl

radical oxidation in complex water matrices is usually expected to be low [38,47].

Manuscript page 12 of 24



New insights on the fate of EFOM during ozone application for effective abatement of micropollutants in

wastewater effluents

8000

TOD [mg O; L]

HTOD: 0 mM O3 ETOD: 0.3 mM O3

w 0.6
E
C1 ]
7000 151
=
Bl
= 6000 —— Biopolymers S
s}
O 5000
on —&—Humics %
= 4000 g
g Building g
=) =
g 3000 blocks %g
5 —#—Neutrals g
] =
2 2000 . g
o — Acids 5 Biopolymers Humics Building Neutrals Acids
1000 e blocks
0
40
®TOD: 0 mM O3 mTOD: 0.2 mM O3 mTOD: 0.3 mM O3 ®mTOD: 0.7 mM O3
TOD [mg O; L]
8000 @ 0.6
C2 2
2 05T
H
= —— Biopolymers S
A
3} . =
o —&—Humics )
= =
g Building 2
§ blocks g
3 —#—Neutrals §
Q =
= 8
3 . 151
o Acids 3 Biopolymers Humics Building Neutrals Acids
~ blocks
0 f f f t
0 10 20 30 40 S0 5 TOD: 0 mM O3 mTOD: 0.3 mM O3 = TOD: 0.5 mM 03 mTOD: 0.9 mM O3
TOD [mg O; L]
8000 4 0.6
C3 £
7000 g 05+
1=}
— 6000 —#— Biopolymers 5 04 T
A
Kjﬁ 5000 —&— Humics % 03 +
= =
g 4000 Building g o027
b blacks g
% 3000 *— Neutrals § 0.1 +
2 g
g 2000 T = ! 8 o004
= —&— Acids .
v & Ll “ - Biopelymers Humics Building Neutrals Acids
1000 4 o~ blocks
0 t t t t
0 10 20 30 40 50

TOD: 0.5 mM O3 EmTOD: 1.0 mM O3

Figure 5. Evolution of dissolved EfOM fractions and contribution to DOC for ozonized CAS effluents.

The evolution of EfOM fractions during ozonation of MBR effluents is shown in Fig. 6.
With no biopolymers nor suspended solids present in wastewater matrices, ozone
primarily attacked humic substances and LMWN, leading this to the gradual
accumulation of BB but particularly LMWA (from 4.1 to 17.55% (M1), from 3.3 to
20.2% (M2) and from 5.4 to 8.2% (M3), for consumed ozone doses of 0.6-0.7 mM). The

overall increase of humic substances concentration observed for the M3 dissolved EfOM

Manuscript page 13 of 24



Manuscript submitted to Journal of Hazardous Materials

was the result of the small changes that took place in the rest of fractions, together with a
DOC reduction of ca. 21% at the end of the treatment.
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Figure 6. Evolution of dissolved EfOM fractions and contribution to DOC for ozonized MBR effluents.

Concerning the negative impacts that EFOM changes produced through ozonation could
cause, some of them require special mention: in first place, the cleavage of
macromolecules and medium-size structures to yield LMWA (which are not effectively

mineralized by ozone) is known for leading to the enhancement of water biodegradability
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[20,48]. Although this could be interesting if further biological treatments are wanted to
be applied, it could be also detrimental if this water is discharged or reused: biodegradable
EfOM is a perfect substrate for bacterial growth in pipes, membranes or receiving water
compartments. On its part, and although biopolymers were partly removed during the
process, this reduction was in any of the cases higher than ca. 45%. For CAS effluents,
containing a significantly higher concentration of these components, the reduction
percentage was still lower. This means that the greatest part of biopolymers, partly
responsible for membrane fouling, for instance, remained unaltered in the water matrix.
With respect to particulate matter solubilization during the treatment, ozonizing
secondary effluents containing suspended solids seems to be not recommended. In
addition to the mentioned problems related to biodegradability enhancement, increasing
the dissolved organic matter content in an already treated wastewater can lead to other
problems such as the generation of disinfection by-products, not to mention the complete
treatment inefficiency this implies.

3.4. Relationship between process parameters and EfOM changes

Although UVA2s, is typically used as an estimate of to the humic fraction content in
EfOM [19,49-52], a strict correlation between these two factors has not been observed
during ozonation experiments. Oxidation of humic substances initially occurs at the
external part of the coil formed by these molecules, which in turn prevents its inner part
to be destroyed by ozone and hydroxyl radicals [53]. According to the aromaticity model
for humic substances proposed by Del Vecchio and Blough [54], the attack on the
peripheral part of humic structures, potentially leading to the oxidation of those electron-
donating or -accepting subunits responsible for charge transfer transitions —and therefore,
also for UV absorption—, would be enough to reduce the sample UVA2ss. Similar
observations reported by studies employing chlorine as oxidizing agent [55], instead of
ozone, support this hypothesis. Likewise, the observed mismatch between COD and
UV Azs4 reduction during ozonation experiments (see Figs. 1 and 2) could be partly related

to the steric impediment caused by the spatial configuration of humic substances.

Recent works have shown how the measurement of spectroscopic parameters (UVA and
fluorescence removal) could be potentially used as on-line proxies for biodegradable

DOC generation during ozonation and other advanced tertiary treatments [56,57]. This
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biodegradable fraction of EfOM corresponds to the presence of medium-weight BB, as
well as to LMWN and LMWA. Since all these species have their origin in the cleavage
of larger humic molecules, it seems logical to put the focus on the relationship between
this fraction and some common effluent quality and process parameters in order to

anticipate potential changes during ozonation.
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Figure 7. Relationship between effluent quality and process parameters with humic substances
concentration in wastewater effluents ozonation. A) Humics removal in MBR effluent samples versus %
UVA reduction; B) Humics solubilization versus transferred ozone dose in CAS effluent samples

containing significant amounts of suspended organic matter.

Fig. 7A shows a plot of the percentage of humics removal versus the UV A2s4 depletion,
for samples coming from MBR units. As seen, a good relationship between them appears
to be possible after an initial lag stage in which any abatement of humic substances is
observed. In other words, a degree of UV absorbance reduction is observed before
measuring any depletion in the concentration of humic substances. This is also indicated
in Fig. 7A. The magnitude of this lag can be related with the oxidizing conditions of the
media, since a higher availability of oxidant species in the medium favors a more severe
oxidation of humic species. As known, Os and «OH availability during ozonation will
depend on the effluent characteristics, being the main contributors to that the contents in
organic and inorganic matter that readily consume these oxidants. Interestingly, the
observed trend for 10D (i.e., 0.29, 0.19 and 0.23 mmol O3 L for samples M1, M2 and
M3, respectively) agreed well with the trend observed for the lag values represented in
Fig. 7A, which resulted to be: M2 > M3 > M1 (corresponding to 14.5, 25.5 and 31.1 %

of UVA depletion, respectively). The slope of the humics-UVA2s4 removal correlation
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for these waters, which would give an idea about the process kinetics, also followed the
same trend (0.35, 0.76 and 0.47 for M1, M2 and M3, respectively).

Contrarily, this agreement was not observed also for the initial *OH consumption rate
values estimated for MBR effluents. In fact, the presence of *OH in the reaction medium
not only depends on the consumption rate of these species by the water matrix but also
on the capacity of consumed ozone to generate it. Therefore, a better indicator of *OH
availability to react with humic substances during the first stages of ozonation process
should also consider ozone consumption. A good option can be the use of the ratio
between «OH exposure (i.e., [/+/OH]dt) and 10D. Hydroxyl radical exposure for an 0zone
consumption corresponding to the 10D value could be estimated in this work through
ACMP degradation data presented in Fig. 1, according to the calculation procedure
described elsewhere [34]. The obtained [/+/OH]dt/IOD values were 3.1-107, 7.3-107 and
4.9-107 s for samples M1, M2 and M3, respectively. As can be checked, the trend
followed by these values now match with the lag and slope values in Fig. 7A: the higher
the amount of hydroxyl radicals available per ozone dose, the stronger the oxidation
conditions, thus allowing a more significant (and faster) degradation of humic substances

by this transient species during the initial stages of ozonation.

Finally, if it was the case that ozonation was applied to a CAS effluent containing
significant amounts of suspended matter, the percentage of humics solubilization in the
water matrix seems to be well correlated with the transferred ozone dose. This is shown
in Fig. 7B: the higher the oxidation extent, the higher the number of hydrophilic moieties
generated in the non-soluble fractions of EFOM. In addition, larger concentrations of solid
matter, which also contribute to a higher 10D value, seem to favor faster solubilization
kinetics, as shown in the correlation parameters obtained in experiments with samples C2
and C3.

Conclusions

Ozone application for the effective removal of micropollutants from wastewater produced
significant changes in EFOM concentration and quality in all effluents tested. The extent
of COD and UV A2s4 reduction agreed well with the water quality of each effluent, being

the most influencing factors the concentration of both dissolved and particulate/colloidal
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matter and alkalinity. For CAS samples containing relatively large amounts of suspended
solids, an increase in the DOC concentration was observed. This was attributed to the
solubilization of non-dissolved humic substances. The continuous introduction of this
fraction (humic substances) in the reaction medium resulted in the net accumulation of
this component. Only for samples coming from MBR systems, the sequential reduction
of the largest fractions leading to an accumulation of some of the lightest components,
namely BB and LMWA, could be clearly observed. Also for these waters, a net level of
OM mineralization took place. In general, an accumulation of low molecular weight acids
at the end of the treatment was registered. Potentially useful relationships between some
observed changes (variation in humic species content), water quality (UVA2s4) and
process parameters (IOD, [/+/OH]dt/IOD, TOD) were established. Changes in organic
matter concentration and characteristics derived from ozone application could be
detrimental for water reuse purposes, depending on the final application of the treated
water. Thus, a careful consideration of this factor together with the water properties of
the effluent to treat and the quality requirements to achieve throughout the process (i.e.,
micropollutants removal and disinfection) should be properly assessed during the

planning stage of an ozonation unit.
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4.3 Application, intensification and modelling of peroxone process for
enhanced oxidation of ozone-refractory micropollutants in

wastewater effluents (Appendix VI)

In view of the high ozone doses required for the effective abatement of ozone-refractory
MPs during wastewater ozonation, the combination of ozone with hydrogen peroxide (i.e.,
peroxone process) was tested in municipal wastewater effluents as potential strategy to
increase the availability of hydroxyl radicals in the reaction medium. Different operational
conditions (i.e., H20,/O3 ratios) and H20> dosing strategies were examined and compared
with the aim of improving the process efficiency. Finally, simple methods allowing the
performance description and kinetic modelling of the process were suggested and validated.
Three different effluents were employed in this work: two coming from MBR systems
(MBR-1 and MBR-2) and another one treated in a CAS bioreactor (CAS-3).

After initially checking the low abatement of ACMP (employed as model/«OH probe
compound) at typical oxidant doses during single ozonation (see corresponding data in
Figure 1, Appendix VI), experiments with continuous dosing of hydrogen peroxide at
different H202/O3 molar ratios (0.25, 0.5 and 1) were conducted. Further details of H20-
dosing conditions can be found in Table 2, Appendix VI. The obtained degradation profiles
are represented in Figure 2 of the same appendix. The process efficiency improved with
respect to experiments without H20, addition, even at the lowest ratio of oxidants. In fact,
only modest enhancements in ACMP oxidation were observed for higher H202/Os
relationships, compared to a value of 0.25. For that particular condition, the overall needs
for 80% abatement of the model compound decreased 36% in average (from 37 to 24 mg L?,
from 43 to 26 mg L™ and from 51 to 34 mg L for MBR-1, MBR-2 and CAS-3 effluents,
respectively). Considering energetic expenses for ozone and hydrogen peroxide production
(i.e., 15 kWh/kg and 10 kwWh/kg, respectively [194]), that supposed an average reduction of
energy requirements of about 30%. The observed improvements were in contrast to that
reported in previous related literature, in which only slight enhancements in ozone-refractory
compounds oxidation were observed in experiments with H2O. addition, with respect to
single ozonation [194]. A key difference of this work with other related studies testing the
O3/H20. combination to enhance MPs oxidation, which also explained the observed

differences in performance improvement, is that ozone was applied at higher doses than
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those corresponding to 10D completion. In most studies dealing with ozone or peroxone
application for MPs oxidation in wastewater effluents, sub-10D (i.e., low) ozone doses are
typically applied [136,144,145]. During the first ozonation stage, EFOM and alkalinity but
also other matrix components such as nitrite, exert a strong oxidant demand/scavenging
[107]. Ozone is thus very unstable and cannot react with the hydroperoxide anion (H20Y),
which as mentioned (section 1.3.2) is the real precursor of the peroxone process. Once 10D
is satisfied, however, more ozone is available to react with H.O", leading to an enhancement

in hydroxyl radical generation.

For a better comparison of the process efficiency at different operational conditions, the
RoH,03 parameter was determined in all experiments. This concept, which gives an idea about
the *OH availability per consumed ozone, had already been successfully applied to describe
and compare ozonation process in effluents showing a broad range of effluent qualities (see
section 4.2.1 and/or Appendix IV). Thus, its use was also tested for Oz/H.O> process
characterization. Similarly to what happened in the single ozonation study, each peroxone
experiment yielded two Ron,03 values, one per process stage (primary or 10D and
secondary). Ron,03 plots and corresponding values can be found in Figures 2 and 3 of
Appendix VI, respectively.

As already advanced, the enhancement in oxidation efficiency was more noticeable after
IOD completion. Moreover, it was observed that H>0,/Os ratios of 0.25 allowed the highest
efficiency in all tested effluents during the secondary ozonation stage. Indeed, larger
relationships appeared to result in a slight decrease in the process performance, probably due
to some *OH scavenging exerted by an excess of hydrogen peroxide. Concerning the initial
stage of the process, this was little affected compared to single ozonation, which leaves the
door opened to potential peroxone application with H20- addition only during the secondary
ozonation stage. In any case, oxidant ratios required to observe any improvement in this
stage, with respect to single ozonation, were higher than that needed in the secondary

ozonation stage.

After investigations on the optimal oxidant ratios required to optimize the oxidation
efficiency throughout the entire peroxone process, only achievable through implementation
of continuous addition of hydrogen peroxide, the use of this strategy was compared to a

classical dosing approach by means of which H>O, was added just before starting ozone
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bubbling. As shown in Figure 4 of Appendix VI, additional experiments following this
methodology at a H>O2/O3 ratio of 0.25 revealed that continuous addition of hydrogen
peroxide led to better oxidation efficiencies than initial dosing of this reagent. However,
those differences were only significant in the case of MBR effluent samples. Energy savings
(to reach 80% abatement of ACMP) observed in peroxone experiments with MBR-1 and
MBR-2 effluents were, in average and compared to single ozonation, about 30% and 9%
when employing continuous or initial H>O, addition. In contrast, these extra savings were
only about 5% in the case of effluent CAS-3.

Finally, the abatement of ozone-recalcitrant MPs in peroxone application with continuous
H>O> addition was modelled through two different approaches, similarly to that done with
single ozonation process in the work presented in Appendix V. Thus, the strategy based on
the use of Ron,03 values and TOD assessment (Eg. 35), on one hand, and the method based
on the monitoring of UV Azs4 absorbance and kuvaon determination (Eq. 34), on the other,
were both tested. Good agreements (R? > 0.96) between measured and predicted abatements
were observed for different compounds (IBU and ATZ), tested effluents (three in total, two
from MBR systems and another one from a CAS bioreactor) and prediction models (based
on Row,03 and TOD monitoring, on one hand, and on kuva,on and UVA2s4 monitoring, on the

other). Corresponding data can be found represented in Figure 6 (Appendix VI).
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ABSTRACT

The extension of ozonation up to ozone (Oz) doses beyond immediate ozone demand
(I0D) completion combined with continuous addition of hydrogen peroxide (H202) was
studied as potential strategy of treatment aimed to the effective abatement of ozone-
resistant micropollutants (MPs) from wastewater effluents. Through experiments
involving the continuous addition of H2O: in a semi-continuous 0zone contactor, it was
demonstrated that this new approach could lead to a 36% reduction of the overall Oz needs
for a constant H202/0O3 molar ratio of 0.25 compared with single ozonation, representing
a 28% reduction in the energy consumption. This improvement, however, was mainly
attributed to H>O> addition during the secondary ozonation stage, where the direct ozone
demand becomes less important. The <OH-exposure per consumed ozone (RoHo3)
calculation demonstrated that larger H.O2/O3 ratios (0.5-1) lead to a better but little
oxidation performance during the IOD stage, whereas relationships of 0.25 work
markedly better during the secondary stage of the process. Moreover, continuous versus
total initial addition of H.O> were compared and the first one showed better performance,
with differences in estimated energy costs up to 21%. Finally, and since monitoring the
fate of Os-recalcitrant MPs during the process is essential, two different strategies for the
real-time control of the Oz-recalcitrant MPs fate during the process were tested, one based
on the Ronos concept and the other on continuous measurements of ultraviolet absorbance
at 254 nm (UVAzs4). They both showed accurate predictions (R? > 0.96) for different

compounds, effluents and processes.
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1. Introduction

Even though ozonation is nowadays stablished as one of the most effective end-of-pipe
solutions for micropollutants (MPs) abatement in municipal wastewater effluents [1-5],
this process still presents some drawbacks that limit its widespread application. As a
consequence of the low reactivity with ozone (Os) exhibited by some of the MPs typically
present in wastewater effluents, as well as the relatively low availability of hydroxyl
radicals (*OH) in the system, some of these compounds are not effectively removed when
applying this technology [5]. These species are known as 0zone-resistant micropollutants,
and they typically present second-order rate constants with O3 lower than 10 Ms [1].
Although current ozone applications do not focus on the complete abatement of these
recalcitrant chemicals, water resources stress in some parts of the world may eventually
trigger the need for producing high-quality reclaimed wastewater. In this situation, the
monitoring and removal of ozone-resistant micropollutants —especially if these represent
potential risks to human and environmental health— during ozonation may become
necessary [6-8]. Increasing the oxidant exposure required to effectively remove these
species from wastewater effluents would involve the application of larger ozone doses,
which can make the process unaffordable, as well as potentially lead to significant
generation of harmful oxidation byproducts, such as bromate [9,10]. Combining ozone
with hydrogen peroxide (H202) can be a practical alternative to improve single ozonation
performance. By means of this process application, hydroxyl radical (*OH) production is
increased with respect to single ozonation, thus allowing larger removals of ozone
refractory MPs for equivalent ozone doses [11]. In addition, bromate formation during
ozonation of water matrices containing significant amounts of bromide can be

significantly reduced in the presence of H20> [5,12].

A number of previous studies have reported experimental evidence on the benefits —in
terms of micropollutants abatement— of employing the O3/H>O> combination (also known

as peroxone process) for drinking water applications [13-15]. However, this enhancement
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in micropollutants abatement appears to be minimal for water matrices presenting a
higher pollution load (i.e., wastewater effluents) [15-17]. Furthermore, interesting
aspects of the process —such as the employed H>O> dosing strategy— remain barely
explored. In most of the lab-scale studies dealing with the peroxone process, hydrogen
peroxide at known H20,/O3 ratios is dosed before ozone addition from a concentrated
ozone stock solution [1,13,18,19]. Similarly, in semi-batch or continuous ozone

applications this reagent is added before ozone bubbling or injection [15].

Moreover, the currently employed ozone doses in lab- pilot- and full-scale ozone
applications are, in general, not higher than 20 mg L™. Under these conditions, the
immediate ozone demand (IOD) of secondary effluents is usually not exceeded and no
ozone residual is detected in the reaction medium [20,21]. Therefore, the ozone demand
can be considered constant during the whole process and, consequently, there is a single
optimal H20,/O3 ratio for each application. However, as previously stated, the final
quality demands for the treated effluent can be more restrictive, requiring the employment
of ozone doses beyond 10D completion. In this situation —which would involve a change
in the ozone mass transfer regime from gas to liquid phase [21]—, it must be explored if
independent H20./Os3 ratios during each one of the two stages of the process could be
required in order to optimize the overall process performance in terms of oxidation

efficiency.

Another aspect of the peroxone process that requires to be further investigated in its
application is the monitoring and control of ozone-resistant micropollutants abatement.
In most related works, a prediction based in the use of the time-integrated concentration
of hydroxyl radicals in the reaction medium (i.e., the hydroxyl radical exposure [/«OH]dt)
has proven to be feasible and accurate [17,22,23]. However, this term needs to be
previously calculated by means of experiments involving the use of a probe compound
[24], fact that hinders the full-scale application of this control strategy for real-time
monitoring. In this sense, the use of easily measurable parameters such as the transferred
ozone dose (TOD) or the evolution of ultraviolet absorbance at 254 nm (UVA2s4) as
surrogates for hydroxyl radical exposure could be a practical option. Recently, it has been

shown that these two parameters were highly correlated during single ozonation process
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[25,26]. Thus, they could also be helpful for the kinetic modelling of peroxone process
with continuous H20; addition.

In summary, this work aimed to evaluate the use of continuous hydrogen peroxide
addition as new strategy in peroxone process applied for the enhancement of
micropollutants abatement in a semi-batch ozone contactor. The main objective was
describing the process performance in terms of oxidation efficiency under different
operational conditions (i.e., H202/O3 ratios), stablishing comparisons between continuous
and initial addition of H20O2. The concluding objective was testing practical modelling
strategies potentially allowing the real-time monitoring and control of ozone-resistant
MPs removal during this process application.

2. Materials and methods

2.1. Chemicals and reagents

Acetamiprid (ACMP), atrazine (ATZ) and ibuprofen (IBU) analytical standards were
acquired from Sigma-Aldrich (Germany). Ammonium metavanadate (99.0%) was
supplied by Fluka. Ultrapure water was produced by a filtration system (Millipore, USA).
Pure oxygen (>99.999%) for ozone production was supplied by Abellé Linde (Spain).
The rest of reagents, including hydrogen peroxide solution (30% w/v), were acquired

from Panreac (Spain).

2.2. Wastewater effluents

Three wastewater effluents were collected from WWTPs in the Metropolitan Area of
Barcelona (Spain) were employed in this work. Two of them (MBR-1, MBR-2) came
from membrane biological reactor (MBR) systems, whereas sample CAS-3 was collected
from a conventional activated sludge (CAS) unit. Their quality parameters are
summarized in Table 1. Total organic carbon (TOC) and dissolved organic carbon (DOC,
previous filtration through 0.45 um PTFE filters) were determined by means of a TOC-
VCSN analyzer (Shimadzu, Japan). UVA2ss was measured by means of a DR6000
spectrophotometer (Hach, USA). Turbidity was determined by means of a 2100Q

turbidimeter (Hach, USA). Alkalinity was measured employing an automatic titrator
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(Hach, Spain). Nitrite (NO2) concentration was measured by ion-exchange

chromatography with UV detection. All samples were refrigerated at 4 °C until use.

Table 1. Effluent quality parameters. All measurements were carried out per triplicate, being discrepancies

between obtained values lower than 5% in all cases.

WWTP TOC DOC UVass  Turbidity Alkalinity NO2
[mgCL?Y [mgCLY [mY] [NTU] [mg CaCOz L1l [mgNL7?

Location pH

MBR-1 Vallvidrera 7.8 7.2 7.1 9.1 0.3 448.1 0.03
Gava-
MBR-2 . 1.7 13.6 13.3 17.4 0.5 208.3 0.19
Viladecans
Gava-
CAS-3 7.8 51.1 21.7 50.3 18.5 469.4 0.16
Viladecans

Main differences in water quality presented by effluents were, in summary: the relative
content in both, organic and inorganic carbon (the latter expressed as alkalinity) and the
presence of solid and colloidal matter of the CAS-3 sample, compared with the MBR
effluents. These marked variations in water properties were expected to illustrate the

matrix effect on the process performance for a wide range of effluent qualities.

2.3. Ozonation of wastewater effluents

Ozonation experiments were performed in a semi-continuous, jacketed contactor with a
working volume of 750 mL. Ozone was produced by a 301.19 lab ozonizer (Sander,
Germany) and injected at the bottom of the reactor by means of a fritted glass diffuser
(pore size: 150-250 um). A proper contact between gas and liquid phases was ensured by
means of a mechanical mixing system. Experiments were performed at a temperature of
20+1 °C, without pH adjustment. The gas flow rate and the inlet ozone concentration were
set at 0.1 NL min* and 30 mg NL™, respectively. The ozone concentrations at the inlet
and the outlet gas streams were continuously measured by means of two BMT 964 ozone
analyzers (BMT Messtechnik, Germany). A Q45H/64 dissolved O3z probe (Analytical
Technology, USA) was placed in a liquid recirculation stream (flow rate: 0.2 L min) and
allowed the measurement of the ozone concentration in the reaction medium. A detailed

scheme of the ozonation setup can be found elsewhere [25].
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The transferred ozone dose (TOD), which represents the accumulated amount of ozone
that is transferred to the water sample per unit of volume and time, was determined
according to Eq. 1. Fg, Viiq stand for, respectively, the gas flow and the volume of the
liquid phase; t is the contact time; and [Os]in and [Os]out represent the inlet and outlet

ozone concentrations in the gas phase, respectively.

_ (5
TOD = -fo Vliq : ([03]in - [03]out) - dt (1)

Each wastewater effluent was spiked with 100 pug L* of ACMP, which was
employed as *OH probe compound according to the methodology explained in detail by
Elovitz and von Gunten [24]. Then, the solution was homogenized by the mechanical
stirring prior to the treatment. Subsequently, the wastewater was ozonized for 60 min
under the operational conditions before described. At specific reaction times, sample
aliquots were withdrawn from the reactor and stored at room conditions until dissolved
ozone was completely consumed. Then, residual concentrations of ACMP, H20, and UV

absorbance at 254 nm were determined as required.

Additional experiments were performed in order to illustrate the usefulness of Ronos
concept in the prediction of ozone-recalcitrant micropollutants removal during peroxone
process application. In this case, the pesticide atrazine (ATZ) and the drug ibuprofen
(IBU) were selected because both are typical ozone-resistant compounds. Thus, each

wastewater effluent was spiked with low concentrations (50 pg L) of ATZ and 1BU.

MPs, including ACMP, ATZ and IBU are typically found in wastewater effluents at
concentrations not higher than the pg/L level. Being so, we selected these concentrations
(100 pg/L for ACMP and 50 ug/L for ATZ and IBU) because they did not represent a
high oxidant scavenging during the process and allowed us to monitor their residual
concentrations by HPLC-DAD.

During ozonation, samples were taken at known reaction times, stored at room conditions

until complete ozone consumption was achieved and kept for subsequent micropollutants

quantification. All experiments were performed at least in duplicate.
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2.4. Hydrogen peroxide dosing

During Os/H20: experiments, hydrogen peroxide addition was performed by means of
two different methods: a) continuous dosing through a metering pump; or b) direct spiking
from the commercial solution, before ozone injection. For Os/H202 experiments with
continuous hydrogen peroxide dosing, an Ismatec 829 metering pump (Cole-Parmer,
Germany) connecting the contactor and a reservoir tank containing the H20O solution was
employed. The flow-rate was set at the lowest possible value (0.33 mL min™) to minimize
the medium dilution. In order to apply H20./O3 molar ratios of 0.25, 0.5 and 1 when
working in continuous dosing mode, the transferred ozone dose per unit time (TOD/t, mg
O3 L min!) was employed as reference for H,O. addition. As ozonation typically
exhibits a two-stage —one fast, one slow— behavior regarding the ozone transfer to the
liquid phase [21], two TOD/t values determined in single ozonation experiments were
employed as reference in each experiment to calculate the H.O; flow-rate required to
meet the working H202/Os ratios during the whole treatment. Two fresh H.O> solutions
—one per process stage— were prepared just before starting the peroxone experiments
(concentrations of stock solutions included in Table S1 in the Supplementary
Information). Hydrogen peroxide was initially supplied from the first solution —-more
concentrated, due to a faster ozone consumption at the beginning of the process—, until
the characteristic transition between fast and slow ozone transfer regimes was reached.
From this point, and until the end of the experiment, H.O. was pumped from the second
—and more diluted— stock solution. In experiments with initial H2O. dosing, a dose
equivalent to the total amount of peroxide added in continuous addition experiments was
transferred to the reaction medium shortly before ozone bubbling. Details regarding
particular dosing conditions for all the experiments performed are gathered in Section 3.2
(Table 2).

2.5. Analytical procedures

The UV absorbance data was determined with a DR6000 UV VIS spectrophotometer
(Hach, USA). H20. residual concentration was determined after complete Os
consumption through the metavanadate spectrophotometric procedure [27]. The

concentrations of ACMP, ATZ and IBU were quantified by means of a high performance
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liquid chromatograph (HPLC) equipped with a diode array detector (DAD), all supplied
by Agilent (1260 Infinity). The column employed was a Teknokroma Mediterranea Seal8
(250 mm x 4.6 mm and 5um size packing). The flow rate and injection volume were set,
respectively, at 1.0 mL min™ and 100 pL in all determinations. For ACMP analyses, the
mobile phase consisted of 30:70 volumetric mixtures of acetonitrile and Milli-Q water
acidified at pH 3 by the addition of HsPOa4. The detection wavelength was set to 250 nm.
For ATZ and IBU quantification, the mobile phase consisted of 70:30 volumetric
mixtures of acetonitrile and pH 3 Milli-Q water, and the UV detection was performed at
225 nm. The limits of quantitation were 3.3 pg L%, 0.9 ug L™ and 2.1 pg L™ for ACMP,
ATZ and IBU, respectively.

3. Results and discussion

3.1. Fate of ACMP as a model Os-resistant compound during wastewater single

ozonation

Fig. 1 shows the evolution of ACMP as a function of the TOD in single ozonation
experiments extended to ozone doses up to 60 mg L™X. ACMP is a neonicotinoid pesticide
which barely reacts with ozone (kos = 0.25 Ms™) and presents a second-order rate
constant for its reaction with hydroxyl radicals (k.on) of 2.1-10° Ms [28]. Because of
these properties, this chemical was selected in the present study as model ozone-
recalcitrant micropollutant. In the view of the obtained ACMP degradation profiles, it is
quite clear that typically employed ozone doses (according to multiple lab-, pilot- and
full-scale studies found in literature, ranging from 5 to 20 mg L%), represented by a shaded
area in Fig. 1, do not provide enough *OH-exposure to achieve important removal levels
for this compound (between 20% and 40% depending on the effluent). Similar
conclusions can be drawn from results reported over the last years in ozonation studies
focused in the abatement of selected micropollutants that also included in their list some
compounds with low ozone reactivity [1,2,4,13,29]. However, the ozone doses required
to achieve acceptable degradation levels (e.g., > 80%) for these species were
insufficiently discussed in those reports, probably because ozonation of wastewater
effluents was not extended beyond typically employed Oz dosages. For the three
wastewater effluents that were selected in the present study, and depending on their

different contents in organic matter and alkalinity (that is, the water matrix components
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considered to be mainly responsible for «<OH scavenging during ozonation [5]) the applied
doses to achieve an 80% degradation level should be 37 mg L%, 43 mg L't and 51 mg L-
! for MBR-1, MBR-2 and CAS-3, respectively. This represents an increment, compared
to the considered maximum dose of 20 mg L™, between 46% and 61%. Another
interesting information drawn from these results is the fact that the 10D (represented in
Fig. 1 by dashed lines) needs to be completed —and indeed exceeded- in order to reach

the transferred ozone doses required for Os-recalcitrant MPs abatement.

1.0
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% 0.6 1
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=,
=
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Figure 1. Removal of ACMP from wastewater effluents by means of single ozonation: C/C profiles versus
TOD. The shaded area indicates the currently applied range of Os; doses in full- pilot- and lab scale
applications, and the dashed lines represent the 10D values of the tested effluents. Experimental conditions:
[ACMP]o: 100 pg L% Fg: 0.1 NL mint; [Os]in: 30 mg NL™%; T: 20 °C.

Fig. S1 (see the Supplementary Information) illustrate changes taking place in the ozone
transfer efficiencies during single ozonation experiments extended up to transferred
ozone doses (TOD) of 60 mg L. Approximately after IOD completion —which according
to the results obtained took place for TOD values between 10 mg L and 22 mg O3 L™,
depending on the water source (see Fig. S1, right column plots) — the ozone transfer
efficiency from gaseous to liquid phase notably decreases (before 10D, #u1: 0.69-0.74;
after 10D, nu2: 0.12-0.19). This two-stage behavior in ozone transfer is a consequence of

two different Oz demands exerted by the water matrix components at different oxidation
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extents [21]. As above mentioned, if ozone demand is different during the two regimes
of the process, the optimal H20,/O3 ratios to enhance the *OH production are expected to

vary from primary to secondary ozonation stages. This is explored in the next section.

3.2. Peroxone with H20; continuous addition for enhanced abatement of ozone-
recalcitrant ACMP

Peroxone process extended beyond 10D with continuous H2O> addition were conducted
in semi-batch ozonation mode. Table 2 gathers particular H.O> dosing conditions for each
one of the experiments carried out. First, the process is described in terms of oxidation
performance and then comparisons between continuous or initial addition of hydrogen
peroxide are presented. In experiments with initial H2O. addition, the dose of this oxidant
was selected according to the total H202 dose in continuous addition experiments (Table

2, last column).

Table 2. Hydrogen peroxide dosing conditions during peroxone experiments. Total H,O, dose values
presented in the last column represent the total amount of hydrogen peroxide dosed in continuous addition

experiments, and was also the dose of this reagent applied in experiments with total initial addition.

H20,/03
) H,O, dose, Stage 1  H»O; dose, Stage 2  Total H,O, dose
Effluent ratio
[mg L] [mg L] [mg L]
(molar)
0 - - -
0.25 4.00 8.15 12.15
MBR-1
0.5 6.95 17.35 24.30
1 14.65 33.95 48.60
0 - - -
0.25 3.97 8.38 12.35
MBR-2
0.5 6.95 17.74 24.69
1 14.35 35.03 49.38
0 - - -
0.25 3.81 11.05 14.86
CAS-3
0.5 7.28 22.50 29.78
1 17.52 42.00 59.52
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3.2.1. Removal of ACMP at different H.O/Os ratios: process efficiency

Although peroxone process has proven to be effective for enhanced *OH production from
O3 decomposition, some studies dealing with the use of this combination in wastewater
effluents have reported that only a little improvement in Osz-resistant MPs abatement is
observed, compared to single ozonation [15-17]. All previous works were performed
with total H2O. addition at the beginning of the ozonation process. Fig. 2 (left column)
show ACMP degradation profiles during continuous hydrogen peroxide dosage in
peroxone application in wastewater effluents MBR-1, MBR-2 and CAS-3 at different
H>0/03 constant ratios. As it can be observed, addition of hydrogen peroxide improves
the overall degradation efficiency, even at the lowest employed H202/O3 ratio (i.e., 0.25).
For that particular condition, ozone doses required to eliminate 80% of the initial ACMP
were reduced from 37 mg L to 24 mg L for MBR-1, from 43 mg L™ to 26 mg L™ for
MBR-2 and from 51 mg L™ to 34 mg L for CAS-3. Those changes represent a 36%
decrease in the overall Oz needs. Of course, the use of hydrogen peroxide involves
additional costs that need to be considered when performing the corresponding economic
assessment. However, if we consider typical energy costs of 15 kWh/kg and 10 kWh/kg
for Oz and H20 production [30], respectively, the overall energy consumption is reduced
in this particular case by 28%, pointing out the global benefit of peroxone process on
recalcitrant micropollutant removal in municipal effluents. This is in contrast with
previous results from literature in which the power consumption was incremented by 25%
[30]. This can be attributed to the fact that ozone was always dosed at sub-10OD
concentrations, that is, when Oz demand exerted by the water matrix was high. In this
situation, ozone is very unstable and its decomposition in water is controlled by radical-
type chain reactions with effluent organic matter (EfOM) [5]. In addition, «OH generation
may be hindered by ozone reactions not conducting to hydroxyl radical formation (e.g.,

reaction between Oz and nitrite [31]).
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Figure 2. Removal of ACMP by O3z and O3/H20; processes from effluents MBR-1, MBR-2 and CAS-3 with
continuous H,0, addition at different oxidant ratios (left column); and [[*OH]dt vs TOD plot for each

experiment (right column). Dashed lines in the first plot indicate the 10D values. Insets in the latter are a

zoom of the plot region corresponding to the initial reaction stage. Experimental conditions: [ACMP]o: 100
pg LY Fg: 0.1 NL mint; [Os)in: 30 mg NL%; T: 20 °C.

From the degradation profiles of ACMP, it is clear that the effect of continuous H20.

addition on the oxidation efficiency becomes more significant after IOD completion.

During the initial stage, however, the process is mainly controlled by ozone reactions with

EfOM and little enhancement in the pesticide removal is observed. Nevertheless, during
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the secondary stage (i.e., after IOD has been satisfied), more Os is available to react with
the deprotonated form of hydrogen peroxide (HO2), leading to an enhancement in *OH

production compared to single ozonation (Egs. 2-7) [32-34].

H,0, & HO; + H* (2)
0; + HO; — 03 + HO; ©)
HO; & 05~ + H* 4
0; + 05" = 05 + 0, (5)
05 +H* & HO; (6)
HO; - HO® + 0, @)

In addition, carbonate radicals (CO3s™) usually formed during the O3/H,0> treatment are
expected to promote ozone decomposition (Eq. 8, [35]) to finally yield hydroxyl radicals
by some of the aforementioned mechanisms. This effect may become more significant
during the second stage of the process, as selective CO3™ reactivity with EFOM —which
contributes to the inhibition of ozone decomposition (Eg. 9, [36])— may be lower after
IOD completion [37-39].

C05;~ + H,0, » HCO; + HO; (8)
CO03 + EfOM & CO3~ + products 9)
Variations between effluents or operational conditions in the peroxone process
performance, in terms of oxidation efficiency, can be well reflected by the Ronos concept.
This parameter, recently proposed as an absolute measure of the oxidation efficiency

during ozonation, is calculated as the «OH-exposure per consumed ozone [40]. In the

present work, its value has been calculated according to Eq. 10.
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[[» 0H] dt
Rono, = “op

(10)
Fig. 2 (right column) show the Ronos plots for each wastewater. Data fitted well a two-
stage linear model, each one of these stages corresponding to the two ozone transfer
regimes observed during the process. For the initial stage, characterized by a strong
oxidant demand, Ronos values were between 0.11:10° s and 0.39-10° s for different
wastewaters and experimental conditions (i.e., H2O2/Os ratios). After 10D, however,
significantly larger values (between 0.96-10° s and 4.2:10° s) were registered. Like
single ozonation processes, differences observed between effluents can be attributed to
water properties, mainly organic matter content and alkalinity. Both components, organic
species and carbonates, exert a scavenging effect over hydroxyl radicals that reduces their
availability in the reaction medium and decreases the MPs oxidation efficiency. Detailed
explanations regarding the influence of these parameters in the value of Ronos during

ozonation can be found elsewhere [25,40].

4.5

4.0 T
35 T
3.0 T
25 T
20 +
1.5 +

Rotos [s], x10°

1.0 +
0.5 +

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2

MBR-1 MBR-2 CAS-3

BH202/03=0 EH202/03 =0.25 H202/03=0.5 EH202/03 =1

Figure 3. Comparison of Rowos values obtained from ACMP degradation experiments from effluents MBR-
1, MBR-2 and CAS-3 employing Oz and the combination Os/H,O, at different oxidant ratios (data
represented in Fig. 1), before (Stage 1) and after (Stage 2) 10D. Experimental conditions: [ACMP]o: 100
pg LY Fg: 0.1 NL mint; [Os]in: 30 mg NL%; T: 20 °C.
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The Ronos concept can be also useful to investigate the optimal conditions (i.e., H2O2/O3
ratios) for extended peroxone application with continuous H2>O; addition. Fig. 3 shows
the Rono3 variation for effluents MBR-1, MBR-2 and CAS-3 at different H,02/Oz ratios,
before (Stage 1) and after (Stage 2) IOD. One can readily notice that the effect of H20»
addition is much more significant after the 10D, as already advanced in the view of the
ACMP degradation profiles. On the contrary, the oxidation efficiency during the initial
stage of the process is little afected. The above mentioned differences in the scale of
values from initial to secondary regimes are also noticed in the view of this graph. It is
also interesting here the observed fact that for all three effluents, regardless of their water
properties, the H202/O3 ratios showing best performances for pre- and post-10D stages
are different. Larger relationships (and therefore, larger amounts of H20,) are required
during the initial stage of the process, compared to the post-IOD phase. Concretely,
H20./O3 ratios between 0.5 and 1 showed better perfomances for initial process stage,
whereas for post-1OD step the best oxidant relationship was 0.25. This fact may be
attributed to the strong Oz demand exerted by the water matrix during the initial steps of
the treatment, which control the ozone decomposition process. In this situation, higher
H20./O3 ratios are required if some enhancing effect by H.O. (i.e., *OH-exposure
increase) is wanted to be observed. On the contrary, after IOD completion the oxidant
demand exerted by the water matrix is much lower, which allows a larger ozone
availability in the reaction medium compared to the first stage. Therefore, the amount of
hydrogen peroxide required to initiate 0zone decomposition to *OH (Eqg. 3) is also lower.
Dosing H20 during the secondary stage at H2O./Oz ratios larger than 0.25 may conduct
to an extra «OH-scavenging effect exerted by an excess of this reagent [5,41]. This most
likely caused the decrease in the oxidation efficiency observed in Fig. 3 for all three

effluents.

From the above results, the optimal point to start the addition of hydrogen peroxide during
the ozonation process for an improvement on ozone recalcitrant MP removal appears to
be after IOD completion. The scarce enhancement in the model compound removal
observed at the initial stage, especially compared with the good performance observed
once 10D is completed, constitutes a strong argument to make this decision. Moreover,
ozone doses applied at the initial stage are relatively low, and this oxidant is

instantaneously consumed by high organic and inorganic compounds content during that
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period. Therefore, the potential formation of significant amounts of bromate is an unlikely
risk. Nevertheless, this last statement should be experimentally corroborated.

3.2.2. Continuous versus initial H2O dosing

During the application of extended peroxone process, and according to the results
presented so far in this work, it seems clear that two different H>O2/Oz ratios individually
optimized for each one of the process stages should be employed if the best possible
overall treatment performance is wanted to be achieved. In order to further prove the
necessity of optimizing the H2O. addition strategy, continuous versus initial dosing of
H>O> was compared in additional experiments. Fig. 4 (a-c) shows ACMP degradation
profiles for peroxone experiments applied to effluents MBR-1, MBR-2 and CAS-3 at a
H20,/03 ratio of 0.25 and continuous or initial hydrogen peroxide dosing. In Fig. 4d,
Ronos Variations corresponding to those experiments are also represented. As it can be
seen, the overall process efficiency for all effluents was better when operating with
continuous peroxide addition. These differences, however, were more significant in the
case of experiments with effluents MBR-1 and MBR-2. In those cases, the addition of
H20> continuous and initial mode resulted in mean decreases of the ozone requirements
to abate ACMP by 80% of 37% and 18 %, respectively, compared to single ozonation
process. These reductions in the ozone dose correspond to overall energy savings of
around 30% and 9%, respectively. The potential benefits of continuous H20:
implementation instead of total initial dosing, therefore, become evident in the view of
these data. On the other hand, overall differences observed in the oxidation performance
when employing one or other operational modes were less obvious in the case of effluent
CAS-3. For that particular scenario, the reduction in the Oz needs only represented an
extra 5% of energy savings when comparing continuous to initial addition (26% vs 21%,

respectively).

According to Figure 4, it seems that the excess of hydrogen peroxide at the beginning of
the reaction in experiments with initial H2O. addition slightly favored the process
performance during its first stage, but negatively affected it after IOD completion. The
latter can be probably attributed to a lack of hydrogen peroxide during the secondary stage
of the process due to the consumption of this reagent during the initial moments of

reaction. Overall, this resulted in a clearly lower performance of ACMP oxidation. The
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initial enhancement followed by a decrease in the oxidation efficiency was more evident
for the cleanest waters (i.e., MBR-1 and MBR-2), as illustrated in Figs. 4(a-c) and
especially in Fig. 4d. The latter clearly show how the Ronos parameter, which indicates
the «OH availability per ozone dose, is between 2 and 10% higher during the initial stage
of experiments with initial H20, addition compared with experiments carried out with
continuous dosing. The contrary happened during stage 2, for which this value was
significantly lower (up to 24%, depending o the effluent) compared to continuous

addition experiments.
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Figure 4. Removal of ACMP from effluents MBR-1, MBR-2 and CAS-3 by O3 and O3/H20, combination:
comparison between continuous and initial addition of H,O, (H20,/O3 ratio = 0.25). Figs. a) - ¢): ACMP
evolution with TOD; Fig. d): Ronos percent variation for experiments with initial addition compared to
experiments with continuous dosing. Experimental conditions: [ACMP]o: 100 pg L% Fg: 0.1 NL min'?;
[Os]in: 30 mg NL%; T: 20 °C.
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It is important to mention that the reduction in the overall Oz needs required for ACMP
oxidation observed in continuous versus initial H>O2 experiments at a H>02/O3 ratio of
0.25 was also noticed in experiments performed at larger H20O2/Os relationships (i.e., 0.5
and 1). These results can be found in the SI (Fig. S2). Differences in the Oz savings
observed when comparing continuous to initial addition slightly increased for the
particular case of effluent CAS-3 to 8% and 12% for H20./Os ratios of 0.5 and 1,
respectively. However, these extra savings, compared to the one obtained with a H202/03
ratio of 0.25, would probably not justify the application of higher amounts of hydrogen

peroxide, which would increase the absolute costs of the treatment.

In the view of the results presented in this section, adding hydrogen peroxide
simultaneously to ozone could be useful to maximize the oxidation efficiency during the
peroxone process application. This novel strategy also involves the change of H20:
dosing between the primary and secondary stages of the process, or even the decission of
starting the addition of this reagent once 10D has been completed, as H>O> dosing at the
first stage does not contribute in a significant way to the overall improvement of ozone-

recalcitrant micropollutant depletion.

3.3.  Monitoring of Os-resistant micropollutants removal

For areliable, cost-effective real-time monitoring and control of the fate of Os-recalcitrant
MPs during the application of Oz and Os/H202 processes, it may be necessary the use of
surrogate parameters whose evolution along the treatment is closely correlated with the
abatement of these species. Moreover, the continuous measurement of the selected
surrogate along the wastewater treatment should be technically feasible in order to
represent a potentially implementable option in full-scale applications. In this sense, the
use of UVA2s4 seems to be one of the most practical choices [42—46]. In our previous
contribution, it was experimentally demonstrated how the decay of this parameter during
extended ozonation of six different wastewater effluents is perfectly correlated to
hydroxyl radical exposure [25]. In that work, that correlation was also theoretically
demonstrated (see Eqg. 11). Only Chys and coworkers reported similar findings by
presenting relatively good agreements for exponential correlations between <OH-
exposure and spectroscopic measurements, UV Azs4 between them [42]. In addition, the

potential use of this prediction strategy during the application of peroxone process has
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not been explored yet. As an example, Fig. 5 shows the natural logarithm of UVA2s4
residual versus hydroxyl radical exposure for Os/H2O2 experiments with effluent MBR-
1 and continuous addition of hydrogen peroxide. Data obtained for effluents MBR-2 and
CAS-3 can be found in the SI (Fig. S3). Linear correlation coefficients (R2) higher than
0.95 were obtained in all cases. In accordance with results, two different linear regressions
were observed for each experiment, corresponding to the fast and slow kinetic regimes of
the process. Since hydrogen peroxide can absorb radiation at 254 nm [47], residual H.O>
concentrations measured during peroxone experiments with initial peroxide addition
should be taken into account for potential corrections. However, the poor molar
absorptivity of this oxidant and the relatively low residual concentrations detected during
experiments with continuous addition of H.O, resulted in minor impacts on [/*OH]dt-

UVA:s4 correlations. Thus, data without further corrections was employed this time.
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Figure 5. Correlation between UV As4 abatement and hydroxyl radical exposure during continuous H202
addition peroxone experiments with effluent MBR-1 and different H,O,/Os ratios. Experimental conditions:

[ACMP]o: 100 pg L% Fg: 0.1 NL mint; [Os]in: 30 mg NL™; T: 20 °C.

Predictions in «OH-exposure based on the use of UVA2s54 monitoring (Eqg. 11) allow the
estimation of Os-resistant MPs abatement, according to second-order kinetics (Eq. 12,
[5]). In addition, the Ronos concept (Eq. 10) can be used to estimate the [/«OH]dt term if

the TOD is known at any time interval, which was the case of the present work.
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UVA

—in (ﬁ) = kyvaon f[’ OH] dt (11)
[MP]\

_in ([MP]O> = Koo f [+ OH] dt (12)

Fig. 6 shows predicted and experimental data obtained for single ozonation and peroxone
experiments (continuous peroxide addition and H>O/Os3 ratios of 0.25) in the studied
effluents regarding the abatement during this process of two typical Os-resistant
micropollutants: the drug ibuprofen (IBU, kos: 9.6 Ms and k.on: 7.4-10° Ms [48])
and the pesticide atrazine (ATZ, kos: 6.0 M?s? and k.on: 3.0-10° M1s? [22]). The
predicted fate of these chemicals during the process was estimated by means of both
UVA2ss- and Ronos-based models. Good agreements between model predictions and
measured data was observed in all cases (R? of 0.97 and 0.96 for data predicted through
RoHos- and UVAgzss-based models, respectively), with apparent independence from
effluents, oxidation processes or micropollutants employed.
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Figure 6. Measured versus predicted removals for atrazine and ibuprofen in effluents MBR-1, MBR-2 and
CAS-3 in single ozonation and peroxone experiments (H.O,/Os ratio = 0.25, continuous addition).
Predictions were performed employing two different models: one based on the Ronos concept (left figure)
and the other on the existing correlation between «OH-exposure and the UV Azs4 decay during the treatment.
Experimental conditions: [ACMP]o: 100 ug L% Fg: 0.1 NL min; [Os]in: 30 mg NL%; T: 20 °C.,

Manuscript page 20 of 26



Continuous H,0O; addition in peroxone process: performance improvement and modelling in wastewater

effluents

Conclusions

This work demonstrates that the optimization of the H.O> addition strategy is essential to
improve the oxidation performance of peroxone process. Continuous dosing of H2O>
during ozonation significantly enhanced both «OH availability and MP abatement, for all
studied wastewaters. Larger relationships (from 0.5 to 1) worked better during the initial
or 10D stage, whereas H>0./Ozratio of 0.25 was optimal during the secondary ozonation
stage. By following this strategy, overall ozone needs could be reduced by 36%
(employed H>02/Os ratio: 0.25) with respect to single ozonation, which approximately
corresponded to 28% savings in the overall energy costs associated to oxidants use. In
addition, continuous H>O> dosing was demonstrated to perform better than total initial
addition of this reagent, estimating energy requirements to be up to 21% lower in the first
case and for the cleanest effluents. The observed improvement in the oxidation efficiency,
however, was generally little during the initial stage and became especially important
after 10D. This work also demonstrated that UV absorbance of the water matrix, as
surrogate for «OH-exposure estimation, can be used to control fate of organic species with
low ozone reactivity. This strategy has proven to be useful for the accurate abatement
prediction of different Os-recalcitrant MPs from water matrices presenting a wide range

of quality, employing single ozonation or the peroxone process as oxidative treatment.
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Figure S1. Ozone mass transfer (left) and immediate demand (right) during ozonation of
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Table S1. Hydrogen peroxide dosing conditions during peroxone experiments with
continuous addition of H20. [H20:]ss1 and [H20:2]ss2 stand for the concentration of H20>
stock solutions for primary and secondary ozonation stages, respectively. In all cases, the

H,02 dosing flow-rate was set at the lowest possible value (0.33 mL min™).

Effluent H20,/Og ratio  [H20:]ss1 [H202]ss2

(molar) [mg L] [mg LY
0 - -
0.25 1407 205
MBR-1
0.5 2814 411
1 5628 822
0 - -
0.25 1342 241
MBR-2
0.5 2684 483
1 5367 966
0 - -
0.25 1471 338
CAS-3
0.5 2942 677
1 5883 1354
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5 Conclusions and recommendations

5.1 Conclusions

The following conclusions are organized according to the specific objectives initially set for

this thesis and the results obtained.

Regarding individual degradation studies of selected priority/emerging concern
pesticides (MC, ACMP and DDVP) (Appendices I-111), it could be concluded that:

e MC and DDVP are prone to ozone attack, which means that both pesticides would
be probably effectively abated in ozone applications. ACMP, on its part, reacts very
slowly with Os, which hinders its removal through ozonation.

e Despite the observed differences in their second-order rate constants, all three
pesticides react very quickly with «OH formed through ozone decomposition.

e Although MC is readily oxidized by ozone, some toxic transformation products are
formed. Especially remarkable is the case of methiocarb sulfoxide, which appears to
be even more toxic than MC. In addition, formed TPs do not apparently react as
quickly with ozone as MC, and therefore are poorly abated.

e Intermediates detected for ACMP and DDVP should apparently be less toxic than
the parent compound. However, a toxicity enhancement is observed during
ozonation, which is less significant or readily disappear when «OH oxidation occurs.

e The role of hydroxyl radicals in ozonation process is decisive in the effective
abatement of all pesticides, potentially formed TPs and associated toxicity. Even
though ozone can effectively oxidize some of the tested compounds, the radical route

should be —as far as possible— enhanced.

From the study on the abatement of ozone-refractory compounds during ozonation,
including the assessment of potential strategies for the kinetic modelling and control of
this process (Appendix 1V), the following points could be highlighted:

e The effective removal (i.e., > 80%) of ozone-refractory compounds, in general,
requires the employment of higher ozone doses than the currently employed ones.
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Concretely, it appears to be that TOD values higher than the effluents 10D should be
overpassed.

Ozonation of wastewater effluents can be well described, in terms of oxidation
efficiency (i.e., *OH availability per consumed ozone) through the application of a
two-stage model based on the recently defined Ron,03 concept.

Ron,03 values, especially those corresponding to the initial stage of the process, are
markedly affected by the effluent characteristics, mainly organic matter content and
alkalinity.

Coupling chemical kinetics and the Row,03 concept allow good predictions of ozone-
resistant MPs abatement for a broad range of effluent properties.

UVA:s4 decrease measured during ozonation correlates well with the availability of
hydroxyl radicals in the medium (i.e., *OH exposure). Thus, UVAzs4 measurements
can be used for «OH exposure online estimation and (consequently) prediction of

ozone-refractory MPs abatement during ozonation of wastewater effluents.

In view of the results obtained in the assessment of EfOM fractions during ozonation of

wastewater effluents applied for micropollutants removal, including ozone-refractory

compounds (Appendix V), it is concluded that:
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DOC is reduced in MBR effluents, whereas for effluents coming from CAS
treatments a significant increase in this parameter was observed for the highest
consumed dose of ozone. This was attributed to the solubilization of suspended solids
contained in the original effluent.

In MBR effluents, the humic substances fraction is gradually oxidized and
transformed into smaller components such as the so-called building blocks and low
molecular weight acids.

In CAS samples with significant amounts of suspended solids, accumulation of
smaller fractions with increasing ozone doses also occur, but a net increase in the
humic fraction content is observed. It appears to be that the observed DOC gain in
these effluents is due to the solubilization of humic substances.

Contrarily to what is typically assumed, the abatement of humic substances appears
to be not so well correlated with aromaticity reduction, being only observed after a

certain abatement of UV A2s4.



Conclusions and recommendations

e The lag in humic substances abatement observed with respect to aromaticity
reduction, as well as the kinetics of the process, appear to correlate well with the

initial oxidant demands of the effluents.

Concerning the study of the application, intensification and modelling of peroxone
process for enhanced oxidation of ozone-refractory micropollutants in wastewater

effluents (Appendix V1), the main conclusions are:

e Addition of hydrogen peroxide at low molar relationships (i.e., H20./Oz of 0.25)
significantly improve the abatement of ozone recalcitrant compounds with respect to
single ozonation, regardless of the effluent properties. This enhancement leads to a
reduction in the ozone needs, resulting in turn in important energy savings.

e The enhancement in oxidation efficiency (i.e., hydroxyl radicals availability per
consumed ozone) mainly occurs during the secondary ozonation stage, that is, after
IOD completion, and it appears to be directly related to a lower oxidant demand of
the effluent after this point of the process.

e Increasing the H202/O3 ratio does not lead to en enhancement after 10D. In fact,
lower Ron,03 values are obtained for oxidation ratios of 0.5 and 1, compared to the
process using a relationship equal to 0.25.

e Continuous addition of H2O2 works lead to a more efficient oxidation process than
total initial addition of this oxidant.

e Modelling strategies based on the use of the Ron,0s concept —which is also useful to
describe the peroxone process— and UVAzss monitoring are useful for accurate
prediction of different ozone-refractory MPs abatement in different effluent samples.

5.2 Recommendations

Some recommendations are also provided, according to the potential for improvement,

continuation and practical application of the research carried out in this thesis.

In first place, the author encourages the expansion of kinetic, mechanistic and toxicological
studies of individual compounds to more priority/emerging concern pesticides and other
families of chemicals included in Directive 2013/39/EU and the watch list of Decision
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2018/840/EU. According to these regulations, the study of alternative technologies for the
abatement of these substances from water and wastewater should be a research priority, and
ozonation is a mature and suitable technology for that purpose. If possible, a wider battery
of bioassays should be included in the toxicity assessment, considering specific and

unspecific toxicity tests and the potential negative impacts over different trophic levels.

Concerning the study of the abatement of ozone-refractory compounds including modelling
and control strategies for this process, further research on this topic is also required,
including testing the use of the Ron,03 concept to describe other ozone-based processes or
the application of this strategy, if possible, at pilot- and full-scale. The use of UVA2s4 as
surrogate parameter is quite interesting regarding its potential application in online control
systems. Thus, testing this approach in larger scales is strongly recommended. Finally,
research should in addition focus on somehow including ozone-reactive micropollutants on
abatement modelling strategies, which should allow the monitoring and control of any

chemical removal during ozonation.

Regarding the fate of EFOM during ozonation, and depending on the final destination of the
treated effluent, potential impacts of residual EfOM should be properly assessed through
bacterial growth tests or estimations of eutrophication potential. If disinfectant addition is
planned after ozonation, the potential formation of disinfection byproducts should be also
evaluated. A good approach would be the use of a biological post-treatment to remove the
newly generated biodegradable matter. However, not all EFOM would be eliminated, and in

any case the feasibility of this process should be carefully investigated.

Finally, and since the peroxone process is nowadays mostly employed for bromate control
during ozonation, studies on the formation of this harmful product through this process
application should be conducted in the next stage of this research. Also, potential

implementation of H20. continuous dosing mode at larger scales should be assessed.
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Introduccion

El aumento de la poblacion, junto a otros factores como el crecimiento industrial y el
progreso constante de regiones del mundo aun en desarrollo contribuyen hoy en dia al
aumento de la demanda mundial de agua [1,4]. Por otro lado, los recursos hidricos existentes
no son indefinidos ni estan uniformemente repartidos [6], por lo que un nimero de paises
cada vez mayor sufre, en un grado u otro, escasez de agua [3,6]. En vista de este gran
problema que afecta cada vez a mas personas, la reutilizacion del agua va ganando terreno

como una de las soluciones con mayor potencial.

La actividad humana genera de manera continua grandes cantidades de agua residual. Cerca
del 20% de estas aguas se tratan antes de ser descargadas al medio ambiente [3], y una parte
de estas Gltimas se vuelve a emplear en agricultura, industria, actividades recreativas o
aplicaciones medioambientales, entre otros usos minoritarios [11]. A pesar de que el
potencial de reutilizacion del agua es elevado [16], el coste econdmico asociado a esta
practica junto con la falta de regulaciones y la mala percepcion por parte de la sociedad
hacen que hoy en dia el agua residual se vea como un recurso s6lo en algunos lugares del
planeta [17]. Ademas de todos estos factores, algunos tipos de contaminacion del agua
contintan siendo indebidamente considerados por las autoridades y en los proyectos de
tratamiento y reutilizacion de aguas residuales. Un buen ejemplo es el de los
microcontaminantes organicos, y concretamente de los contaminantes de preocupacion

emergente y las sustancias definidas como prioritarias.

El continuo desarrollo, produccion, uso y eliminacién de toda clase de compuestos organicos
empleados a diario en las distintas actividades humanas, esta provocando la presencia de
estas sustancias en los compartimentos acuaticos [19-21]. Farmacos, productos de cuidado
personal, hormonas, tensoactivos, aditivos industriales, pesticidas...la mayoria de estos
compuestos resisten los tratamientos de aguas convencionales y son descargados al medio
acuatico desde las plantas de tratamiento [23]. A pesar de que en general se encuentran en

bajas concentraciones, se sospecha que su presencia en las aguas implica riesgos para salud
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humana y la seguridad ambiental [19,24]. Pese a ello, el conocimiento en relacion a la

peligrosidad de muchas de estas sustancias es aun muy limitado [25,26].

A aquellos compuestos de conocida peligrosidad se les conoce como sustancias prioritarias,
y en regiones como Europa su presencia en las aguas estd regulada por la Directiva
2013/39/UE [35]. Aquellas otras sustancias bajo sospecha o estudio por los riesgos que
pueden comportar reciben comdnmente el nombre de contaminantes de preocupacion
emergente [29,30]. En Europa, se establecen programas de monitoreo y estudio para algunas
de estas sustancias, con el fin de determinar si deben pasar a ser categorizadas como
prioritarias 0 no. La Decision 2018/840/UE recoge la ultima lista de contaminantes de

preocupacion emergente que actualmente se encuentran en estudio [37].

Uno de los grupos de microcontaminantes que mas preocupan a la sociedad son los
pesticidas. Aproximadamente la mitad de las sustancias recogidas en las listas de sustancias
prioritarias o contaminantes de preocupacion emergente pertenecen a esta categoria [35,37].
Los pesticidas son sustancias disefiadas con la finalidad Gltima de disuadir, incapacitar o
simplemente matar seres vivos considerados perjudiciales. Se emplean sobre todo para la
proteccion de los cultivos en agricultura, aunque también en otras aplicaciones como el
control de enfermedades animales y humanas [41,42]. Su uso se hizo especialmente popular
a partir de la segunda mitad del siglo XX vy, debido a la peligrosidad de estos compuestos
[40,47,48], las regulaciones al respecto han seguido un patron de descubrimiento-restriccion-
prohibicion que llega hasta nuestros dias [46]. De este modo, los primeros pesticidas en
aparecer fueron los organoclorados, que fueron prohibidos y remplazados por familias
menos peligrosas como los organofosforados, los carbamatos, los piretroides y, unas décadas
después, los neonicotinoides. Con el tiempo, varios compuestos de estas familias han
demostrado los riesgos que conllevan para la salud humana y el medio ambiente, por lo que
su uso se ha ido restringiendo poco a poco [46]. Otros muchos, al ser necesarios, se
encuentran bajo sospecha, pero se siguen empleando, lo que sigue provocando que se
encuentren trazas de los mismos en el medio acuatico [55]. Dada esta situacién, y de acuerdo
a lo que la —aun escasa— legislacion en materia de microcontaminantes intenta promover, se
deben encontrar soluciones para la mitigacion de la presencia en el agua de este tipo de
compuestos. Una buena parte de este objetivo pasa por el estudio y aplicacidon de procesos
de tratamiento avanzado en las plantas de depuracion de aguas residuales, que constituyen
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una de las principales fuentes de introduccion de microcontaminantes en el medio acuatico
[23].

La creciente preocupacion de la sociedad por la presencia de microcontaminantes en las
aguas motivo hace ya algunas décadas el estudio del uso del ozono como agente para
eliminar estas sustancias [104]. Hoy en dia, los procesos de tratamiento basados en ozono
constituyen una de las mejores opciones a tal fin [104-107]. Su aplicacién a escala real es
costosa y no existen leyes claras que obliguen a eliminar los microcontaminantes de las
aguas, aunque en algunos paises del mundo, la preocupacion por esta problematica ha
conducido al establecimiento de iniciativas basadas en la mejora de las estaciones

depuradoras de aguas residuales mediante esta tecnologia [104].

El proceso de ozonizacién se basa en la introduccion y disolucion de ozono en fase gas en
el agua a tratar, seqguida de la oxidacion de los contaminantes debida a reacciones directas y
selectivas de la molécula de ozono (Os), o al ataque no selectivo y de mayor poder
destructivo por parte del radical hidroxilo (*OH), formado como subproducto de las
reacciones del ozono con los constituyentes del agua [107]. La primera via es efectiva en la
degradacidon muchas sustancias, aunque no para todas ellas, pues algunos contaminantes son
resistentes al ozono y sélo el radical hidroxilo es capaz de destruirlas [107,136]. En un
intento de incrementar la presencia de «OH durante la ozonizacion, se emplean los Procesos

de Oxidaciéon Avanzada (POA) basados en o0zono.

Existen muchas variedades que combinan ozono con catalizadores metalicos y no metalicos,
solidos o en disolucién, ademas de otros agentes como la radiacion ultravioleta (UV)
[107,124,126,129]. Pero sin duda, el proceso de oxidacion basado en 0zono con mayor
efectividad y potencial de aplicacion es el que combina Oz y peroxido de hidrégeno (H2052)
[107]. El proceso se basa en la reaccion entre la molécula de ozono y la forma disociada del
H202, 0 anion hidroperéxido (HO2?) [111,117]. Dicha reaccion da lugar a la formacion
radicales hidroxilos con un rendimiento del 50%, es decir, por cada dos moléculas de ozono
consumidas se genera un «OH [130]. Superar este rendimiento mediante la combinacion del
0zono con otros agentes (por ejemplo, catalizadores) es complicado y, en cualquier caso, los
inconvenientes técnicos que presentan dichas combinaciones (necesidad de separacién de

los catalizadores y el efluente tratado, inactivacion del catalizador, entre otros) dificultan su
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aplicacion a escala real, limitando su uso —al menos de momento— a su estudio en el

laboratorio.

En lo que a los procesos de ozonizacion se refiere, ademas del coste economico, se deben
tener en cuenta varios aspectos técnicos a la hora de valorar la factibilidad de su aplicacion
en aguas residuales. La efectividad del proceso, por ejemplo, esta directamente ligada a la
cinética de las reacciones de oxidacion de los compuestos objetivo con los dos oxidantes
involucrados: ozono y radical hidroxilo [104]. Ademas, conocer la cinética de las reacciones
es extremadamente Util para la prediccion de la eliminacién de los microcontaminantes

durante la ozonizacion [136].

Hoy en dia, los contaminantes resistentes al ataque del ozono suponen una limitacion de esta
tecnologia [135]. Eliminarlos de manera efectiva o al menos monitorizar o controlar su
eliminacion durante el proceso resulta fundamental. La degradacion de estas sustancias
mediante el proceso de ozonizacion simple es generalmente pobre, y parece requerir de dosis
mas elevadas de ozono [136,138,140,141]. El uso de la combinacion Oz/H20., por su parte,
generalmente ofrece margenes de mejora muy modestos cuando se aplica a dosis de 0zono
bajas [136,144,145]. La aplicacion de dosis de oxidante algo mas elevadas en ambos
procesos parece no haberse contemplado, y ademas el proceso Oz/H,O; parece poder ofrecer

aun cierto potencial de mejora.

A fin de describir la eliminacion de un compuesto recalcitrante al 0zono durante un proceso

de tratamiento basado en el uso de este oxidante, la Ec. (I) puede ser de utilidad.

—In <%> = Kooy - f [+ OH]dt (1)

El factor k.on es la constante cinética de reaccion entre el radical hidroxilo y el
microcontaminante (M), mientras que [[*OH]dt es la concentracién del oxidante integrada
en el tiempo, que representan de manera sencilla su disponibilidad durante el proceso [150].
Conocer ambos factores es esencial para poder predecir con precision la eliminacion de los
compuestos en un proceso dado [136]. La constante cinética se puede determinar en
experimentos de laboratorio [107], ademas de existir amplias bases de datos [107,146] y

algoritmos para la prediccion de su valor en base a la aplicacion de un conjunto de reglas
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quimicas [147-149]. En cuanto al término integral, su determinacion también puede llevarse
a cabo para cada tipo de agua en pruebas de laboratorio [107,150]. No obstante, esta
metodologia impide el uso de las predicciones realizadas para el establecimiento de sistemas
de control a tiempo real. Una solucion puede ser el uso de parametros de calidad del agua
sensibles al proceso de ozonizacion que, facilmente monitorizados a tiempo real, puedan

servir para predecir la disponibilidad de radicales hidroxilos durante el proceso.

Un aspecto relacionado con la eficiencia del proceso que queda aun por cubrir es la falta de
un parametro que describa la eficiencia del mismo en términos de oxidacion y que pueda
servir para comparar el rendimiento de distintos procesos llevados a cabo a diferentes
condiciones de operacion en diferentes aguas residuales. En este sentido, el uso del
pardmetro Row,03, recientemente definido como la concentracion integrada en el tiempo de
radicales hidroxilo entre la dosis de ozono consumida [159], puede ser interesante. Su
empleo en la caracterizacion y modelizacion cinética de la degradacion de

microcontaminantes en aguas residuales aun no ha sido investigado.

[[+ OH]dt
Ozono consumido

(1

ROH,03 =

Ademas de los aspectos relacionados con la cinética del proceso, otro factor a tener en cuenta
al aplicar ozono en el tratamiento de aguas reales es la formacion de subproductos de
degradacidn, ya sea a partir de transformaciones de los microcontaminantes o a través de
reacciones del 0zono con otros componentes de la matriz acuosa [104]. Para el primer caso,
el conocimiento de los mecanismos de reaccion del ozono y el radical hidroxilo junto con
técnicas analiticas avanzadas es suficiente para saber qué nuevos compuestos se estan
formando [107,133,146]. Ademas, deben estudiarse los posibles efectos adversos de los
intermedios de reaccidn ya que, aungue en general unas pocas transformaciones quimicas de
la molécula de partida sean suficientes para reducir su actividad bioldgica, en ocasiones estos
productos pueden presentar una mayor toxicidad [104,107]. Otro grupo de productos de
transformacion a tener en cuenta es aquel producto de las reacciones del ozono y los radicales
hidroxilos con la materia organica de efluente [104,170]. Los compuestos resultantes pueden
contribuir a un buen nimero de problemas técnicos y ambientales, como por ejemplo

ensuciamiento y saturacion de membranas y otros procesos de separacion posteriores, el
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crecimiento bacteriano en sistemas de distribucion (en caso de reutilizacion del agua tratada)
y la eutrofizacion de las aguas que reciban el efluente [170].

Objetivos

Considerando como objetivo principal de esta tesis la contribucion al conocimiento
relacionado con la caracterizacion del rendimiento y el modelado cinético de procesos de
oxidacion basados en el uso de o0zono para la eliminacidn de microcontaminantes de matrices
acuosas, se definieron los siguientes objetivos especificos a llevar a cabo en cada una de las

partes en las que se dividio el trabajo de investigacion:

e EIl estudio cinético, mecanistico y toxicologico del proceso de degradacion de
pesticidas considerados prioritarios o de preocupacion emergente.

e La evaluacion del rendimiento y el modelado cinético de la eliminacion de
microcontaminantes resistentes al ozono durante la aplicacion del proceso de
ozonizacion en efluentes de depuradora.

e El estudio de la evolucion de la materia organica de los efluentes sometidos al
proceso de ozonizacion para la eliminacion de microcontaminantes, incluyendo
compuestos resistentes al ozono.

e Laevaluacion de la combinacion del ozono con perdxido de hidrégeno con el fin de
mejorar el rendimiento de la oxidacion de microcontaminantes en efluentes de
depuradora, asi como la valoracion de alternativas en relacion a la dosificacion de

oxidantes para la mejora del proceso en si y el modelado cinético de las mismas.

Materiales y métodos

Los pesticidas prioritarios (0 de preocupacion emergente) empleados en el trabajo
experimental de esta tesis fueron: metiocarb (MC), acetamiprid (ACMP) y diclorvos
(DDVP). Los siguientes contaminantes modelo y sustancias de referencia fueron asimismo
utilizados: atrazina (ATZ), p-benzoquinona (pBZQ), &cido p-clorobenzoico (pCBA),
ibuprofeno (IBU), metoprolol (MPL), fenol (PH) y sulfametoxazol (SMX).
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Ademaés de los estudios con agua pura como matriz, en esta tesis se trabajé en la ozonizacion
de efluentes secundarios. Se emplearon a tal proposito muestras de efluente procedentes de
las siguientes cinco estaciones depuradoras de aguas residuales (EDAR) de la provincia de
Barcelona: El Prat de Llobregat, Gava-Viladecans, La Llagosta, Vacarisses y Vallvidrera.
Para los trabajos presentados en los Apéndices IV y V, se tomaron efluentes procedentes de
reactores bioldgicos convencionales de fangos activos (CAS) de las EDAR de El Prat de
Llobregat, Gava-Viladecans y La Llagosta (muestras codificadas como C-PRA [o C1],
C-GAV [o C2] y C-LLA [o C3], respectivamente), y también muestras procedentes de
biorreactores de membrana (MBR) de las estaciones de Vacarisses, Vallvidrera y Gava-
Viladecans (efluentes M-VAC [0 M1], M-VAL [0 M2] y M-GAYV [0 M3], respectivamente).
Para el trabajo presentado en el apéndice VI, se utilizaron tres muestras de efluentes: dos
procedentes de procesos MBR de las EDAR de Vacarisses (MBR-1) y Gava-Viladecans
(MBR-2) y un efluente de la linea convencional de la depuradora de Gava-Viladecans
(CAS-3). Las propiedades fisicoquimicas de cada uno de los efluentes se recogen en la Tabla
11 (seccién 3.2).

Los experimentos de ozonizacién se llevaron a cabo siguiendo dos metodologias distintas:

ensayos en discontinuo y ensayos en un reactor operado en modo semicontinuo.

Para el estudio cinético, mecanistico y toxicoldgico de las reacciones del ozono y el radical
hidroxilo con los pesticidas MC, ACMP y DDVP (publicaciones presentadas en los
Apéndices I-111), el método de trabajo escogido fue el ensayo de ozonizacién en discontinuo.
Este tipo de experimento permite un control total de la dosis de oxidante aplicada, algo
fundamental cuando se requiere la determinacién de las constantes cinéticas de reaccion de
segundo orden que rigen la degradacion de los contaminantes organicos durante la
ozonizacion. El procedimiento se basa en la adicion de alicuotas de una disolucion acuosa
saturada de ozono a una disolucion acuosa modelo que contiene los pesticidas en estudio. La
mezcla se deja entonces reaccionar hasta que el ozono es completamente consumido.
Finalmente, se llevan a cabo las determinaciones analiticas necesarias. La disolucion stock
de ozono se prepara mediante el burbujeo en agua ultrapura de una corriente gaseosa de
oxigeno con un cierto contenido en Os. Para la determinacion de las constantes cinéticas de
reaccion de los pesticidas MC y DDVP, se llevaron a cabo experimentos de competicion a
pH 7. Se aplicaron distintas dosis de ozono a una serie de viales que contenian mezclas

acuosas del pesticida en estudio y una (para cinéticas de reaccion del MC [SMX] y el DDVP
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[MPL] con o0zono) o dos (para cinéticas de reaccion del MC [SMX y PH] y el DDVP [MPL
y pBZQ] con *OH) sustancias de referencia. Ademas, para las cinéticas de reaccion con
0zono, se suprimié la oxidacién del radical hidroxilo mediante la adicion de un exceso de
tert-butanol (tBuOH). Para cada dosis de 0zono, se analiza mediante HPLC la concentracién
del pesticida y los competidores. EI compuesto ACMP es poco reactivo con el ozono, por lo
que, en lugar de experimentos de competicion, se llevé a cabo un ensayo de ozonizacion en
una solucion individual de este compuesto a pH 2 (mediante adicion de acido fosforico),
empleando un gran exceso molar (50:1) de Os. En este caso, se siguieron en el tiempo las
concentraciones del pesticida (mediante Cromatografia Liquida de Alta Eficacia [HPLC]
con deteccion UV) y el ozono (mediante el método indigo). Por su parte, en la determinacion
de la constante de reaccion entre ACMP y «OH, llevada a cabo mediante un experimento de
competicion, se emple6 Unicamente una sustancia de referencia (pCBA). La elucidacion de
los intermedios de reaccion, por otro lado, se llevé a cabo mediante experimentos de
ozonizacion con disoluciones individuales de cada compuesto a diferentes dosis de 0zono,
con y sin la presencia de tBuOH. Las muestras oxidadas se analizaron mediante HPLC
combinada con Espectrometria de Masas (HPLC-MS), en busca de intermedios de reaccion.
Las mismas muestras se emplearon posteriormente en ensayos de toxicidad aguda con la
bacteria marina Vibrio fischeri. Todos los experimentos anteriormente citados se realizaron

por triplicado, a pH 7 y a una temperatura de 20 + 2 °C.

Para el estudio de la ozonizacién con efluentes de depuradora (publicaciones presentadas en
los Apéndices IV-VI), los ensayos se llevaron a cabo en un reactor de vidrio operado en
modo semicontinuo. Este tipo de experimento permite trabajar a mayores dosis de 0zono
evitando al mismo tiempo una dilucion significativa de la solucién modelo, el principal
inconveniente de los ensayos en discontinuo anteriormente descritos. La solucion modelo —
tipicamente formada por una matriz de efluente de depuradora que contiene uno 0 mas
compuestos modelo en bajas concentraciones— se carga en la vasija de reaccion. Mediante
un difusor de vidrio poroso instalado en el fondo del reactor, dicha solucién se pone en
contacto con una mezcla gaseosa de oxigeno y ozono, durante un tiempo determinado en el
cual se mantiene la homogeneidad del medio mediante un sistema de agitacion mecanica. A
diferentes tiempos de contacto, se extraen muestras del medio de reaccion y se llevan a cabo
las determinaciones analiticas necesarias. En esta tesis, el compuesto ACMP (100 ug L) se
utiliz6 como compuesto “sonda” para la cuantificacion de la disponibilidad del radical

hidroxilo en el medio [150], en los estudios presentados en los Apéndices IV-VI. Otros
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compuestos como ATZ o IBU, resistentes al 0zono, se utilizaron como compuestos modelo
(25 y 50 pg L1, respectivamente) en la validacion de los modelos cinéticos propuestos en
los estudios de los Apéndices IV y VI. Finalmente, los pesticidas MC y DDVP también se
emplearon como compuestos modelo (50 pg L) en algunos experimentos de ozonizacion
de efluentes de depuradora (Apéndice 1V). En todos los experimentos en semicontinuo se
aplicd un caudal de gas de 0.1 NL min y una concentracion de entrada de ozono de
30 mg NL. En general, se siguieron las concentraciones de los microcontaminantes, asi
como algunos parametros de calidad del agua como la absorbancia UV, el carbono organico
total o disuelto (TOC o DOC) o la demanda quimica de oxigeno (DQO). Para el estudio
presentado en el Apéndice V, ademas, se evaluaron las distintas fracciones de la materia
organica disuelta mediante la Cromatografia de Exclusién por Tamafios con Deteccién de
Carbono Organico (SEC-OCD) [182].

En los experimentos de ozonizacion en semicontinuo, la dosis de ozono transferida (TOD)
a la disolucion a cada tiempo de contacto se estim6 mediante la medicién del caudal de gas
que atraviesa el sistema y de las concentraciones de ozono en la corriente de entrada y de
salida del reactor [143]. La demanda instantanea de ozono (IOD), un parametro de disefio
importante en el proceso de ozonizacion, se estim6 como aquel valor de TOD a partir del
cual se detecta ozono disuelto en el medio de reaccidn [142,143]. La concentracion de ozono
en el medio se monitorizd6 mediante un sensor amperométrico. Todos los experimentos se

Ilevaron a cabo a una temperatura de 20 + 1 °C, sin ajuste de pH y al menos por duplicado.

La dosificacion del peroxido de hidrogeno en los experimentos con el proceso peroxone
(O3/H202, ver Apendice V1) se realiz6 de dos formas: mediante dosificacion continta usando
una bomba dosificadora, o en una tnica adicién al inicio del experimento. En el primer caso,
la dosificacion se realizo desde un deposito de vidrio que contenia una dilucion de la solucién
comercial de H20.. El caudal de la bomba dosificadora se fijo al minimo posible para evitar
una dilucién significativa del medio de reaccion. Se empled la velocidad de transferencia de
ozono determinada en experimentos de ozonizacion simple, TOD/t, como parametro de
referencia para establecer la concentracion de H>O: en el depdsito de reserva, con el objetivo
final de aplicar ratios molares H>0,/O3 de 0.25, 0.5y 1. En el proceso de ozonizacion se dan
tipicamente dos regimenes de transferencia de ozono (primero uno rapido y, después de
completarse la 10D, uno mas lento [142,143]), por lo que en cada experimento fueron

necesarias dos disoluciones de H20- de distinta concentracion (primero una méas concentrada
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y luego una maés diluida), una para cada valor de TOD/t observado. En cuanto a los
experimentos con dosificacion inicial Unica, la cantidad adicionada de H20- se correspondio

con la dosis total afiadida en los experimentos con dosificacion continua.

Una imagen real y un esquema de la planta de ozonizacion a pequefia escala, especialmente
disefiada y puesta a punto por el autor de esta tesis para la realizacién de una parte de la

misma, pueden observarse en las Figuras 14 y 15 (seccion 3.3.3).

Resultados y discusion

En lo que respecta al estudio cinético con disoluciones modelo de los pesticidas MC, ACMP
y DDVP, los valores obtenidos para las constantes de reaccion de segundo orden fueron:
1.7-10° M1st (MC), 0.25 Mst (ACMP) y 590 Ms (DDVP), para reacciones con 0zono,
y8.2:10° M5t (MC), 2.1-10° M st (ACMP) y 2.2-10° M-1s (DDVP), para reacciones con
*OH.

En cuanto a los mecanismos de degradacion, en el caso del pesticida metiocarb se pudieron
distinguir tres compuestos de transformacién, fruto de la oxidacion secuencial del grupo
sulfuro contenido en la molécula de MC, en combinacidn con procesos de hidrélisis de las
estructuras resultantes (ver Tabla 2 y Figura 3 en el Apéndice I). Destaco la identificacion
del metiocarb sulféxido, un compuesto conocido por ser potencialmente mas toxico que su
compuesto de partida. En lo que respecta a los mecanismos de degradacién del ACMP, se
distinguieron dos posibles rutas oxidativas, ambas iniciadas mediante abstraccion de
hidrégeno por parte del radical hidroxilo, pero dando lugar a diferentes productos de
transformacion (acido 6-cloronicotinico, N’-ciano-N-metil acetamidina y N’-ciano
acetamidina, por un lado, y N-ACMP-desmetilo, por el otro) segun si la oxidacion fue
iniciada en el grupo metileno o metilo, ambos enlazados a la amina terciaria comprendida
en la molécula de ACMP. Mas detalles acerca de los compuestos de transformacion
detectados y los mecanismos de degradacion propuestos para el ACMP pueden ser
consultados en la Tabla 1 y la Figura 4 del Apéndice Il). Respecto a la degradacion del
insecticida DDVP, y en base a los compuestos de transformacion detectados en experimentos
con y sin adicion de tBuOH (ver Tabla 2 del Apéndice I11), se pudieron proponer varias rutas

de oxidacion debidas a reacciones radicalarias o de oxidacion directa por parte del ozono.
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Estas se esquematizan en la Figura 4 del Apéndice Ill. La oxidacion mediante el radical
hidroxilo pudo iniciarse de tres formas distintas: mediante abstraccion de hidrégeno de uno
de los grupos metilo enlazados al grupo fosfato y por adicién de «OH al atomo de fésforo o
al doble enlace del grupo diclorovinilo. Estos mecanismos, en combinacién con reacciones
de oxidacion e hidrolisis, habrian llevado a la deteccion de los compuestos DDVP-desmetilo,
dimetil fosfato y &cido dicloroacético como productos de transformacion. Por su parte, la
degradacion por oxidacion directa del ozono probablemente tuvo lugar mediante la adicion
de este oxidante al doble enlace de la molécula de DDVP. El Gnico intermedio detectado en
este caso, fruto del mecanismo de ozonolisis combinado con una descarbonatacion de la

molécula resultante, fue el dimetil fosfato.

El analisis toxicologico de las soluciones modelo de MC antes y después de ser ozonizadas
reveld variaciones importantes en la toxicidad segun la dosis de ozono aplicada, incluyendo
un aumento significativo de este pardmetro que pudo relacionarse con una mayor
concentracion del intermedio metiocarb sulféxido, y viceversa. Esta informacion se recoge
en la Figura 4 del Apéndice I. El estudio de toxicidad de los pesticidas ACMP y DDVP (ver
datos en la Figura 5 de los Apéndices Il y Ill, respectivamente) reveld variaciones en la
toxicidad que no pudieron ser atribuidas a la presencia de un Unico producto de
transformacion. El efecto sinérgico de varios compuestos coexistentes en las disoluciones
pareciO ser responsable de las variaciones observadas en la toxicidad. En cualquier caso,
para los ensayos con los tres pesticidas se observd una disminucién o aumento menos
significativo de la toxicidad de las muestras oxidadas respecto a la solucién no oxidada en
experimentos sin adicion de tBuOH, es decir, cuando los radicales hidroxilos contribuyeron

a la oxidacion de los compuestos de partida y productos de transformacion.

En el estudio de ozonizacion de efluentes de depuradora para la eliminacion de
contaminantes resistentes al ozono, el seguimiento del pesticida ACMP como sustancia
modelo (Apéndice IV, Figura 2) reveld que el empleo de dosis de ozono por encima de la
IOD seria necesario para la eliminacion significativa de compuestos resistentes. La dosis a
aplicar, segun los resultados obtenidos, pareceria depender de manera evidente de dos
caracteristicas principales del efluente: el contenido en materia organica y la alcalinidad. El
proceso de ozonizacidn de los efluentes de depuradora pudo ser descrito con éxito mediante
el uso de un modelo bifasico basado en el uso del concepto Ron,0s, permitiendo esto

comparar entre distintos efluentes la eficiencia del proceso en términos de disponibilidad de
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radicales por ozono consumido. La Figura 3 (Apéndice 1V) permite apreciar el cambio de
pendiente en el grafico de [[*OH]dt frente a TOD, para valores de TOD correspondientes al
valor de 10D. Los valores de Row,03 0btenidos en la fase inicial del proceso, recogidos en la
Tabla 3 del Apéndice IV, fueron (1.53-7.60)-107 s, mientras que para la etapa de la
ozonizacion posterior a la 10D se hallaron en el rango (0.61-2.95) )-10° s. El uso de un
modelo de prediccion basado en el parametro Rown,03 Y en la medida de la TOD, por un lado,
y de otro modelo basado en la monitorizacion de la absorbancia ultravioleta medida a 254 nm
(UVA2s4) como pardmetro sustituto, por otra parte, fueron propuestos y puestos a prueba en
la prediccion y el control a tiempo real de la eliminacion de compuestos recalcitrantes al
ozono durante el proceso de o0zonizacion. Se obtuvieron excelentes correlaciones (R?> 0.98)
entre los datos de eliminacion predichos y medidos experimentalmente empleando distintos
contaminantes, efluentes y modelos de prediccion. La explicacion detallada de estos modelos
de prediccion, asi como la representacién gréfica de los resultados obtenidos se recogen en
las secciones 3.3-3.5 del Apéndice IV.

En lo que respecta al estudio de la evolucidon de la materia orgénica de los efluentes tratados
mediante ozonizacion, se observaron en general reducciones significativas de la
aromaticidad (hasta un 80%) y no tanto (hasta un 45%) en la DQO. En efluentes procedentes
de sistemas MBR, la observé una mineralizacidn de la materia organica disuelta de hasta un
25%. Todo lo contrario ocurri6 en los efluentes procedentes de tratamientos convencionales
por fangos activos, para los que se observd un aumento considerable del contenido en
materia organica disuelta (hasta un 35%) atribuido a la solubilizacion de materia organica
suspendida presente en las muestras de efluente originales. Los datos de evolucion de los
parametros generales de calidad del agua (UVA2ss, DQO y TOC) durante los experimentos
de ozonizacion con los diferentes efluentes se recogen en las Figuras 2, 3 y 4 del Apéndice
V.

Los analisis mediante la técnica SEC-OCD permitieron evaluar los cambios en la
composicion de la materia organica durante el proceso de ozonizacion. La Figura 5 del
Apéndice V recoge los resultados correspondientes a los efluentes CAS, mientras que en la
Figura 6 del mismo se muestran los datos correspondientes a la ozonizacion de efluentes
procedentes de sistemas MBR. Se pudo comprobar experimentalmente que la materia
organica mineralizada o solubilizada respectivamente en los efluentes MBR y CAS consistio

principalmente en sustancias himicas, y que al final del proceso, independientemente de las
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propiedades del efluente, se produjo una acumulacién de compuestos orgénicos de bajo peso
molecular, principalmente acidos carboxilicos. Finalmente, la evolucion de algunas de las
fracciones de la materia organica en distintos efluentes se pudo correlacionar con parametros
de calidad del agua y propios del proceso de ozonizacion. Esta informacion se muestra en la

Figura 7 del Apéndice V.

En el estudio de la aplicacion del proceso O3/H20: en efluentes de depuradora con fin de
incrementar la eficiencia en la oxidacion de contaminantes resistentes al ozono, se comprobd
como la adicion de perdxido de hidrégeno de manera simultanea al burbujeo de Oz (relacion
molar H202/03 de 0.25) pudo permitir reducciones de hasta el 36% en la dosis de ozono
requerida, en comparacion con el proceso de ozonizacion simple. Esto se puede ver de
manera clara en los datos representados en la Figura 2 (Apéndice VI). Teniendo en cuenta
costes operacionales estimados para la produccion a escala real de ambos oxidantes, dicha
reduccion en las necesidades de ozono supondria un ahorro energético del 28%. La mejora
en la eficiencia que podria potencialmente permitir dicho ahorro energético se atribuyo sobre
todo al aumento de la disponibilidad de radicales hidroxilo en la segunda fase del proceso
de ozonizacion una vez completada la IOD, para la cual también se observé que la relacion
molar 6ptima entre H.O> y O3 fue 0.25, independientemente de las propiedades del efluente.
Esto pudo comprobarse facilmente gracias a la estimacion de los correspondientes valores
de Ron,03 para cada una de las condiciones de operacion ensayadas (ver Figura 3 del
Apéndice VI). Experimentos adicionales, comparando el rendimiento del proceso al afiadir
el perdxido de hidrégeno de manera continua o al inicio en forma de dosificacion Unica,
revelaron que la adicion simultanea al burbujeo de ozono funciona mejor, observandose
ahorros energéticos del 30% Yy el 9% (respecto a la ozonizacion simple) en cada una de las
alternativas, respectivamente. Los datos correspondientes a esta comparativa se recogen en

la Figura 4 del Apéndice V1.

Finalmente, y de manera similar a lo llevado a cabo en el estudio de ozonizacion simple
(trabajo presentado en el Apéndice 1V), se ensayaron dos estrategias de modelizacion
distintas para la prediccion de la eliminacion de contaminantes resistentes al 0zono durante
la aplicacion del proceso peroxone. De nuevo, se observaron buenas correlaciones
(R?>0.96) entre los datos de degradacion predichos y obtenidos experimentalmente para

distintos contaminantes, procesos y efluentes (ver Figura 6, Apéndice VI).
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Conclusiones

Las siguientes constituyen las principales conclusiones del trabajo de investigacion llevado

a cabo en esta tesis. Se ordenan segun la estructura definida para la consecucion de los

objetivos inicialmente establecidos para la misma.

En relacion a los estudios cinéticos, mecanisticos y toxicolégicos de la degradacion de los

pesticidas seleccionados (Apéndices I-111), se pudo concluir que:

Los insecticidas MC y DDVP reaccionan con el ozono, pudiéndose llegar a degradar
de manera efectiva durante la aplicacion de este oxidante al tratamiento de matrices
acuosas reales. EIl ACMP, por su parte, es resistente al Oz. Todos ellos, sin embargo,
son oxidados de manera eficiente por parte de los radicales hidroxilos formados al
descomponerse el ozono.

El pesticida MC, al degradarse, forma el metiocarb sulfoxido, de mayor toxicidad
que el compuesto de partida. Este producto también presenta menor reactividad al
ozono que el MC. Los compuestos de degradacion de ACMP y DDVP son
aparentemente menos toxicos que los compuestos de partida, aunque la sinergia entre
los mismos podria llegar a causar efectos toxicos.

La presencia de radicales hidroxilos parece garantizar una eliminacion efectiva de
los compuestos de partida, asi como de los intermedios de reaccion formados y la
toxicidad asociada a los mismos. Promover la via de oxidacion radicalaria durante la

ozonizacion, por tanto, parece ser fundamental.

En cuanto a los estudios del proceso de ozonizacion simple y la combinacion O3z/H20>

Ilevados a cabo en efluentes de depuradora, se destacan las siguientes conclusiones:
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Las dosis de ozono aplicadas actualmente no son suficientes para la eliminacion
efectiva de aquellos contaminantes resistentes al ozono.

El aumento de las dosis de oxidante por encima del valor correspondiente a la 10D
parece ser necesario para una reduccion significativa de la presencia de

microcontaminantes resistentes al ozono en los efluentes.



Resumen en castellano

La aplicacion del proceso de ozonizacion en efluentes de depuradora a las dosis de
0zono necesarias para la eliminacion efectiva de compuestos recalcitrantes al Os,
conlleva la transformacion de la materia organica del efluente. En efluentes mas
“limpios” o libres de sélidos suspendidos, se produce la oxidacion y rotura de
sustancias humicas en compuestos de peso molecular menor, tales como acidos
organicos. En efluentes que contienen sélidos en suspension, la aplicacion del ozono
parece provocar una solubilizacién de dichas particulas.

El uso del proceso O3/H20: puede ser empleado con el fin de aumentar la eficiencia
de la oxidacion, es decir, para tener mayor disponibilidad de radicales hidroxilo por
ozono consumido. En este sentido, la adicion de peroxido de manera continua en
lugar de al inicio del proceso junto con el uso de relaciones molares bajas (H202/03
de 0.25), parece ser la mejor estrategia para mejorar la eficiencia del proceso y
conseguir ahorros energéticos significativos asociados a un menor consumo de
oxidantes.

Tanto el proceso de ozonizacion simple como el proceso peroxone, pueden
describirse mediante modelos de dos etapas basados en el concepto Ron,03. ESte
parametro, ademas, puede ser (til para estimar de forma precisa la eliminacion
durante el proceso de ozonizacion de aquellos contaminantes resistentes al ozono.
Gracias a la relacion entre la reduccion de la aromaticidad durante el proceso de
ozonizacion y la disponibilidad de radicales hidroxilos en el medio, esta puede
estimarse en tiempo real mediante el seguimiento in situ del pardmetro UV A2ss. Esto
resulta extremadamente Gtil para el control de la eliminacion de contaminantes

organicos en efluentes de depuradora mediante el uso de procesos basados en 0zono.

221






References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Y. Wada, M. Florke, N. Hanasaki, S. Eisner, G. Fischer, S. Tramberend, Y. Satoh,
M.T.H. Van Vliet, Modeling global water use for the 21st century : the WFaS (Water
Futures and Solutions) initiative and its approaches, 2010 (2016) 175-222.
d0i:10.5194/gmd-9-175-2016.

P. Burek, Y. Satoh, G. Fischer, M. Taher, A. Scherzer, S. Tramberend, L. Fabiola
Nava, Y. Wada, S. Eisner, M. Florke, N. Hanasaki, P. Magnuszewski, B. Cosgrove,
D. Wiberg, Water Futures and Solution: Fast Track Initiative (Final Report), IIASA
(International Institute for Applied Systems Analysis), Laxenburg (Austria), 2016.
WWAP (United Nations World Water Assessment Programme)/UN-Water, The
United Nations World Water Development Report 2018: Nature-Based Solutions for
Water, UNESCO (United Nations Educational Scientific and Cultural Organization),
Paris (France), 2018.

OECD (Organization for Economic Co-operation and Development), OECD
Environmental Outlook to 2050: The Consequences of Inaction, OECD Publishing,
Paris (France), 2012.

I. Shiklomanov, World fresh water resources, in: Water Cris. A Guid. to World’s
Fresh Water Resour., Oxford University Press, New York, NY (USA), 1993.
WWAP, The United Nations World Water Development Report 2016: Water and
Jobs, UNESCO, Paris (France), 2016.

M. Falkenmark, C. Widstrand, Population and Water Resources: A Delicate Balance.
Population Bulletin No. 3, Population Reference Bureau, Washinghton, D.C. (USA),
1992,

Veolia/IFPRI (International Food Policy Research Institute), The Murky Future of
Global Water Quality: New Global Study Projects Rapid Deterioration in Water
Quiality, FPRI/Veolia, Washington, D.C./Chicago (USA), 2015.

M. Meneses, J.C. Pasqualino, F. Castells, Environmental assessment of urban
wastewater reuse: Treatment alternatives and applications, Chemosphere. 81 (2010)
266-272. doi:10.1016/j.chemosphere.2010.05.053.

Metcalf & Eddy/AECOM, Wastewater engineering: treatment and resource recovery,
5th ed., McGraw-Hill, New York (USA), 2014.

J. Lautze, E. Stander, P. Drechsel, A.K. da Silva, B. Keraita, Resource Recovery &

223



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

224

Reuse Series 4: Global Experiences in Water Reuse, IWMI (International Water
Management Institute)/ CGIAR Research Program on Water, Land and Ecosystems,
Colombo (Sri Lanka), 2014.

A.N. Angelakis, P. Gikas, Water reuse: Overview of current practices and trends in
the world with emphasis on EU states, Water Util. J. 8 (2014) 67—78.

European Commission, EU-level instruments on water reuse: final report to support
the Commision’s impact assessment, Publications Office of the European Union,
Luxembourg (Luxembourg), 2016.

European Commission, Why reuse treated wastewater?, (2018). http://ec.europa.eu/
environment/water/reuse.htm (accessed December 4, 2018).

EurEau (European Federation of Water Services), Europe’s water in figures - An
overview of the European drinking water and waste water sectors, EurEau, Brussels
(Belgium), 2017.

European Commission, Water is too precious to waste - Factsheet, (2018).
http://ec.europa.eu/environment/water/pdf/water_reuse_factsheet_en.pdf (accessed
December 4, 2018).

EPRS (European Parliament Research Service), Initial Appraisal of an European
Commission Impact Assessment: Setting minimum requirements for water reuse,
EPRS, Brussels (Belgium), 2018.

European Commission, 2018/0169 (COD): Proposal for a regulation of the European
Parliament and of the Council on minimum requirements for water reuse, EC,
Brussels (Belgium), 2018.

R.P. Schwarzenbach, B.l. Escher, K. Fenner, T.B. Hofstetter, C.A. Jojnson, U. von
Gunten, B. Wehrli, The Challenge of Micropollutants in Aquatic Systems, Science
(80-.). 313 (2006) 1072-1077. doi:10.1126/science.1127291.

S.D. Richardson, S.Y. Kimura, Water Analysis: Emerging Contaminants and Current
Issues, Anal. Chem. (2016). doi:10.1021/acs.analchem.5b04493.

F.G. Calvo-Flores, J. lIsac-Garcia, J.A. Dobado, Emerging pollutants: Origin,
Structure and Properties, 1st ed., Wiley-VCH, Weinheim (Germany), 2018.

J.C.G. Sousa, A.R. Ribeiro, M.O. Barbosa, M.F.R. Pereira, A.M.T. Silva, A review
on environmental monitoring of water organic pollutants identified by EU guidelines,
J. Hazard. Mater. 344 (2018) 146-162. doi:10.1016/j.jhazmat.2017.09.058.

Y. Luo, W. Guo, H.H. Ngo, L.D. Nghiem, F.I. Hai, J. Zhang, S. Liang, X.C. Wang,

A review on the occurrence of micropollutants in the aquatic environment and their



References

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

fate and removal during wastewater treatment, Sci. Total Environ. 473-474 (2014)
619-641. doi:10.1016/j.scitotenv.2013.12.065.

T. Smital, Acute and Chronic Effects of Emerging Contaminants, in: Emerg. Contam.
from Ind. Munic. Waste, 1st ed., Springer Berlin Heidelberg, Berlin, Heidelberg,
2008: pp. 105-142.

WHO (World Health Organization), Information sheet: Pharmaceuticals in drinking
water, (2018). https://www.who.int/water_sanitation_health/diseases-risks/risks/info
_sheet_pharmaceuticals/en/ (accessed December 10, 2018).

UNESCO, Emerging Pollutants in Water and Wastewater, (2018).
https://en.unesco.org/emergingpollutants (accessed December 10, 2018).

M. Petrovi¢, S. Gonzalez, D. Barceld, Analysis and removal of emerging
contaminants in wastewater and drinking water, TrAC - Trends Anal. Chem. 22
(2003) 685-696. doi:10.1016/S0165-9936(03)01105-1.

M.O. Barbosa, N.F.F. Moreira, A.R. Ribeiro, M.F.R. Pereira, A.M.T. Silva,
Occurrence and removal of organic micropollutants: An overview of the watch list of
EU Decision 2015/495, Water Res. 94 (2016) 257-279. doi:10.1016/j.watres.
2016.02.047.

C.J. Houtman, Emerging contaminants in surface waters and their relevance for the
production of drinking water in Europe, J. Integr. Environ. Sci. 7 (2010) 271-295.
d0i:10.1080/1943815X.2010.511648.

M. Petrovic, D. Barceld, Liquid chromatography-mass spectrometry in the analysis
of emerging environmental contaminants, Anal. Bioanal. Chem. 385 (2006) 422-424.
d0i:10.1007/s00216-006-0450-1.

European Commission, Directive 2000/60/EC of the European Parliament and of the
Council of 23 October 2000 establishing a framework for Community action in the
field of water policy, Off. J. Eur. Communities. 327 (2000) 1-72.

European Commission, Decision 2001/2455/EC of the European Parliament and of
the Council of November 2001 establishing the list of priority substances in the field
of water policy and amending Directive 2000/60/EC, Off. J. Eur. Communities. 331
(2001) 1-5.

Secretariat of the Stockholm Convention, Stockholm Convention, (2008).
http://chm.pops.int/ (accessed December 11, 2018).

European Commission, Directive 2008/105/EC of the European Parliament and of the

Council of 16 December 2008 on environmental quality standards in the field of water

225



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

226

policy, Off. J. Eur. Union. 348 (2008) 84-97.

European Commission, Directive 2013/39/EU of the European Parliament and of the
Council of 12 August 2013 amending Directives 2000/60/EC and 2008/105/EC as
regards priority substances in the field of water policy, Off. J. Eur. Union. 226 (2013)
1-17.

European Commission, Decision 2015/495/EU of 20 March 2015 establishing a
watch list of substances for Union-wide monitoring in the field of water policy
pursuant to Directive 2008/105/EC of the European Parliament and of the Council,
Off. J. Eur. J. 78 (2015) 40-42.

European Commission, Decision 2018/840/EU of 5 June 2018 establishing a watch
list of substances for Union-wide monitoring in the field of water policy pursuant to
Directive 2008/105/EC of the European Parliament and of the Council and repealing
Decision 2015/495/EU, Off. J. Eur. Union. 141 (2018) 9-12.

NORMAN Association, NORMAN: Network of reference laboratories, research
centers and related organizations for monitoring of emerging environmental
substances, (2012). https://www.norman-network.net (accessed December 11, 2018).
Working Group on Prioritization of Emerging Substances, NORMAN Prioritisation
framework for emerging substances, NORMAN Association, Verneuil-en-Halatte
(France), 2013.

K.-H. Kim, E. Kabir, S.A. Jahan, Exposure to pesticides and the associated human
health  effects, Sci. Total Environ. 575 (2017) 525-535. doi:
10.1016/j.scitotenv.2016.09.009.

F.P. Carvalho, Pesticides, environment, and food safety, Food Energy Secur. 6 (2017)
48-60. doi:10.1002/fes3.108.

European Commission, Pesticides explained, (2018). http://ec.europa.eu/assets/sante/
food/plants/pesticides/lop/index.html (accessed December 15, 2018).
Directorate-General for Health and Food Safety/European Commission, Sustainable
use of pesticides, (2018). https://ec.europa.eu/food/plant/pesticides/sustainable use
pesticides_en (accessed December 14, 2018).

E. Conis, Beyond Silent Spring: An alternate History of DDT, (2017).
https://www.sciencehistory.org/distillations/magazine/beyond-silent-spring-an-
alternate-history-of-ddt (accessed December 14, 2018).

R. Carson, Silent Spring, Houghton Mifflin, Boston (USA), 1962.

F. Rowe, Banned: A History of Pesticides and the Science of Toxicology, Yale



References

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

University Press, New Haven (USA), 2014.

A. Sabarwal, K. Kumar, R.P. Singh, Hazardous effects of chemical pesticides on
human health—Cancer and other associated disorders, Environ. Toxicol. Pharmacol.
63 (2018) 103-114. d0i:10.1016/j.etap.2018.08.018.

H. Kaur, H. Garg, Pesticides: Environmental Impacts and Management Strategies, in:
Pestic. Toxic Asp., IntechOpen, London (UK), 2014: pp. 187-230.

L.W. Pisa, V. Amaral-Rogers, L.P. Belzunces, J.M. Bonmatin, C.A. Downs, D.
Goulson, D.P. Kreutzweiser, C. Krupke, M. Liess, M. McField, C.A. Morrissey, D.A.
Noome, J. Settele, N. Simon-Delso, J.D. Stark, J.P. Van der Sluijs, H. Van Dyck, M.
Wiemers, Effects of neonicotinoids and fipronil on non-target invertebrates, Environ.
Sci. Pollut. Res. Int. 22 (2015) 68-102. doi:10.1007/s11356-014-3471-x.

D. Gibbons, C. Morrissey, P. Mineau, A review of the direct and indirect effects of
neonicotinoids and fipronil on vertebrate wildlife, Environ. Sci. Pollut. Res. Int. 22
(2015) 103-118. doi:10.1007/s11356-014-3180-5.

European Commission, Regulation 2018/785/EU of 29 May 2018 amending
Implementing Regulation (EU) No 540/2011 as regards the conditions of approval of
the active substance thiamethoxam, Off. J. Eur. Union. 132 (2018) 40-44.

European Commission, Regulation 2018/784/EU of 29 May 2018 amending
Implementing Regulation (EU) No 540/2011 as regards the conditions of approval of
the active substance clothianidin, Off. J. Eur. Union. 132 (2018) 35-39.

European Commission, Regulation 2018/783/EU of 29 May 2018 amending
Implementing Regulation (EU) No 540/2011 as regards the conditions of approval of
the active substance imidacloprid, Off. J. Eur. Union. 132 (2018) 31-34.

S. Srivastava, P. Goyal, M.M. Srivastava, Pesticides: Past, Present and Future, in:
Handb. Pestic. Methods Pestic. Residues Anal., CRC Press, Boca Raton (USA), 2010:
pp. 47-66.

C. Cruzeiro, E. Rocha, M.J. Rocha, Pesticides in Worldwide Aquatic Systems: Part
1, in: Estuary, IntechOpen, London (UK), 2018: pp. 39-60.

S. Padilla, R.S. Marshall, D.L. Hunter, A. Lowit, Time course of cholinesterase
inhibition in adult rats treated acutely with carbaryl, carbofuran, formetanate,
methomyl, methiocarb, oxamyl or propoxur, Toxicol. Appl. Pharmacol. 219 (2007)
202-209. doi:10.1016/j.taap.2006.11.010.

D.Z. Krsti, T.D. Lazarevi, A.M. Bond, V.M. Vasi, Acetylcholinesterase Inhibitors :
Pharmacology and Toxicology, Curr. Neuropharmacol. (2013) 315-335.

227



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

228

d0i:10.2174/1570159x11311030006.

European Commission, Methiocarb, EU - Pestic. Database. (2016).
http://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/?event=active
substance.detail&language=EN&selectedID=1568 (accessed December 16, 2018).
WHO, The WHO Recommended Classification of Pesticides by Hazard and
Guidelines to Classification 2009, WHO Press, Geneva (Switzerland), 2010.

A. Masid, J. Campo, A. Navarro-Ortega, D. Barceld, Y. Pico, Pesticide monitoring in
the basin of Llobregat River (Catalonia, Spain) and comparison with historical data,
Sci. Total Environ. 503-504 (2015) 58-68. doi:10.1016/j.scitotenv.2014.06.095.

A. Ccanccapa, A. Masia, V. Andreu, Y. Pico, Spatio-temporal patterns of pesticide
residues in the Turia and Jucar Rivers (Spain), Sci. Total Environ. 540 (2016) 200
210. doi:10.1016/j.scitotenv.2015.06.063.

A. Ccanccapa, A. Masia, A. Navarro-Ortega, Y. Pico, D. Barcel0, Pesticides in the
Ebro River basin: Occurrence and risk assessment, Environ. Pollut. 211 (2016) 414—
424, doi:10.1016/j.envpol.2015.12.059.

P. Palma, M. Kdck-Schulmeyer, P. Alvarenga, L. Ledo, I.R. Barbosa, M. Lépez de
Alda, D. Barcel6, Risk assessment of pesticides detected in surface water of the
Alqueva reservoir (Guadiana basin, southern of Portugal), Sci. Total Environ. 488—
489 (2014) 208-219. doi:10.1016/j.scitotenv.2014.04.088.

L. Yang, M. Li, W. Li, Y. Jiang, Z. Qiang, Bench- and pilot-scale studies on the
removal of pesticides from water by VUV/UV process, Chem. Eng. J. 342 (2018)
155-162. doi:10.1016/j.cej.2018.02.075.

F. Tian, Z. Qiang, C. Liu, T. Zhang, B. Dong, Kinetics and mechanism for methiocarb
degradation by chlorine dioxide in aqueous solution, Chemosphere. 79 (2010) 646—
651. doi:10.1016/j.chemosphere.2010.02.015.

F. Tian, Z. Qiang, W. Liu, W. Ling, Methiocarb degradation by free chlorine in water
treatment: Kinetics and pathways, Chem. Eng. J. 232 (2013) 10-16. doi:
10.1016/j.cej.2013.07.050.

Z. Qiang, F. Tian, W. Liu, C. Liu, Degradation of methiocarb by monochloramine in
water treatment: Kinetics and pathways, Water Res. 50 (2014) 237-244. doi:
10.1016/j.watres.2013.12.011.

N. Simon-Delso, V. Amaral-Rogers, L.P. Belzunces, J.M. Bonmatin, M. Chagnon, C.
Downs, L. Furlan, D.W. Gibbons, C. Giorio, V. Girolami, D. Goulson, D.P.
Kreutzweiser, C.H. Krupke, M. Liess, E. Long, M. McField, P. Mineau, E.A.D.



References

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Mitchell, C.A. Morrissey, D.A. Noome, L. Pisa, J. Settele, J.D. Stark, A. Tapparo, H.
Van Dyck, J. Van Praagh, J.P. Van der Sluijs, P.R. Whitehorn, M. Wiemers, Systemic
insecticides (neonicotinoids and fipronil): trends, uses, mode of action and
metabolites., Environ. Sci. Pollut. Res. Int. 22 (2015) 5-34. d0i:10.1007/s11356-014-
3470-y.

J. Kimura-Kuroda, Y. Komuta, Y. Kuroda, M. Hayashi, H. Kawano, Nicotine-Like
Effects of the Neonicotinoid Insecticides Acetamiprid and Imidacloprid on Cerebellar
Neurons  from  Neonatal Rats, PLoS One. 7 (2012) e32432.
doi:10.1371/journal.pone.0032432.

EFSA (European Food Shafety Authority), Scientific Opinion on the developmental
neurotoxicity potential of acetamiprid and imidacloprid, EFSA J. 11 (2014) 1-47.
d0i:10.2903/j.efsa.2013.3471.

J.T. Marfo, K. Fujioka, Y. lkenaka, S.M.M. Nakayama, H. Mizukawa, Y. Aoyama,
M. Ishizuka, K. Taira, Relationship between Urinary N-Desmethyl-Acetamiprid and
Typical Symptoms including Neurological Findings: A Prevalence Case-Control
Study, PLoS One. 10 (2015) e0142172. doi:10.1371/journal.pone.0142172.

L. Li, X. Chen, D. Zhang, X. Pan, Effects of insecticide acetamiprid on photosystem
I1 (PSII) activity of Synechocystis sp. (FACHB-898), Pestic. Biochem. Physiol. 98
(2010) 300-304. doi:10.1016/j.pestbp.2010.06.022.

X.Yao, H. Min, Z. LU, H. Yuan, Influence of acetamiprid on soil enzymatic activities
and respiration, Eur. J.  Soil Biol. 42 (2006) 120-126. doi:
10.1016/j.ejsobi.2005.12.001.

T. lwasa, N. Motoyama, J.T. Ambrose, R.M. Roe, Mechanism for the differential
toxicity of neonicotinoid insecticides in the honey bee, Apis mellifera, Crop Prot. 23
(2004) 371-378. doi:10.1016/j.cropro.2003.08.018.

A. Kacimi, E. Hassani, £.M. Dacher, £.V. Gary, M. Lambin, £.M. Gauthier, A£.C.
Armengaud, Effects of Sublethal Doses of Acetamiprid and Thiamethoxam on the
Behavior of the Honeybee ( Apis mellifera ), (2008) 653-661. doi:10.1007/s00244-
007-9071-8.

F. Sanchez-Bayo, R. V. Hyne, Detection and analysis of neonicotinoids in river waters
- Development of a passive sampler for three commonly used insecticides,
Chemosphere. 99 (2014) 143-151. doi:10.1016/j.chemosphere.2013.10.051.

A. Tsaboula, E.N. Papadakis, Z. Vryzas, A. Kotopoulou, K. Kintzikoglou, E.

Papadopoulou-Mourkidou, Environmental and human risk hierarchy of pesticides: A

229



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

230

prioritization method, based on monitoring, hazard assessment and environmental
fate, Environ. Int. 91 (2016) 78-93. doi:10.1016/j.envint.2016.02.008.

E.N. Papadakis, A. Tsaboula, A. Kotopoulou, K. Kintzikoglou, Z. Vryzas, E.
Papadopoulou-Mourkidou, Pesticides in the surface waters of Lake Vistonis Basin,
Greece: Occurrence and environmental risk assessment, Sci. Total Environ. 536
(2015) 793-802. doi:10.1016/j.scitotenv.2015.07.099.

T. Radovi¢, S. Gruji¢, A. Petkovi¢, M. Dimki¢, M. Lausevi¢, Determination of
pharmaceuticals and pesticides in river sediments and corresponding surface and
ground water in the Danube River and tributaries in Serbia, Environ. Monit. Assess.
187 (2015). doi:10.1007/s10661-014-4092-z.

N. Anti¢, M. Radisi¢, T. Radovié, T. Vasiljevi¢, S. Gruji¢, A. Petkovi¢, M. Dimki¢,
M. Lausevi¢, Pesticide Residues in the Danube River Basin in Serbia - a Survey
during 2009-2011, Clean - Soil, Air, Water. 43 (2015) 197-204.
d0i:10.1002/clen.201200360.

E.C. Kalogridi, C. Christophoridis, E. Bizani, G. Drimaropoulou, K. Fytianos, Part I:
Temporal and spatial distribution of multiclass pesticide residues in lake sediments of
northern Greece: Application of an optimized SPE-UPLC-MS/MS pretreatment and
analytical method, Environ. Sci. Pollut. Res. 21 (2014) 7239-7251.
d0i:10.1007/s11356-014-2794-y.

S. Zheng, B. Chen, X. Qiu, M. Chen, Z. Ma, X. Yu, Distribution and risk assessment
of 82 pesticides in Jiulong River and estuary in South China, Chemosphere. 144
(2016) 1177-1192. d0i:10.1016/j.chemosphere.2015.09.050.

P.A. Fasnabi, G. Madhu, P.A. Soloman, Removal of Acetamiprid from Wastewater
by Fenton and Photo-Fenton Processes — Optimization by Response Surface
Methodology and Kinetics, Clean - Soil, Air, Water. 44 (2016) 728-737.
doi:10.1002/clen.201400131.

I. Carra, J.A. Sanchez Pérez, S. Malato, O. Autin, B. Jefferson, P. Jarvis, Performance
of different advanced oxidation processes for tertiary wastewater treatment to remove
the pesticide acetamiprid, J. Chem. Technol. Biotechnol. 91 (2016) 72-81.
doi:10.1002/jctb.4577.

J. Meijide, S. Rodriguez, M.A. Sanroméan, M. Pazos, Comprehensive solution for
acetamiprid degradation: Combined electro-Fenton and adsorption process, J.
Electroanal. Chem. 808 (2018) 446-454. doi:10.1016/j.jelechem.2017.05.012.

M. Jiménez-Tototzintle, 1.J. Ferreira, S. da Silva Duque, P.R. Guimaraes Barrocas,



References

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

E.M. Saggioro, Removal of contaminants of emerging concern (CECs) and antibiotic
resistant bacteria in urban wastewater using UVA/TiO2/H202photocatalysis,
Chemosphere. 210 (2018) 449-457. doi:10.1016/j.chemosphere.2018.07.036.

Y. Yao, G. Teng, Y. Yang, C. Huang, B. Liu, L. Guo, Electrochemical oxidation of
acetamiprid using Yb-doped PbO2electrodes: Electrode characterization, influencing
factors and degradation pathways, Sep. Purif. Technol. 211 (2019) 456-466.
doi:10.1016/j.seppur.2018.10.021.

J.L. Acero, F.J. Real, F. Javier Benitez, E. Matamoros, Degradation of neonicotinoids
by UV irradiation: Kinetics and effect of real water constituents, Sep. Purif. Technol.
211 (2019) 218-226. d0i:10.1016/j.seppur.2018.09.076.

S.N. Desai, P. V. Desai, Changes in renal clearance and renal tubular function in
albino mice under the influence of Dichlorvos, Pestic. Biochem. Physiol. 91 (2008)
160-169. doi:10.1016/j.pestbp.2008.03.008.

P. Wang, H.P. Wang, M.Y. Xu, Y.J. Liang, Y.J. Sun, L. Yang, L. Li, W. Li, Y.J. Wu,
Combined subchronic toxicity of dichlorvos with malathion or pirimicarb in mice
liver and serum: A metabonomic study, Food Chem. Toxicol. 70 (2014) 222-230.
doi:10.1016/j.fct.2014.05.027.

K. V. Ragnarsdottir, Environmental fate and toxicology of organophosphate
pesticides, J. Geol. Soc. London. 157 (2000) 859-876. doi:10.1144/jgs.157.4.859.
M.P. Montgomery, F. Kamel, T.M. Saldana, M.C.R. Alavanja, D.P. Sandler, Incident
diabetes and pesticide exposure among licensed pesticide applicators: Agricultural
Health Study, 1993-2003, Am. J. Epidemiol. 167 (2008) 1235-1246.
doi:10.1093/aje/kwn028.

S. Das, A review of Dichlorvos Toxicity in Fish, Curr. World Environ. 8 (2013) 143—
149. doi:10.12944/CWE.8.1.08.

European Commission, Dichlorvos, EU - Pestic. Database. (2016). http://ec.europa.eu
/food/plant/pesticides/eu-pesticides-database/public/?event=activesubstance.detail&
language=EN&selectedID=1218 (accessed December 16, 2018).

H. Heidar, N. Seyed Taghi Omid, Z. Abbasali, Monitoring Organophosphorous
Pesticides Residues in the Shahid Rajaei Dam Reservoir, Sari, Iran, Bull. Environ.
Contam. Toxicol. 98 (2017) 791-797. doi:10.1007/s00128-017-2080-z.

W. Sangchan, M. Bannwarth, J. Ingwersen, C. Hugenschmidt, K. Schwadorf, P.
Thavornyutikarn, K. Pansombat, T. Streck, Monitoring and risk assessment of

pesticides in a tropical river of an agricultural watershed in northern Thailand, (n.d.).

231



[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

232

doi:10.1007/s10661-013-3440-8.

A.K. Baldwin, S.R. Corsi, L.A. De Cicco, P.L. Lenaker, M.A. Lutz, D.J. Sullivan,
K.D. Richards, Organic contaminants in Great Lakes tributaries: Prevalence and
potential aquatic toxicity, Sci. Total Environ. 554-555 (2016) 42-52.
doi:10.1016/j.scitotenv.2016.02.137.

G. Allinson, M. Allinson, A.D. Bui, P. Zhang, G. Croatto, A. Wightwick, G. Rose, R.
Walters, Pesticide and trace metals in surface waters and sediments of rivers entering
the Corner Inlet Marine National Park, Victoria, Australia, Environ. Sci. Pollut. Res.
23 (2016) 5881-5891. doi:10.1007/s11356-015-5795-6.

N. Stamatis, D. Hela, V. Triantafyllidis, I. Konstantinou, Spatiotemporal variation and
risk assessment of pesticides in water of the lower catchment basin of acheloos river,
Western Greece, Sci. World J. 2013 (2013). doi:10.1155/2013/231610.

S.Z. Lari, N.A. Khan, K.N. Gandhi, T.S. Meshram, N.P. Thacker, Comparison of
pesticide residues in surface water and ground water of agriculture intensive areas, J.
Environ. Heal. Sci. Eng. 12 (2014) 1-7. doi:10.1186/2052-336X-12-11.

K. Sahithya, D. Das, N. Das, Adsorption Coupled Photocatalytic Degradation of
Dichlorvos Using LaNiMnOG6 Perovskite Nanoparticles Supported on Polypropylene
Filter Cloth and Carboxymethyl Cellulose Microspheres, Environ. Prog. Sustain.
Energy. 36 (2017) 180-191. doi:10.1002/ep.

A. Kumar, N. Verma, Wet air oxidation of aqueous dichlorvos pesticide over catalytic
copper-carbon nanofiberous beads, Chem. Eng. J. 351 (2018) 428-440.
d0i:10.1016/j.cej.2018.06.058.

N. Wardenier, P. Vanraes, A. Nikiforov, S\W.H. Van Hulle, C. Leys, Removal of
micropollutants from water in a continuous-flow electrical discharge reactor, J.
Hazard. Mater. 362 (2019) 238-245. doi:10.1016/j.jhazmat.2018.08.095.

U. von Gunten, Oxidation Processes in Water Treatment: Are We on Track?, Environ.
Sci. Technol. 52 (2018) 5062-5075. doi:10.1021/acs.est.8b00586.

D.B. Miklos, C. Remy, M. Jekel, K.G. Linden, J.E. Drewes, U. Hlbner, Evaluation
of advanced oxidation processes for water and wastewater treatment — A critical
review, Water Res. 139 (2018) 118-131. doi:10.1016/j.watres.2018.03.042.

J. Gomes, R. Costa, R.M. Quinta-Ferreira, R.C. Martins, Application of ozonation for
pharmaceuticals and personal care products removal from water, Sci. Total Environ.
586 (2017) 265-283. doi:10.1016/j.scitotenv.2017.01.216.

C. von Sonntag, U. von Gunten, Chemistry of Ozone in Water and Wastewater



References

[108]

[109]
[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Treatment: From Basic Principles to Applications, IWA Publishing, 2012.

F.J. Beltran, Ozone Kinetics for Water and Wastewater Systems, Lewis Publishers,
Boca Raton (USA), 2004.

R. Criegee, Mechanismus der Ozonolyse, Angew. Chemie. 87 (1975) 765-771.

J. Weiss, Investigations on the radical HO2 in solution, Trans. Faraday Soc. 31 (1934)
668—681. doi:10.1039/TF9353100668.

J. Staehelln, J. Hoigné, Decomposition of Ozone in Water : Rate of Initiation by
Hydroxide lons and Hydrogen Peroxide, (1982) 676-681. doi:10.1021/es00104a009.
J. Staehelin, R.E. Buhler, J. Hoigné, Ozone Decomposition In Water Studied by Pulse
Radiolysis. 2. OH and HO4 as Chain Intermediates, J. Phys. Chem. 88 (1984) 5999
6004. doi:10.1021/j150668a051.

H. Tomiyasu, H. Fukutomi, G. Gordon, Kinetics and Mechanism of Ozone
Decomposition in Basic Aqueous Solution, Inorg. Chem. 24 (1985) 2962-2966.
d0i:10.1021/ic00213a018.

R.E. Buhler, J. Staehelin, J. Hoigné, Ozone Decompositlon in Water Studied by Pulse
Radiolysis. 1. HO2/02- and HO3/O3- as Intermediates, J. Phys. Chem. 88 (1984)
2560-2564. doi:10.1021/j150656a026.

B. Bezbarua, D. Reckhow, Modification of the Standard Neutral Ozone
Decomposition  Model, Ozone Sci. Eng. 26 (2004) 345-357.
d0i:10.1080/01919510490482179.

G. Merényi, J. Lind, S. Naumov, C. von Sonntag, The Reaction of Ozone with the
Hydroxide Ion : Mechanistic Considerations Based on Thermokinetic and Quantum
Chemical Calculations and the Role of HO4- in Superoxide Dismutation, Chem. a
Eur. J. 16 (2010) 1372-1377. doi:10.1002/chem.200802539.

G. Merényi, J. Lind, S. Naumov, C. von Sonntag, Reaction of Ozone with Hydrogen
Peroxide ( Peroxone Process ): A Revision of Current Mechanistic Concepts Based
on Thermokinetic and Quantum-Chemical Considerations, Environ. Sci. Technol. 44
(2010) 3505-3507. d0i:10.1021/es100277d.

G.A. Poskrebyshev, P. Neta, R.E. Huie, Temperature Dependence of the Acid
Dissociation Constant of the Hydroxyl Radical, J. Phys. Chem. A. 106 (2002) 11488
11491. doi:10.1021/jp020239x.

G. V Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, Critical Review of rate
constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals
in aqueous solution, J. Phys. Chem. Ref. Data. 17 (1988) 513. d0i:10.1063/1.555805.

233



[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

234

S. Gligorovski, R. Strekowski, S. Barbati, D. Vione, Environmental Implications of
Hydroxyl Radicals (-OH), Chem. Rev. 115 (2015) 13051-13092. doi:
10.1021/cr500310b.

J.L. Acero, U. von Gunten, Influence of Carbonate on the Ozone / Hydrogen Peroxide
Based Advanced Oxidation Process for Drinking Water Treatment, Ozone Sci. Eng.
22 (2000) 305-328. d0i:10.1080/01919510008547213.

J.P. Pocostales, M.M. Sein, W. Knolle, C. von Sonntag, T.C. Schmidt, Degradation
of ozone-refractory organic phosphates in wastewater by ozone and ozone/hydrogen
peroxide (peroxone): The role of ozone consumption by dissolved organic matter,
Environ. Sci. Technol. 44 (2010) 8248-8253. doi:10.1021/es1018288.

T. Nothe, H. Fahlenkamp, C. von Sonntag, Ozonation of Wastewater: Rate of Ozone
Consumption and Hydroxyl Radical Yield, Environ. Sci. Technol. 43 (2009) 5990
5995. doi:10.1021/es900825f.

B. Legube, N. Karpel Vel Leitner, Catalytic ozonation: A promising advanced
oxidation technology for water treatment, Catal. Today. 53 (1999) 61-72.
d0i:10.1016/S0920-5861(99)00103-0.

B. Kasprzyk-Hordern, M. Ziotek, J. Nawrocki, Catalytic ozonation and methods of
enhancing molecular ozone reactions in water treatment, Appl. Catal. B Environ. 46
(2003) 639-669. doi:10.1016/S0926-3373(03)00326-6.

J. Nawrocki, B. Kasprzyk-Hordern, The efficiency and mechanisms of catalytic
ozonation, Appl. Catal. B  Environ. 99 (2010) 27-42. doi:
10.1016/j.apcath.2010.06.033.

J. Nawrocki, Catalytic ozonation in water: Controversies and questions. Discussion
paper, Appl. Catal. B Environ. 142-143 (2013) 465-471. doi:
10.1016/j.apcath.2013.05.061.

J. Wang, Z. Bali, Fe-based catalysts for heterogeneous catalytic ozonation of emerging
contaminants in water and wastewater, Chem. Eng. J. 312 (2017) 79-98. doi:
10.1016/j.cej.2016.11.118.

Y. Guo, H. Wang, B. Wang, S. Deng, J. Huang, G. Yu, Y. Wang, Prediction of
micropollutant abatement during homogeneous catalytic ozonation by a chemical
kinetic model, Water Res. 142 (2018) 383—-395. doi:10.1016/j.watres.2018.06.0109.
A. Fischbacher, J. von Sonntag, C. von Sonntag, T.C. Schmidt, The *OH radical yield
in the H202 + O3 (peroxone) reaction, Environ. Sci. Technol. 47 (2013) 9959-9964.
doi:10.1021/es402305r.



References

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Y. Wang, G. Yu, S. Deng, J. Huang, B. Wang, The electro-peroxone process for the
abatement of emerging contaminants: Mechanisms, recent advances, and prospects,
Chemosphere. 208 (2018) 640-654. doi:10.1016/j.chemosphere.2018.05.095.

U. von Gunten, Ozonation of drinking water: Part Il. Disinfection and by-product
formation in presence of bromide, iodide or chlorine, Water Res. 37 (2003) 1469—
1487. d0i:10.1016/S0043-1354(02)00458-X.

U. von Gunten, Ozonation for enhanced wastewater treatment: kinetics and
mechanisms for micropollutant abatement, oxidation by-product formation and
toxicological assessment, in: 5th Eur. Conf. Environ. Appl. Adv. Oxid. Process.,
Prague (Czech Replublic), 2017: p. 37.

A. Olivieri, J. Crook, M. Anderson, R. Bull, J. Drewes, C. Haas, W. Jakubowski, P.
McCarty, K. Nelson, J. Rose, D. Sedlak, T. Wade, Evaluation of the Feasibility of
Developing Uniform Water Recycling Criteria for Direct Potable Reuse, Sacramento,
CA (USA), 2016.

Y. Schindler Wildhaber, H. Mestankova, M. Schérer, K. Schirmer, E. Salhi, U. von
Gunten, Novel test procedure to evaluate the treatability of wastewater with ozone,
Water Res. 75 (2015) 324-335. doi:10.1016/j.watres.2015.02.030.

Y. Lee, D. Gerrity, M. Lee, A.E. Bogeat, E. Salhi, S. Gamage, R.A. Trenholm, E.C.
Wert, S.A. Snyder, U. von Gunten, Prediction of Micropollutant Elimination during
Ozonation of Municipal Wastewater Effluents: Use of Kinetic and Water Speci fi ¢
Information, Environ. Sci. Technol. 47 (2013) 5872-5881. doi:10.1021/es400781r.
FOEN (Federal Office for the Environment), Qualit¢é de I’eau: révision de
I’ordonnance sur la protection des eaux, (2015). https://www.bafu.admin.ch/
bafu/fr/home/themes/formation/communiques.msg-id-59323.html (accessed January
7,2019).

M. Bourgin, B. Beck, M. Boehler, E. Borowska, J. Fleiner, E. Salhi, R. Teichler, U.
von Gunten, H. Siegrist, C.S. Mcardell, Evaluation of a full-scale wastewater
treatment plant upgraded with ozonation and biological post-treatments : Abatement
of micropollutants , formation of transformation products and oxidation by-products,
Water Res. 129 (2018) 486-498. d0i:10.1016/j.watres.2017.10.036.

L. Rizzo, S. Malato, D. Antakyali, V.G. Beretsou, B.D. Maja, W. Gernjak, E. Heath,
I. Ivancev-tumbas, P. Karaolia, A.R. Lado, G. Mascolo, C.S. Mcardell, H. Schaar,
A.M.T. Silva, D. Fatta-kassinos, Consolidated vs new advanced treatment methods

for the removal of contaminants of emerging concern from urban wastewater, Sci.

235



[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

236

Total Environ. 655 (2019) 986-1008. doi:10.1016/j.scitotenv.2018.11.265.

J. Margot, C. Kienle, A. Magnet, M. Weil, L. Rossi, L. Felippe, D. Alencastro, C.
Abegglen, D. Thonney, N. Chevre, M. Schérer, D.A. Barry, Treatment of
micropollutants in municipal wastewater : Ozone or powdered activated carbon ?, Sci.
Total Environ. 461462 (2013) 480—498. doi:10.1016/j.scitotenv.2013.05.034.

J. Reungoat, B.l. Escher, M. Macova, F.X. Argaud, W. Gernjak, J. Keller, Ozonation
and biological activated carbon filtration of wastewater treatment plant effluents,
Water Res. 46 (2011) 863-872. doi:10.1016/j.watres.2011.11.064.

M. Roustan, H. Debellefontaine, Z. Do-quang, J. Duguet, Development of a Method
for the Determination of Ozone Demand of a Water, Ozone Sci. Eng. 20 (1998) 513—
520. d0i:10.1080/01919519809480338.

M. Marce, B. Domenjoud, S. Esplugas, S. Baig, Ozonation treatment of urban primary
and biotreated wastewaters: Impacts and modeling, Chem. Eng. J. 283 (2016) 768—
777. doi:10.1016/j.cej.2015.07.073.

A.N. Pisarenko, B.D. Stanford, D. Yan, D. Gerrity, S.A. Snyder, Effects of ozone and
ozone/peroxide on trace organic contaminants and NDMA in drinking water and
water  reuse  applications, Water  Res. 46 (2012) 316-326.
doi:10.1016/j.watres.2011.10.021.

U. Hibner, 1. Zucker, M. Jekel, Options and limitations of hydrogen peroxide addition
to enhance radical formation during ozonation of secondary effluents, (2015) 8-16.
d0i:10.2166/wrd.2014.036.

NDRL/NIST, Solution Kinetics Database on the Web, (2018).
https://kinetics.nist.gov/solution/ (accessed November 20, 2018).

D. Minakata, K. Li, P. Westerhoff, J. Crittenden, Development of a Group
Contribution Method To Predict Aqueous Phase Hydroxyl Radical ( HO ¢) Reaction
Rate  Constants, Environ. Sci. Technol. 43 (2009) 6220-6227.
d0i:10.1021/es900956¢.

Y. Lee, U. von Gunten, Quantitative structure—activity relationships (QSARS) for the
transformation of organic micropollutants during oxidative water treatment, Water
Res. 46 (2012) 6177-6195. doi:10.1016/j.watres.2012.06.006.

M. Lee, S.G. Zimmermann-Steffens, J.S. Arey, K. Fenner, U. von Gunten,
Development of Prediction Models for the Reactivity of Organic Compounds with
Ozone in Aqueous Solution by Quantum Chemical Calculations: The Role of
Delocalized and Localized Molecular Orbitals, Environ. Sci. Technol. 49 (2015)



References

9925-9935. doi:10.1021/acs.est.5b00902.

[150] M.S. Elovitz, U. von Gunten, Hydroxyl Radical / Ozone Ratios During Ozonation
Processes . | . The Rct Concept, Ozone Sci. Eng. 21 (1999) 239-260.
d0i:10.1080/01919519908547239.

[151] J.L. Acero, U. von Gunten, Characterization of oxidation processes: ozonation and
the AOP O3/H202, J. Am. Water Work. Assoc. 93 (2001) 90-100.

[152] M. Sanchez-Polo, U. von Gunten, J. Rivera-Urtrilla, Efficiency of activated carbon to
transform ozone into d OH radicals : Influence of operational parameters, Water Res.
39 (2005) 3189-3198. doi:10.1016/j.watres.2005.05.026.

[153] H. Kaiser, O. Koster, M. Gresch, P.M.J. Périsset, E. Salhi, U. von Gunten, Process
Control For Ozonation Systems : A Novel Real- Time Approach, Ozone Sci. Eng. 35
(2013) 168-185. doi:10.1080/01919512.2013.772007.

[154] A.M. Chavez, A. Rey, F.J. Beltran, P.M. Alvarez, Solar photo-ozonation : A novel
treatment method for the degradation of water pollutants, J. Hazard. Mater. 317
(2016) 36-43. d0i:10.1016/j.jhazmat.2016.05.050.

[155] U. Hubner, S. Keller, M. Jekel, Evaluation of the prediction of trace organic
compound removal during ozonation of secondary effluents using tracer substances
and second order rate kinetics, Water Res. 47 (2013) 6467-6474.
doi:10.1016/j.watres.2013.08.025.

[156] M. Buffle, J. Schumacher, E. Salhi, M. Jekel, U. von Gunten, Measurement of the
initial phase of ozone decomposition in water and wastewater by means of a
continuous quench-flow system: Application to disinfection and pharmaceutical
oxidation, Water Res. 40 (2006) 1884-1894. doi:10.1016/j.watres.2006.02.026.

[157] M.S. Elovitz, U. von Gunten, Ozone Association Hydroxyl Radical / Ozone Ratios
During Ozonation Processes . 1l . The Effect of Temperature , pH , Alkalinity , and
DOM Properties, Ozone Sci. Eng. 22 (2000) 123-150.
d0i:10.1080/01919510008547216.

[158] J. Shin, Z.R. Hidayat, Y. Lee, Influence of Seasonal Variation of Water Temperature
and Dissolved Organic Matter on Ozone and OH Radical Reaction Kinetics During
Ozonation of a Lake Water, Ozone Sci. Eng. 38 (2016) 100-114.
d0i:10.1080/01919512.2015.1079120.

[159] M. Kwon, H. Kye, Y. Jung, Y. Yoon, J.-W. Kang, Performance characterization and
kinetic modeling of ozonation using a new method: ROH,03 concept, Water Res. 122
(2017) 172-182. doi:10.1016/j.watres.2017.05.062.

237



[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

238

M. Park, T. Anumol, K.D. Daniels, S. Wu, A.D. Ziska, S.A. Snyder, Predicting trace
organic compound attenuation by ozone oxidation: Development of indicator and
surrogate models, Water Res. 119 (2017) 21-32. doi:10.1016/j.watres.2017.04.024.
M. Stapf, U. Miehe, M. Jekel, Application of online UV absorption measurements for
ozone process control in secondary ef fl uent with variable nitrite concentration, Water
Res. 104 (2016) 111-118. doi:10.1016/j.watres.2016.08.010.

D. Gerrity, S. Gamage, D. Jones, G. V. Korshin, Y. Lee, A. Pisarenko, R.A.
Trenholm, U. von Gunten, E.C. Wert, S.A. Snyder, Development of surrogate
correlation models to predict trace organic contaminant oxidation and microbial
inactivation  during ozonation, Water Res. 46 (2012) 6257-6272.
doi:10.1016/j.watres.2012.08.037.

Y. Song, F. Breider, J. Ma, U. von Gunten, Nitrate formation during ozonation as a
surrogate parameter for abatement of micropollutants and the N-
nitrosodimethylamine (NDMA) formation potential, Water Res. 122 (2017) 246-257.
doi:10.1016/j.watres.2017.05.074.

K. Chon, E. Salhi, U. von Gunten, Combination of UV absorbance and electron
donating capacity to assess degradation of micropollutants and formation of bromate
during ozonation of wastewater ef fl uents, Water Res. 81 (2015) 388-397.
doi:10.1016/j.watres.2015.05.039.

X. Guo, D. Minakata, J. Niu, J. Crittenden, Computer-Based First-Principles Kinetic
Modeling of Degradation Pathways and Byproduct Fates in Aqueous-Phase
Advanced Oxidation Processes, Environ. Sci. Technol. 48 (2014).
doi:10.1021/es500359g.

Y. Lee, U. von Gunten, Advances in Predicting Organic Contaminant Abatement
during Ozonation of Municipal Wastewater Effluent: Reaction Kinetics,
Transformation Products, and Changes of Biological Effects, Environ. Sci. Water
Res. Technol. 2 (2016) 421-442. doi:10.1039/c6ew00025h.

M. Lee, L.C. Blum, E. Schmid, K. Fenner, U. von Gunten, A computer-based
prediction platform for the reaction of ozone with organic compounds in aqueous
solution: Kinetics and mechanisms, Environ. Sci. Process. Impacts. 19 (2017) 465—
476. doi:10.1039/c6em00584e.

F. Hammes, E. Salhi, O. Ko, H. Kaiser, T. Egli, U. von Gunten, Mechanistic and
kinetic evaluation of organic disinfection by-product and assimilable organic carbon
(AOC ) formation during the ozonation of drinking water, Water Res. 40 (2006)



References

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

2275-2286. doi:10.1016/j.watres.2006.04.029.

E.C. Wert, F.L. Rosario-Ortiz, D.D. Drury, S.A. Snyder, Formation of oxidation
byproducts from ozonation of wastewater, Water Res. 41 (2007) 1481-1490.
doi:10.1016/j.watres.2007.01.020.

H.K. Shon, S. Vigneswaran, S.A. Snyder, Effluent Organic Matter ( EfOM ) in
Wastewater: Constituents, Effects and Treatment, Crit. Rev. Environ. Sci. Technol.
36 (2006) 327-374. doi:10.1080/10643380600580011.

O. Gonzalez, A. Justo, J. Bacardit, E. Ferrero, J.J. Malfeito, C. Sans, Characterization
and fate of effluent organic matter treated with UV/H202 and ozonation, Chem. Eng.
J. 226 (2013) 402-408. doi:10.1016/j.cej.2013.04.066.

C.H.M. Hofman-caris, W.G. Siegers, K. Van De Merlen, A.W.A. De Man, J.A.M.H.
Hofman, Removal of pharmaceuticals from WWTP effluent: Removal of EfOM
followed by advanced oxidation, Chem. Eng. J. 327 (2017) 514-521.
doi:10.1016/j.cej.2017.06.154.

W. Qi, H. Zhang, C. Hu, H. Liu, J. Qu, Effect of ozonation on the characteristics of
ef fl uent organic matter fractions and subsequent associations with disinfection by-
products formation, Sci. Total Environ. 610-611 (2018) 1057-1064.
doi:10.1016/j.scitotenv.2017.08.194.

J. Hollender, S.G. Zimmermann, S. Koepke, M. Krauss, C.S. Mcardell, C. Ort, H.
Singer, U. von Gunten, H. Siegrist, Elimination of Organic Micropollutants in a
Municipal Wastewater Treatment Plant Upgraded with a Full-Scale Post-Ozonation
Followed by Sand Filtration, Environ. Sci. Technol. 43 (2009) 7862-7869.
d0i:10.1021/es9014629.

X. Jin, S. Peldszus, P.M. Huck, Reaction kinetics of selected micropollutants in
ozonation and advanced oxidation processes, Water Res. 46 (2012) 6519-6530.
doi:10.1016/j.watres.2012.09.026.

M.M. Huber, S. Canonica, G.Y. Park, U. von Gunten, Oxidation of pharmaceuticals
during ozonation and advanced oxidation processes, Environ. Sci. Technol. 37 (2003)
1016-1024. doi:10.1021/es025896h.

J. Hoigne, H. Bader, Rate constants of reactions of 0zone with organic and inorganic
compounds in water - Il: Dissociating Organic Compounds, Water Res. 17 (1983)
185-194. doi:10.1016/0043-1354(83)90099-4.

C.C. David Yao, W.R. Haag, Rate constants for direct reactions of ozone with several
drinking water contaminants, Water Res. 25 (1991) 761-773. doi:10.1016/0043-

239



1354(91)90155-J.

[179] J. Benner, E. Salhi, T. Ternes, U. von Gunten, Ozonation of reverse osmosis
concentrate: Kinetics and efficiency of beta blocker oxidation, Water Res. 42 (2008)
3003-3012. doi:10.1016/j.watres.2008.04.002.

[180] E. Mvula, C. von Sonntag, Ozonolysis of phenols in aqueous solution., Org. Biomol.
Chem. 1 (2003) 1749-1756. doi:10.1039/b301824p.

[181] American Public Health Association/American Water Works Association/Water
Pollution Control Federation, Standard Methods for the Examination of Water and
Wastewater, 21st ed., Washinghton, D.C. (USA), 2005.

[182] S.A.Huber, A. Balz, M. Abert, W. Pronk, Characterisation of aquatic humic and non-
humic matter with size-exclusion chromatography - organic carbon detection -
organic nitrogen detection (LC-OCD-OND), Water Res. 45 (2011) 879-885.
doi:10.1016/j.watres.2010.09.023.

[183] Organic Carbon Detector — DOC-Labor Dr. Huber, (2017). http://doc-labor.de
(accessed January 27, 2019).

[184] S. Naumov, G. Mark, A. Jarocki, C. von Sonntag, The Reactions of Nitrite lon with
Ozone in Aqueous Solution — New Experimental Data and Quantum-Chemical
Considerations, Ozone Sci. Eng. 32 (2010) 430-434.
d0i:10.1080/01919512.2010.522960.

[185] H. Bader, J. Hoigné, Determination of ozone in water by the indigo method, Water
Res. 15 (1981) 449-456. doi:10.1016/0043-1354(81)90054-3.

[186] R.F.P. Nogueira, M.C. Oliveira, W.C. Paterlini, Simple and fast spectrophotometric
determination of H202 in photo-Fenton reactions using metavanadate, Talanta. 66
(2005) 86-91. doi:10.1016/j.talanta.2004.10.001.

[187] P. Dowideit, C. von Sonntag, Reaction of Ozone with Ethene and Its Methyl- and
Chlorine-Substituted Derivatives in Aqueous Solution, Environ. Sci. Technol. 32
(1998) 1112-1119. doi:10.1021/es971044.

[188] M. Chys, W.T.M. Audenaert, E. Deniere, S. Thee, F.C. Mortier, H. Van Langenhove,
I. Nopens, K. Demeestere, S.W.H. Van Hulle, Surrogate-Based Correlation Models
in View of Real-Time Control of Ozonation of Secondary Treated Municipal
Wastewater: Model Development and Dynamic Validation, Environ. Sci. Technol. 51
(2017) 14233-14243. doi:10.1021/acs.est.7b04905.

[189] D. Gerrity, S. Gamage, J.C. Holady, D.B. Mawhinney, O. Quifiones, R.A. Trenholm,

S.A. Snyder, Pilot-scale evaluation of ozone and biological activated carbon for trace

240



References

[190]

[191]

[192]

[193]

[194]

organic contaminant mitigation and disinfection, Water Res. 45 (2011) 2155-2165.
doi:10.1016/j.watres.2010.12.031.

J.L. Acero, K. Stemmler, U. von Gunten, Degradation Kinetics of Atrazine and Its
Degradation Products with Ozone and OH Radicals : A Predictive Tool for Drinking
Water Treatment, Environ. Sci. Technol. 34 (2000) 591-597. doi:10.1021/es990724e.
T. Janhom, S. Wattanachira, P. Pavasant, Characterization of brewery wastewater
with spectrofluorometry analysis, J. Environ. Manage. 90 (2009) 1184-1190.
doi:10.1016/j.jenvman.2008.05.008.

J. Tian, M. Ernst, F. Cui, M. Jekel, Correlations of relevant membrane foulants with
UF membrane fouling in different waters, Water Res. 47 (2012) 1218-1228.
doi:10.1016/j.watres.2012.11.043.

H. Wang, Y. Wang, X. Li, Y. Sun, H. Wu, D. Chen, Removal of humic substances
from reverse osmosis ( RO ) and nanofiltration ( NF ) concentrated leachate using
continuously ozone generation-reaction treatment equipment, Waste Manag. 56
(2016) 271-279. doi:10.1016/j.wasman.2016.07.040.

I.A. Katsoyiannis, S. Canonica, U. von Gunten, Efficiency and energy requirements
for the transformation of organic micropollutants by ozone, O3/H202and UV/H202,
Water Res. 45 (2011) 3811-3822. doi:10.1016/j.watres.2011.04.038.

241



	ACA_COVER
	Alberto_Cruz-Alcalde_PhD Thesis
	Alberto_Cruz_PhD Thesis_SIN PAPERS
	1-MC
	Exploring ozonation as treatment alternative for methiocarb and formed transformation products abatement
	1. Introduction
	2. Materials and methods
	2.1. Chemicals and reagents
	2.2. Ozonation experiments
	2.3. Analytical procedures

	3. Results and discussion
	3.1. Rate constant for the reaction between MC and O3
	3.2. Rate constant for the reaction between MC and OH·
	3.3. MC degradation by ozone and hydroxyl radicals
	3.4. Reaction intermediates and possible mechanisms
	3.5. Toxicity during MC ozonation process as a function of the applied ozone dose

	4. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


	1-MC-SI
	Alberto_Cruz_PhD Thesis_SIN PAPERS
	2-ACMP
	Priority pesticides abatement by advanced water technologies: The case of acetamiprid removal by ozonation
	1. Introduction
	2. Materials and methods
	2.1. Chemicals and reagents
	2.2. Ozonation experiments
	2.3. Analytical procedures

	3. Results and discussion
	3.1. Kinetics of ACMP reactions with ozone and hydroxyl radicals
	3.2. ACMP degradation by ozone and hydroxyl radicals
	3.3. Reaction intermediates and possible mechanisms
	3.4. Toxicity evolution during ACMP ozonation process

	4. Conclusions
	Acknowledgements
	References


	Alberto_Cruz_PhD Thesis_SIN PAPERS
	3-DDVP
	3-DDVP
	Priority pesticide dichlorvos removal from water by ozonation process: Reactivity, transformation products and associated toxicity
	Introduction
	Materials and methods
	Chemicals and reagents
	Ozonation experiments
	Analytical procedures

	Results and discussion
	Kinetics of DDVP reactions with ozone and hydroxyl radicals
	DDVP degradation by ozone and hydroxyl radicals
	Reaction intermediates and possible mechanisms
	Toxicity evolution during DDVP ozonation

	Conclusions
	Acknowledgements
	Supplementary material
	References


	blank

	Alberto_Cruz_PhD Thesis_SIN PAPERS
	Alberto_Cruz_PhD Thesis_SIN PAPERS
	4-ROHO3
	4-ROHO3
	Abatement of ozone-recalcitrant micropollutants during municipal wastewater ozonation: Kinetic modelling and surrogate-based control strategies
	Introduction
	Materials and methods
	Chemicals and reagents
	Wastewater effluents
	Ozonation of wastewater effluents

	Results and discussion
	Ozone mass transfer and demand
	Removal of a model ozone-resistant micropollutant and determination of ROHO3 values
	Effluent organic matter transformation during wastewater ozonation: Evolution of UV254 absorbance
	Kinetic modelling using the ROHO3 concept and UVA254 monitoring
	Prediction of ozone-resistant micropollutants removal by means of models based on ROHO3 and UVA254 measurements

	Conclusions
	Acknowledgements
	Supplementary data
	References


	blank

	4-ROHO3-SI
	4-ROHO3_SM
	blank

	Alberto_Cruz_PhD Thesis_SIN PAPERS
	5-EfOM
	Alberto_Cruz_PhD Thesis_SIN PAPERS
	Alberto_Cruz_PhD Thesis_SIN PAPERS
	6-Peroxone
	6-Peroxone-SI
	6-Peroxone_SM
	blank

	Alberto_Cruz_PhD Thesis_SIN PAPERS
	Alberto_Cruz_PhD Thesis_SIN PAPERS
	Alberto_Cruz_PhD Thesis_SIN PAPERS




