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RESUMO

PROCESSOS OXIDATIVOS AVANCADOS BASEADOS EM UVC E APLICADOS NO
TRATAMENTO DE AGUAS: ESTUDOS EM BANCADA E EM ESCALA PILOTO - O
desafio de fornecer &gua livre de contaminantes organicos emergentes (incluindo
microcontaminantes organicos; MCOs) e patdgenos é um dos principais topicos de estudo da
atualidade. Neste sentido, a eficiéncia de diferentes processos oxidativos avangados baseados
em UVC (POA UVC) para a remocdo de poluentes organicos e/ou inativacdo de patdgenos em
distintas condigfes experimentais foi investigada. Na escala de bancada, o processo UVC/HCIO
apresentou a melhor performance para a degradacdo e mineralizacdo de solucGes contendo
BPA, enquanto que o processo UVC/S;0s? teve uma melhor eficiéncia em comparagdo com o
UVC/H,0,. Este comportamento deveu-se a geracdo de radicais de alto poder oxidante (e.g.,
HO" e SO4™) advindos da ativagdo do H,0, S,0s* e HCIO sob irradiagdo com luz UVC. Em
relacdo aos intermediarios de oxidacdo gerados, ndo foram detectados compostos
organoclorados (ap6s 6 h) utilizando o sistema UVC/HCIO, o que contrasta com os resultados
obtidos utilizando somente HCIO (dois organoclorados foram detectados). Levando-se em
consideracdo os parametros ambientais (testes de toxicidade experimentais e tedricos) e
econdmicos investigados, 0 método UVC/HCIO apresentou 0os melhores resultados com baixo
custo operacional. No entanto, em condi¢Oes experimentais mais complexas, tecnologias em
um estagio mais avancado de desenvolvimento, como UVC/H.0; e UVC/S;0s%" sdo mais
recomendaveis. Nesse sentido, a eliminacdo simultanea de seis MCOs (ACT, CAF, CBZ, TMP,
SMX e DCF) e trés bactérias (E. coli, E. faecalis e S. enteritidis) de uma matriz residual
simulada utilizando os processos UVC/H,02 e UVC/S;0s?> em escala piloto foi estudada. Os
POA UVC foram comparados em termos da remogéo de 80% do total dos MCOs, da inativacédo
e 0 recrescimento bacteriano e do consumo de energia. O tratamento aplicando somente
radiacdo UVC, embora eficiente para a inativagdo bacteriana, resultou inadequado para a
remocgao dos MCOs. Por outro lado, os processos UVC/H20; e UVC/S,0g> foram eficazes
para eliminar simultaneamente MCOs e bactérias; contudo, somente o sistema UVC/H,0: foi
efetivo para evitar o recrescimento bacteriano em tempos posteriores ao tratamento. De acordo
com isto e levando em consideragdo algumas regulagbes ambientais, aguas tratadas pelo
processo UVC/H20; representam uma alternativa real para serem reutilizadas em diversas
atividades, como por exemplo, para fins agricolas, visto que esta atividade é o setor de maior
consumo/demanda de 4gua doce em todo o mundo. Finalmente, um modelo simples baseado
na lei de Beer-Lambert permitiu estimar razoavelmente a concentracdo necessaria de oxidante

para atingir a maxima taxa de oxidacdo (i.e., um tempo de reacdo mais curto).
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ABSTRACT

UVC-BASED ADVANCED OXIDATION PROCESSES FOR WATER TREATMENT:
LABORATORY AND PILOT PLANT SCALE STUDIES — The challenge of providing good-
quality water free from contaminants of emerging concern (including organic
microcontaminants; OMCs) and pathogens is one of the main hot topics worldwide. Thus, the
efficiency of different UVC-based advanced oxidation processes (UVC AOPS) to remove
organic pollutants and/or inactivate pathogens under distinct experimental conditions was
investigated. At laboratory scale, UVC/HCIO process showed the best performance for the
degradation and mineralization of BPA containing solutions, while the UVC/S;0s%" process
had a better efficiency in comparison to UVC/H20>. This behavior is due to the generation of
high oxidation power radicals (mainly HO" and SO4™) by the activation of H,0,, S,0s*", and
HCIO under UVC light. Considering the oxidation by-products generated, no organochlorine
compounds were detected (after 6 h) using UVC/HCIO contrasting to the results obtained using
only HCIO (two organochlorines were detected). In addition, taking into account the
environmental (experimental and theoretical toxicity tests) and economical parameters
investigated, the UVC/HCIO method showed a higher efficiency under low operating costs.
However, under complex experimental conditions, more mature technologies such as
UVC/H,0; and UVC/S;0s> are recommended. In this sense, simultaneous elimination of six
OMCs (ACT, CAF, CBZ, TMP, SMX, and DCF) and three bacteria (E. coli, E. faecalis, and S.
enteritidis) by UVC/H,0, and UVC/S;0s*>" processes from a simulated municipal wastewater
effluent were successfully investigated at pilot plant scale. UVC AOPs were compared in terms
of the required treatment time to remove at least 80% of the sum of OMCs, bacterial inactivation
and regrowth, and energy consumption. UVC treatment alone was not suitable mainly due to
the very slow and incomplete removal of OMCs, while UVC/H,0, and UVC/S,0g> were
effective to simultaneously eliminate OMCs and bacteria; however, in comparison with the
UVC/S,0¢? system, the UVC/H0 process did not exhibit bacterial regrowth under dark
conditions. According to these results and taking into account some environmental regulations,
reclaimed water treated with the UVC/H202 process is a real alternative for water reuse
purposes in many activities, for instance, in agriculture since this activity demands the highest
freshwater consumption worldwide. Finally, a simple model based on the Beer—Lambert law
enabled reasonable estimation of the oxidant concentration required to attain maximum

oxidation rates (i.e., shortest reactions time).
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OVERVIEW AND GOALS 1

1. OVERVIEW AND GOALS

The world is undergoing socio-economic changes that involve important
environmental problems, and one of them is freshwater scarcity.* The accelerated growing of
the global population (e.g., urban areas) and anthropogenic activities (e.g., change in
consumption patterns, industrial development, and expansion of irrigated agriculture) are the
main driving forces responsible for the rise in global demand for freshwater.? 3 In addition,
other factors, for instance, the global climate change, will lead to worsen the issue regarding
freshwater scarcity.

Currently, it has been estimated that about half billion of people live under
conditions of severe water scarcity throughout the year, while another four billion face severe
water scarcity at least over a month per year (see FIGURE 1.1).*° However, the impact of water
scarcity is reasonably “low” in many regions around the world, including forested areas in
South America (mostly Brazil), Central Africa, northern and subarctic regions of North
America, and in wide regions of Europe and Asia. Nevertheless, from a general perspective,
this parameter evaluates only the availability of freshwater resources in a specific geographical
area and does not provide information on whether they are “safe” for the human health and
biodiversity in general. In this sense, a global map on the availability of safe water is well-

suited for the pressing need of information on safe water locations.

Number of
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FIGURE 1.1 — Severe water scarcity map in number of months per year.

On the other hand, the main factors (i.e., anthropogenic activities) that intensify

the global freshwater scarcity can be briefly summarized as follows:
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1) World water consumption rate: the demand for freshwater have increased by
almost 1% per year since 1980 (when the world population was about 4.5 billion) and are still
going up until the present day (world population estimated in 7.7 billion). In addition, a similar
increase in the water consumption rate is expected until 2050 when the world population is
projected to reach 9.7 billion.% Even though this rate seems apparent stable, the average of
freshwater consumed each year increases as a function of the population growth rate, which is
mainly due to the high demand on food. In fact, agricultural and industrial activities are
important factors that intensify the demand on freshwater. For instance, the water utilized to
produce the daily food amount per person is around 2000-5000 L (i.e., indirect water
consumption), while the amount of daily drinking water required per person is about 2-4 L (i.e.,

direct water consumption).’

i) Global climate change: although the effect of these conditions on water
resources is uncertain for many reasons, climate change represents an additional threat to water
security due to current and future changes in precipitation patterns that might lead to significant
changes in freshwater supply in many regions. Also, renewable water resources might be

affected by changes in temperature, wind, ocean currents patterns, and other climate factors.®

1ii) Water contamination: contamination of freshwater bodies, e.g., surface and
groundwater by a large number of contaminants generated from anthropogenic activities
(including chemical and microbiological contaminants), represents one of the biggest
challenges regarding water scarcity faced lately. These contaminants might decrease the
availability of freshwater resources by transforming them into unsafe water and consequently

are responsible for many waterborne diseases.

Concerning this last topic (iii), a wide variety of persistent chemical
contaminants (e.g., pharmaceuticals, hormones, personal care products, pesticides,
microplastic, metal-based nanoparticles) — named contaminants of emerging concern (CEC) —
have been detected in surface and groundwater, and even more serious, in drinking water after
receiving treatment in conventional treatment plants.® *© When these CEC contaminants, in
special organic pollutants, are detected in the environment at trace levels (i.e., ng L™  to ug L™%),
they are called organic microcontaminants (OMCSs). Indeed, as more sensitive analytical
methods are developed, new compounds will be detected in the environment and they will

significantly increase in number.

Pharmaceuticals and hormones contaminants may reach the sewers as a result of

their ingestion and subsequent excretion by humans, while personal care products arise from
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daily human hygiene practices.*> 2 Thus, the poor/inadequate management of these
contaminants at the wastewater treatment plants (WWTPs) allow them to reach water bodies.
In addition, agricultural and industrial activities are the main sources of pesticides and
microplastic in the environment, respectively.® 1* Furthermore, the physicochemical properties
(i.e., persistence and bioaccumulation) of CEC in the environment may affect the human health
and aquatic ecosystems in the short and long terms, even when these contaminants are present

at low concentrations.'> 16

On the other hand, microbiological contaminants are classified as excreta-related
pathogens (i.e., bacteria, viruses, protozoa, helminths) and vector-borne pathogens (e.g.,
Plasmodium spp, Schistosoma spp, and Wuchererua bancrofti), and they can be considered as
another source of water contamination.!” These pathogens spend all or essential parts of their
lives in water or depend on aquatic organisms to complete their life cycle. Large outbreaks
caused by waterborne diseases (e.g., amoebiasis, cholera, typhoid fever, shigellosis) have been
mainly caused by: Entamoeba spp, Campylobacter spp, Vibrio cholera, Escherichia coli,
Salmonella spp, Shigella spp, hepatitis A virus, norovirus, Giardia duodenalis, and
Cryptosporidium parvum (a chlorine-resistant protozoan).’® The main origin of water

contamination by pathogens are the cattle raising and municipal wastewater.®

Despite significant number of studies showing that the human health risks are
associated with water contaminated by CEC and pathogens, waterborne diseases remain
worldwide one of the main causes of human morbidity and mortality, especially in developing
countries (e.g., Brazil).?° Indeed, it is estimated that one-tenth of the global load of diseases
might be generated by consumption or/and exposition to polluted water. In this sense, many

studies have been focused on estimating the global distribution of water contamination hazards.

Sadoff et al.?! based on many datasets (mainly on data from Vérosmarty et al.??)
classified the risk level of worldwide freshwater sources (water contamination index) according
to the global distribution of harmful contaminants (FIGURE 1.2). This classification took into
account only the effects of nutrient and pesticide load, mercury deposition, salinization,
acidification, sediment, and organic load. Clearly, the addition of the effects of CEC and
pathogens usually detected in freshwater bodies would improve by far the water contamination
index in many regions, especially in areas with both high population density and intensely
irrigated agriculture, or even highly industrialized zones. Furthermore, it is clear showed by

contrasting FIGURES 1.1 and 1.2 that: even though several regions in the world have low levels
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of water scarcity, e.g., large parts of South America and Europe, these water sources might pose

potential risks to biodiversity and human welfare.
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FIGURE 1.2 — Global distribution of water contamination hazard. Source: Sadoff et al.?! (2015)
based on data from Vorosmarty et al.?? (2010).

Particularly, Brazil is a great paradox when it comes to having access to water.
Despite having 12% of all freshwater reserves in the world, there are still profound inequalities
among people (rural and urban communities) living in different geographical regions in Brazil
and having access to water and sanitation.?® In addition, most of the population in Brazil is
concentrated in the southeast (i.e., Sdo Paulo and Rio de Janeiro) and in the northeast cities (i.e.,
Fortaleza and Recife), where the water contamination index have showed increased rates (see
FIGURE 1.2).

According to the Brazilian Sanitation Information System (Sistema Nacional de
Informag0es sobre Saneamento), in 2018 about 35 million of Brazilians did not have access to
drinking water and over 100 million (47% of the Brazilian population) lived without adequate
sanitation or any kind of wastewater treatment (disposing of waste into a cesspool or by
dumping sewage directly into the rivers).2* Furthermore, Brazil is ranked as one of the topmost
country in average infant death mortality and hospitalizations (adults and children), which is

partly linked to severe lack of access to improved water and sanitation services.? 25

Moreover, in 2015 the severe water crisis in the metropolitan region of Sdo Paulo
kept over 20 million inhabitants of one of the largest cities in the world on edge. The Cantareira,
Alto Tieté and Guarapiranga reservoirs, which are in charge of the water supply of Séo Paulo
and other 62 metropolitan cities, reached historic low levels and, consequently, triggered the
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worse crisis in water supply of the city since the past 84 years. In addition, an increasing number
of studies have confirmed the presence of several CEC in different aquatic ecosystems across
the state of S&o Paulo, for instance: paracetamol, caffeine, carbamazepine, diclofenac,

naproxen, propranolol, triclosan, estrone, 17-B-estradiol, and 17-a-ethinylestradiol . %62°

Although the concentrations of pharmaceuticals found in natural waters
apparently do not offer risks to human health, the continuous exposure of aquatic organisms to
these compounds together with other contaminants is a serious concern to the aquatic
biodiversity due to their known (and unknown) adverse effects. In addition, water supplies from
non-traditional sources (including conventionally treated wastewater) have recently been
proposed as an alternative to reduce the demand for freshwater (mainly for agricultural
practices). However, it is believed that such practice could lead to worse problems in this

environmental scenario.3% 31

Consequently, the presence of these chemical and microbiological contaminants
in the water have called the attention of the scientific community, regulatory agencies,
environmental foundations, and governments leading to commitments to develop laws in an
effort to answer issues related to the context of water quality, protection, and reclamation.
However, only few countries in the world, especially European Union members and the United
States, have environmental policies that include some types of CEC and their permissive levels

in water, as well as regulation for water reclamation.

Therefore, The European Union Water Framework Directive established a watch
list of eight substances and/or groups of substances usually detected in water that might
represent environmental risks (Decision 2018/840/EU)%, among them are: pharmaceuticals
(amoxicillin and ciprofloxacin), hormones (17-B-estradiol and estrone), and pesticides
(imidacloprid and acetamiprid). Moreover, in 2020 The European Parliament and The Council
of the European Union have approved a regulation stating the minimum requirements for
wastewater reuse (Regulation 2020/741/EU)*®, which was based on the assessment and
evaluation of health and environmental risks, as well as establishing minimum values of

microbiological and physicochemical parameters in water.

Unfortunately, countries in developing stage such as Brazil, these contaminants
are not yet regulated by any environmental law, and there is no regulation for wastewater reuse.
Hence, it is extremely necessary to start debating this issue in order to get, in a near future,
public policies on water quality in Brazil as well as study/develop technologies to adequately

remove these contaminants. In this sense, the Brazilian Council of Water Resources (Conselho
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Nacional dos Recursos Hidricos) by a notice of its motion n° 40 highlighted that any “research
related to new contaminants in aquatic environments” and “advanced techniques to treat water
for supply, with the aim to determine the new range of contaminants in the environment” should

be prioritized for research and investment.3

In the same way, in 2020 FAPESP (Fundac&o de Amparo a Pesquisa do Estado
de Sao Paulo) announced a call for funding projects related to “Aquatic Pollutants: risks posed
to human health and the environment by pollutants and pathogens present in water resources”.*
This call was issued in collaboration with the European Union along with the JPI Oceans
Initiative and the Brazilian National Council of State Funding Agencies to support the planning
outlined by the Sustainable Development Goals of the United Nations in order to ensure safe
water supply for all and safeguarding fresh and salt aquatic ecosystems by 2030.% More
recently, FAPESP in partnership with SABESP (Companhia de Saneamento Basico do Estado
de Sdo Paulo) has also opened a call for funding projects related to technology and scientific

innovation to improve the current limitations of the sanitation sector.®’

Thus, there is a pressing need to investigate and develop suitable alternatives to
eliminate the contaminants and pathogens present in the water in order to reduce environmental
impacts and other problems associated with the present-day water treatment technologies. The
main methods utilized to remove CEC and pathogens from agueous media (i.e., water-based
matrix) can be categorized into biological, chemical, and physical-chemical methods,
electrochemical oxidation (mainly anodic oxidation), and Advanced Oxidation Processes
(AOPs). Notably, technologies based on AOPs involve several methods, as well as a high
number of mechanisms for organic contaminants removal.®® However, in this thesis, only

ultraviolet-based advanced oxidation processes (UVC AOPs) were considered.

Among all technologies, the biological method is one of the most low-budget
alternatives for water treatment, even though it requires a large operational area and that the
chemical contaminants to be treated are biodegradable. Besides, the biodegradation efficiency
could be affected by the presence of some pesticides or antibiotics in the effluent, that will in
turn lead to the death of microorganisms.3® On the other hand, chemical methods require large
amounts of reagents and generate significant amounts of sludge (i.e., residue), which need to
be burned or disposed of in special landfills. While consolidated tertiary treatments, e.g.,
chlorination and ozonation, might inactivate pathogens and remove CEC, the generation of
toxic disinfection by-products (e.g., organochlorine, nitrosodimetylamine, and bromate) have

major drawbacks.*0-42
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UVC irradiation (200-280 nm) has been extensively used for water disinfection;
however this technology pose serious limitations, such as microbial regrowth and mechanisms
of self-repairing DNA in microorganisms after treatment.** In addition, depending on the
chemical structure of the target molecule, UVC irradiation is not appropriate for the elimination
of CEC. Other potential methods of disinfection such as ultrasonication, hydrodynamic
cavitation, and membrane filtration, have been effectively used to inactivate or remove
microorganisms from water with low chemicals consumption. Nevertheless, these physical
technologies have common shortcomings including high-energy consumption and high
operating costs as well as the requirement of sophisticated reactors.*-4

Electrochemical oxidation has been extensively investigated for the removal of
a wide variety of organic and inorganic contaminants (concentrations usually ranging from 50
10100 mg L 1), as well as for the inactivation of bacteria and viruses. However, this technology
has some limitations, such as high-energy consumption, relatively high costs of the electrodes
utilized (mainly boron-doped diamond electrode), and poor energy efficiency to remove
contaminants at low concentrations (mass transport controlled reaction).*” 8 Nevertheless,
many studies have being designed to solve these limitations. For instance, the use of alternative
electrode materials (MMO-RuQO2-TiOz, Ti/SnO2-Sb, PTFE-B-PbO2, etc.)*®>!, renewable
sources for energy supply®?, and the coupling of turbulence promoters® or radiation sources>*

(solution bulk) which minimize the limitations of mass transfer.

To overcome some of these limitations, UVC AOPs (mainly A = 254 nm)
represent a suitable alternative to over other water treatments. UVC AOPs have been
investigated due to its production of a variety of highly reactive free radicals, e.g., hydroxyl
(HO", chlorine (CI'), sulfate (SO4™), carbonate (CO3™), etc., which might in turn lead to high
rates of contaminants and microorganisms elimination.>*°® Also, UVC AOPs offer several
other advantages over the methods mentioned above, for example, high mineralization rates
(conversion to COz and inorganic ions), low quantity or no sludge generation, and elimination
of contaminants even at low concentrations (g L and ng L ™). Additionally, commercial UVC
reactors have already been used in water and wastewater treatment plants, thus, they could be

easily adapted for these processes of water decontamination.®’

Previous studies on CEC removal and pathogens inactivation by AOPs have
been mainly focused on the generation of hydroxyl radical (HO"), a non-selective species with
high oxidizing power (E°(HO/H.0) = 1.8-2.7 V).%® Among the processes used to generated HO®

species, methods based on the activation of hydrogen peroxide (H.O2) are the most widely
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studied, such as UVC/H,O,, Fenton (H.O./Fe?"), photo-Fenton (UVA/H,O/Fe?* and
solar/H.02/Fe?"), and Fenton-like processes (H202/M™, M™ = metallic ion).>*** Contrary to
Fenton based processes which use acidic solutions and require the recovery of Fe?* or M™
species, UVC-based systems (e.g., UVC/H202) does not need previous acidification of the
treated water neither an additional step to neutralize it or recover ions before its final disposal

(in the environment or for reuse purposes).

In this sense, UVC/H20: is one of the most disseminated AOPs used for organic
compound degradation and water disinfection.®® 2 In this process, HO" species can be produced
from the homolytic cleavage of H>O> by absorption of UVC radiation (A = 254 nm), with a
quantum yield of 0.5 mol Es™ (eq. 1).53%°

H,0, +hv — 2HO* (Pyey o 0.5 mol Es™?) (1)

Due to its high oxidizing power, HO® can cause irreversible damage in
microorganisms (i.e., degradation of the cell membrane biomolecules) having the advantage of
reacting non-selectively with organic compounds via electron transfer, hydrogen atom

abstraction or electrophilic addition.®

AOPs based on sulfate radicals (SOs™) have been widely reported in the
literature due to their property of removing recalcitrant organic compounds, and more recently,
for inactivation of pathogens.®”® This radical has an oxidation potential (E°(S0,/S0.%) = 2.5—
3.1 V)" comparable to the HO" species and can be generated by the activation of persulfate
(S208%) or peroxymonosulfate (HSOs") through heat, UVC irradiation, ultrasound, and

transition-metal ions.”%"2

The activation (see eq. 2) of S;0s* by UVC light (at 254 nm) to produce SO4™
occurs through the homolytic cleavage of the “-O—O-" bond of this salt with a quantum yield
2.8 times higher than when using H20..* Consequently, S;Os?>  absorbs photons more
efficiently than H>O; generating radicals with high oxidizing power. On the other hand, HSOs~
photolysis occurs with a quantum yield similar to H.O» but with a direct generation of SO4™
and HO" species (eq. 3). Another advantage is that the half-life of SO is longer than the HO*
species (ti2, SO4™ = 30-40 ps vs. t12, HO™ = <1 us), which allows a greater availability and
interaction with contaminants through the water matrix, possibly increasing the
degradation/disinfection rate.” In addition, SO4"~ species generated can react with H-O

molecules resulting in the production of HO" (see eq. 4).
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S,0,% +hv —2S0,* (Pysym = 1.4 mol Es™) 2)
HSO,- +hv —S0O,* + HO* (Pysy o 0.5 mol Es ™) (3)
SO, +H,0 > HO* +S0,2 +H* @)

Due to the electrophilic nature of SO4™ species, these radicals can react with
aromatic compounds through three main mechanisms: i) radical adduct formation, ii) hydrogen
atom abstraction, and iii) single electron transfer.”*® In addition, depending on the properties
of the electron-donating/withdrawing functional groups in the aromatic compound, the SO4™

can lead to high oxidation rates of specific contaminants.”

Regarding the disinfection process, fundamental investigations have been
established on the inactivation of different microorganisms by SO4™, particularly the interaction
of SOs~ with biomolecules of the cell wall. However, the molecular mechanisms of
microorganisms inactivation are far to be fully understood.>® Consequently, in recent years, this
methodology has attracted growing attention due to its application in CEC degradation;
however, there is still a huge gap to be filled when comparing to studies that have implemented

this methodology for water disinfection purposes.

Free chlorine (i.e., Clz, HCIO, and CIO") is one of the most recurrent oxidizing
species in solutions used to deactivate dangerous pathogens due to their medium to high
oxidation power, low cost, and high accessibility when compared to other reactive oxygen
species used in AOPs.””"® Hypochlorous acid (HCIO) is a weak acid that can co-exist in
aqueous solution with its conjugate base the hypochlorite ion (CIO"), according to the
equilibrium reaction shown in eq. (5). The relative concentration of each free chlorine species
is strongly dependent on many variables, such as pH, temperature, and ionic strength. HCIO is
the main specie in acidic and neutral conditions (pH = 3-7).%

HOCI <> OCI- + H* (pKa = 7.5 at 25 °C) (5)

Also, HCIO can be also used to produce HO" through a homolysis reaction in
combination with an UVC source, as showed in eq. (6).2° However, the simultaneous formation
of chlorine radical (CI"), which might be as effective as HO" and SO4™ species to oxidation of
pollutants (E°(cl/cl) = 2.4 V)8, can produce chlorinated intermediate compounds as one of the
main drawbacks. ClI" species can also degrade contaminants through hydrogen atom abstraction,
single electron transfer or addition to unsaturated bonds.®? According to Chuang et al.® the
UVC/HCIO method can achieve a higher HO" production than the UVC/H.O; process due to its
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superior quantum vyield.”* Consequently, the energy necessary to treat solutions containing
organic pollutants using the UVC/HCIO method can be significantly lower in comparison with
conventional UVC AOPs.

HOCI +hv — HO* +ClI* (Pysanm ~ 1.5 mol Es™) (6)
OCI- +hv — O +ClI* (Pysgnm = 0.9 mol Es™) (7)
0* +H,0 — HO* + OH- (8)

In alkaline conditions, CIO™ is the predominant species, absorbing photons of
energy and generating CI" and the radical ion O™ (eq. 7), which in turn will generate another
HO" via hydrolysis (eg. 8). This latter system is less efficient in generating radicals when
compared to the UVC/HCIO system (acidic and neutral conditions) since the quantum yield for
the CIO homolysis is lower than the HCIO and remains constant regardless of its concentration
in the system. As reported by Feng et al.,?° the quantum yield for the HCIO homolysis can
increase until 4.5+0.2 when the HCIO concentration range from 71 to 1350 mg L 1. However,
it is speculated that the higher quantum vyield at higher HCIO concentrations might be due to

parasitic propagation reactions as shown by egs. (9-10).

HO* +HOCI - CIO* +H,0 ©)
Cl* + HOCI — CIO* + HCI (10)

Hypochlorite radicals (CIO") might also play an important role in the degradation
of pollutants due to its medium-high oxidation potential (E° = 1.5-1.8 V); however, the reaction
mechanism of this secondary radical with organic compounds is still unclear. Therefore, the
UVC/HCIO is one of the most efficient free chlorine-based systems for pollutant degradation
and the most studied in the literature so far. Another advantage of this methodology is related
to the residual amount of HCIO after treatment using the UVC/HCIO process, which is not
considered a concern since the final post-chlorination step is usually required for water
disinfection against regrowth of bacteria and external contamination.’

As mentioned above, one of the main drawbacks of the UVC/HCIO process is
the possible generation of organochlorine by-products mainly related to the pollutant
degradation process. However, in a previous study®, this issue has demonstrated to be
minimized by the optimization of important parameters of the system, such as the power of the
UVC lamp and free chlorine concentration. Pertaining to the same study just mentioned above

(tebuthiuron herbicide oxidation; 100 mg L), no organochlorine compounds were detected
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(after 6 h) and the total organic carbon was almost completely removed by the use of a low-

pressure Hg lamp (UVC lamp; 9 W) with low energy consumption.

Within this framework, this thesis aimed to investigate and compare the
efficiency of different UVC AOPs in the removal CEC and/or inactivate pathogens from
distinct water matrices. The first study was focused on evaluating the degradation and
mineralization rates of synthetic solutions containing bisphenol A (BPA) by the use of
UVC/H,0,, UVC/S,0¢*", and UVC/HCIO processes at a fundamental level (i.e., at laboratory
scale, using distilled water, and in the absence of any microorganisms). For the second study,
UVC/H20; and UVC/S,0g> processes were investigated for the simultaneous removal of CEC
and pathogens from a simulated wastewater effluent at pilot plant scale. Also, the influence of
the oxidant residual concentration on the bacterial regrowth was analyzed to be considered in

agricultural applications as a reusable source of water.
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2. CHAPTER 1: UVC-based removal of macrocontaminants at laboratory
scale

This chapter is an adaptation of the article “Comparison of UVC-based advanced
oxidation processes in the mineralization of bisphenol A: identification of oxidation by products
and toxicity evaluation” by Isaac Sanchez-Montes, Naihara Wachter, Bianca F. Silva, and José

M. Aquino.

Chemical Engineering Journal, DOI: 10.1016/j.cej.2019.123986

Chemical Engineering Journal 386 (2020) 123986

Contents lists available at ScienceDirect

Chemical Engineering Journal _—

journal homepage: www.elsevier.com/locate/cej

Comparison of UVC-based advanced oxidation processes in the |
mineralization of bisphenol A: Identification of oxidation by products and %%
toxicity evaluation

Isaac Sanchez-Montes®, Naihara Wachter®, Bianca F. Silva®, José M. Aquino™

* Departamento de Quimica, Universidade Federal de Sdo Carlos, C.P. 676, 13560-970 Sdo Carlos SP, Brazil
" Instituto de Quimica de Araraquara, Departamento de Quimica Analitica, Universidade Estadual Paulista, 14800-900 Araraquara SP, Brazil

2.1. ABSTRACT

The performance of three different UVC AOPs (UVC/H202, UVC/S,0¢%", and
UVC/HCIO) based on the homolysis of oxidants were investigated for the degradation and
mineralization of BPA containing solutions as well as assessment of toxicity and identification
of oxidation by-products. In all AOPs, UVC irradiation led to a significant improvement for the
degradation and mineralization of BPA due to the production of HO*/SO." species. UVC/HCIO
method was able to achieve high rates of conversion of BPA and its oxidation by-products to
CO:a. All detected oxidation by-products resulted from hydroxylation reactions. Considering the
short chain carboxylic acids, mainly produced after opening the aromatic ring, high
concentrations appeared mainly during the first two hours of treatment for the UVC/HCIO
method with a complete elimination within 6 h of treatment, including the dichloroacetic acid.
Toxicity assays using Artemia salina crustacean showed that the mortality was ceased after 4 h
of treatment using the UVC/HCIO and UVC/S;0s? processes. In contrast, a low mortality
decrease was observed when using the UVC/H2O; process, probably due to the accumulation
of toxic intermediates. In all scenarios, toxicity of the BPA compound and its oxidation by-
products seem to be responsible for the distinct decays of mortality, as confirmed on the
ECOSAR software. Finally, the UVC/HCIO method is an interesting option considering the
removal levels attained and operational costs.
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2.2. SHORT INTRODUCTION

Many studies have reported the frequent toxic effect of some CEC, such as
pharmaceuticals, hormones, pesticides, and microplastic, found in different sources of water.3+
8 These findings emphasize the necessity to remove, inactivate, or transform CEC into less

toxic by-products than the initial compound before their disposal into the environment.8"-°

BPA is a controversial endocrine disruptor that may interfere with natural
hormone activity in humans and aquatic organisms. This chemical may cause fish feminization
and reproductive problems, which represents a risk to the ecological balance in the aquatic
environment.®® According to the US Environmental Protection Agency (USEPA), endocrine
disruptors can be defined as exogenous agents, which even at low concentrations (ug L), have
the ability to interfere with the endocrine system. These effects can include: developmental
malformations, interference with reproduction, increased cancer risk, and disturbances in the
immune and nervous system function.® On the other hand, BPA is one of the most common

microcontaminants detected in freshwater bodies in Brazil.%

Among the available methods to treat contaminated solutions, investigations
have increasingly focused on the UVC AOPs for the production of a large variety of short-lived
radicals, e.g., hydroxyl (HO"), chlorine (CI), sulfate (SO4™), carbonate (CO3™), quite feasible
leading to high elimination rates of organic pollutants at ambient temperature and pressure. 5>
68,88, 93 Even though previous studies had investigated the efficiency of different UVC AOPs
using distinct oxidizing agents,® ™ ® such as H,02, S;0s*>", HCIO, and HSOs", to the best of
our knowledge none of those works compare the performances of UVC/H,02, UVC/S;0s*>" and
UVC/HCIO processes in terms of total organic carbon (TOC) removal, identification of
oxidation by-products (long and short chain), and particularly toxicity evolution during

treatment.

Thus, we aimed at investigating the degradation and mineralization (conversion
to CO,) levels and rates of synthetic solutions of BPA using the above-mentioned UVC
AOPs, i.e., UVC/H,02, UVC/S,0s* and UVC/HCIO homogeneous processes. We will assess
and compare the possible synergistic effects through experiments using only the UVC lamp
(photochemical process) or addition of oxidants (chemical process). To investigate the main
susceptible sites to the addition reactions generated from the electrophilic HO" species in the
BPA molecule, high-performance liquid chromatography (HPLC) will be used to monitor the
BPA concentration evolution, main generated short-chain carboxylic acids, and long chain

oxidation by-products coupled to mass spectrometry. Finally, we will assess and compare the
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toxicity evolution of the treated solutions towards Artemia salina, an aquatic crustacean, with

the oxidation by-product compounds and TOC removal found.

2.3. MATERIALS AND METHODS
2.3.1. Chemicals

All chemicals including BPA (99%, Sigma-Aldrich), H20. (29-31%, Synth),
NazS20s (a.r., Sigma-Aldrich), and NaClO (10-12%, Nalgon) were used without further
purification. All carboxylic acid, benzoic acid, salicylic acid, and short-chain carboxylic acids
were purchased from Sigma-Aldrich. For other analysis were used the following chemicals:
H>SO4 (a.r., Mallinckrodt), NaOH (a.r., Synth), Na,S;03 (a.r., Qhemis), Kl (a.r., Sigma-
Aldrich), NHsOH (28-30%, Macron), H3PO4 (85%, Mallinckrodt), ethanol (>99%, Synth),
isopropanol (>99%, Qhemis), tert-butyl alcohol (99%, Exodo), acetonitrile (HPLC grade, JT
Baker). The preparation of all solutions used deionized water (Millipore Milli-Q system,
p>18.2 MQ cm).

2.3.2. Degradation and mineralization experiments

UVC AOPs experiments for the oxidation of BPA (0.44 mmol L) solutions
were carried out using a glass vessel of 1.5 L equipped with a magnetic stirrer and a quartz tube.
A 9 W UVC lamp (main emission line at 253.7 nm from Phillips) with a fluency rate of 20.2
mW cm 2 was inserted inside the tube (see FIGURE 2.1). Details on the fluency rate calculation
and other information is available in the APPENDIX A (TEXT Al and FIGURE Al). Control
experiments were carried out using only the oxidants (H202, Na>S,0g, or HCIO — chemical
method) or UVC lamp (photochemical method) to better understand the synergistic effect

resulting from coupling these methods.

As the literature reports®*-1%2, the use of high initial oxidant concentrations in
UVC AOPs leads to recombination reactions of radicals, thus reducing their efficiency in the
CEC degradation and mineralization (see rate constants for some self-scavenging reactions in
the APPENDIX A (TABLE Al). To avoid these undesirable reactions, we continuously added
freshly prepared solutions of the oxidants (0.6 mol L™?) to the reaction vessel during the

experiments at a flow rate of 0.1 mL min~* using a peristaltic pump (Gilson Miniplus 3).

The solution pH was maintained around 3.0 by adding concentrated H>SO4 or
NaOH solutions. Other operational variables, such as treatment time, solution temperature, and

solution volume, were maintained fixed at 360 min, 38 °C, and 1.0 L, respectively. Before
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further analyses, a few drops of a concentrated reducing solution of Na>S,03 to BPA extracted

samples in order to avoid oxidation generated from any residual oxidant.

FIGURE 2.1 — Image of the experimental setup used during the degradation and mineralization
of BPA solutions through different UVC AOPs: reservoir (1), quartz tube with the UVC lamp
inside it (2), and peristaltic pump (3).

2.3.3. Analyses

The concentration evolution of BPA (detected at 280 nm) was monitored
through high-performance liquid chromatography (HPLC) using a core—shell C-18 reversed
phase as the stationary phase (Phenomenex®: 150 mmx4.6 mm, 5 pum particle, 100 A) and a
mixture (60:40 V/V) of aqueous 0.1% (V/V) formic acid and acetonitrile (ACN) as the mobile
phase. An isocratic elution mode was used at 1.0 mL min~!. The injection volume and

temperature of the column were 25 pL and 23 °C, respectively. For analysis purposes, the BPA

removal during the UVC AOPs was expressed in its remaining fraction, i.e., as X,;eénA

= [BPA]/[BPA]o, in which [BPA]rand [BPA]Joare the values at timetand prior to the
experiment, respectively.

Analyses of liquid chromatography coupled to a mass spectrometer (LC—
MS/MS) were used to determine the intermediates produced during BPA degradation. For this
purpose, samples (2 mL) were collected at predetermined times, filtered using a 0.22 um
polypropylene cartridge coupled to a glass syringe and injected without any further preparation.
The analyses were performed ina 1200 Agilent Technologies HPLC coupled to a 3200 QTRAP
mass spectrometer (QqLIT — Linear lon Trap Quadrupole LC-MS/MS Mass Spectrometer),
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AB SCIEX Instruments, operating in a negative mode, and TurbolonSpray ionization. The
software Lightsight® 2.3 (Nominal Mass Metabolite ID Software, AB SCIEX) was used to
investigate all possible by-products after optimizing the ionization and fragmentation

parameters for the initial compound.

These parameters were obtained using a direct infusion of 10 pL min~! of a
solution containing BPA (0.44 mmol L™!) in ACN:H.O (1:1 V/V) with 0.1% of ammonium
hydroxide. The MS/MS conditions were: curtain gas at 20 psi, ion spray at —4500 V, gas 1 and
gas 2 at 50 psi, temperature of 650 °C, interface heater on, declustering potential, entrance
potential, and cell entrance potential were of —50, —9.5, and —21 V, respectively. Optimized
selected multiple reaction monitoring (SRM) and fullscan experiments were performed
automatically on the LightSight® software. Different types of reactions were investigated, such
as oxidation, hydroxylation, reduction, C—C bond cleavage, chlorination, among others. During
the MS/MS experiments, the HPLC analyses were performed as aforementioned, but with the
addition of an injection volume of 20 pL and ammonium hydroxide into the H2O component

of the mobile phase to reach a final concentration of 0.1% (V/V).

The short chain carboxylic acids were also determined during the degradation
experiments through HPLC wusing a Rezex™ ROA-H column (Phenomenex®:
300 mmx7.8 mm, 8 um particle) as the stationary phase and a 2.5 mmol L™! H2SO4 solution as
the mobile phase at 0.5 mL min~!. Before these analyses, samples collected at predetermined
times were filtered using a 0.22 um polypropylene cartridge coupled to a glass syringe. The
carboxylic acids (detected at 210 nm) were identified by comparison of their retention times
with those of previously analyzed standards. The injection volume and column temperature
were 25 pL and 23 °C, respectively.

The concentration evolution of oxidants was determined by two different
methods using a UV—-Vis spectrophotometer (Shimadzu UV-1800). The iodometric method
used to determine S;0s’>~ and HCIO concentrations was adapted from Liang et al.’%® Briefly,
90 uL of a 0.093 mol L' ammonium molybdate solution and 140 uL of a 2.5 mol L' Kl
solution were added to 3.5 mL of sample previously acidified with glacial acetic acid,;
subsequently, the samples were analyzed at 351 nm. The spectrophotometric method used to
measure the H,O, concentration, in turn, was adapted from Chai et al.'* following a similar
procedure, but without Kl addition. In this case, the peroxomolybdate complex formed was

spectrophotometrically measured at 350 nm.
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The extent of mineralization (i.e., conversion to CO2) was monitored through
total organic carbon concentration ([TOC]) measurements using a GE Sievers Innovox
analyzer. The [TOC] determination was carried out after mixing a diluted volume of the treated
sample (collected every 1 h) with HsPO4 (6 mol L™') and Na2S;0s (30% m/V) solutions. The
TOC content was determined by subtraction of the measured values of inorganic and total
carbon, in terms of generated CO», and after comparison with a previously determined

calibration curve, using a non-dispersive infrared detector. Once more, for analysis purposes,

the removal of TOC during the treatment is expressed in its remaining fraction, i.e., as XToc

= [TOCI/[TOC]Jo, in which [TOC]Jtand [TOC]o are the values at time tand prior to the
experiment, respectively.

Acute toxicity assays were carried out using the crustacean Artemia salina (A.
salina), whose main advantage is their tolerance to variable pH, temperature, and dissolved
oxygen conditions in saline medium, despite being less sensitive than other testing
organisms.1% 1% The tests were carried out according to the work of Vanhaecke et al.1%, with
some modifications.!'! Initially, approximately 500 mg of A. salina cysts (from Maramar
Brazil) was incubated in a rectangular aquarium containing 500 mL of freshly prepared artificial
seawater (3.5% m/m synthetic sea salt from Blue Red Sea) at ambient temperature (23 °C). The
experimental setup can bee see in FIGURE 2.2. After 24 h of incubation under constant
illumination and aeration, nauplii that were in the illuminated side of the aquarium were sucked
with a Pasteur pipette and transferred to a beaker containing freshly prepared artificial seawater.
Then, the collected nauplii were incubated for another 24 h in the same conditions to molt to
the instar 1l or 11l larval stages. At the end of this period, the crustaceans were poured into a

Petri dish for counting.

The toxicity tests were carried out in triplicate using glass tubes containing
10 mL of initial and treated samples after adding a few drops of NaS»03 solution. Negative
and positive  controls  contained artificial seawater (3.5% m/m)  with
20.0 mmol L' Na,S;0s and artificial seawater with varying concentrations of sodium dodecyl
sulfate (SDS; 10.0, 13.5, 18.0, 24.0, and 32.0 mg L™!), respectively. SDS, which is known as a
reference toxicant for A. salina, was used to ensure the quality of the cysts and conducted
experiments to determine the median lethal concentration (LCso) of BPA at specific values
(3.12, 6.25, 12.5, 25.0 and 50.0 mg L ! in artificial seawater 3.5% m/m). The LCso values for
the SDS positive control and BPA compound followed the Trimmed Spearman-Karber
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method.1% The percentage of mortality was expressed by the ratio between the number of dead

organisms and the total number of organisms.

a)

FIGURE 2.2 — Images of the experimental configuration used for breeding of A. salina: a) top

and b) side views of the system composed by a fluorescent lamp (14 W), a plastic separator (5-
mm holes), an air pump, and an aquarium (200x100x150 mm) containing the artificial seawater

solution and A. salina cysts (opposite to the lighting side; darkest region).

It has been increasingly relevant to predict the toxicological effects of new
chemical compounds and degradation by-products based on their chemical structure and
physical properties since a trustworthy prediction can substitute experimental tests using
animals. Thus, quantitative structure—activity relationships (QSARSs) analysis through the
ecological structure—activity relationship (ECOSAR) model was conducted to demonstrate the
baseline acute and chronic toxicity at three different trophic levels (i.e., fish, daphnid, and green
algae) for the BPA molecule and by-products identified through LC-MS/MS analyses. The
ECOSAR v1.11 program, developed by USEPA, can estimate toxicity of chemical compounds
based on data from structurally similar chemical classes.%%-13

The extent of total mineralization (¢) was calculated through the ratio between
the removal fractions of TOC and BPA after a given time of treatment and using eq. (11):*%4

_yrem
—_ 1 XTOC

a _ yrem
1 XBPA

(11)
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The ¢ value indicates the degree of BPA molecules conversion to CO> or other
intermediate compounds, which can range from 0 to 1 — no mineralization or total

mineralization of the oxidized BPA molecule, respectively.

Finally, an economic comparison between the investigated processes was
performed based on the total cost per order of BPA or TOC removal, i.e., Cost/OtotaL ($
m~ order™!), encompassing costs of electric energy (Cost/Ouvc) added with 45% of
maintenance costs'®and chemicals (Cost/Oox), as shown in eg. (10). The Cost/Ouvc ($
m~3 order™!) is determined by the electric energy (EE in kW) required to oxidize or mineralize
the target pollutant by one order of magnitude in 1.0 m® of water per order (Ouvc), as shown in
eqs. (12—14):116

Cost/Ogrp, = Cost/O . +Cost/O (12)
EE -
Cost/O . =1.45 electricity cost (13)
uve
EE  2.303P 14
Ouve  60VK (14)

where P is the power output (i.e., P = fluency rate x illuminated area of the
reservoir = 20.2 mW cm 2 x 782 cm? = 15.8 W), t the reaction time (h), V the solution volume
(m3), k the rate constant (pseudo-first order in min?), 2.303 is a conversion factor for logarithm,
and 60 is another conversion factor (min h™1). On the other hand, for comparison purposes, P
can be also used as the rated power of UVC lamp (9 W). The average electricity cost is 0.1 $
kW th™t according to the Brazilian electricity regulatory agency in 2017.

2.4. RESULTS AND DISCUSSION
2.4.1. Degradation and mineralization of BPA using different UVC AOPs

Firstly, control experiments were carried out to explore the extent of BPA
oxidation (0.44 mmol L™?) in aqueous solution using only UVC irradiation (photochemical
method) or distinct oxidants (H202, Na2S20sg, or HCIO — chemical method). FIGURE 2.3(a—b)

rem rem

shows the evolution of the remaining fraction of BPA ( Xgpa = [BPA]/[BPA]o) and TOC ( Xtoc
= [TOC]/[TOC]o) as a function of treatment time for the photochemical and chemical methods

at pH 3 and 38 °C.

As illustrated in FIGURE 2.3(a), a significant BPA removal (55%) was achieved
after 360 min using exclusively the UVC lamp. The BPA degradation through the UVC


https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/article/pii/S1385894719334011#f0005

CHAPTER 1 20

irradiation can be attributed to the absorption capacity of light by the BPA molecule, which is
measured through the molar absorption coefficient (e2s4 BPA =912 M cm™?) and quantum yield
(D254 BPA = 0.0075 mol Es ™). These two fundamental parameters drive the direct photolysis
rate. Thus, under UVC irradiation, the BPA molecule absorbs emitted photons that are capable
to induce electron state transitions resulting in the formation of excited BPA molecules (BPA*).

These molecules may lose their excess energy after decomposition with the consequent

generation of by-products.
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FIGURE 2.3 — Remaining a) BPA and b) TOC fraction as a function of treatment time for the
photochemical (@) and chemical ((H202 (+), S20s* (+), and HCIO (+)) processes.

Conditions: 0.6 mol L™* of oxidant (flow rate 0.1 mL min™?), pH 3, and 38 °C. Error bars refer

to two and three repetitions for the BPA and TOC determinations, respectively.

The chemical process using H202 and Na>S>Og as oxidant agent led to very low
degradation rates even after 360 min, suggesting that the BPA molecule is recalcitrant towards
oxidation using those chemicals. In contrast, the chemical method was able to quickly
(~10 min) oxidize the BPA molecule in the presence of HCIO (3.2+0.5x10°* min™?), probably
due to the high rates of electrophilic substitution reactions in the aromatic rings of the BPA
molecule. Yamamoto & Yasuhara''’ and Lane et al.}*® also found fast oxidation reaction of
BPA when performing chlorination reaction in neutral to alkaline solutions. As expected for
the photochemical and chemical processes, BPA oxidation did not result in significant levels of
conversion to COy, i.e., mineralization, but only to accumulation of by-products in the reaction
medium, as shown in FIGURE 2.3(b).
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Subsequently, distinct UVC AOPs, i.e., H202, S;0s%>", and HCIO under UVC
irradiation were carried out to assess their performance towards the degradation and
mineralization of BPA, as shown in FIGURE 2.4(a-b). Clearly, oxidation of the BPA molecule
improved significantly when using the UVC/H20; or UVC/S;0¢*” methods in relation to their
chemical processes, i.e., complete removal was achieved after 300 and 120 min, respectively.
This resulted from the activation of these oxidants by the UVC irradiation (particularly at
254 nm) to mainly produce the electrophilic HO" and SO4™ species (see egs. 1-2), which react
with the BPA molecule and its oxidation by-products through addition/abstraction reactions. In
the case of the UVC/HCIO method, no significant improvements were observed in the
degradation rate and level as the HCIO species promptly react with the BPA molecule, as

previously discussed.
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FIGURE 2.4 — Remaining a) BPA and b) TOC fraction as a function of treatment time for the
UVC/H.0, (), UVC/S;0s%> (A), and UVC/HCIO (M) processes. Conditions: 0.6 mol L™ of
oxidant (flow rate 0.1 mL mint), pH 3, and 38 °C. Error bars refer to two and three repetitions

for the BPA and TOC determinations, respectively.

TABLE 2.1 presents the values obtained for the pseudo-first order kinetic
constants (k) regarding the degradation and mineralization of BPA upon the use of distinct UVC
AOPs. As expected, the UVC/HCIO process had higher degradation rate values (270+6x103
min~!) than the UVC/S;0s> (35+2x1073 min~!) and UVC/H,02 (15+0.3x10> min~!) processes.
Therefore, for the last two methods, it is clear that the generation of HO" (and also SO4™ when
using S20s%") species might have improved the oxidation towards BPA. Furthermore, the rate
constant in UVC/S,0g> is slightly higher than in UVC/H202 due to the higher quantum vyield
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and the additional HO" species generated from the reaction of SO4™ species with H2O (see eq.

(4)).

TABLE 2.1 — Pseudo-first order kinetic constants (k) for the removal of BPA and TOC using
different UVC AOPs.

Process k (BPAT) /107 min k (TOC™) /108 min1*
UVC/H,0: 15.0+0.3 (0.99420.004) 1.30.2 (0.889:0.06)
UVC/S20g> 3542 (0.950+0.001) 2.3+0.3 (0.87020.02)
UVC/HCIO 27046 (0.921+0.05) 5.8+0.3 (0.938+0.04)

Tmean values obtained after two repetitions.

"'mean values obtained after three repetitions.

*The value in parentheses refers to the mean coefficient of determination (R?) of the linear regression carried
out to determine the respective value of k.

Similarly, Sharma et al.**® found that the UVC/S;0s> process (k = 9.4x1073
min~1) is more efficient for the BPA degradation (0.22 mmol L™?) than the UVC/H20; process
(k =5.4x10° min™1). The k values achieved ranged one order of magnitude below those found
in this work, even when using a 40 W UVC lamp. Sanchez-Polo et al.}? also obtained similar
values for k (~1073 min™') as well as 80% and 70% of BPA degradation (0.044 mmol L™?) after
180 min for the UVC/S,0¢* and UVC/H.0, methods, respectively, despite using a high power
(700 W) mercury medium pressure lamp. The low efficiency towards BPA oxidation reported
in these works could be attributed to the self-scavenging reactions of radicals (SO4™, HO", HO',
02", etc.) upon a high initial oxidant concentration in solution (TABLE Al). Clearly, this issue

could be minimized by continuously adding oxidants, as carried out in this study.

On the other hand, for the UVC/HCIO method, it is not clear whether the HO"
and CI" species (see eg. 6) mediated the BPA degradation process or if it was only the effect of
direct chlorination reaction mediated by HCIO oxidation. However, an analysis of the BPA
mineralization, FIGURE 2.4(b), reveals a high conversion level to CO2 (90% mineralization
after 360 min), which is probably due to the action of radical species (mainly HO"). These
results are more satisfactory than that achieved using the UVC/H20, (~30%) and
UVC/S,0s2 (60%) processes, which is also demonstrated in the calculated mineralization rate
constants in TABLE 2.1. In addition, all coupled methods had improved their performance upon
the use of UVC light due to the formation of HO® and SO4~ (when using S,0s*") species,
despite the distinct levels attained. Sharma et al.*° also reported similar mineralization levels
for BPA when using UVC/H20; (38%) and UVC/S,0s* (55%) processes after 360 min of

treatment.
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More recently, researches have applied the UVC/HCIO method to eliminate
various CEC (herbicides, pharmaceuticals, insecticides, etc.)% 122123 however, only few works
have reported high TOC removal levels, which is an important parameter from the
environmental point of view. Yin et al.}?? investigated the oxidation of two neonicotinoid
insecticides (imidacloprid and thiacloprid) using the UVC/HCIO process (full HCIO addition
at the beginning of treatment) for both compounds and reached only ~30% of mineralization in
relation to ~90% reported in this study, demonstrating the advantage of continuously adding
the HCIO oxidant.
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FIGURE 2.5 — Extent of total mineralization (¢) as a function of time for the UVC/H20, (®),
UVC/S,0s> (A), and UVC/HCIO (M) processes. Conditions: 0.6 mol L™ of oxidant (flow rate
0.1 mL min?), pH 3, and 38 °C. Error bars refer to two and three repetitions for the BPA and

TOC determinations.

In contrast, degradation and mineralization rates obtained in this work
corroborate to the theoretical kinetic model proposed by Li et al.”t, which estimated the
performance of these UV-based oxidation technologies. The model predicted that photolysis of
the HCIO, S,0g¢*", and H.0, oxidants mediated by UVC irradiation (i.e., radical production)
and their  performance towards organics oxidation follows the  order:
UVC/HCIO>UVC/S,0s*> >UVC/H,0,. As expected for the superior degradation and
mineralization of BPA using the HCIO/UVC method, high values (close to 1.0) for the extent
of total mineralization (¢) were achieved after 360 min, as shown in FIGURE 2.5. Low ¢ values
for the UVC/S,0¢* and UVC/H,0, methods indicate an accumulation of oxidation by-products

of BPA in the reaction medium.
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2.4.2. Synergistic effect of UVC AOPs: the role of HO*, SO4*~, and CI* species

To better understand the synergistic effect associated with the coupled processes,
the experimental curves for the remaining fractions of BPA and TOC as a function of treatment
time using the different UVC AOPs were compared with the theoretical curves obtained from
the summation of the experimental remaining fractions of the photochemical and chemical

processes used separately.

The experimental and theoretical curves for the remaining fractions of BPA and
TOC for the UVC/H202, UVC/S;0¢*", and UVC/HCIO processes can be seen in FIGURES
2.6-2.8. In the case of the UVC/H,0, and UVC/S;0s> processes, FIGURES 2.6 and 2.7,
respectively, the slope of the experimental line of both methods for BPA degradation is higher
than the summation line, confirming the synergistic effect of the combined processes. As above
mentioned and due to the fast BPA degradation reaction in the presence of HCIO, no synergistic
effect resulting from the coupling with UVC irradiation is observed, i.e., the experimental and
summation/theoretical lines are coincident. Regarding TOC removal, once again by comparing
the experimental and theoretical lines for its remaining fraction, all tested UVC AOPs exhibited
mineralization removal levels above the results of a simple summation. It clearly suggests the
production of HO™ and SO, (from S,0s>" homolysis) species, which are the main species

responsible for converting organic compounds into CO..

L t} Foroal
100 e %?ii ------ T-mo
™. |
80{ ¢ e - 80
—~ ‘. =
= 1¢ s S
§%°1 % e g
TR .
y“— (=4
E 40 1 - 40 8
o * [t
20 - * L 20
*
.
0- a) ® 0 b) Lo
T T T T T T T T
0 100 200 300 O 100 200 300
time (min)

FIGURE 2.6 — Remaining fraction of a) BPA and b) TOC as a function of treatment time for
the photochemical method (@), chemical method (+), UVC/H2O, process (®), and after

summation of the experimental photochemical and chemical methods (---). Conditions: 0.6 mol
Lt of oxidant (flow rate 0.1 mL min?t), pH 3, and 38 °C. Error bars refer to two and three

repetitions for the BPA and TOC determinations, respectively.
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FIGURE 2.7 — Remaining fraction of a) BPA and b) TOC as a function of treatment time for
the photochemical method (@), chemical method (+), UVC/S;0s* (A), and after summation

of the experimental photochemical and chemical methods (---). Conditions: 0.6 mol L of
oxidant (flow rate 0.1 mL min?), pH 3, and 38 °C. Error bars refer to two and three repetitions

for the BPA and TOC determinations, respectively.
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FIGURE 2.8 — Remaining fraction of a) BPA and b) TOC fraction as a function of treatment
time for the photochemical method (@) chemical method (+), UVC/HCIO process (H), and
after summation of the experimental remaining fractions of the photochemical and chemical

methods (---). Conditions: 0.6 mol L of oxidant (flow rate 0.1 mL mint), pH 3, and 38 °C.

Error bars refer to two and three repetitions for the BPA and TOC determinations, respectively.

In order to understand the difference in the oxidation rates (degradation and
mineralization) obtained between the chemical method (H202, S:;0s’>" or HCIO) and its

corresponding UVC AOPs, photochemical experiments were carried out for each oxidant to
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monitor its concentration in the absence of BPA. For such, concentration evolution of H>O»,
S,0s%" and HCIO as a function of time were obtained for each experiment with and without
UVC irradiation, as can be seen in FIGURE 2.9. As expected, a high concentration of the
oxidants remains in solution in the absence of UVC irradiation, whereas low concentrations of
these oxidants were measured in the experiments under UVC irradiation. Thus, these results
suggest that oxidants are being consumed in the presence of UVC light to produce radical

species, mainly HO", SO4™, and CI".
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FIGURE 2.9 — Concentration evolution of oxidant species as a function of time for the chemical
(H202 (+), S208% (+), and HCIO (+)) and UVC/Oxidant processes (UVC/H20, (#),

UVC/S;0s% (A), and UVC/HCIO (m)). Conditions: 0.6 mol L™ of oxidant (flow rate 0.1 mL
min1), pH 3, and 38 °C.

To confirm if the homolysis of the oxidants mediated by UVC will result in the
formation of HO" species (the common radical in the three coupled processes), treatment of
solutions containing benzoic acid were also carried out using the UVC AOPs. Due to its
electrophilic nature, HO" species can react with aromatic rings via addition reactions to generate
phenolic compounds. Thus, the reaction between benzoic acid and HO" result in the formation
of salicylic acid (substitution in ortho, meta, or para positions). Both benzoic and salicylic acid
were monitored by HPLC. Experimental procedure and chromatographic conditions are
available in TEXT A2 (APPENDIX A).

FIGURE 2.10 shows the chromatographic profiles of benzoic acid treated
samples (100 mg L) using the UVC/H20,, UVC/S;0s*>" and UVC/HCIO processes at varying
sampling times. As can be observed, salicylic acid was detected in all UVC AOPs, which



Intensity (a. u.)

CHAPTER 1 27

confirms that the consumption of the oxidants through homolysis reaction mediated by UVC
irradiation is leading to HO" species. Another interesting point is that the salicylic acid peak in
FIGURE 2.10(a)(c) appears after 1 min of reaction for the UVC/H,0O and UVC/HCIO methods,
since HO" species are produced by a one-step direct photolysis (see egs. 1 and 6). For the
UVC/S;0s% process, FIGURE 2.10(b), salicylic acid was only detected after 3 min of reaction;
because photolysis of S,0s% leads to SO4"~ which react with H,O to produce HO", i.e., two-step

reaction (see egs. 2 and 4).
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FIGURE 2.10 — Chromatographic profiles of treated samples containing 100 mg L= of benzoic
acid at varying sampling times to show the evolution and formation of benzoic and salicylic
acids peaks using the a) UVC/H,0>, b) UVC/S;0s%", and ¢) UVC/HCIO processes.

On the other hand, as discussed in the work of Liang & Su*?*, benzoic acid has
similar reaction rate constants with SO4" and HO". In addition, when SO4™ species are produced
in the reaction media, hydroxybenzoic acids (like salicylic acid) can be generated by a proton
abstraction reaction mediated by SO, followed by a nucleophilic reaction promoted by H,0.1%
Thus, in order to try to unravel what kind of radical species are predominantly present in the
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reaction medium when using a S,0s?", quenching experiments using isopropyl alcohol (IPA)
and tert-butyl alcohol (TBA) (both at 0.4 mol L) were also carried out.
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FIGURE 2.11 — Remaining BPA fraction as a function of treatment time for the UVC/S,0g*"
process in the absence of scavenger (A), in the presence of IPA (@), and in the presence of
TBA (). Conditions: 0.6 mol L ! of oxidant (flow rate 0.1 mL min1), pH 3, and 38 °C.

Considering the second order rate constants of IPA with HO® and SO~ (K Ho-
~10° M1 st and k so, ~108 M s™) this compound is efficient to quench both generated
radicals. In contrast, the rate constant of TBA for HO" scavenging (k vo- ~108 M*s™?) is around
three orders of magnitude higher than for SO4~ (k so,~ ~10° M1 s1).1?° In this sense, results
showed in FIGURE 2.11 can be explained based on the effective quenching properties of these
alcohols. Thus, the presence of IPA (scavenger for HO® and SO4™) in the UVC/S;08% system
led to a decrease in the degradation rate of BPA, while a lower inhibition to BPA removal using
TBA was observed (similar to the condition without scavenger). That behavior implies that the
S04 species are mainly responsible for the removal of BPA in the reaction medium at pH 3,
since the TBA reacts predominantly with HO". Similar observations were also reported in other

works 119, 126

The role of the CI" species were not possible to be unraveled in this study as the
chemical oxidation reaction between HCIO and BPA showed a similar pseudo-first order
Kinetic constant value as the one for the HCIO/UVC process. However, as reported in the work
of Nowell & Hoigne!?” and Watts & Linden'?®, the main produced radical species were HO" in

acidic solutions when using HCIO oxidant.
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This does not imply that the contribution to BPA degradation of chlorine-derived
radicals is negligible, but it probably means that they have a secondary role in the oxidation
mechanism (see discussion in section 2.4.3). In fact, recent works have been concentrated on
the study the chlorine-derived radicals and their reaction kinetics with some organic
contaminants using UVC/free chlorine system. For instance, the kinetic constants of these
radicals with the target contaminants have been recently determined by using probe compounds

under specific conditions.*? 1%

Thus, Cai et al.*3 reported that the rate constant of fluconazole (a chlorine-
resistant compound) reaction with CI° can be calculated by using the probe compounds
nitrobenzene and benzoic acid, while 2,4,5 trimethoxybenzonic acid can be used as the probe
for the fluconazole reaction with CIO". In addition, the role of the reactive chlorine radicals on
degradation of some CEC has been explored in a few theoretical studies by using computational
quantum chemistry (specifically computational kinetic models).*3% 132 However, the reaction

mechanisms of these chlorine-derived radicals with organic compounds are still unclear.

2.4.3. ldentification of oxidation by-products

In order to identify the main intermediate compounds produced during BPA
oxidation using distinct UVC AOPs, aliquots were collected at different treatment time intervals
to be analyzed through LC-MS/MS. TABLE 2.2 shows the proposed chemical structures for
the main oxidation by-products detected, as well as retention times (R.T.) and main fragment
ions. Among the detected intermediates, only two compounds, n. 3 and n. 4 (m/z 247 and m/z
259, respectively) appeared in all investigated UVC AOPs and only compound n. 5 (m/z 261a)
occur during treatment of BPA using the UVC/S,0s*>” and UVC/HCIO processes. FIGURES
A2-A4, in the APPENDIX A, illustrates the integrated chromatographic area of the oxidation
by-products reported in TABLE 2.2 as a function of treatment time. As expected for the
UVC/H20- process and, due to its low mineralization and ¢ values attained (see FIGURES 2.4
and 2.5, respectively), a higher number of oxidation by-products fully hydroxylated were

detected, e.g., compounds n. 1, 2, 8, and 9.

As far as we could ascertain, this is the first report for the occurrence of these
intermediates, except for oxidation by-products 1 and 2, which were found during BPA
degradation through the Fenton reaction.®*® In contrast, only three intermediates (3, 4, and 5;
two of them with low intensities — see FIGURE A4) occurred for the HCIO/UVC method,
which also corroborates the high levels of TOC removal and ¢ for BPA, as reported earlier.

Moreover, and different from what is reported in the literature regarding the use of chlorine-
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based processes for BPA removal*34*3¢, no organochlorine oxidation by-products were detected
during measurements. Such behavior could be attributed to the low accumulation of
intermediate compounds, precluding their identification through LC-MS/MS considering the

high mineralization rate achieved.

In order to confirm the BPA susceptibility regarding the addition reactions
mediated by chlorine species, LC-MS/MS analyses were also carried out for the chemical
experiment using only HCIO (i.e., without UVC irradiation). Contrary to the results for the
UVC/HCIO process, two organochlorine intermediates (compoundsn. 6andn. 7) were
detected during the chemical process using HCIO (FIGURE AS5). In addition, throughout the
6 h treatment process the integrated areas for these organochlorine compounds increased (in
agreement with the low TOC removed — see FIGURE 2.3(b)), especially for compound n. 6,
which is more toxic than the parent BPA molecule (see discussion below on the toxicity assays).

These data do not imply the absence of chlorination in the BPA molecule during
the UVC/HCIO process since the degradation rate for the chemical and coupled methods were
very similar. Probably in both methods (with and without radiation) at the beginning of reaction
detectable amounts of organochlorines are generated (i.e., less than 2 h), but only in the
UVC/HCIO method they are completely removed after 2 h of treatment. In contrast, the
organochlorine by-products produced during the chemical process using HCIO were detected
even after 6 h treatment (FIGURE Ab). In this sense, and to avoid (or minimize) the formation

of organochlorine compounds, it is recommended to couple HCIO process and UVC radiation.

FIGURES A6-Al4, in the APPENDIX A, show the fragmentation route
proposed for all intermediates detected. In a general way, most of the oxidation by-products
resulted from addition reactions mediated by the electrophilic HO" species (as expected for the
experiments with benzoic acid) in the methyl substituents and especially in the aromatic rings.
The higher polar degree of by-products in relation to the BPA molecule is another characteristic
corroborating the proposed oxidation by-products for generating a lower retention time of
intermediates during LC-MS/MS analyses as the stationary phase (C-18 column) used is non-
polar. The variety of chemical structures identified in this work resulting from hydroxylation
reactions confirm the non-selective nature of the HO" species (and possibly SO4™), as mentioned

by other authors, 37140



CHAPTER 1

31

TABLE 2.2 — LC-MS/MS data of the main detected oxidation by-products during treatment of

BPA solutions using different UVC AOPs.

n Molecular R.T  Molecular ion Main fragment Proposed chemical Prgev;?‘ges(;y
mass (Da) (min)  [M-H]~ (m/2) ions (m/z) structure bF))/ ref
OH
1 152zt 1.86 151 133 and 107 m [133]
HO
OH
2 244t 130 243 211, 149, and [133]
w" OQ
HO OH
o}
b 229, 203, 167, ~
3 2482 1.16 247 149 and 119 HES X OH no
OH
OH
244,215, 179
abc ) ) ’ X
4 260 1.30 259 and 165 | \/ no
HO - OH
OH OH
5 2624 1.18 261a 197 and 119 no
HO OH
cl
6 262 149 261h 215 and 119 O O [117]
HO OH
OH
7 278¢ 1.56 277 245135,and ¢ no
s T
HO OH
OH O
OH OH
8 3247 120 323 279, 243, and o no
227 HOj\
HO ¥ o
OH
OH OH
(|)H
T z ”~
9 3422 1.25 341 261 and 243 HOTE Jro no
HO” ~|~"OH o)
OH

a = UVC/H,0z; b = UVC/S;0¢*; ¢ = UVC/HCIO; d = HCIO.

fonly detected in 4 h.

ffdetected in 2 and 4 h.

In the final stages of the BPA molecule oxidation, the production of carboxylic

acids clearly indicates that the break of aromatic ring and further oxidation before complete

mineralization, i.e., conversion to CO>. In addition, previous studies demonstrated that when
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molecules containing phenolic rings are further oxidized, short chain carboxylic acids,
including acetic, formic, fumaric, glyoxylic, maleic, oxalic, and succinic, represented the main
detected compounds.t*!: 42 In this work, a large number of short chain carboxylic acids (acetic,
butyric, dichloroacetic, formic, glycolic, glyoxylic, malic, malonic, oxalic, propionic, pyruvic,
succinic, tartaric, and tartronic acids) were identified through HPLC during BPA oxidation.

FIGURE 2.12 illustrates the concentration evolution of these carboxylic acids as
a function of treatment time using distinct UVC AOPs, which shows the occurrence of tartronic
acid for all tested UVC AOPs and at high concentration values, especially for the UVC/HCIO
(~27 mg L %) process. This latter method also generated the largest number of carboxylic acids,
mainly during the first 2 h of experiment; however, most of them were completely removed
within 5 h of treatment, even the only chlorinated carboxylic acid detected (dichloroacetic acid).
Remaining amounts of acetic acid were still detected after 6 h, which might be responsible for
the residual TOC values in the final stages of the experiment, as well as other non-identified

carboxylic acids (see Figure 2.12(c)).
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FIGURE 2.12 — Concentration evolution of the main detected carboxylic acids as a function of
the treatment time for the a) UVC/H.02, b) UVC/S;0s*> and ¢) UVC/HCIO processes: acetic
(<), butyric (), dichloroacetic (X), formic ([-]), glycolic (<), glyoxylic (A), malic (O),
malonic (8), oxalic (V/), propionic (©), pyruvic (+), succinic ( ), tartaric (") and tartronic

(0). Conditions: 0.6 mol L™ of oxidant (flow rate 0.1 mL min™?), pH 3, and 38 °C.
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On the other hand, in the chemical process using HCIO, high concentrations of
carboxylic acids appeared in the final stages of treatment (mainly acetic, formic, and glyoxylic
acids). Moreover and similarly to the treatment using UVC/HCIO, dichloroacetic acid was
generated and completely removed within 3 h of treatment (see FIGURE 2.13). The
UVC/H20, method produced the highest concentrations of carboxylic acids during the
experiment (FIGURE 2.12(a)); however, these acids were not completely removed until 6 h of
treatment, corroborating the low mineralization levels attained. Finally, tartronic and glyoxylic
acids were the main carboxylic acids produced and detected during treatment using the
UVC/S;0s*>" method. For this process, significantly lower TOC resulted from the complete

removal of glyoxylic acid within 3 h of treatment, as can be seen in FIGURE 2.12(b).
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FIGURE 2.13 — Concentration evolution of the main detected carboxylic acids as a function of
the treatment time for the chemical process using HCIO: acetic (<), dichloroacetic (X), formic
(1), glyoxylic (A), malonic (©), oxalic (V). Conditions: 0.6 mol L of oxidant (flow rate 0.1
mL min?), pH 3, and 38 °C.

2.4.4. Toxicity: experimental and theoretical analyses

To assess the environmental compatibility of the UVC AOPs, acute toxicity tests
using A. salina as the testing organism for a 24 h exposure were carried out during treatment of
BPA solutions. The percentage of mortality for A. salina decreased during the treatment of BPA
solutions and was completely ceased after 4 h using UVC/S,0s> and UVC/HCIO processes, as
shown in FIGURE 2.14. In the case of the UVC/H20. method, the toxicity decreased after 2 h
of treatment and was completely removed by the end of experiment (6 h).
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Considering the estimated value for the LCso for BPA (28.9 mg L) using A.
salina and the time below 2 h required for the BPA concentration to decrease for all tested UVC
AOPs (see FIGURE 2.4(a)), the mortality of A. salina was expected to cease just after 2 h of
treatment if toxicity was only due to the parent molecule. As the time for complete toxicity
removal was longer than expected considering the LCsp values, treatment of BPA solutions
using different UVC AOPs resulted in toxic intermediates whose type and concentration depend

on the specific method as well as the complete detoxification of the treated BPA solution.

Pérez-Moya et al.1*3 reported a sharp mortality decrease using Vero cells after a
5 min treatment of BPA solutions (30 mg L) involving Fenton, Fenton-like, and photo-Fenton
processes. However, mortality was 50% higher after further reaction time, probably due to the
formation of intermediates that are more toxic than the parent molecule. Other authors found a

similar behavior concerning higher toxicity at the beginning of treatment.44
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FIGURE 2.14 — Evolution of mortality of A. salina (%) as a function of the treatment time for
the UVC/H,02 (#), UVC/S,05> (A), and UVC/HCIO (M) processes. The dashed line indicates
the LCso value (28.9 mg L) found for BPA. The error bars refer to the calculated errors for
triplicate analyses. Conditions: 0.6 mol L™ of oxidant (flow rate 0.1 mL min™%), pH 3, and 38

°C.

To benefit the understanding of the results obtained during the toxicity tests
using A. salina, the ECOSAR software was used to estimate the acute and chronic toxicity
baseline of BPA and its oxidation by-products (identified through LC-MS/MS analyses) for

different aquatic organisms (fish, daphnid, and green algae).
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Taking into account the results obtained by using the software and the
classification proposed in the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS), as seen in TABLES 2.3 and A2 (APPENDIX A), respectively, it is possible
to state that:

i) except for the organochlorine compound n. 6, all the remaining oxidation by-

products are less toxic than the BPA molecule;

ii) intermediate compounds n. 1, 4, and 5 are not harmful for acute toxicity, but
harmful for chronic toxicity, while intermediate n. 2 is harmful for acute and chronic toxicity —
these intermediates were found only during the treatment using the UVC/H20; process;

iii) intermediate compound n. 3 is detrimental for acute and chronic toxicity and
appeared during all treatment processes; however, its signal during LC-MS/MS analyses was
around 15 times higher in the UVC/H20; process than UVC/S,0s2 and UVC/HCIO systems;

iv) the intermediates identified during the HCIO chemical process, n. 6 and 7,

are considered very toxic and toxic toward chronic toxicity, respectively;

v) the remaining oxidation by-products showed no acute or chronic toxicity

effects.

TABLE 2.3 — Estimated acute and chronic toxicity data for BPA and its initial oxidation by-
products (with elucidated structure) predicted by the ECOSAR software. The toxicity values
can be classified according to GHS, summarized in TABLE A2.

Acute toxicity (10° mg L) Chronic toxicity (mg L™)
Fish Daphnid  Green Algae Fish Daphnid  Green Algae

w
>

95.91
13.8

42.19
8.18

oo ~No b~ wnNhEL U =]

All these results may explain why the UVC/H20; process demanded a prolonged
treatment time to reduce toxicity towards A. salina in comparison to the UVC/S,0s*  and

UVC/HCIO processes. In addition, none of the 15 carboxylic acids detected in this work were
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considered toxic for acute or chronic exposure for the concentration levels obtained and based
on the ECOSAR software estimation. Among the detected carboxylic acids, glyoxylic acid is

considered the most toxic (LCso = 256 mg L") for fish in acute exposure.

2.4.5. Economical comparison and energy consumption analysis

An economic comparison to determine the most satisfactory cost-efficiency
relationship among the investigated UVC AOPs was performed during BPA degradation based

on the total cost per order (Cost/Ototar- $ m~ order™).

According to TABLE 2.4, the Cost/OrotaL Values proved significantly lower for
the UVC/HCIO method than for the UVC/H.O, and UVC/S;0s> processes. Moreover, the
Cost/OrotaL for UVC/HCIO is ~14 times lower than for UVC/H20> due to the low oxidation
rates attained (and low quantum vyield) for the latter process. In the case of the
UVC/S20s*" method, the price of the Na2S,0s oxidant (Cost/Oox) was higher than the other
chemicals, which resulted in high operational costs in comparison to the UVC/HCIO process,
but a slightly lower than UVC/H20> costs. This last result is in agreements to the literature
reports, i.e., the UVC/S,0g*" process is more cost-efficient method than UVC/H,0,. However,
in this study both values are very close, which is clearly related to the lower price of the Na>S>Os
reagent reported in other studies (0.74 $ kg™')3 in relation to ours (13.7 $ kg™!' from Sigma
Aldrich).2>%47 Thus, considering the Cost/OtoraL parameter, i.e., time of treatment using the
UVC lamp and price of chemicals, UVC/HCIO is the most cost-efficient process for BPA
degradation and UVC/S,0s*" and UVC/H,02 methods are less recommended. Lu et al.1*® also
reported that the UVC/HCIO process is more cost-effective than the UVC/S;0s>~ method for

the degradation of clofibric acid.

TABLE 2.4 — Economic comparison per order of BPA' degradation using different UVC AOPs.

Type of cost per order UVC/H:20: UVC/S:08* UVC/HCIO
Cost/Ouvc ($ m~ order™) 6.87 (3.91)**  3.44 (1.96)**  0.477 (0.272)**
*Cost/Oox ($ m ™ order ™) 0.018 1.74 0.018

Cost/Ototac ($ m~> order™") 6.89 (3.93)**  5.18 (3.70)**  0.495 (0.290)**

Tmean values obtained after two repetitions.

*oxidant price (US$): 0.504 kg™ for H,O2 (Synth), 13.7 $ kg~' for Na,S,0g (Sigma Aldrich), and 3.21 kg
for NaCIO (Nalgon).

**values in parentheses refer to calculation taking into account the rated power of the UVC lamp (9W).
Experimental conditions: [BPA] =0.44 mmol L™!, [oxidant] =0.6 mol L' (added in a flow rate of
0.1 mL min™'), pH 3, and 38 °C.

SConsidering this value (0.74 $ kg %), the Cost/OrotaL of UVC/S,0g% process is 3.53 $ m™
order?(2.05$ m= order?)
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Regarding BPA conversion and its oxidation by-products into CO2, only the
UVC/HCIO method was able to remove the content of TOC by one order of magnitude (~90%),
therefore, the Cost/OtoTaL value for mineralization using this process remained around
7.8$m>3 order!. Such value is significantly higher (~30 times) than the one for BPA
degradation as the mineralization of complex organic compounds, like BPA and its by-products,
requires successive steps of hydroxylation reactions (resulting in a prolonged reaction time).
Consequently, there are practically no studies reporting the Cost/OtotaL for BPA

mineralization using UVC AOPs.
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FIGURE 2.15 — Energy consumption per unit mass of removed TOC (w) as a function of TOC

removal for the UVC/H,0, (#), UVC/S;0s* (A ), and UVC/HCIO (M) processes. Conditions:
0.6 mol L of oxidant (flow rate 0.1 mL min™t), pH 3, and 38 °C. Error bars refer to three

repetitions.

An alternative treatment to the total cost per unit order (in cases where
mineralization removals were lower than 90%) could be the energy consumption per unit mass

of removed TOC (w), as showed in the following eq.:

W=-— (15)

where P is the rated power (9 W), t the time (h), and m the mass (g) of TOC
removed after a certain time. As can be observed in FIGURE 2.15, the UVC/HCIO process led
to the lowest (~5 kW h g) w value.
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2.5. CONCLUSIONS

Among the three investigated UVC AOPs in this work, the UVC/HCIO showed
the best performance for the degradation and mineralization of BPA in comparison to the
UVC/S;0s%>" and UVC/H,0; processes. In all methods, UVC irradiation resulted in a
significant improvement of the degradation and mineralization rates and levels due to the

homolysis of oxidants and generation of HO" and SO4™ species.

The use of the UVC/HCIO method presented only two hydroxylated
intermediates, whereas six oxidation by-products were found during treatment of BPA using
UVC/H20., confirming its lower mineralization extent in relation to the UVC/HCIO method
(p ~1). The LC-MS/MS analyses did not indicate any organochlorine upon the use of the
UVC/HCIO process, contrasting to the results from the chemical process (only HCIO). As both
processes showed similar BPA degradation rates, it is speculated that the production of
organochlorine intermediates occurs through both methods, but are promptly consumed under

UVC irradiation through subsequent hydroxylation reactions.

Toxicity assays using the A. salina crustacean proved effective at showing the
toxicity evolution of BPA solutions during treatment using distinct UVC AOPs. As expected,
the mortality of these organisms was completely ceased using the UVC/HCIO treatment process
due to the high rates of conversion of BPA and its intermediates to CO.. In contrast, a high
mortality percentage appeared for the UVC/H202 method, probably due to the oxidation by-
products produced as analyzed by comparing between experimental data obtained from the LC-
MS/MS analyses and theoretical calculations using the ECOSAR software. Finally, the
UVC/HCIO represents an interesting option since high organic removal rates can be achieved

under a low operating cost.
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3. CHAPTER 2: UVC-based removal of microcontaminants and pathogens
at pilot plant scale

This chapter is an adaptation of the article “UVC-based advanced oxidation
processes for simultaneous removal of microcontaminants and pathogens from simulated
municipal wastewater at pilot plant scale” by Isaac Sanchez-Montes, Irene Salmerdn Garcia,
Gracia Rivas Ibafiez, José M. Aquino, Maria Inmaculada Polo-Lépez, Sixto Malato, and Isabel
Oller.

Environmental Science: Water Research & Technology, DOI: 10.1039/d0ew00279h
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Isaac Sanchez-Montes, @2 Irene Salmerdn Garcia,” Gracia Rivas Ibafiez,
José Mario Aquino, €9° Maria Inmaculada Polo-Lépez,”
Sixto Malato @*° and Isabel Oller*®

3.1. ABSTRACT

UVC-based advanced oxidation processes, using in situ production of strong
oxidizing radicals, such as HO"and SO4", have shown high oxidation rates for OMCs; however,
few studies have focused on the simultaneous removal of OMCs and pathogens, like bacteria.
Thus, the aim of this work was to assess the degradation of six pharmaceuticals, acetaminophen,
caffeine, carbamazepine, trimethoprim, sulfamethoxazole, and diclofenac, in the presence of
Escherichia coli, Enterococcus faecalis, and Salmonella enteritidis in a simulated effluent from
a municipal wastewater treatment plant by the application of UVC/H20, and UVC/S,0s>
processes at pilot plant scale. The concentration of OMCs and bacteria was monitored along
the oxidation processes as well as their regrowth after 24, 48, and 144 h. UVC-based processes
were compared in terms of the required treatment time to remove at least 80% of the sum of
OMCs, regrowth assessment, and energy consumption. Despite the UVC/H20;and
UVC/S;0s> processes showing similar results, even after using distinct molar concentrations,
the UVC/H.0, process did not exhibit bacterial regrowth under dark conditions. A simple
model has also been proposed in this work with the main objective of calculating the minimum
concentration of oxidants as a function of the radiation absorption at 254 nm in a given photo-

reactor setup.
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3.2. SHORT INTRODUCTION

Assurance of safe reclaimed water free of chemical and microbiological
contaminants is a serious global concern that is increasing with population growth and uncertain
climate changes. Wastewater effluents treated by conventional methods can contain a huge
amount of microcontaminants (OMCs) and pathogens (mainly pharmaceuticals and bacteria,
respectively) that may lead to toxic effects in humans when reaching fresh water sources.® 14
10 In addition, water supplies from non-traditional sources, including treated municipal
wastewater, have been proposed as feasible options in recent years.®® 3! Unfortunately,
consolidated tertiary treatments, such as UVC radiation, ozonation and chlorination are not

effective enough or present serious drawbacks in their application to remove OMCs.

Previous studies have investigated the efficiency of different UVC AOPs (even
UVC/H20; and UVC/S;08*) to eliminate pathogens or OMCs from water. However, most of
these studies applied such processes at a fundamental level, i.e., at laboratory scale, using pure
or distilled water, and under acidic or basic conditions.”® ° Under more realistic experimental
conditions, for instance, in complex matrices, such as municipal wastewater, the efficiency of
these technologies can be significantly reduced, mainly due to the quenching reactions between
the produced free radicals and the dissolved organic matter (DOM) and inorganic ions (HCOs",

SO4*, CI, and PO,*") present in these effluents. ™ 152

Moreover, disinfection and degradation processes have been studied
independently and only very few works reported on the concomitant achievement of OMC
removal and elimination of pathogens. Thus, investigation of UVC AOPs for tertiary treatment
of municipal wastewater is worthy and focuses not only on microorganism inactivation, but
also on the possibility of attaining simultaneous degradation of OMCs for water reusing

purposes, e.g., agricultural applications.

In this context, this work aimed to investigate and compare the use of the
UVC/H,0; and UVC/S;0s> processes for the simultaneous removal of OMCs and pathogens
from a simulated municipal wastewater effluent at pilot plant scale. Escherichia coli
(E.coli), Enterococcus faecalis (E. faecalis), and Salmonella enteritidis (S. enteritidis) were
selected as target microorganisms because they are used as pathogen indicators in regulations
and guidelines for wastewater disposal and reuse.'®® > Six OMCs, acetaminophen (ACT),
caffeine, (CAF), carbamazepine (CBZ), trimethoprim (TMP), sulfamethoxazole (SMX) and
diclofenac (DCF), were chosen as target molecules since they are usually detected in municipal

wastewater. In addition, this work intends to compare UVC/H,0 and UVC/S;0g*>" processes
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in terms of treatment time, consumption of chemicals, and the influence of the oxidant residual
concentration on the bacterial regrowth. Finally, a simple model based on the optical path length
of the UVC radiation is proposed to determine the most suitable oxidant concentration to be

used in these systems to simultaneously remove OMCs and pathogens.

3.3. MATERIALS AND METHODS
3.3.1. Chemicals

ACT, CBZ, TMP, SMX, and DCF were purchased from Sigma-Aldrich (>99%).
Caffeine (CAF) was provided by Fluka (>99%). H20. (35%), Na>S.0g (>98%), Kl (>99.5%),
Na2S203 (>99%), bovine liver catalase (a.r.), phosphate-buffered saline (a.r.), acetonitrile
(UPLC-grade), and formic acid (UPLC-grade) were purchased from Sigma-Aldrich. All
chemicals were used as received. The OMC stock solution for experiments was prepared in
methanol at 2.5 g L each to avoid hydrolysis of OMCs and allow spiking low volumes of
water with very low quantities of methanol in the pilot plant. Simulated municipal wastewater
(SMWW) effluent was used as the wastewater model. The resulting physicochemical properties
of the prepared SMWW effluent are shown in TABLE 3.1.

TABLE 3.1 — Physicochemical characterization of SMWW effluent

Parameters Values
pH 7.640.3
Conductivity (mScm™) 1.4+0.1
Turbidity (NTU) 3.420.2
DOC (mg LY 15.5+0.6
DIC (mg LY 13.5+1.2

This matrix was prepared after adaption of the procedure described in Zhang et
al.’ and in the APHA Standard Methods®®, using the following chemicals:

(i) Inorganics salts: NaHCO3 (96 mg L™!), MgSO, (60 mg L™!), NaCl (580 mg L), and
K2HPO4 (7.0 mg L) (Sigma-Aldrich); CaS04-2H,0 (60 mg L ') and (NH4)2SO4 (23.6 mg
L") (Panreac); KCI (4 mg L") (J.T. Baker).

(ii) Organic matter: beef extract (1.8 mg L™!) and peptone (2.7 mg L™!) (Biolife); humic acid
(4.2 mg L"), sodium lignin sulfonate (2.4 mg L") and sodium lauryl sulphate (0.9 mg L")
(Sigma-Aldrich); tannic acid (4.2 mg L") and acacia gum powder (4.7 mg L™") (Panreac).

It is important to remark that SMWW characteristics are highly similar to those
of the actual MWWTP effluent and selected OMCs and pathogens to be monitored were spiked
at concentrations in the range of those actually found in such effluents.
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3.3.2. Analyses
3.3.2.1. Analytical quantification of OMCs

The concentration of OMCs was monitored by ultra-performance liquid
chromatography (UPLC) with a UV-DAD detector (Agilent Technologies, Infinity Series 1200)
using a Poroshell 120 EC-C18 column as the stationary phase (Agilent Technologies: 50
mmx3.0 mm, 2.7 um particle) and a mixture of 25 mmol L* formic acid and ACN as the mobile
phase at 1 mL min*. A gradient elution mode was used. The initial condition was 100% formic
acid 25 mmol L, varying in 10 min up to 50% formic acid/ACN; then in 2 min 100% ACN
was reached and maintained for another 2 min. Analysis time was set to 14 min, followed by 3

min of post-time for setting the column to initial conditions.

The injection volume and temperature of the column were 50 pL and 30 °C,
respectively. Before sample analysis, 9 mL of collected sample were filtered using a 0.22 um
PTFE filter (Millipore) and the filter was washed with 1 mL of ACN to remove any adsorbed
compounds. The detection limit (DL) for all the compounds studied was 5 ug L™t Other
information, such as retention time, maximum quantification wavelength and chromatographic
area of 100 pg L™ for each OMC can be seen in APPENDIX B (TABLE B1).

Other parameters were also monitored, such as pH (GLP 22 pH meter,
CRISON), conductivity (GLP 31 conductimeter, CRISON), and turbidity (2100 N turbidimeter,
HACH). Dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) were
measured using a TOC-VCSN analyzer (Shimadzu) in filtered samples through 0.45 um nylon
filter (AISIMO).

lon chromatography was used to measure the concentration of various ions in
samples previously filtered (0.45 pm nylon filter), using a Metrohm 850 Professional analyzer.
For anion determination, a Metrosep A Supp 7150/4.0 column at 45 °C and 3.6 mmol
L' sodium carbonate at 0.7 mL min ' were used as the stationary and mobile phase,
respectively. A Metrosep C6 150/4.0 column and 1.7 mmol L™ solutions of nitric acid and

dipicolinic acid at 1.2 mL min~! were used for cation quantification.

The concentration of oxidants was determined by two different methods using a
UV-vis Evolution 220 spectrophotometer (Thermo Scientific). H.O» concentration was
analyzed spectrophotometrically at 410 nm after adding 0.5 mL of titanium (IV) oxysulfate to
5 mL of a filtered sample (DIN 38402H15). S,0s* concentration was monitored by using an
iodometric method adapted from Liang et al.!* Briefly, 3.5 mL of 50 g L™! Kl solution and 0.5
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mL of 5 g L' NaHCOj3 solution were added to 1 mL of previously filtered sample, allowed to

react for 15 min, and then the absorbance at 352 nm was measured.

3.3.2.2. Bacterial quantification analyses

Selected strains of bacteria were provided by Spanish Culture Collection
(CECT): E. coli (O157:H7) (CECT 4972), E. faecalis (CECT 5143), and S. enteritidis (CECT
4155). These strains were used to prepare the microbial suspensions spiked in the SMWW
effluent. A colony-forming unit of E. coli, E. faecalis, and S. enteritidis were inoculated in 14
mL of nutrient broth (a mixture of NaCl, beef extract, and peptone), Luria-Bertani broth
(Sigma-Aldrich), and tryptone soya broth (OXOID), respectively, and grown aerobically in a
rotary shaker (90 rpm) at 37 °C for 20 h.

The microbial suspensions were then centrifuged at 3000 rpm (704 g) for 15 min
(J.P. Selecta) and then the microbial pellet was re-suspended in sterilized phosphate-buffered
saline (PBS) solution to give a stock suspension containing approximately 10 CFU per 100
mL. An aliquot of 100 pL of each bacterial suspension was added to the SMWW effluent to

obtain an initial concentration of 10° CFU per 100 mL.

Bacterial quantification was performed by the standard plate counting method
using specific culture media: Chromocult® (Merck), Slanetz—Bartley agar (1% TTC)
(Scharlau), and Salmonella Shigella agar (Scharlau) for E. coli, E. faecalis, and S. enteritidis,
respectively. When the bacterial concentration expected was lower than 2x10? CFU per 100
mL, samples were processed by the membrane filtration method. For each bacterium, 100 mL
of sample were filtered using a 0.45 pm-pore-size cellulose nitrate membrane (Sartorius) and a
Microfil filtration system (Millipore). Then, the obtained membranes were plated in the
corresponding medium and incubated at 37 °C. E. coli colonies were counted after 24 h; E.
faecalis and S. enteritidis samples were counted after 48 h. The detection limit (DL) of this
technique is 1 CFU per 100 mL, taking into account the minimum disinfection level required
by the Spanish legislation for reusing reclaimed wastewater (RD 1620/2007).%" A control
sample (without treatment) for each bacterium was plated before and after the experiment to

guarantee the strain's good quality.

When oxidant reagents were used, a proportional volume of bovine liver catalase
solution (0.1 g L) or sodium thiosulfate (10 mmol L™!) was added to the samples in order to
quench residual H2O, and S,0s?", respectively. Regrowth of bacteria was quantified in
predetermined samples stored at room temperature for 24, 48, and 144 h (6 days) (quencher

was not added for this analysis). Disinfection experiments were carried out in duplicate and
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average values were plotted. The inactivation kinetics of each bacterium observed during the
UVC-based treatments were calculated by using Chick—Watson's equation.*®® In this case, the
data were fitted using a double log-linear kinetic model characterized by a fast inactivation in

the first stage (ki) followed by a slow second inactivation stage (k2):

0

Log [Nﬁj =—kt;t=[0,t,] (16)

Log (Nﬁj =—k,t;t=[t,t,] (17)

0

where N and Noare the values of bacteria concentration at time t (min) and prior

to the experiment in CFU per 100 mL.

3.3.3. UVC pilot plant description and experimental procedure

UVC, UVC/H,0,, and UVC/S;0s> experiments were carried out by using a
UVC pilot plant. FIGURE 3.1(a—b) shows a schematic configuration of the photo-reactor
containing the UVC lamp and a real image of the pilot plant. Briefly, the pilot plant consists of
three medium pressure UVC lamps (230 W with radiation emission at 254 nm) protected by
quartz tubes (dint, .= 3.70 cm) and axially located in a stainless steel cylindrical photo-reactor
(Dint.c = 8.89 cm). The flexible design of the system allows the use of one, two or three lamps
in batch or continuous flow mode. In this study, a single lamp was used in batch mode

(recirculation flow rate 36 L min~?) with a total volume of 80 L.

Total irradiated surface of the photo-reactor (one lamp; Sp = 0.34 m?) and the
illuminated volume (one lamp; Viw= 6.21 L) were calculated according toegs. (18)
and (19) taking into account the specific characteristics of the lamp and its chamber. From
FIGURE 3.1(a), rintc is the internal radius of the chamber and L. and rix,_ are the height and

internal radius of the lamp, respectively.
Sp(m?) =27 1, Ly (18)
Viu(L) =7 L, (rzint,C - r2int,L) (19)
To compare the energy consumption of these processes with other

photochemical based systems, the accumulative UVC energy per liter (Quvc; kJ L™) was

calculated according to eq. (20). For that, the incident energy rate on a surface per unit area
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(irradiance; W m™2) emitted by the UVC lamp was continuously monitored using a detector
(ProMinent) placed in the inner wall of the cylindrical photochemical reactor.
(m?)

Quve (kI L) =Dose (kJ m-z)s\;T

(20)

where Dose is the product of emitted irradiance by the UVC lamp (W m2)
multiplied by the illumination time fraction (s). Sp is the total irradiated surface of the photo-
reactor (m?) and Vr is the total water volume (L). Details of the irradiance profile of the UVC
lamp (maximum 84.8 W m2) measured in distilled water are shown in FIGURE Bl
(APPENDIX B).

a) b)
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Tlluminated surface: 0.34 m? Pump
‘Working volume: 80 L

g ]

L |
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FIGURE 3.1 — UVC pilot plant: a) UVC photo-reactor scheme and main characteristics and b)

real image of the experimental setup of the plant.

In UVC AOPs experiments, the system's reservoir was filled with 80 L of
SMWW effluent and the required quantity of a stock solution of OMCs was added to obtain an
initial concentration of 100 pg L™* of each compound. The sum of these concentrations for the
six selected OMCs (>.Co) is considered higher but very close to the range normally found in

effluents of municipal wastewater treatment plants. % 15°-161

Then, each bacterial stock was added to obtain 10° CFU per 100 mL per
bacterium. After 15 min of homogenization (UVC lamp switched off), an initial sample was
taken to check the initial concentration of both OMCs and bacteria. Then, H20- (5, 15, 25, 35,
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and 50 mg L) or S;08* (20, 40, and 100 mg L) was added to the reservoir tank. After
homogenization (10 min), another sample was collected to verify the effect of the oxidants on
the concentration of OMCs and bacteria in the dark (any significant variation in initial
concentrations was observed in either of the experiments performed). Then the UVC lamp was
switched on and the experiment started. Samples were collected at predetermined and regular
time intervals to analyze simultaneously the degradation of OMCs, inactivation of bacteria and

reagent evolution along all the UVC-based experiments performed in this study.

3.4. RESULTS AND DISCUSSION
3.4.1. UVC treatment

The obtained results of simultaneous inactivation of bacteria and degradation of
OMCs using only UVC light in the SMWW effluent are depicted in FIGURE 3.2. A high
inactivation rate of E. coli, E. faecalis, and S. enteritidis was obtained under UVC irradiation.
The strong effect of the UVC light observed on bacterial inactivation is based on the occurrence
of very specific damage on DNA and other essential components, such as proteins, lipids,
membrane, etc., that inhibits its duplication and consequently bacterial reproduction. The
typical UVC damage induces the formation of thymine—thymine cyclobutane cys—syn thymine—
thymine photodimers and pyrimidine (6-4) pyrimidone photoproducts (TT (6-4)

photoproducts).1®2

No significant differences in the irradiation time required (60 min) to reach the
detection limit (DL) and in the calculated pseudo-first order kinetic constants (k) of bacterial
inactivation were observed. A double log-linear Kinetic characterized by a fast inactivation in
the first stage (k1) followed by a slow second inactivation stage (k2) was observed for all bacteria
(see FIGURE 3.2). Thek; for E. coli, E. faecalis, andS. enteritidis were 3.5+0.6x10°%,
3.6+0.5x107%, and 3.3+0.7x10 1 min%, respectively, while the second stage, k2, was around
0.23+0.02x10 " min~t for all pathogens. Clearly, the inactivation process is governed by the

first stage.

In addition, for all bacteria, the accumulative UVC energy needed to reduce 5
log the initial concentration (10° CFU 100 mL™?) was around 1.2 kJ L™t and 0.09 kJ L™ for a
3.5 log reduction (around 8 min of illumination). Similarly, Rodriguez-Chueca et al.*®® did not
observe differences in the energy consumption for E. coli and E. faecalis inactivation under
UVC irradiation using real and simulated wastewater. In that paper, a 3.5 log reduction in

bacteria concentration demanded 0.057 kJ L™ of UVC energy, working in continuous flow
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mode but at laboratory scale. The upper energy consumption reported in the present work might

come from the scaling-up to pilot plant scale as well as differences in the reactor design setup.

Increase of temperature resulting from operation of the UVC lamp was also
monitored during all experiments and the maximum-recorded temperature value remained
around 30 °C. This temperature value did not affect the bacterial viability since temperatures
higher than 45 °C are necessary to produce thermal damages on the investigated bacteria.®*
165 In addition, this temperature interval should not increase the efficiency of UVC/H,0; or
UVC/S,0g* processes, as temperatures higher than 40 °C and 50 °C, respectively, are normally

required.166 167
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FIGURE 3.2 — Simultaneous bacterial inactivation and total OMC degradation (inset) under
UVC irradiation in SMWW effluent as a function of treatment time: E. coli (H), E. faecalis
(@), S. enteritidis (A), and Y Cy/> Co (®). Dashed lines (---) refer to detection limit of bacteria
(DL = 1 CFU per 100 mL™1) and 80% removal of total OMCs.

Under certain conditions, the mechanisms of self-repair of microorganisms
reverse the DNA damage produced by light absorption.*® As the UVC process does not generate
residual oxidants, reactivation of injured microorganisms is expected if favorable conditions
are presented; such as the presence of nutrients related to wastewater (e.g., DOM and inorganic
salts) that provide a food source for bacteria, allowing them to metabolize and reproduce.®®

Therefore, bacterial regrowth was analyzed in selected samples of experiments
stored in the dark after 24, 48, and 144 h (6 days) at room temperature. Although an apparent
complete inactivation of E. coli, E. faecalis, and S. enteritidis was attained within 60 min under
UVC irradiation, regrowth assessment in samples collected after 75 min of UVC treatment was
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carried out for all bacterial strains. E. coli had an exponential increase in the concentration of
viable bacteria after 48 and 144 h in the dark, with values of 2.3 and 3.5 log, respectively. In
contrast, the regrowth assessment for S. enteritidis decreased from 1.1 log in 48 h to 0.2 log
after 144 h, probably due to the lack of essential nutrients for its viability. Regrowth assessment
for E. faecalis was not carried out in the stored samples after 24 and 48 h, but it was observed
(1 log) after 144 h. These regrowth tests offer a good evaluation of the effectiveness of a process
and the ability to handle post-treated effluents, which could remain stored in the dark several
days before its further reuse. In this sense, UVC technology is not fully recommended for

municipal wastewater effluent disinfection, even less for reclaimed final purposes.

On the other hand, the inset in FIGURE 3.2 shows the degradation profile for
the sum of OMC concentrations (3>.Cv>.Co) in the SMWW effluent during the UVC process,
where Y Ctand Y Coare the sums at time t and prior to the experiment, respectively. For analysis
purposes and considering, as an example, environmental regulations already established in
Switzerland for OMC elimination from MWWTPs, experiments were performed with the aim
of removing 80% of total OMCs.'®® © UVC irradiation significantly decreased the total
amount of OMCs (60%) in the effluent after 180 min (3.8 kJ L™! accumulated UVC radiation
required); however, it was not enough to attain the degradation target of 80%. Clearly, some
OMCs demanded a longer irradiation time (and so higher accumulative UVC energy) to be
oxidized than that required for reaching complete bacterial inactivation, but others were slightly
affected by UVC irradiation.

However, it is important to highlight that though complete elimination of the
sum of OMCs was not achieved, some of them attained degradation percentages higher than
75%. This behavior is in agreement with the different absorption capacities of UVC light by
the organic compounds, measured by the quantum yield and the molar absorption coefficient at
254 nm. These two fundamental parameters govern the direct photolysis rate; thus, molecules
with moderate values of these parameters will be more sensitive to degradation under UVC
irradiation. Chemical structures, photochemical properties (absorbance, quantum yields, and
molar absorption coefficients) at 254 nm, and degradation percentages of these OMCs can be
seen in TABLE 3.2. FIGURE B2 (APPENDIX B) also shows the UV absorption spectrums of
these compounds.

In this sense, DCF and SMX, with having high values of these parameters at 254
nm, were substantially removed (<DL) at the beginning of the experiment, i.e., in 20 min (0.3

k] L !accumulative UVC energy) and 30 min (0.6 kJ L™!accumulative UVC energy),
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respectively. On the other hand, 75% of ACT was removed only after 180 min (3.8 kJ L™! of
accumulative UVC energy), while CBZ, CAF, and TMP showed the lowest degradation
percentages (20%, 30%, and 40%, respectively) since they have low molar absorption and

quantum yield.

TABLE 3.2 — Photochemical properties of OMCs (at 254 nm) and experimental degradation

percentages under UVC irradiation.

- . ,
OMCs Chemical structure *Aosa £254 " @254 *Degradation
(10° M cm-Y) (10-2 mol Es?) (%)

Cl
~ 0,
DCF ; NH 0.023 6.1 22.2 2100./"
Cl OH (20 min)
0]

ool
SMX Y M )~ ~100%

/@/ N 0.064 16.5 5.8 (30 min)
H,N

H
N_ _CHs
75%
ACT Q/ \g/ 0.056 6.6 4.6 (180 min)
HO
NH, |
0]
N7
40%
TMP HZN/LN/ o 0.017 2.9 0.6 (180 min)
O\
Q  CH
H3C\N N/
30%
CAF O)\N | N/> 0.022 4.2 0.3 (180 min)
CHy
cBz j\ 0.026 5.5 0.2 (180 min)
(0] NH»

Agss = absorbance at 254 nm

e254 (M~ cm™1) = molar absorptivity coefficient at 254 nm
®,s4 (Mol Es™) = quantum yield at 254 nm
*Experimental values obtained in this study

fReference = Yu et al.'™*

These results are in accordance with the findings of Yu et al.1, which classified
several pollutants based on their relative reactivity towards UVC direct photolysis. DCF and
SMX were considered easily photodegraded by UVC light with no additional oxidants, whereas
CAF, CBZ, and TMP were classified as photo-resistant but highly reactive with HO" radicals.
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Cerreta et al.12 also reported that SMX was almost completely removed in natural and distilled
water after 30 min of treatment (90%; 0.7 kJ L™ accumulative UVC energy) using only UVC,
while only 18% of CBZ degradation was observed after 120 min (2.7 kJ L™! accumulative UVC

energy).

Other parameters, such as pH, conductivity, turbidity, DOC, DIC, and ion
concentration were also monitored but had an insignificant variation throughout the
experiments, as expected. It is important to mention that specifically, a decrease in the organic
load (measured by DOC) is expected to provoke an increase of light penetration in the system.
Consequently, this might result in an improvement of UVC-based AOPs efficiency considering

OMC removal and bacterial inactivation.

3.4.2. UVC/H.0, treatment for simultaneous bacterial inactivation and OMCs
degradation

Fast inactivation rates of E. coli, E. faecalis, and S. enteritidis were observed for
UVC/H,0; experiments in all concentrations investigated (5-50 mg L 1), as it can be observed
in FIGURE 3.3. Similar to the UVC results, double log-linear kinetics was observed for all
bacterial inactivation. However, in comparison with these results, the addition of H2O did not
entail an improvement in the disinfection process since the pseudo-first order inactivation

kinetic constants (k1 and k2) did not show a significant increase (see TABLE 3.3).

Only at higher H,O, concentrations (25, 35, and 50 mg L), it was observed a
slight increase in the inactivation kinetic constants and a reduction in the irradiation time to
attain the DL. In particular, for 25 mg L™* H,O, bacterial inactivation was very fast in the first
stage, so it was not possible to fit the curve to calculate ki. According to these results, the main
inactivation mechanism came from the effect of UVC radiation rather than from damage

produced by HO" generated through H20- activation.

Similarly, Pablos et al.1”® and Yoon et al.’* suggested that the germicidal effect
of UVC absorption by bacterial DNA in E. coli K12 and DH5a strains, respectively, is the main
inactivation mechanism and no significant differences were observed in the values of k for UVC
and UVC/H;0.. Moussavi et al.}™ also reported that the enhancement on inactivation of E.
coli by adding H.O was hardly noticeable compared to UVC in the treatment of hospital
wastewater. In contrast, Rubio et al.”® reported a significant enhancement in E. coli K12
inactivation in natural water after addition of H2O., compared to the use of only UVC light.

The k increased 150% for the combined process.



CHAPTER 2 51

E. coli Log (N/N )

0 10 20 30 40 50 60 70
time (min)

E. faecalis Log (N/N )

time (min)

S. enteritidis Log (N/N )

0 10 20 30 40 50 60 70
time (min)

FIGURE 3.3 — Effect of different H.O> concentration ([H202]) on the a) E. coli, b) E. faecalis,
and c) S. enteritidis inactivation by UVC/H20 as a function of treatment time in SMWW
effluent. [H202] =5 (M), 15 (@), 25 (A), 35 (V¥), and 50 mg L (). Dashed lines (---) refer
to detection limit (DL = 1 CFU per 100 mL ™).
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Moreover, Moreno-Andrés et al.'’’ indicated that the addition of H20, (10 mg
L") to the UVC system improved the disinfection efficiency of E. faecalis in salty water.
Probably, the sum of the effects of UVC irradiation and HO" species was the major route for
bacterial inactivation in those studies, and in other cases HO" species compensated for the
absorption of photons at 254 nm by H20». The inactivation efficiency of microorganisms using
this process may also depend on many factors, such as the hydrodynamic parameters of the
photo-reactor, power of the UVC lamp (or UVC energy dose), light path length of the photo-

reactor, water matrix, oxidant concentration, type of bacterial strains, etc.

TABLE 3.3 — Pseudo-first order kinetic constants (k) for simultaneous inactivation of bacteria

and OMCs degradation in a SMWW effluent by a UVC/H20; process.

Process Bacteria — ki/ k2 (10 min) Total OMCs — k (102 min™)
U(\nqugI/EflC))z E. coli E. faecalis S. enteritidis CC/y Co) E:mﬁ; (%U\I:C:)
0 35106 (0.86)/ 3.6£05(0.90)/ 3.3:0.7(0.87)/ 05(082) g 38
0.2420.02 (0.97) 0.23+0.02 (0.96)  0.22+0.02 (0.97)  only 60%
5 027e008(090) 0195006081 030:002 (008 20 120 28
s ggmslml assoo 0N om = 1o
25 0.33¢y(?3/(0.93) 0.4513.?1 20.95) 0.4415([))4/(0.94) 5.7(0.99) 24 0.4
B 0laenno(00) 025:001(008) ozssoopoen 00 2 04
0 026.003(09) 0215001 (067) 0272003068 000 17 03

avalues refer to the attainment of 80% removal of total OMCs except for the UVC alone experiment, in which
only 60% of total OMCs removal was attained.

baccumulative UVC energy required to attain 80% removal of total OMCs

values in parentheses refers to coefficient of determination (R?)

ND = not determined

Moreno-Andrés!’” also reported a detrimental effect on bacterial inactivation
due to the addition of a high concentration of H,O, (100 mg L ') based on the competition for
the absorption of photons at 254 nm between bacteria and the oxidant. This detrimental effect
was not observed under the operating conditions used in this work, which would probably
appear at higher concentrations of H2O> or longer light path length in which the competition for

photon absorption would be significantly higher (see section 3.4.4).

It is important to note that the photolysis percentage of H.O2 was only 10% after
60 min independently of the concentration used. This means a consumption rate of 0.008, 0.045,
and 0.076 mg H2O, L' min~! for 5, 25 and 50 mg L', respectively, which explain the poor
contribution of low H.O> concentrations on bacterial inactivation in comparison with the UVC

effect. In this case, for concentrations between 25 and 50 mg L', high residual concentrations
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of this oxidant were present in the treated wastewater. This suggests that the slight enhancement
on bacterial inactivation observed at high concentrations might be due to a small fraction of
HO" generated or to the direct disinfectant effect of H.O,, since it is well known that at high
concentrations this oxidant has a toxic effect on bacterial viability. Rodriguez-Chueca et
al.*% reported 6 log and 1.5 log reduction of E. coli and E. faecalis, respectively, after 180 min
in the dark using 50 mg L' of H,O.. At lower concentrations (20 mg L™!) this effect is not
significant on inactivation of E. coli O157:H7 and S. enteritidis, as reported by Nahim-

Granados et al.**°

As discussed in the UVC reference experiment, bacterial regrowth was
monitored in the treated samples due to their self-repair capacity in the dark. In the presence of
H>0O>, regrowth was not observed after the treatment (sample withdrawn after 75 min) under
any of the conditions tested (5-50 mg L™!) and for all times analyzed (24, 48 and 144 h).
H.0O> concentration in all experiments remained constant in the dark until 144 h of storage.
Therefore, the remaining H>O; has a possible further bacteriostatic effect, preventing bacterial
repair/reproduction during the storage or through the distribution system. Other studies report

assessment of bacterial regrowth but only after 24 and 48 h,164 178,179

2CtzCo

— 1 — 1
0 20 40 60 80 100 120 140 160 180
time (min)

FIGURE 3.4 — Effect of different H.O. concentration ([H20:]) on the total OMC degradation
by UVC/H,0- as a function of treatment time in SMWW effluent. [H202] =5 (W), 15 (®), 25
(A), 35(V), and 50 mg L* («). Dashed line (---) refers to 80% removal of total OMCs.

The effect of H2O2 concentration on OMC degradation was also evaluated as can
be seen in FIGURE 3.4. The use of H.O; in combination with UVC irradiation increased the
removal of all target compounds compared with UVC alone, especially those that are photo-
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stable, CAF, CBZ, and TMP, resulting in a degradation rate of over 80% for the sum of OMCs
under all investigated conditions. This effect was mainly caused by the effect of HO" generated
in H2O; activation at 254 nm (see eqg. (1)). lllumination time (and accumulative UVC energy)
required to achieve 80% OMC degradation decreased with the increase in H2O> concentration,
e.g., from 120 min (2.5 kJ L! accumulative UVC energy required) with 5 mg L™! to 17 min
(0.3 ki L™ " accumulated UVC energy) with 50 mg L' H20, (TABLE 3.3).

Clearly, UVC/H,02 at 5 mg L' required a higher UVC energy dose to degrade
OMCs than that required for reaching complete bacterial inactivation. Pseudo-first order kinetic
constants (k) corresponding to these experiments are also shown in TABLE 3.3. It was noticed
that the degradation kinetic constants of this process were strongly dependent on the initial
concentration of the oxidant. That behavior can be observed in FIGURE 3.5, which shows a

linear relationship between kinetic constants and initial concentrations of H>O5.
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FIGURE 3.5 — Pseudo-first order kinetic constant (k;H) as a function of H.O> concentration
([H20:]) for UVC/H20; process. The obtained slope and R? for the linear regression were
0.00196 L (mg min)~* and 0.990, respectively.

Despite this, it is important also to highlight that while kinetic constants
increased proportionally with H,O till 0.1 min' for 50 mg L™! H.0,, the illumination time
required to reach 80% of degradation varied slightly when using 35 and 25 mg L' H,O, and
ranged from 21 to 24 min, respectively. In addition, oxidant residual concentrations after
treatment were 49 and 23 mg L ™! for 50 and 25 mg L' H,O,, respectively, showing a limitation
caused by the light path length and therefore by the photo-reactor configuration, which will be
addressed in section 3.4.4.
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For a better understanding of the effect of the UVC/H20O; process on OMC
removal, the degradation profile of each compound and the oxidant consumption are detailed
in FIGURE B3. Moreover, TABLE B2 shows the calculated k for each contaminant as a

function of H2O2 concentration used.

CAF, TMP, and CBZ, which did not exhibit a high photodegradation percentage
(20-40%), were significantly removed using 5 mg L' H.O, under UVC irradiation, attaining
removal rates of over 80% after 180 min and with a H,O, consumption close to 1.0 mg L™!. For
this condition, only 0.8 mg L™ H,02 and 2.5 kJ L™" were required to eliminate 80% of the total
OMCs. A higher increase in the degradation rate was observed for UVC/H,02 with 25 mg L™,
reaching 80% of removal in 24 min and consuming 2.3 mg L' of the oxidant. As expected,
80% of total OMCs was quickly achieved using 50 mg L™ (17 min; 0.3 kJ L™ accumulated
UVC energy) with a H,O2 consumption of 1.3 mg L. It is important to note that for the same
process, the degradation Kinetic constant for the photo-stable compounds did not show
significant differences, which confirm the non-selectivity of the generated HO" species by the
H202 homolysis. On the other hand, DOC decreased around 10% only for high concentrations
of H,0, (25-50 mg L 1).

3.4.3. UVC/S,0g% treatment for simultaneous bacterial inactivation and OMCs
degradation

E. coli, E. faecalis, and S. enteritidis inactivation by the UVC/ S,0s> process is
shown in FIGURE 3.6. As it can be observed, E. coli was quickly inactivated under the two
investigated conditions, improving significantly the pseudo-first order kinetic constants
obtained with the UVC process (see TABLE 3.4). Due to the high rate of E. coli inactivation
under these conditions, it was not possible to calculate the kinetic constants k; (first stage). DL
was achieved only after 10 min (0.1 kJ L™ accumulated UVC energy) and 15 min (0.2 kJ
Lt accumulated UVC energy) for 40 and 20 mg L™ S;0g%", respectively.

Several studies attributed the bacterial inactivation in the UVC/S20s>~ system to
the selectivity and reactivity of generated SO4™ species (see eq. (2)), which reacts with
macromolecules that are present in the cell wall. Michael-Kordatou et al.'® reported a
significant enhancement (around 200%) to reduce 5-log of E. coli in urban wastewater after the
addition of S,0g>". Popova et al.'® also reported an increase (>130%) in the rate constant to

eliminate E. coli when using the UVC/S20s>~ process.
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FIGURE 3.6 —Effect of different S;0g>" concentration ([S20s>7]) on thea) E. coli, b) E.
faecalis, and c) S. enteritidis inactivation by UVC/S,0s*" as a function of treatment time in
SMWW effluent. [S,0s>] = 20 (®) and 40 mg L (®). Dashed lines (--) refer to detection
limit (DL = 1 CFU per 100 mL?).
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On the other hand, comparison with systems based on the generation of HO",
such as UVC/H:0g, is difficult to address. From a purely chemical approach, the best option is
to compare the efficiency of these systems using an equivalent molar ratio of both oxidants, but
the high S;0s?>” molar mass implies very high concentrations in terms of mass per unit of
volume.*” This would lead to a drastic increase in the operating costs of this process. In this
sense, the focus of this study was to assess the behavior of this system under realistic conditions,
rather than strictly compare kinetics with UVC/H20.. It must be highlighted that H>0O. and
S,0s% selected concentrations were in the range of those successfully studied in previous
research works.?%® 179 In addition, other factors such as the stronger selective oxidation
capability towards macromolecules/biomolecules of the cell membrane and the half-life of the

produced radical can favor a stronger action of SO4™.

Wordofa et al.’¥ showed that exposure to SO4~ promoted the loss of cell
viability of E. coli O157:H7 5 times faster than when HO" was used. This unique feature of
SO4™ is possibly associated with its highly selective reactivity towards electron-rich moieties
on the surface of E. coli O157:H7 cell membranes, such as flagella, proteins, and extracellular
polymeric substances. Moreover, Serna-Galvis et al.}8 also attributed the microorganism
inactivation by UVC/S,0s*" to the already commented high interaction of SO~ with organic

macromolecules of the cell wall.

As can be seen in FIGURE 3.6(b—c), the UVC/S;0s?" system was less effective
on E. faecalis and S. enteritidis inactivation. Both bacteria were inactivated within 75-90 min
(1.2-1.5 kJ L' accumulated UVC energy, respectively) for the two tested concentrations.
Clearly, this result indicates a different inactivation mechanism, probably related to structural
differences and cellular composition between these bacteria. In particular, E. faecalis, which
required 90 and 75 min to attain the DL using 20 and 40 mg L of S;0s?", respectively, has a
structural difference with E. coli regarding the cell wall components. E. faecalis has a thicker
cell wall in which the major component is the peptidoglycan layer. In contrast, E. coli has a thin
layer of peptidoglycan together with an outer membrane that results in a more complex
structure. These differences make Gram-negative bacteria (e.g., E. coli) more sensitive than
Gram-positive (e.g., E. faecalis) with respect to UV-based treatments.!’® 8¢ Although both E.
coli and S. enteritidis are Gram-negative bacteria, the latter one showed higher resistance to
inactivation, which could be due to the presence of different sugars and sugar linkages that form
the lipopolysaccharide, the major component of the Gram-negative bacterial outer

membrane. 18
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Wordofa et al.'®? also reported that the efficiency of these processes are
dependent on the specific composition of macromolecules for each bacterial group. Another
possible mechanism is related to the detrimental effect on bacteria inactivation based on the
competition for the absorption of photons at 254 nm between bacteria and oxidant, since
S208% has a high capacity of light absorption at this wavelength.”* While some fundamental
investigations on the inactivation of different microorganisms by SO4™ have been established,
the molecular mechanisms of inactivation, particularly the interaction of SO4~ with

biomolecules, are far from complete comprehension.

TABLE 3.4 — Pseudo-first order kinetic constants (k) for simultaneous inactivation of bacteria
and OMC degradation in a SMWW effluent by the UVC/S;0s>" process.

Process Bacteria — ki/ k2 (10 min) Total OMCs — k (102 min™)
UVC/SZOsz_ . . e s time? qucb
(mg LY) E. coli E. faecalis S. enteritidis G.Ci/>.Co) min) (kI L)
. 35106 0.86)/ OO0 33107087/ 05082 L, 4
0.24+0.02 (0.97) (0.96) 0.22+0.02 (0.97)  only 60% '
ND / 5142.1(0.53)/ 6.242.7 (0.59)/
20 11+0.1(0.87) 02+001(0.95) 01002 (0.80) 10099 90 18
ND / 6.0£2.8 (0.52)/  6.0+2.7 (0.57)/
40 15+03(0.84) 012001 (0.87) 012001 (0.92) 2098 45 0.9
100 NM NM NM 11.6 (0.98) 24 04

dvalues refer to the attainment of 80% removal of total OMCs except for the UVC alone
experiment, in which only 60% of total OMCs removal was attained
baccumulative UVC energy required to attain 80% removal of total OMCs
values in parentheses refers to coefficient of determination (R?)
ND = not determined
NM = not measured

Bacterial regrowth assessment was carried out after 24, 48, and 144 h after the
treatment was finished. Regrowth for all bacteria was detected for 20 and 40 mg L' S;04%",
but much lower compared with that using only the UVC treatment. In particular, E.
faecalis and S. enteritidis had a maximum regrowth of around 0.7 log after 48 h under both
conditions, but it was not detected (<DL) after 144 h of storage. In contrast, E. coli regrowth
was significant, increasing the concentration of viable bacteria after 24 and 48 h in the dark,
until 1.3 and 1.9 log, respectively, remaining almost constant after 144 h. This means that the
residual concentration of S;0g%", 18 mg L' (for the initial concentration of 20 mg L") and 28
mg L' (for the initial concentration of 40 mg L") did not prevent bacterial regrowth since

S,0s% has no bactericidal effect by itself.

To check this, several experiments (data not shown) were carried out putting in

contact bacteria with S,0g>" in different concentrations (up to 50 mg L") and in the dark. No
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significant effect was observed on the viability of bacteria. This fact is explained due to the size
and charge of S;0s’", which can limit the diffusion through the cell membrane, avoiding the
inactivation via Fenton-like reaction, as in the case of H.0,.'®® Moreno-Andrés et al.™
observed regrowth (after 48) for E. coli and E. faecalis bacteria in distilled water after
UVC/S;0s>" treatment, even when using a higher oxidant concentration (200 mg L™!) than the

used in the present study.

The UVC/S;0s> system was also effective in removing 80% of the sum of
OMCs (FIGURE 3.7), but in slightly longer treatment times than those obtained with
UVC/H20,. This result could be justified by the use of S;0s>~ in a molar concentration lower
than that of H.O,. Therefore, it is important to stress that similar treatment time (24 min; 0.4 kJ
L' accumulated UVC energy) was required to eliminate 80% of the sum of OMCs with 25 mg
L' UVC/H,02 and 100 mg L' UVC/S,0g*", that means 0.73 mmol L' and 0.52 mmol L',
respectively.

Starling et al.® reported an increase in the removal rates for photo-stable
compounds CAF and CBZ in 2 L of a real surface water by using UVC/S,0s>" (1 mmol L),
resulting in more than 90% degradation with an UVC energy of 5.9 and 11.8 J L !, respectively.
In contrast, DOC concentration had a very slight variation throughout the experiments, even

when using the higher S,0s?~ concentration (100 mg L ™).

2Ct=Co

0 20 40 60 80 100 120 140 160 180
time (min)
FIGURE 3.7 — Effect of different S,0s>~ concentration ([S20s>]) on the total OMC degradation
by UVC/S,0g> as a function of treatment time in SMWW effluent. [S20%>] = 20 (), 40 (®),

and 100 mg L™t (). Dashed line (---) refers to 80% removal of total OMCs.
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Similar to the UVC/H,0> process, increase in the oxidant concentration also
increased OMC removal rates (k), achieving 80% of total degradation after 90 min (1.8 kJ
L' accumulated UVC energy) when using 20 mg L' S;0s> and only 24 min (0.4 kJ
L~" accumulated UVC energy) for 100 mg L™ (TABLE 3.4). This confirms that the generation
of SO, plays a major role in the degradation of the six OMCs; FIGURE 3.8 shows a linear
relationship between the degradation kinetic constants with the initial concentration of S,0s>".
In addition, similar evolution curves for pseudo-first order kinetic constants for OMC removal
were obtained compared to UVC/H,O; experiments, confirming that it was not necessary to

check more S,0g%™ concentrations.

0.12 1
0.10 1
0.08 4

0.06

k (min™")

0.04 4
0.02 1

0.00

20 40 60 80 100
[S,0, 1(mg L")
FIGURE 3.8 — Pseudo-first order kinetic constant (k;M) as a function of S,0s?~ concentration
([S205%7]) for UVC/S,08> process. The obtained slope and R? for the linear regression were

0.00125 L (mg min)~* and 0.999, respectively

On the other hand, in APPENDIX B, FIGURE B4 shows the degradation profile
of each contaminant and the S,Os®>" consumption for all conditions studied, as well as the
degradation kinetic constants (this last parameter is shown in TABLE B3). As expected, the
degradation curves had a similar profile as UVC/H2O2. No significant increase in the
degradation rates of DCF and SFX were observed; however, TMP was slowly oxidized with
regard to the rest of the OMCs, contrary to what occurred when UVC/H.O> was applied (see
degradation kinetic constants in TABLE B3).

This behavior is explained by the different reaction rates of SO4™ with specific
functional groups of organic molecules. Wojnarovits et al.’8 reported that electron-donating
substituents increase the rate constants and electron-withdrawing substituents decrease it. In

this sense, -OR and —NH: (electron-withdrawing substituents) present in the molecular
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structure of TMP affect the efficiency of SO4™ to degrade this compound. ACT also showed
lower kinetic constants due to the effect of these substituents in its structure (—-OH and —
NHCOR). Once again, this confirms the selective character of generated SO4™ species against
the non-selective character of HO" generated in UVC/H20.. As expected, consumption rates
increased with S;0g” initial concentration, attaining 0.04, 0.15, and 0.20 mg
S,08%” L ! min~! for 20, 40 and 100 mg L™, respectively.

3.4.4. Preliminary model to determine the maximum yield of oxidant for UVC based
system

As reported in this study and in others from the literature, the UVC/H20; and
UVC/S;0s> processes are very efficient for removing contaminants in aqueous medium.
Nevertheless, critical oxidant concentrations seem to be attained and experiments carried out
beyond these values are not effective in oxidizing organic compounds. Distinct critical
concentrations of H.O> have been reported as the most suitable since the optimum oxidant
concentration is highly dependent on the nature of the target contaminant, water matrix,

hydrodynamic parameters of the photo-reactor, and power of the UVC lamp.

As can be seen in FIGURES 3.9-3.10, the illumination time required for the
removal of 80% of the sum of OMCs is shown to be close to 9 min, remaining constant with
the increase in the concentration of the oxidant used (H20, and S;Os*", respectively), i.e., the
maximum oxidant concentration to be used in this system was reached. Moreover, the first order
kinetic constant (k) showed that adding H.O;and S,Os* above 150 and 200 mg L',
respectively, did not produce any enhancement in the efficiency of the treatment (see FIGURES
B5-B6). This means that increasing the concentration of the oxidant is not always linked to a
treatment improvement due to the self-scavenging reactions (as discussed in section 2.4.1 and
shown in TABLE A1) and/or due to the limitations associated to the experimental configuration
of the photo-reactors.

Consequently, the optical path length of the photo-reactor could play an
important role in the efficiency of these processes, determining the amount of generated
radicals. In this sense, the Beer—Lambert law that relates the absorbance with the optical path
length and the oxidant concentration can be used to determine the most suitable oxidant quantity

for a given photo-reactor setup, as shown in the following eq.:

A 254

[Ox] = (21)

€54
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where [Ox] is the oxidant concentration (mg L), Azss is the absorbance of the
solution at 254 nm (including the matrix effect), e2s4 is the molar absorptivity coefficient of
oxidants at 254 nm (mg ! L cm™), and ¢ is the optical path length of the photo-reactor (cm).
Here, Azss =0.186 (measured at 254 nm) and £ = 2.595 cm (from FIGURE 3.1, € = rintc — lintL)-

1.0

0.8

0.6

2Ci/zCo

0.4 1
80% (around 9.0 min)

024 --mmmmmm e O]

0.0 1

time (min)
FIGURE 3.9 — Effect of high H20. concentration ([H202]) on the total OMC degradation under
UVC irradiation as a function of treatment time in SMWW effluent: [H2O2] = 150 (M), 300
(®), and 600 mg L(A). Dashed line (---) refers to 80% removal of total OMCs.

>Ct/2Co
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FIGURE 3.10 — Effect of high S,0s> concentration ([S20s>"]) on the total OMC degradation
under UVC irradiation as a function of treatment time in SMWW effluent. [S20s>] = 200 (#),

250 (®), and 300 mg L (»). Dashed line (---) refers to 80% removal of total OMCs.

Taking these parameters into account, the H.O concentration calculated

with eq. (21) is 126 mg L' (3.70 mmol L ') using the molar absorptivity coefficient of H.O; at
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254 nm calculated for this system (5.7x10*mg 'L cm™). This represents a good
approximation considering that the experimental concentration for the UVC/H20; process to

attain saturation was 150 mg L.

As discussed above, the quantum yield of S,0s> is 2.8 times higher than that of
H>0,, so the molar concentration to reach saturation using this oxidant is probably proportional
to this factor or lower, i.e., 1.32 mmol L™! (or 253 mg of S,0s>" L™!). The obtained experimental
concentration to attain saturation was 200 mg L™! (or 1.04 mmol L™!). Additionally, there are
many factors to be considered for modelling these systems, such as secondary reactions
(including self-scavenging reactions), scavengers present in the matrix, nature of the target
contaminants, etc. Therefore, the objective of this rough study was only to check the feasibility
of a simple equation allowing us to predict the saturation concentration of the oxidants under

the specific experimental conditions used in this investigation.

3.5. CONCLUSIONS

The simultaneous elimination of OMCs and E. coli, E. faecalis, and S. enteritidis
bacteria were attained at pilot plant scale by UVC/H.0, and UVC/S;0g* processes. UVC alone
was not suitable due to subsequent bacteria regrowth accompanied by a very slow and

incomplete removal of OMCs.

UVC/H202 led to a successful bacterial inactivation (without subsequent
regrowth) and a simultaneous degradation of OMCs up to 99%. By adding 25-50 mg L! H,0»,
4 log of E. coli, E. faecalis, and S. enteritidis bacterial inactivation and OMC degradation rate
higher than 80% were attained in less than 30 min. In the case of the UVC/S;0s> process,
quicker E. coli inactivation was attained due to the possible reaction of generated SO4™ with
macromolecules in the cell wall. However, regrowth of bacteria was not prevented even when
using 50 mg L ! in the dark, possibly due to the limitation of S;0g?" diffusion through the cell
membrane. When using 2040 mg L™ S,0¢>", 4 log of E. coli, E. faecalis, and S. enteritidis
bacterial inactivation was attained in less than 10 min, but achieving more than 80% OMC
degradation took a longer treatment time than in the UVC/H.O; process. OMCs exhibited
removal rates proportional to the oxidant concentration used both for UVC/H.0; and for UVC/
S,08%".

The use of a simple model based on the Beer—Lambert law and taking into
account the molar absorptivity of oxidants, as well as water absorbance (matrix effect) and

optical length of the photo-reactor, enabled estimation of the maximum concentration of
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oxidants required to attain maximum oxidation rates in the specific UVC pilot plant used in this
study. Further improvements, such as scavenging reactions and water matrix effects, must be

considered for a better understanding of the UVC-based processes.

Nevertheless, it has been demonstrated that UVC/H.0, and UVC/S;0s>" are
able to produce an effluent with enough quality to be reused for several purposes, with
agriculture as one of the most suitable end-uses as it is the highest consumer of freshwater
worldwide. However, it is important to highlight that UVC/S,0s>~ process would need a slight
addition of bactericidal species to avoid bacterial regrowth along water storage or reclaimed

water distribution systems.
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4. GENERAL CONCLUSIONS AND PERSPECTIVES FOR FUTURE
STUDIES

This thesis aimed to investigate and compare the efficiency of different UVC
AOPs to remove CEC and/or inactivate pathogens from water matrices under distinct

experimental conditions.

In the first part of this study (laboratory scale), the activation of the oxidants
under UVC irradiation led to the generation of high oxidation power radicals (i.e., HO" and
SO4™), which were detected by the measurements of oxidants concentration evolution,
generation of salicylic acids (HO" detection), and the use of scavengers. In all UVC AOPs, these
species (HO" and SO4™) were responsible for a significant increase in the oxidation rates of

BPA in comparison to the photochemical and chemicals methods.

The UVC/HCIO process demonstrated the best performance for the degradation
and mineralization of BPA, as well as a lower quantity of oxidation by-products generated (i.e.,
only two by-products hydroxylated detected). Moreover, LC-MS/MS analyses did not indicate
any organochlorine resulting from the use of the UVC/HCIO process, contrasting with the
results obtained by using HCIO (without UVC irradiation). However, as both processes showed
similar BPA degradation rates, it is speculated that the production of organochlorine
intermediates has happened in both methods (i.e., UVC/HCIO and HCIO), but this production
was promptly consumed under UVC irradiation after subsequent hydroxylation reactions.
Doubtlessly, the role of UVC light avoiding (or minimizing) the formation of organochlorine
by-products in the UVC/HCIO process is worth to be investigated in future studies and

applications.

On the other hand, the toxicity evolution of BPA solutions before and during the
treatment using different UVC AOPs was successfully monitored by using the microcrustacean
A. salina. Due to the high BPA conversion rate attained and its intermediates to CO> using
UVC/HCIO, the mortality percentage of A. salina was completely ceased during this process,
whereas a high mortality percentage was observed using UVC/H20, method. This latter
behavior was most likely due to oxidation by-products generated which have a theoretical
detrimental effect on acute and chronic toxicity calculated using the ECOSAR software.

From an economic point of view, the UVC/HCIO process is the most cost-effective
process among the processes studied in this thesis. This cost-effectiveness was sort of expected
because this UVC/HCIO system needed the shortest reaction time to remove BPA. Moreover,
the cheaper cost of free chlorine and its high accessibility, when comparing to the other
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oxidants, makes this process an interesting and low-budget option. Finally, by taking into
account the environmental and economical parameters here discussed, the UVC/HCIO method
represents a viable alternative since high organic removal rates can be achieved without

organochlorine by-products generation and under a low operating cost.

Despite all this, some scientific challenges need to be elucidated before putting
this system (i.e., UVC/HCIO) in use in real applications. For instance, the reaction mechanisms
of several chlorine-derived radicals (e.g., CI', CIO", Cl>™, etc.) with organic compounds are far
from complete comprehension. In fact, to date, it is being a difficult task to create proper
experimental conditions to determine the oxidation mechanism and the kinetic constants (with
probe compounds) related to the reaction between all chlorine-derived radicals and organic

pollutants.

In addition, based on a recent study pertaining of my research project, it was
observed that the interaction between HCIO at high concentrations and UVC light generates
chlorate ions (ClO3") through radical propagation reactions, having such compounds been
considered toxic in several environmental legislations. To the best of our knowledge, this
observation has been vaguely studied and explained in the literature, and only few studies have
reported the generation of chlorine oxyanions species (ClO4-, ClOs7, and ClO2") in UVCl/free
chlorine systems. Therefore, more in-depth studies are needed to unveil what is behind such

chlorine-based processes.

Another major concern related to chlorine-based processes is the poor oxidation
efficiency in a complex matrix (e.g., municipal wastewater, containing microcontaminants,
pathogens, inorganic ions, and dissolved organic matter). Hence, it is known that the reaction
between free ammonia present in wastewater (i.e., NHs" and NHs) and free chlorine (mainly
HCIO) leads to the formation of toxic inorganic chloramines. In addition, the interaction of free
chlorine with dissolved organic matter (DOM) may drive to the generation of carcinogenic
disinfection by-products, such as trihalomethane and haloacetic acids. In parallel, and
considering real situations, a much higher concentration of this oxidant would be required in
comparison to a simpler system. In this sense, improved technologies, such as UVC/H,0, and
UVC/S;0s%", are recommended, at least at present, to remove contaminants from complex

matrices.

Thus, in the second part of this study, the simultaneous elimination of six OMCs
and three different bacteria by the UVC/H,0, and UVC/S,0g*" processes was successfully

investigated in a simulated municipal wastewater effluent at pilot plant scale. Although the
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required limits for water reuse in agriculture were reached using only UVC radiation
(considering only microbial targets) and they were in accordance with some international
regulations (e.g., Spanish RD1620/2007), UVC treatment alone was not suitable due to a slow
and incomplete removal of OMCs. As previously discussed, OMCs pose a potential hazard for
the environment and receptors of reclaimed water, for instance, an accumulation of OMCs in
fruits and raw-eaten vegetables might happen in crops by the use of reclaimed water in
agricultural activities. This observation is truly relevant because it shows that the same process
can be effective in microorganism inactivation but inadequate for the degradation of persistent

organic contaminants.

However, such a problem has been overcame by the use of UVC/H,O; process,
which led simultaneously to up 99% degradation of all OMCs and bacterial inactivation without
subsequent regrowth. Regarding the latter, this can be explained due to the internal Fenton
reaction between the endogenous iron and the H2O> diffused through the cell membrane, i.e.,
residual H2O> concentration has an important role (bacteriostatic effect) for the disinfection
process. In the case of the UVC/S,0g*" process, more than 80% of OMC degradation was
obtained. However, bacterial regrowth was not prevented even when using 50 mg L' in the
dark, possibly due to diffusion limitations of S,Og*" (considering its size and charge) through
the cell membrane. It is important to highlight that bacterial regrowth is an important parameter
to be concerned when it comes to water reclamation, since this water can remain stored by

several days, including at the distribution systems before its final disposal.

On the other hand, wastewater regulations establish different possibilities for
reusing the reclaimed water depending on their quality, microbiological characteristics, and
physicochemical parameters. According to these parameters, reclaimed water coming from the
UVC/H.0; process might represent a great alternative to be utilized in agriculture purposes,
since this activity demands the highest level of freshwater when compared to other
anthropogenic activities. In addition, it has been demonstrated that the UVC/S,0s? process was
able to produce effluents with enough quality to be reused for several purposes. However, it is
important to highlight that this process requires a slightly addition of sanitizers in to avoid

possible regrowth of unwanted pathogens after the treatment.

Finally, the optimum oxidant concentration to be used in the UVC-based
processes is a very important parameter to achieve the maximum theoretical efficiency of these
technologies. However, the development of such model to determine this critical oxidant

concentration is not a simple task, because the optimal concentration depends on several factors
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such as water matrix, scavenging species, geometric parameters of the photo-reactor,
photochemical properties of the oxidants, power of the UVC lamp, among others. Despite of
this, a simple model based on the Beer—Lambert law enabled reasonable estimation of the
oxidant concentration required to attain the maximum oxidation rates (i.e., shortest reaction
time). All this effort made it clear that further investigations are necessary to better understand

the main parameters that should limit the performance of UVC-based methods.
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APPENDIX A

This appendix includes: 02 TEXTS, 02 TABLES, and 14 FIGURES.

TEXT Al — Fluency rate calculation of the UVC lamp

The fluency rate of the UVC lamp used in the photochemical and UVC AOPs
experiments was measured using a FieldMaxll radiometer. For that, the UVC lamp was
positioned inside a quartz tube and the fluency rate value (20.2 mW cm™2) was obtained after

fitting their evolution as a function of distance. This value refers to a distance of 1 cm from the

tube.
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FIGURE Al — Characteristic spectra of the UVC lamp used in the photochemical and UVC

AOPs experiments.
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TABLE A1l — Radical self-scavenging reactions involved in the UVC/H202, UVC/S;0s%", and
UVC/HCIO processes.

Reactions Rate constants References
2HO" - H,0, k=55x10°M1s? [1]
H,0,+HO" - H,0+HO, <> 0O, +H"  k=27x10'M*s* [1]
HO+ O, - HO +0, k=8.0x10°M*s™ [1]
HO + HO, - H,0+ O, k=6.0x10°M*s™? [1]
SO; +S,0” -»S0O; +S,0; k=15x10°M st [2]
SO, + SO, —S,07 k=4.4x10°M1s? [3]
SO; + H,0 — HSO;, + HO' k< 3x108 2 [3]
HOCI + HO" — CIO + H,0O k=11x102M1s? [4]

ki=2.1x10°M1s?

Cl'+Cl™ < Cl, iz 11x10°s 1 (5]
ky = 4.3x10° Mt st
HO + CI- -> HCIO™ k: =6.1x10%s? bl
i . ki=2.1x10°0 M s
* +
HCIO™ +H" < CI'+H,0 ki1=13x103M1st "]

Note: k_; refers to the inverse reaction.

[1]

[2]

[3]

[4]

[5]

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
(HO/O™) in aqueous solution, J. Phys. Chem., 17: 513, 1988.

G. V. Buxton, M. Bydder, G. Arthur Salmon, The reactivity of chlorine atoms in aqueous
solution Part 1I. The equilibrium SO4™ + CI- = CI" + SO4*, Phys. Chem. Chem. Phys.,
1: 269, 1999.

E. Hayon, A. Treinin, J. Wilf, Electronic spectra, photochemistry, and autoxidation
mechanism of the sulfite-bisulfite-pyrosulfite systems. SO,~, SOz, SO47, and SOs"
radicals, J. Am. Chem. Soc., 94: 47, 1972.

C.A. Ennis, J.W. Birks, Rate constants for the reactions OH + HCIO — H>0 + CIO and
H + HCIO — products, J. Phys. Chem., 92: 1119, 1988.

G.G. Jayson, B.J. Parsons, A.J. Swallow, Some simple, highly reactive, inorganic
chlorine derivatives in aqueous solution. Their formation using pulses of radiation and
their role in the mechanism of the Fricke dosimeter, J. Chem. Soc. Faraday Trans., 69:
1597, 1973.
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TEXT A2 — Hydroxyl radical identification using the benzoic and salicylic acids couple

The reaction between benzoic acid and HO" result in the formation of salicylic

acid (substitution in ortho, meta, or para positions), as can be seen in the following scheme:

O.__OH O.__OH
UVC/H,0,
UVC/S,0,> |7OH
UVC/HOCI

Thus, the evolution of benzoic and salicylic acid concentrations were monitored
by HPLC using a core shell C-18 reversed phase (Phenomenex®: 150 mmx4.6 mm, 5 um
particle size, 100 A) as the stationary phase and a mixture of aqueous 0.1 % (V/V) formic acid
(eluent A) and acetonitrile (eluent B) as the mobile phase at 1 mL min~t using a gradient elution
protocol: from 20% to 80% of eluent B in 10 min, and then back to 20% in 2 min. The injection
volume of the treated samples was 25 pLL and the UV detection was set at 300 nm (detection of

the ortho and meta substitution isomers).
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FIGURE A2 — Integrated chromatographic area of m/z 151 ([1), m/z 243 (), m/z 247 (O), m/z
259 (A), m/z 323 (>), and m/z 342 (*) by-products as a function of the treatment time for the
UVC/H,0; process: Conditions: 0.6 mol Lt of oxidant (flow rate 0.1 mL min™1), pH 3, and 38

°C.
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FIGURE A3 — Integrated chromatographic area of m/z 247 (O), m/z 259 (A), and m/z 261a
(V) by-products as a function of the treatment time for the UVC/S;0s? process: Conditions:
0.6 mol L of oxidant (flow rate 0.1 mL min™?), pH 3, and 38 °C.
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FIGURE A4 — Integrated chromatographic area of m/z 247 (O), m/z 259 (A), and m/z 261a
(V) by-products as a function of the treatment time for the UVC/HCIO process: Conditions:

0.6 mol L™ of oxidant (flow rate 0.1 mL mint), pH 3, and 38 °C.
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FIGURE A5 — Integrated chromatographic area of m/z 261b () and m/z 277 ([-]) by-products
as a function of the treatment time for the HCIO process: Conditions: 0.6 mol
L of oxidant (flow rate 0.1 mL min™), pH 3, and 38 °C.
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FIGURE A6 — Proposed fragmentation route of the main detected by-product with m/z 151.
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FIGURE A7 — Proposed fragmentation route of the main detected by-product with m/z 243.
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FIGURE A8 — Proposed fragmentation route of the main detected by-product with m/z 247.
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FIGURE A9 - Proposed fragmentation route of the main detected by-product with m/z 259.
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FIGURE A10 — Proposed fragmentation route of the main detected by-product with m/z 261a.
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FIGURE A1l — Proposed fragmentation route of the main detected by-product with m/z 261b.
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FIGURE A12 — Proposed fragmentation route of the main detected by-product with m/z 277.
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FIGURE A13 — Proposed fragmentation route of the main detected by-product with m/z 323.
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FIGURE A14 — Proposed fragmentation route of the main detected by-product with m/z 341.
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TABLE A2 — Toxicity classification for aquatic life according to the Globally Harmonized
System of Classification and Labelling of Chemicals (GHS)*.

Toxicity range (mg L™) Classification
LCso<1mgL™ Very toxic
LCso>1mgL*but<10mgL™? Toxic
LCs0>10mg L but <100 mg L™ Harmful
LCso > 100 mg L* Not harmful
*Available at:

https://www.unece.org/fileadmin/DAM/trans/danger/publi/ghs/ghs rev07/English/ST SG A
C10 30 Rev7e.pdf (Accessed in: 05/23/2019)



https://www.unece.org/fileadmin/DAM/trans/danger/publi/ghs/ghs_rev07/English/ST_SG_AC10_30_Rev7e.pdf
https://www.unece.org/fileadmin/DAM/trans/danger/publi/ghs/ghs_rev07/English/ST_SG_AC10_30_Rev7e.pdf
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APPENDIX B

This appendix includes: 03 TABLES and 05 FIGURES.

TABLE Bl - Chromatographic parameters: retention time, wavelength of maximum

absorbance and area of each organic microcontaminant (OMC) at 100 pg L.

oMC Retention time (min) A (nm) Area- 100 pug L™ (a. u.)
Acetaminophen (ACT) 2.48 245 18.2
Caffeine (CAF) 3.60 270 14.0
Carbamazepine (CBZ) 3.94 270 55
Trimethoprim (TMP) 5.01 267 20.0
Sulfamethoxazole (SMX) 7.2 2.67 8.7
Diclofenac (DCF) 10.6 2.80 9.7

The detection limit (DL) for all the compounds studied was 5 pg L™
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FIGURE B1 - Irradiance profile (Ee; ®) of the UVC lamp measured during 180 min in distilled

water (maximum value 84.8 W m2).
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FIGURE B2 — UV absorption spectrum of each OMC. This measurement was carried out using

1 mg L* of each compound dissolved in distilled water between 200-400 nm.



APPENDIX B 95

L1.0
L 0.8 ~
. L
£ :
c L06 =
§e) o
° =
g :
* 0.4 @
Q 5
= 3)
o o
L0.2
L 0.0
T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
time (min)
125
100 % b)
L 2.0
L
= g
| 15 &
— 5 s
o) S
=
3 1.0 3
=
eed ON
L0.5 L
- 0.0
T T T T T T T T T T T T T T T T T T
0 15 30 45 60 75 90 105 120
time (min)
4.0
100 ¢
e, L35
o] | & 30
. .
S -25 2
c 60 =
2 L 2.0 %
® £
<40 L15 3
@) =
= o
@) 1.0 o
20 - -~
L 0.5
01 0.0

time (min)

FIGURE B3 — Degradation profile of each OMC (ACT (M), CAF (@), CBZ (V), DCF (),
SMX (@), and TMP (A)) and H202 consumption (O) for the UVC/H2O, process at
different concentrations: a) 5, b) 15, c) 25, d) 35, and €) 50 mg L.
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Continuation: FIGURE B3 — Degradation profile of each OMC (ACT (H), CAF (@), CBZ
(V), DCF (»), SMX (#), and TMP (A)) and H20, consumption (O) for the UVC/H,0-
process at different concentrations: a) 5, b) 15, ¢) 25, d) 35, and €) 50 mg L.
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TABLE B2 — Pseudo-first order kinetic constants (k) for the UVC/H20. process at different
concentrations during degradation of OMCs. The values in parentheses correspond to the

coefficient of determination (R?).

k (102 min™)
UV-C/H.0, (mgL%)  ACT CAF TMP SFX CBZ DCF
5 17(097) 09(0.99) 1.0(0.99) 155(0.99) 1.45(0.97) 32.1(0.94)
15 33(0.97) 24(0.99) 2.2(0.99) 185(0.99) 4.0(0.99) 37.2(0.97)
25 44(097) 4.0(0.99) 54(0.99) 215(0.98) 7.1(0.97) 44.4(0.96)
35 55(0.98) 54(0.99) 4.6(0.99) 225(0.97) 9.9(0.94) 35.0(0.98)
50 11(0.93) 7.1(0.99) 8.0(0.99) 26.4(0.97) 12.3(0.98) 43.4(0.95)

TABLE B3 — Pseudo-first order kinetic constants (k) for the UVC/S,0s? process at different
concentrations during degradation of OMCs. The values in parentheses correspond to the

coefficient of determination (R?).

k(102 mint)
UV-C/S;06? (mg L% ACT CAF TMP SFX CBZ DCF
20 25(0.96) 21(0.99) 09(0.98) 165(0.97) 3.1(0.96) 33.1(0.96)
40 34(097) 38(0.91) 3.6(0.94) 146(0.95) 4.9(0.98) 38.1(0.96)

100 6.0(0.85) 9.6(0.91) 8.1(0.81) 19.5(0.98) 10.3(0.95) 48.4(0.98)
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FIGURE B4 — Degradation profile of each OMC (ACT (M), CAF (@), CBZ (V), DCF (),
SMX (#), and TMP (A)) and S,0s% consumption (O) for the UVC/S,0g? process at different
concentrations: a) 20, b) 40, and ¢) 100 mg L.
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FIGURE B5 — Pseudo first order kinetic constant (k; ®) as a function of H>O> concentration
([H202]) for UVC/H20- process.
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FIGURE B6 — Pseudo first order kinetic constant (k;®) as a function of S,0s?" concentration
([S208%]) for UVC/S,08% process



