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“We forget that the water cycle and the life cycle are one.”

Jacques Cousteau
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ABSTRACT

Nowadays, polycyclic aromatic hydrocarbons (PAHs) are a group of
chemical substances that deserves a great attention. PAHs consist of two or more
condensed benzene rings, bonded in linear, cluster or angular arrangements that
are ubiquitous in the environment. Due to their low solubility and high affinity
for particulate matter, PAHSs are found in water in extreme low concentrations, in
the range of ng L or ug L. However, even at these ultra-trace or trace levels,
they exhibit harmful effects on living beings and humans, especially when
present as mixtures. That is the case of anthracene (AN), which has been reported
as an acute phototoxic compound, and benzo[a]pyrene (BaP), which is a
carcinogenic and mutagenic pollutant. Therefore, their presence in the
environment and, specifically in aquatic resources must be monitored. For this
purpose, the chromatographic behavior of AN and BaP was studied, and three
models were found describing the identification of AN and BaP, the
quantification of AN and that of BaP. The factors influencing each of the models
or indexes were also optimized and a new and fast analytical method allowing
the determination of the analytes of interest at ultra-trace concentrations in

surface water samples was developed.

In addition to monitor the target pollutants, they must be also eliminated
from water because of the adverse health effects associated. However,
conventional processes water treatment facilities are operating with are not
efficient in tackling the problem of AN and BaP pollution in water. In this regard,
the implementation of alternative treatments, including advanced oxidation
processes (AOPs), provides a very attractive option. AOPs have demonstrated to
be highly interesting technologies for water remediation, particularly the
combination of ultraviolet radiation in the UV-C range (UV-C) and hydrogen
peroxide (H20z).

This Thesis addresses the evaluation of the efficiency of the UV-C/H:0:
oxidation system to treat water sampled from a natural reservoir polluted with

AN and BaP. For this purpose, initially, the removal profiles of AN and BaP were
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investigated, as well as the organic matter mineralization capacity of the
oxidation system and the production of innocuous degradation by-products. The
system allowed obtaining very positive results in terms of the degradation of the
pollutants of interest and the organic matter mineralization, avoiding the
production of dangerous reactive intermediates. Furthermore, after the
application of this treatment process, a residual H2O2 was observed in the reaction
solution, which can be used for additional microbial load removal. The residual
H:02 found within the bulk after the application of the oxidation treatment was
analyzed using an analytical method proposed here. Moreover, the oxidation
potential of the UV-C/H20: process was assessed for the inactivation of wild total
coliforms naturally contained in the water of study and the results were
compared with the findings obtained from other photochemical technologies
based on sonochemical reactions. It was found that the technology achieving the
highest microorganism elimination in the shortest time and with the lowest
electrical costs results was the UV-C/H:O: process. Nevertheless, in spite of that, it
is worth noting that the implementation of the UV-C/H20: oxidation process still
requires high electrical needs, which increases the operating costs of the process.
Therefore, in order to reduce such as costs, a photovoltaic (PV) array was sized
and installed for supplying the energy requirements of the selected water
treatment system. The installed PV system allows for the use of renewable energy
both in developing and non-developing countries. In this regard, the treatment of
water to be drinkable was observed to be plausible in countries with lack of
economical resources and in communities far from the electrical grid, which exist

in a high number in countries such as Colombia.

In the second stage of the research, and taking into account the necessity of
having kinetic models for finding out the optimal operating conditions without
the necessity of conducting extensive experimentation, a kinetic model for the
performance of the UV-C/H20: oxidation process was constructed and validated
using a model compound. The kinetic model allows calculating the optimal level
of H20: for efficiently degrading the pollutant of interest, as well as the effective
level of HO® to be maintained throughout the reaction time of the UV-C/H:0:
system for achieving an efficient pollutant degradation, contributing to save costs

and time.
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RESUMEN

Hoy en dia, los hidrocarburos aromaticos policiclicos (HAPs) son un grupo
de sustancias quimicas que merecen una gran atencion. Los HAPs constan de dos
o mas anillos de benceno condensados, unidos en disposiciones lineales,
agrupadas o angulares, los cuales estan ampliamente distribuidos en el medio
ambiente. Debido a su baja solubilidad y alta afinidad por la materia particulada,
los HAPs se encuentran en el agua en concentraciones extremadamente bajas, en
el rango de ng L' o ug L. Sin embargo, incluso a estos niveles ultra-trazas o
trazas, exhiben efectos daninos en los seres vivos y en humanos, especialmente
cuando estan presentes formando mezclas. Tal es el caso del antraceno (AN),
caracterizado por su foto-toxicidad aguda, y el benzo[a]pireno (BaP), el cual ha
sido informado como un contaminante carcinogénico y mutagénico. Por lo tanto,
su presencia en el medio y, especificamente, en los recursos hidricos debe ser
monitoreada. Para este proposito, se estudid el comportamiento cromatografico
del AN y BaP, y se encontraron tres modelos que describen la identificacion de
AN y BaP, la cuantificacion de AN y la de BaP. Los factores que influyen en cada
uno de los modelos o indices anteriores fueron optimizados, de modo que se
desarroll6 un nuevo y rapido método analitico que permite la determinacion de
los analitos de interés en concentraciones ultratraza en muestras de agua

superficial.

Ademads de monitorear los contaminantes objeto de estudio, también deben
eliminarse del agua dados los efectos adversos asociados. Sin embargo, los
procesos convencionales de las instalaciones de tratamiento de agua no son
efectivos para abordar el problema de la contaminacién del agua con AN y BaP.
En este sentido, la implementaciéon de tratamientos alternativos, incluyendo los
procesos avanzados de oxidacion (PAOs), ofrece una opcion de gran atractivo.
Los PAOs han demostrado ser tecnologias altamente interesantes para la
remediacion del agua, particularmente la combinacion de radiaciéon ultravioleta
en el rango UV-C (UV-C) y el peroxido de hidrogeno (H202).

Esta Tesis evalta la eficiencia del sistema de oxidaciéon UV-C/H20: en el

tratamiento de agua procedente de un reservorio natural contaminada con AN y
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BaP. Para este proposito, inicialmente, se investigaron los perfiles de remocion de
AN y BaP, asi como la capacidad de mineralizacion de la materia orgéanica por
parte del sistema de oxidacién y la producciéon de subproductos de degradacion
inocuos. El sistema permitié obtener resultados muy positivos en términos de
degradacion de los contaminantes de interés y mineralizacion de la materia
organica, evitando la produccion de peligrosos intermediarios de reaccion.
Ademas, después de la aplicacion de este tratamiento, se observo en la solucion
de reaccion un HxO: residual, el cual puede ser usado para la eliminacion de la
carga microbiana adicional. El H20O: residual encontrado en la solucién después
de la aplicacion del tratamiento de oxidacion se analizé utilizando un método
analitico propuesto. Ademas, se evaluo el potencial de oxidacion del sistema UV-
C/H20: para la inactivacion de coliformes totales contenidos de manera natural en
el agua de estudio y los resultados se compararon con los obtenidos por otras
tecnologias fotoquimicas basadas en reacciones sonoquimicas. Se encontré que el
sistema que consiguid la mayor eliminacion de microorganismos, en el menor
tiempo posible y con los menores costes eléctricos resultd ser el proceso UV-
C/H20:. Sin embargo, a pesar de ello, cabe destacar que la implementacion del
proceso de oxidacion UV-C/H20: auin requiere altas necesidades eléctricas, lo que
aumenta los costos del proceso. Por lo tanto, con el fin de reducir dichos costes, se
dimension6 e instald un arreglo fotovoltaico (FV) para suministrar los
requerimientos de energia necesarios para llevar a cabo el sistema de tratamiento
de agua seleccionado. Ademas, el sistema FV instalado permite el uso de energia
renovable tanto en paises en vias de desarrollo como desarrollados. En este
sentido, se observd que la produccion de agua potable es posible en paises con
falta de recursos economicos y en comunidades alejadas de la red eléctrica, las

cuales existen en gran cantidad en paises como Colombia.

En una segunda etapa de la investigacion, y teniendo en cuenta la necesidad
de tener modelos cinéticos para conocer las condiciones dptimas de operacion sin
necesidad de realizar una extensa experimentacion, se construyé y validé un
modelo cinético para el proceso de oxidaciéon UV-C/H20: utilizando un
compuesto modelo. El modelo cinético permite calcular el nivel de H2O: éptimo
para degradar el contaminante de interés, asi como la concentracién de H:0:

efectiva a ser mantenida a lo largo del tiempo de reaccién del sistema UV-C/H20:



RESUMEN 21

para lograr una degradacion de los contaminantes eficiente, contribuyendo a

ahorrar costes y tiempo.

Palabras clave: Tratamiento de agua; procesos avanzados fotoquimicos;
modelado cinético; inactivacion bacteriana; proceso UV-C/H202; H20: residual;

degradacion de HAPs; intermediarios de reaccion
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1. INTRODUCTION

The increasing worldwide contamination of the aquatic environment with
micropollutants, including emerging contaminants, has aroused considerable
international concerns (Ma et al., 2018; Hebert et al., 2018; Troger et al., 2018) since
they can pose a potential threat to ecosystems and/or human health even at trace
and ultra-trace concentrations (Ma et al., 2018; Troger et al., 2018). This is the case
of polycyclic aromatic hydrocarbons (PAHs) (Rubio-Clemente et al., 2014).

PAHs are widespread contaminants in the environment (Zeng et al., 2018;
Rubio-Clemente et al., 2014). They can be originated from various sources by
thermal combustion processes, vehicular emissions and biomass burning (Zeng et
al, 2018). PAHs are often accumulated in various environmental systems,
including water (Pogorzelec & Piekarska, 2018). They can enter water supply by
gaseous exchange in the air-water interface, dry deposition of particulate matter,
wet deposition (rainfall) and urban runoff (Pogorzelec & Piekarska, 2018; Abdel-
Shafy & Mansour, 2016). PAHs, generally, occur as mixtures and not as single
compounds (Abdel-Shafy & Mansour, 2016). Although their concentration in
aqueous environmental systems is very low, in the order of ug L' and ng L, due
to their low water solubility, they are of great importance since they are listed as
priority pollutants (Zeng et al., 2018). PAHs can alter the immune system, making
living beings prone to suffer from several illnesses. Additionally, PAHs have been
reported as endocrine disrupters, and the reason why PAHs are at the top of the
priority substances list is the toxicity associated, and their carcinogenic,
mutagenic and teratogenic potential (Pogorzelec & Piekarska, 2018; Wang et al.,
2018; Zeng et al., 2018, Abdel-Shafy & Mansour, 2016; Vela et al., 2012).
Especially, anthracene (AN) and benzo[a]pyrene (BaP) are characterized by the
acute phototoxicity of the former one (Lee, 2003) and the carcinogenicity and
mutagenicity of the latter one (Fernandez-Gonzalez et al., 2007; Liu & Koneraga,
2001). Consequently, they are regulated in developed countries, such as the
European Union, by the relatively recent and stringent Directive 2013/39/EU of
the European Parliament and of the Council of 12 August 2013 amending
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Directives 2000/60/EC and 2008/105/EC as regards priority substances in the field
of water policy (Directive, 2013). In developing countries; e.g., Colombia, PAHs
are regulated in the Resolution 2115 of 2007 of the Ministry of Social Protection,
Ministry of Environment, Housing and Territorial Development of 7 June 2007, by
means of which the characteristics, basic tools and frequencies of the control and
monitoring system related to water quality for human consumption are
established (Resolution, 2007). Unfortunately, the cited regulation is not as
restrictive as international ones. Therefore, in Colombia, PAHs can be found in
drinking water at a concentration higher than in the natural environment in

European countries.

Because of the physico-chemical properties of PAHs, and focusing on AN
and BaP, due to their harmful effects on living beings and humans, they can be
normally found in aqueous environments at ultra-trace level (Santos et al., 2018;
Sharma et al., 2018; Zeng et al., 2018; Vela et al., 2012), as described previously.
This aspect, along with the use of real water matrices, characterized by the
presence of a number of constituents that can interfere the analytical method,
limit PAH monitoring and control (Rubio-Clemente et al., 2018a; 2017a).

It is important to note that, in recent times, a number of analytical methods
for PAH identification and quantification have been developed (Khodaee et al.,
2016; Petridis et al, 2014; Chizhova et al., 2013; Oliferova et al., 2005).
Nevertheless, separation and pre-concentration phases are required; with the
subsequent possible loses of important amount of the target analytes. In addition,
the contamination of the samples can occur (Rubio-Clemente et al., 2018a).
Furthermore, multistep analytical methods are time consuming and suppose a
tedious process (Rubio-Clemente et al., 2017a). In this regard, alternative analysis
methods must be developed and validated. Consequently, large-volume injection
techniques are proposed (Boix et al., 2015), which can be used with reversed-
phase high-performance liquid chromatography (RP-HPLC) and gas
chromatography (GC), and be combined with fluorescence detector (FLD) or
diode array detector, and even with mass spectrometry, finding out accurate and
repeatable results within a short period of analysis, without incurring high costs,
neither the contamination of the sample nor the loss of the analytes of interest
(Rubio-Clemente et al., 2017a).
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From this chromatographic techniques, HPLC offers a vast number of
benefits since it can be used for monitoring pollutants contained in environmental
matrices. Additionally, HPLC develops an important role in several applications
in biological and pharmaceutical analyses, food technology and industrial-related
processes, among others (Engelhardt, 2012; Garcia & Pérez, 2012). HPLC consists
of the separation of the compounds of interest from other interfering substances
also present in the same matrix. This fact allows potentially quantifying
substances existing in the target matrix at extremely low concentrations
(Herndndez & Gonzélez, 2002; Engelhardt, 2012; Garcia & Pérez, 2012).

In this way, considering the advantages linked to the use of HPLC and
taking profit of the fluorescent properties exhibited by the target PAHs, the
combination of HPLC with FLD has ascribed several benefits compared to other
chromatographic techniques, namely higher selectivity and lower cost. Moreover,
HPLC allows good separation of compounds with similar physicochemical
properties (Rubio-Clemente et al., 2017a). Nevertheless, it must be noted that, for
a sensitive determination of the compounds of interest with a good resolution, the
chromatographic conditions are recommended to be optimized using
chemometric tools, such as principal component analysis (PCA) and design of
experiments (DOE) (Ebrahimi-Najafabadi et al., 2014; Ferreira et al., 2007).

The monitoring of AN and BaP in environmental samples is of special
concern nowadays. Nonetheless, considering the risk associated with the presence
of such as compounds in the environment, as mentioned above, especially in

aqueous resources, they must be also eliminated from water.

Nowadays, water treatment plants operate with conventional physical,
chemical and biological processes that can be very efficient for some specific
compounds; however, they can be inefficient for other substances, especially
those pollutants with a high hydrophobic character, such as PAHs, which would
pass from an aqueous phase to a solid or gas phase during water treatment
without being degraded (Pogorzelec & Piekarska, 2018). Therefore, the
development of alternative treatments is required and advanced oxidation
processes (AOPs) are regarded as an attractive option (Lopez-Alvarez et al., 2016;
Ribeiro et al., 2015).
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AOPs can operate using several external energy sources, such as
electromagnetic radiation, comprised between the ultraviolet (UV-C, UV-B and
UV-A) and visible range; electric power; and even ultrasound energy (Rubio-
Clemente et al., 2014). Additionally, reactants, such as oxidizing agents (e.g.,
H202, Os, etc.) and catalysts, either homogeneous or heterogeneous, are also
needed for the performance of some AOPs (Ribeiro et al., 2015). Nevertheless,
regardless of the type of energy source and reagents used, AOPs are characterized
by the generation of very reactive and non-selective oxygen species, such as
hydroxyl radicals (HO*). HO® has associated a high oxidation potential (E°=2.8 V)
(Litter & Quici, 2010), making possible its rapid reaction with pollutants in water,
including AN and BaP, with their subsequent destruction (Rubio-Clemente et al.,
2014). The reaction between HO® and the target compounds produces
intermediate compounds, which undergo further oxidation until their complete
oxidation or mineralization (i.e., the production of CO: and H20) (Miklos et al.,
2018; Rozas et al.,, 2016). For the photochemical AOPs to be performed, several
influencing operating factors, such as the type and intensity of the energy source,
the reactant concentration, and the reaction time, among other parameters, may
be considered while the oxidation technology is implemented (Miklos et al., 2018;
Litter & Quici, 2010).

There are several studies reporting AOPs as effective treatments for PAH
removal, including AN and BaP. Among the photochemical AOPs, the UV-
C/H:20: system has been used with very positive results (Rubio-Clemente et al.,
2014).

The UV-C/H20: process consists of the production of HO* when photons,
with wavelengths associated lower than 300 nm, impact on H20: or its conjugated
base (H20), causing the photolysis of the oxidizing agent (Rodriguez-Chueca et
al.,, 2018; Gassie & Englehardt, 2017), as represented by Eq. 1.

H,0,/HO; + hv - 2HO* Eq.1

Additionally, the UV-C/H20: system can benefit from the direct photolytical
effect of UV-C radiation and the oxidation potential of the H:0: (Gassie &
Englehardt, 2017).
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It is important to note that the referred alternative oxidation technology has
been widely reported as an efficient water treatment when water is polluted with
recalcitrant compounds. Additionally, the mentioned process has been utilized
for disinfection purposes, as well as the process where UV-C radiation is
combined with ultrasounds (US) and simultaneously with US and H:0:
(Hulsman et al., 2010; Bounty et al., 2012; Penru et al., 2012; Rubio-Clemente et al.,
2014; Gassie & Englehardt, 2017; Urbano et al.,, 2017; Giannakis et al., 2018a;
Malvestiti & Dantas, 2018).

When US is applied to the water studied, cavitation bubbles are formed,
which implode, leading to the generation of HO® (Miklos et al., 2018), as
expressed in Eq. 2. During the sonochemical treatment of water, H2O2 can be also
formed (Rubio-Clemente et al., 2014). When US is implemented in combination
with the UV-C/H:20: system or the action of UV-C radiation alone, the H20:
formed internally in the system can be also photolyzed, and the amount of HO*
formed is increased in comparison with the HO® generated when US is used
individually. In addition, H20: can be added externally, promoting the generation
of HO®, among other reactive oxygen species (ROS) (Rubio-Clemente et al.,
2018b).

H,0+))) - HO" Eq.2

During the application of the mentioned systems, the water matrices
utilized are usually synthetic ones, based on distilled or deionized water that is
spiked with the compounds of interest or the bacterial load to be studied. In order
to have a deeper knowledge about the feasibility of a new process to be
implemented at large scale, it is necessary to use real matrices while the
laboratory-scale experiments are being conducted since the background
constituents in natural water develop a crucial role in the efficiency of the tested
treatment, as some components of the water can act as HO® scavengers and
radiation screeners; reducing, therefore, the efficiency of the system both in terms
of degradation of the target pollutants and microbial load destruction (Souza et
al., 2014; Matilainen & Sillanppaa, 2010). Furthermore, the organic matter cannot
be effectively mineralized, so that the chances of disinfection by-product

formation might be increased. Moreover, degradation by-products more toxic
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than the initial parent compounds can be found following the lack of efficiency of

the oxidation process (Rubio-Clemente et al., 2018b).

In addition, concerning the efficiency of the advanced oxidation processes
selected for the bacterial load removal, the use of wild bacterial load is of utmost
importance since in laboratory strains, either commercial laboratory strains or
natural microorganisms extracted and relocated into the laboratory,
microorganisms are grown under optimized ideal conditions as individuals
(Palkova, 2004). When microorganisms are grown under natural conditions, they
develop strategies and mechanisms to be protected against non-favourable
conditions since they are prone to be organized into multicellular communities
(Palkova, 2004; De la Fuente-Nunez et al., 2013; Lyons & Kolter, 2015) and even

are forming consortia with other organisms in water (Bridier et al., 2011).

Therefore, the results obtained using synthetic water matrixes and
microorganisms that are grown in the laboratory would not reflect the real
effectiveness of the alternative oxidation processes tested. This fact should be
taken into account in order to obtain results under conditions close to reality,
which is of great importance when implementing a treatment system at large
scale (Rubio-Clemente et al., 2018b).

A parameter to be taken into consideration when studying the efficiency of
a system for water treatment is the residual H2O: present in the studied water,
since when water is going to be release into the environment, such as residual
H:0: can alter aquatic ecosystems due to the biocidal action ascribed (Linley et al.,
2012). However, in some occasions, the excess of H20: that remains in the treated
water can develop a main function as disinfectant, guarantying the distribution of
water of quality, but it could be also involved in the formation of disinfection by-
products.

Several methodologies for H2O: determination in aqueous samples have
been reported; nonetheless, the more appropriate one was the analytical method
developed by Pupo et al. (2005). This method can be used for analysing H20: in
several water samples, but its limit of quantification is limited to ~ 0.85 mg L.
Consequently, more sensitive methods for the analysis of H202 at lower levels are
required (Rubio-Clemente et al., 2017b).



CHAPTER 1. INTRODUCTION 31

AOPs can be very effective for water treatment, as mentioned previously;
however, generally, they are costly processes, particularly because of the
electricity consumption required (Rubio-Clemente et al., 2018c). Consequently, in
order to reduce the costs of operation of the process, distributed electrical power
generation systems with renewable energy sources can be used (Rahamanov et
al., 2013). Distributed generators can provide high reliability by providing on-site
generation. As a result, many hybrid systems come in existence, including PV and
fuel cells, wind microturbines and small hydrokinetic systems, among others
(Rubio-Clemente et al., 2018c).

When renewable resources are being used for electricity generation, the
climatological conditions and geographical location of the country or area where
the system is going to be applied must be taken into consideration (Rubio-
Clemente et al., 2018c). For the particular case of Colombia, a great potential in
terms of renewable energy generation is observed, specifically from biomass,
water, wind and sun resources. Nonetheless, the use of the energy contained in
the biomass, water and wind share several disadvantages that can be overcome
by the use of sun as resource (ESMAP, 2010; ECLAC, 2004). In this way, the use of
solar energy could be one of the best sources of energy alternative to the
conventional ones. In Colombia, thanks to its location in the equatorial zone, solar
irradiation hits almost parallel to the terrestrial surface, with the subsequent high
amount of energy per area with regard to other regions where the sun rays stroke
more obliquely. In this regard, photovoltaic (PV) cells might be a good option for
harvesting sunlight and converting it directly into electricity (Ortiz et al., 2008);
aspect that is particularly interesting for non-interconnected zones (NIZs) to the
electrical grid, which account for just over half the territory of Colombia. In
consequence, the use of PV systems in these areas could allow the production of
water of quality and, subsequently, the development of these isolated

communities (Rubio-Clemente et al., 2018c).

As indicated previously, when a treatment process is going to be
implemented at large scale, a previous phase in the laboratory is required so that
to understand the fundamentals of the process and to optimize it (Zuorro et al.,
2014), consequently, according to the type and properties of the water to be
treated. In order to reduce experimental costs and make the process more feasible
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for large-scale implementation, kinetic models can be a very useful tool during
the optimization of the operating conditions of the treatment process to be
implemented (Rubio-Clemente et al., 2017c; 2017d).

In the literature, a number of mathematical models regarding the kinetic
conversion of several pollutants and substances for different AOPs have been
reported (Yao et al., 2013; Wols & Hofman-Caris, 2012; Audenaert et al., 2011;
Song et al., 2008; Primo et al., 2007; Rosenfeldt & Linden, 2007; Crittenden et al.,
1999; Hong et al., 1996, Huang & Shu, 1995; Liao & Gurol, 1995). Depending on
the kinetic model to be considered, the set of ordinary differential equations
(ODE) defining the studied pollutant degradation rate can be simplified into a
pseudo-first-order kinetic expression, whose solution is an exponential one. In
such as models, experimental results are fit to that solution (Yao et al., 2013;
Primo et al., 2007; Rosenfeldt & Linden, 2007). Subsequently, model predictions
agree well with laboratory data. In that kind of models the calculated reaction rate
constants for the tested pollutant degradation are apparent reaction rate constants
(identified as Kapp), which include pollutant removal reaction rate constants and
the values of parameters such as the quantum yield for the oxidant, the conjugate
base (HO:), and the contaminant photolysis, the initial level of the chemical
species involved in pollutant oxidation, the optical path length of the system, the
UV-light intensity, and the molar extinction coefficients of H20./HO:  and
pollutant, among others. Therefore, knowing those parameters is not required.

Other kinetic models, in turn, consider that reactive chemical species, like
HQO?, are transient ones, and their level can be presumed to be at a pseudo-steady
state (Rosenfeldt & Linden, 2007, Hong et al., 1996, Liao & Gurol, 1995).
Therefore, they are based on the pseudo-steady state approximation assumption
to calculate the concentration of such as chemical species. The non-pseudo-steady
state premise is also applied for calculating the concentration of such as reactive
chemical species (Yao et al., 2013; Wols & Hofman-Caris, 2012; Audenaert et al.,
2011; Song et al., 2008; Primo et al., 2007; Rosenfeldt & Linden, 2007; Crittenden et
al., 1999; Hong et al., 1996, Huang & Shu, 1995; Liao & Gurol, 1995).

On the other hand, it is important to take into account that during the

performance of the UV-C/H20: system, in addition to HO®, hydroperoxyl radicals
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(HO>") are also formed, which can also react with pollutants in water and cause
their degradation. Therefore, the production of HO:* should also be included
when developing a kinetic model for the conclusions obtained are more accurate.
However, none of the referred kinetic models consider the role developed by the
HO:* in the conversion of the target pollutant, with the exception of Huang and
Shu (1995), and Liao and Gurol (1995) models. Additionally, some of these
models cannot be reproduced unless a conversion factor is included, as
demonstrated by Audenaert et al. (2011).

Under this scenario, in this research, the problem of real surface water
pollution with refractory contaminants, exposed previously, is intended to be
solved by the application of advanced oxidation processes alternative to
conventional systems water treatment facilities are operating with, in order to

expand horizons in the field of water treatment.

This Thesis is written and structured as a compendium of several short
scientific or academic pieces of work that are interrelated with each other and are
already published. In the whole set of works, the candidate is the main or first
author of the publications. The works have been previously peer reviewed by
several referees and editors of various journals and publishing houses. Both the
supervisors and the PhD. student chose the format related to a compendium of
several academic works because when a compilation thesis is written, the PhD.
candidate is contributing towards the publication statistics of the University right
from the start of her studies. Additionally, by writing the thesis as a compendium
of research works, the PhD. student is involved in the publishing and the peer

review management processes.

Below, the integrated nature of the whole research is described to provide a

comprehensive overview and coherence of the entire document.
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After this first introductory Chapter, a review article is opening the
compilation of the presented works. This paper conforms Chapter 2 of the current
Thesis. The research is focused on the current state of knowledge concerning
PAHs, including their physicochemical properties, input sources, occurrence,
adverse effects and conventional and alternative chemical processes applied for
their removal from water. The paper intends to bring reader’s attention to the
implementation of AOPs for tackling the problem of PAHs water pollution,
especially by the application of photochemical oxidation systems, such as the
combination of UV-C and an oxidizing agent, like H20;, because of the positive
results ascribed to the use of these processes for the treatment of effluents
containing PAHSs. This work laid the groundwork for the selection of two PAHs,
whose behavior was studied. The referred PAHs where AN, with a high acute
photo-toxicity, and BaP, which exhibits a carcinogenic and mutagenic potential.
In addition, the referred work allowed for the selection of the operating condition
ranges under which the AOP was tested.

Afterwards, and considering the limitations of monitoring the presence of
the selected compounds in real aqueous environmental matrices, especially when
the analytes are found in the range of ng L' and pg L', sometimes even below the
detection limit of the used analytical methods, a second work was conducted to
develop an analytical method able to identify and quantify the substances of
interest; i.e,, AN and BaP. The chromatographic behavior of the target analytes
under the conditions tested was studied, obtaining three indexes representing the
identification of the compounds tested, the quantification of AN and that of BaP.
The parameters having the main influence in the HPLC system, which was
coupled to a fluorescence detector and operated in reversed-phase, were
subsequently optimized using chemometric tools. Then, the method was
validated for the separation and quantification of AN and BaP at ultra-trace levels
in aqueous samples by direct injection. The phases involved in the development
of this analytical method are described in Chapter 3. Additionally, in this Chapter
a brief review on the use of HPLC and statistical multivariate techniques for
analytical method development is exposed; as well as the steps involved in the
development of an analytical method able to determine residual concentrations of
H20o.
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Once the analytical method for the determination of AN and BaP in real
water matrices was developed, the AOP chosen in a previous phase was applied
for investigating the efficiency of such as alternative oxidation treatment in
degrading the mixture of AN and BaP, and mineralizing the organic matter in the
surface water used during the experimentation, without the production of
reactive intermediates more dangerous than the parent compounds. The
microbial load destruction capacity of the system was also evaluated and the
results were compared to those ones obtained using the UV-C/US/H:0: and UV-
C/US advanced oxidation technologies. This research is included in Chapter 4.

Due to the most promising results were obtained by the UV/H20: process,
in terms of microorganism destruction from water, and along with the positive
findings achieved for the conversion of the target PAHs and the organic matter
naturally contained in the natural water of study, without the generation of
harmful degradation by-products, the combination of the UV-C and the H20: was
selected for further studies focused on reducing the electrical costs ascribed to the
implementation of such as process. For this purpose, a PV array was sized,
installed and applied. The research carried out on this issue is also described in
Chapter 4.

Furthermore, in this Chapter, a kinetic model for the treatment of water by
using UV photolysis and UV-C/H20:2 AOP under low-pressure UV-C lamps is
described by two works. The model includes the background matrix effect, as
well as the reaction intermediate action and the pH evolution as the treatment is
applied. In the first related work, the type of assumption considered to calculate
the concentration of reactive chemical species, such as HO®, was investigated; as
well as the role developed by HO:*, with the subsequent calculation of the
reaction kinetic rate between the radical and the target compound. Moreover, in
the first work on the kinetic model describing the UV-C/H:0: process, the
presence of an effective HO" level to be maintained during the treatment time for
an effective degradation of the pollutants of interest was investigated. In the
second related work, in turn, the kinetic model developed was applied and
validated.
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In Chapter 5 a brief summary of the results obtained and their
corresponding discussion is addressed. Additionally, the conclusions and future

perspectives derived from this Thesis are covered.
Finally, the researches referenced here are listed.

In each of the works compiled in the Thesis, the reagents and materials, as well as
the analytical methods and all the aspects related to the experimental part used

throughout this research are described in detail.
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1. Introduction

PAHs are a type of organic compounds that consist of two or more
condensed benzene rings and/or pentacyclic molecules that are
arranged in various chemical configurations. These compounds are
formed primarily from the incomplete combustion or pyrolysis of
organic material such as oil, petroleum, gas, coal, and wood (Gonzalez
et al,, 2012; Manariotis et al., 2011). PAHs have recently attracted a lot
of attention in studies on water, soil and air pollution because some of
them are highly carcinogenic, mutagenic and teratogenic substances
(Busetti et al., 2006; Manoli and Samara, 2008; Menzie et al., 1992;
Reynaud and Deschaux, 2006). Additionally, PAHs are persistent organ-
ic pollutants due to their chemical stability and biodegradation resis-
tance. For these reasons, they are strictly regulated by law in most
industrialized countries. However, many of them are not regulated
in developing countries. Several PAHs have been identified by the
US-EPA and the European Union (WFD, 2000/60/EC) as priority pollut-
ants in order to reduce the release of these compounds into the environ-
ment (Busetti et al., 2006; Manoli and Samara, 2008). In fact, a
maximum admissible concentration for the most dangerous PAHs in
the environment has been set (WFD, 2008/105/EC).

The removal of such substances from the environment can be per-
formed through physical, biological and chemical processes (Fatone
et al., 2011; Manoli and Samara, 2008; Tian et al., 2012; Veignie et al.,
2009; Vela et al., 2012; Zeng et al., 2000a). In the case of removing
PAHs from aqueous systems, physical processes, such as volatilization
and adsorption, have an important role, greatly reducing the amount
of PAHs in the water. Nevertheless, physical processes do not solve the
problem of PAH pollution because of their inability to degrade these
contaminants. For this reason, biological and chemical degradation pro-
cesses are generally preferred (Veignie et al., 2009; Vela et al., 2012;
Zeng et al., 2000a,b). However, due to the biorecalcitrant, toxic charac-
ter and low aqueous solubility of PAHs, conventional biological systems
exhibit limited contribution to PAH removal from water (Manoli and
Samara, 2008; Mueller et al., 1989). Therefore, chemical processes
may be the most efficient for the conversion of these substances.
Among the chemical techniques, direct photolysis is one of the major
transformation processes affecting the fate of PAHs in the aquatic envi-
ronment (Vela et al., 2012). Furthermore, PAHs may undergo oxidation
through ozonation (Beltran et al., 1999; Bernal-Martinez et al., 2007,
2009; Ledakowicz et al., 2001; Zeng et al., 2000b) and chlorination
(Manoli and Samara, 2008), among other processes. Advanced oxida-
tion processes (AOPs) have also been broadly investigated. AOPs are
techniques that use the highly oxidant and non-selective hydroxyl
radical (°OH), which is able to react with almost all types of organic
compounds, to lead to their total mineralization or the formation of
more biodegradable intermediates (Glaze et al.,, 1987).

In recent years, the research interest in the removal of PAHs
from the environment has been increased. However, to the authors'
knowledge there is no a review article concerning chemical treatment
systems for PAH degradation in aqueous environment. Therefore, the
aim of this work is to review, evaluate, discuss and compare different
conventional and alternative chemical processes, and their combination
with biological ones for the degradation of PAHs and their removal from
water.

2. Background
2.1. PAHs: definition, classification and physico-chemical properties

PAHs, also known as polynuclear aromatic hydrocarbons, or more
simply as polyaromatics, are a group of over one hundred organic
compounds known for their toxicity and environmental persistence.
They are mainly made up of carbon and hydrogen assembled in two
or more stable benzene rings. Their physical and chemical properties
are determined by their conjugated m-electron systems, which are
dependent on the number of aromatic rings and their molecular weight.
They are classified as having a low molecular weight if they have two or
three condensed aromatic rings, or a high molecular weight if they have
four or more condensed benzene rings. PAHs can be also classified as
alternant or non-alternant if their structure is composed entirely of
benzene rings or if four, five, and six-member non-aromatic rings are
included, respectively (Wick et al., 2011).

The solubility of PAHs in water is dependent upon temperature, pH,
ionic strength, and water matrix components (i.e. dissolved organic
carbon) (Dabestani and Ivanov, 1999; Vela et al., 2012). However, in
general PAHs have a relatively low solubility in water (ranging from
31 g m~> for NA to 0.26 mg m~> for BghiPY) (Dabestani and Ivanov,
1999), but dissolve easily in fats and oils, thus, they have a tendency
to accumulate in the fatty tissue of living organisms. PAHs have variable
vapor pressures (ranging from 10.4 Pa for NA to 0.37 nPa for DahA)
(Dabestani and Ivanov, 1999). Those PAHs with lower vapor pressures
are associated with particles, whereas those with higher vapor
pressures are found as vapor at ambient temperature in air. Generally,
the solubility of PAHs decreases and hydrophobicity increases with an
increase in the number of condensed benzene rings. In addition, volatility
decreases as the number of condensed aromatic rings increases.

2.2. Emission sources and occurrence in the environment

PAHs are widely spread throughout the natural environment and are
found in soil, sediments, water, air, plants and animals, as a result of
both natural and anthropogenic processes (Chen et al., 2004; Guo
et al, 2007). In nature they are generated by natural forest fires,
reactions in living beings, volcanic eruptions and natural oil seeps.
However, PAHs are more commonly generated by anthropogenic
activities, mainly as a result of combustion processes, especially the
incomplete burning of organic materials during industrial and other
human activities (e.g. industrial discharge, transportation, cooking,
biomass burning, tobacco smoking, coal, petrol, gas and wood combus-
tion, and waste incineration) (Ravindra et al., 2008).

PAHs are released into the atmosphere mainly via gaseous emis-
sions, but they can also be discharged from soil and water compart-
ments through evaporation or resuspension of particles. Once in the
atmosphere, PAHs are subject to short and long-range transport, and
they are removed by wet and dry deposition onto water, soil and
vegetation. On the other hand, polyaromatics can reach aquatic systems
through natural oil seeps, by atmospheric deposition and/or through
accidental or intentional discharges mainly from oil extraction,
transportation and refining. PAHs in water can bind to suspended parti-
cles or sediments, or bioaccumulate in aquatic organisms through the
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food chain. Additionally, a small part of these substances can remain
solubilized. Those which are found on the surface are subject to evapo-
ration, and resuspension of the particles they are associated with. In soil,
PAHs can be volatilized, solubilized or adsorbed onto organic matter or
particulate material, being part of the gaseous, liquid and solid phase,
respectively. In the liquid phase, PAHs can enter groundwater and be
transported within aquifers (Birgiil et al., 2011; Chizhova et al., 2013;
Vela et al.,, 2012; Zhang et al., 2008), becoming part of aquatic systems.
Once PAHs are in water, soil or atmosphere, they are transferred to
living beings, bioaccumulating in plants and animals through the
food chain. The global movement of PAHs in nature is summarized
in Fig. 1.

2.3. Adverse effects of PAHs

In recent years, the presence and concentration of PAHs in the
environment have been reported in several parts of the world (Huang
et al., 2012; Na et al.,, 2011; Nadal et al., 2004; Sabaté et al., 2001;
Wang et al., 2011a,b). The main conclusion of these reports is that the
accumulation and persistence of PAHs in the environment can produce
harmful effects, in both aquatic and terrestrial ecosystems.

The list of priority PAHs varies in different countries. Sixteen PAHs
have been included in the list of priority pollutants by the US-EPA
(US-EPA, 2008), as a consequence of their potential carcinogenic,
mutagenic and teratogenic effects on organisms, including human
beings. It seems that their genotoxic and carcinogenic character is
related to the formation of diol epoxides covalently bound to DNA
(Meehan and Bond, 1984; Straub et al., 1977).

Throughout history, evidences of PAHs in living organisms have
been reported, especially in humans (Chen and Liao, 2006; Chiang
et al,, 2009; Delgado-Saborit et al., 2011; Guo et al., 2012; Okona-
Mensah et al., 2005; Siddens et al., 2012; Straif et al., 2005; Wester
et al,, 2012; Xu et al., 2013), which come mainly from occupational
studies of workers exposed to mixtures containing these pollutants.
Polyaromatics have been associated with various types of cancer such
as lung, bladder, larynx, scrotum, breast, esophageal, prostate, kidney,
skin, and pancreas cancer. They are also able to suppress the immune
system and are suspected of being endocrine disrupters (CCME, 2008;
US-EPA, 2008; Vela et al., 2012). Therefore, because of their wide
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distribution and toxic potential, it is important to monitor these
compounds and remove them from the environment.

3. Chemical removal techniques
3.1. Conventional processes

Conventional chemical oxidation processes can eliminate PAHs
from water. Several studies have been carried out on the use of
classic oxidants like ozone, chlorine and potassium permanganate
(Ali and Tarek, 2009; Beltran et al., 1995a,b, 1999; Brown et al., 2003;
Kornmiiller and Wiesmann, 2003; Legube et al., 1983; Miller and
Olejnik, 2004, 2001; Rebola et al., 2008; Trapido et al., 1995). However,
problems may arise during the decontamination process itself. For
instance, chlorine has been shown to react with natural organic matter
in water to produce carcinogenic and mutagenic halogenated hydrocar-
bons like trihalomethanes and haloacetic acids, known as disinfection
by-products (Shih and Lederberg, 1976).

Among these chemical processes, those most often used for PAH
removal are ozonation and direct photolysis. A summary of the main
researches conducted using these treatments for PAH degradation is
shown in Table 1.

3.1.1. Ozonation

The removal of some PAHs (e.g. AN, BaP, BghiPY, BKF, BkP, CHR, FA,
FLU, PHE and PYR) using ozonation has been investigated by several
authors (Beltran et al., 1995a,b, 1999; Kornmiiller and Wiesmann,
2003; Legube et al., 1983; Miller and Olejnik, 2004, 2001; Trapido
et al.,, 1995; Yip et al., 2006). In this process, PAH degradation occurs
through two mechanisms: a) direct oxidation of the target compound
by 05 (Eq. (1)); and b) indirect oxidation by “OH from O3 transformation
at a basic pH (Egs. (2)-(7)) (Andreozzi et al., 1999; Miller and Olejnik,
2004; von Gunten, 2003).

0, + PAH—PAH,,

0, + OH™ —0, + HO;

0, + HO; »HO, + 05~

Solubilized

Adsorbed

PAHs
release

resuspension

resuspension

Bioaccumulated

volatilization

Adsorbed Food chain
Volatilized

Adsorbed

volatilization

Volatilized

Bioaccumulated

Solubilized

Fig. 1. PAH emission sources and principal pollution pathways.
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Fig. 2. AN photolysis by-products formation (Sanches et al., 2011).
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It is worth noting that apart from °OH, HO,°® (Egs. (3), (8)), 0,°~
(Eq. (4)), and 05°~ (Egs. (3), (5)) are yielded, which can also react
with PAHs and their intermediates; nevertheless, their oxidation
power is lower than that of °OH (Litter and Quici, 2010).

The removal pathway of PAHs is enormously influenced by the pH of
the solution, since the decomposition of O is facilitated at high pH
values where °OH attack takes place. On the contrary, in acidic condi-
tions, O3 becomes more stable and direct oxidation by O can occur
(Miller and Olejnik, 2004 ). Several researches have studied the degrada-
tion of PAHs, such as AN, BaP, BghiPY, CHR, FA, FLU, PHE and PYR in
aqueous media at concentrations below their solubility limit and at dif-
ferent pH conditions (Miller and Olejnik, 2004; Trapido et al., 1995).
They have proven that, even though °OH have a high oxidation potential
(E° = +2.86 V), 05 is a very powerful oxidizing agent (E° = +2.07 V)
(Kleiser and Frimmel, 2000) as well. Miller and Olejnik (2004) studied
the influence of pH on the removal rate of 5.12 x 10~° M CHR with
15.2 mg L~ ! 05 fed at a flow rate of 9 L h™ !, achieving reductions of
about 14% and 77% for pH 12 and pH 2, respectively, after 75 s of treat-
ment. When the PAH concentration is below that of Os at an alkaline pH,
the role of O acting as a °OH scavenger (Eq. (8)) becomes important, as
does the combination reaction between °OH and HO,’, resulting in a
decrease in the removal of PAHs (Miller and Olejnik, 2004). Even though
it is not mentioned by the authors, the lower degradation observed at
pH 12 can be also attributed to the inactivation of °OH radicals at high
pH values (pK, = 11.9) (Matsugo et al., 1995).

Direct reactions between O3 and PAHs lead to ring cleavage by
electrophilic mechanisms (Bailey et al., 1968), resulting in the formation
of a number of carboxylate and hydroxylated benzenes, quinones and
oxygen derivatives of aliphatic compounds (Legube et al., 1983; Miller
and Olejnik, 2004 ). Furthermore, it should be noted that the intermedi-
ate compounds formed can also undergo both direct O; and °OH oxida-
tion, which can lead to a competition with the target pollutant for the
ozone molecules and/or °OH (Miller and Olejnik, 2004). Additionally,
the presence of °OH scavengers, such as CI~, CO3~ and other anions
present naturally in water, can negatively affect PAH degradation
(Miller and Olejnik, 2004; von Gunten, 2003). This assumption was

tested by Miller and Olejnik (2004) for BaP, CHR and FLU, using t-
BuOH (0.02 M) as a °OH scavenger, due to its low and high reaction
rate with Oz and "OH (3 x 107> M~ 's~'and 5.9 x 10 M~ s~ re-
spectively) (Elovitz and von Gunten, 1999), achieving an inhibition of
about 6%-8% at a pH range of 2-12.

Besides being influenced by the presence of °OH scavengers, a major
limitation of the ozonation process is the formation of potentially harm-
ful by-products. One of these is bromate, which is formed through
waters containing bromide and is considered a possible human carcin-
ogen (Matilainen and Sillanpdd, 2010; von Gunten, 2003). In addition,
the high costs of equipment and maintenance, as well as the energy
required to power the process, are some of the disadvantages of this
technique (Kornmiiller and Wiesmann, 2003; Kornmiiller et al., 1997;
Litter and Quici, 2010).

In order to improve the performance of ozonation, some studies
have attempted to couple O3 with UV radiation and/or H,0, (Beltran
et al,, 1996b; Ledakowicz et al., 2001; Matilainen and Sillanpdd, 2010;
Miller and Olejnik, 2004; Rivas et al., 2000). Such processes are de-
scribed in Section 3.2.1. Ozone combined with conventional biological
process could be another way of enhancing O3 efficiency (Bernal-
Martinez et al., 2007, 2009).

3.1.2. Direct photolysis

Direct photolysis is one of the dominant degradation pathway
for PAHs in natural aqueous systems (Fasnacht and Blough, 2002,
2003; Jacobs et al., 2008; Kot-Wasik et al., 2004; Wang et al., 1999).
Indeed, the photodegradation of AN and CHR at concentration levels
0f 44.7 pg L~ ' and 97 pg L' was found to be 88.3% and 89.6%, respec-
tively, under sunlight irradiation after 40 min for AN and 240 min for
CHR (Wang et al., 1999).

The general mechanistic pathway of this technique consists of the
absorption of light by PAHs, causing their excitation (Eq. (9)). The excited
PAH can: a) return to the ground state, dissipating its energy (Eq. (10))
(Miller and Olejnik, 2001) or b) be transformed into a radical cation
(PAH°™) and a solvated electron (e,q) (Eq. (11)). On the other hand,
0, from the water could react with the e,q leading to 0,°~ or 10,
formation (Egs. (12)-(13)) (Fasnacht and Blough, 2002; Miller and
Olejnik, 2001). These oxygen species can then react with the organic
molecule to form intermediates, which in turn can undergo further
oxidation and cause the mineralization of the parent compound
(Eqgs. (14)-(16)).

PAH + hv—PAH"

PAH*—PAH (10)
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There are several reports that have studied the photolysis of PAHs
like AN, BaA, BaP, CHR, DBF, DBT, FA, FLU, PHE, PYR and NA, under
artificial conditions (Bertilsson and Widenfalk, 2002; Fasnacht and
Blough, 2002; Jacobs et al., 2008; Miller and Olejnik, 2001; Sanches
et al., 2011; Shemer and Linden, 2007). Under these conditions, the
emission spectrum of the light source may overlap the absorption
spectrum of the substance of interest thereby causing its degradation
(Shemer and Linden, 2007). The wavelengths that can be absorbed
by a compound depend on its structure (Sanches et al., 2011). The
absorption spectra of PAHs range from 210 nm to 386 nm (Dabestani
and Ivanov, 1999). At laboratory scale, Sanches et al. (2011) found AN

and BaP reductions of 83% and 93%, respectively, in a groundwater
sample spiked with 3.9-5.6 UM of the PAH of interest, under a LP-UV
lamp with a fluence of 1500 mJ cm ™2 after about 3 h and 4 h of irradi-
ation, respectively. Fig. 2 shows the AN degradation pathway.

The most common sources of artificial light used in the reports are
LP-UV and MP-UV. The effectiveness of each lamp on the removal of the
PAHs depends on the absorption spectrum of the PAH of interest. For
example, for BaP, whose absorption spectrum ranges from 235 nm to
410 nm, a MP-UV lamp emitting 5.99 x 10'® quanta s~! dm~> resulted
to be more efficient than a LP-UV lamp (2.49 x 10'® quanta s~ ' dm~3).
However, for CHR (230-330 nm) and FLU (230-310 nm), the LP-UV
lamp resulted to be more efficient (Miller and Olejnik, 2001).

Apart from the absorption spectrum of the target compound, photol-
ysis performance depends on the radiation intensity, pH, temperature
and water background constituents (Bertilsson and Widenfalk, 2002;
Fasnacht and Blough, 2002; Jacobs et al., 2008; Miller and Olejnik,
2001; Shemer and Linden, 2007). Commonly, it is known that an in-
crease in radiation intensity enhances the chances of photon absorption
and the subsequent PAH photolysis. Additionally, the effect of pH could
be related to the structure of the PAHs and the associated molar extinc-
tion coefficient, as pH can alter the ionic form of the compound and
make it more susceptible to a photochemical change (Miller and
Olejnik, 2001). In turn, the influence of water temperature is indirectly
related to the content of DO, since oxygen saturated solutions achieve a

Solar application

Photo-Fenton

. |UV/H;0, ' '

IOVUWHO iy, i Heterogeneousphotocatalysis !

i i i i
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Fig. 4. Solar spectrum and wavelength range of several photochemical degradation processes.
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Fig. 5. Possible pathways for the formation of the main intermediates in the degradation of NA through TiO, photocatalysis (Lair et al., 2008).

more efficient PAH photolysis (Miller and Olejnik, 2001; Wang et al.,
1999). For instance, it was demonstrated that the removal of 70 pg L!
AN rose from 50% to 93% when the solution was stirred for 60 min,
due to the increase in DO (Wang et al., 1999). Regarding the water ma-
trix constituents, natural waters have different substances that may in-
hibit or improve the process by scavenging or generating oxidant
species, respectively. For example, the DOM may be capable of forming
reactive species which can oxidize PAHs (Fasnacht and Blough, 2002;
Jacobs et al., 2008; Lehto et al., 2000). Furthermore, DOM may inhibit
PAH photo-degradation (Sanches et al., 2011) if the binding PAH-DOM
reduces the lifetime of the excited states, decreasing the possibility
of generating reactive intermediates (Fasnacht and Blough, 2002).
On the contrary, NO3 may improve PAH degradation because it is
able to produce °OH (Mack and Bolton, 1999). This was
corroborated by Jacobs et al. (2008), when they experimented with PHE
(1.0 x 10~ M) in natural water spiked with 0.2 mM and 0.4 mM NO3
at pH 6.8, using a solar simulator. The PHE degradation rate increased
by 0.064 h—! and 0.09 h~!, respectively.

Although direct photolysis is a common degradation process that
occurs naturally in aqueous environments, it is important to note that
some intermediate compounds may be hazardous to aquatic life
(El-Alawi et al., 2002; Grote et al., 2005). An example is anthraqui-
none, which comes from the photolysis of AN (Sanches et al.,
2011). Furthermore, direct photolysis appears to be less effective
than other processes where radiation is combined with an oxidant
such as H,0, or O3, where homogeneous and heterogeneous cataly-
sis are employed (Gogate and Pandit, 2004b) or where UV is even
coupled to conventional biological systems (Guieysse and Viklund,
2005; Guieysse et al., 2004).

3.2. Advanced oxidation processes

AOPs refer to several chemical oxidation methods whose common
characteristic is the production of OH (Glaze et al., 1987). °OH is a highly
reactive and non-selective species able to attack and destroy the most
persistent and toxic organic molecules (R) (Andreozzi et al., 1999). It
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does this mainly by: (a) H-addition to C=C bonds or to aromatic
rings (Eq. (17)); (b) H abstraction from C—H, N-H or O-H bonds
(Eq. (18)); and (c) electron transfer reactions (Eq. (19)) (Munter, 2001;
Von Sonntag, 2006). AOPs can even achieve the total mineralization
of organic substances, yielding CO,, H,0 and inorganic ions such as
Cl~, NHJ and SO3~ (Litter and Quici, 2010).

R + O°H—ROH (17)
R+ 0°H—R +H,0 (18)
R+O°H-R" + OH™. (19)

These alternative chemical oxidation processes use different
combinations of oxidants, energy sources and catalysts to gener-
ate °OH in water. They can be classified as photochemical and
non-photochemical processes (Fig. 3). The former include tech-
niques using UV or visible radiation, from water photolysis in
the vacuum ultraviolet (H,0/VUV) to homogeneous or heteroge-
neous photocatalysis with semiconductors or chemical oxidizers,
including UV/0O5;, UV/H,0, and photo-Fenton (UV/H,0,/Fe?™)
and related processes. In turn, non-photochemical processes in-
clude sub and supercritical water oxidation, ozonation in an alka-
line medium, Os/H,0,, Fenton (H,0,/Fe?™) and related processes,
techniques involving electrical and ultrasound energy, non-thermal
plasma and radiolysis <y, and treatment with an electron beam. In
addition, AOPs can be combined with each other, resulting in variant
systems, such as electro-Fenton and photo-electro-Fenton, US/UV/TiO,,
sono-Fenton and UV/O3/H,0, systems, among others (Comninellis
et al., 2008; Gogate and Pandit, 2004b).

Fig. 4 represents the wavelengths under which various photodegra-
dation processes take place. As shown in the figure, some of these AOPs
involve the interaction of artificial or natural solar light with the target
molecule and the induction of photochemical reactions, which can
lead to the direct degradation of the molecule and the generation of in-
termediate products whose further decomposition could yield mineral
end-products.

The efficiency of these oxidation techniques depends on various
parameters, such as the oxidant dose, UV/visible-light intensity, re-
action time, pH, the free radical generation rate, physico-chemical
properties and initial concentration of the target pollutant, and
the water matrix constituents (suspended materials, presence of
anions, HS, etc.). The role of these parameters on AOP performance
has been sufficiently described for different types of aqueous matri-
ces (Chong et al., 2010; Pera-Titus et al., 2004), including ground-
water (Vela et al., 2012), wastewater (Dopar et al., 2011; Gogate
and Pandit, 2004a,b,c), synthetic water (Crittenden et al., 1999;
Homem et al., 2009; Lair et al., 2008; Manariotis et al., 2011; Souza
et al.,, 2011) and drinking water (Matilainen and Sillanpdd, 2010)
with successful results. However, one of the main drawbacks of
AOPs is related to the relatively high operational costs associated,
due to the use of costly chemicals (e.g. H,0,) and the increased en-
ergy consumption (Comninellis et al., 2008; Oller et al., 2011).
Moreover, as mentioned previously, all of these methods are sus-
ceptible to °OH scavenging by non-target substances included in
the water to be treated.

Nevertheless, it should be noted that the systems that benefit from the
solar light source result more economical and, consequently, they are the
most promising photochemical AOPs (Comninellis et al., 2008; Malato
et al, 2009; Prieto-Rodriguez et al, 2013). For instance, Prieto-
Rodriguez et al. (2013) assessed the costs associated to the use of the
solar photo-Fenton system and ozonation as tertiary treatments for 98%
micropollutant elimination in a concentration range of 40-80 pg L'
in a 5000 m> d~! real MWTP effluent. They showed that solar
photo-Fenton total estimated costs were 0.358 € m—> (including

reagent, labor, electricity and investment costs), in comparison with
0.560 € m~3 for ozonation.

On the other hand, the combination of different AOPs could give
better results in terms of efficiency in contrast to individual techniques
(Comninellis et al., 2008; Gogate and Pandit, 2004b). Regarding US-
based AOPs, Torres et al. (2007b) found at lab-scale that the electrical
energy consumption for a 300 mL influent mineralization containing
118 uM bisphenol-A in a US/UV/Fe*" process (1033 kWh m~3)
was four or six times lower than the US/UV (3735 kWh m~3) and
US/Fe?* (6010 kWh m™~?) systems, respectively. Nonetheless, the
cost associated to their application is higher in comparison with bio-
logical processes (Sanchez et al., 2013). For example, the application
of the solar photo-Fenton process to the treatment of 500 mg L~'
alpha-methyl-phenylglycine costs about seven times more in com-
parison with the associated costs for nutrient removal through acti-
vated sludge treatment (14.1 € m~> and 0.25 € m >, respectively)
(Hernandez-Sancho et al., 2011; Muiioz et al., 2008). However, the
use of conventional biological systems for PAH treatment is limited due
to the toxic character of these compounds, as mentioned previously.

One way to overcome the cost problems associated with AOPs and to
benefit from their oxidation potential is by coupling AOPs with biologi-
cal treatments, either as pre-treatment or post-treatment (Oller et al.,
2011). For instance, the estimated cost for treating 1260 kg COD d~'
in a combined solar photo-Fenton and biological system at an industrial
scale has been found to be about 7 € m~3, including plant capital costs
(Comninellis et al., 2008). Additionally, it is important to note that in
some cases the intermediates formed are more toxic than the parent
compounds, therefore, previous toxicity tests are needed when AOPs
are proposed as pre-treatments for a biological system (Oller et al.,
2011; Vela et al,, 2012).

In the following sections, a wide range of advanced oxidation
systems that has been explored for the degradation of PAHs is described.
The most relevant experimental conditions and the results of these
studies are shown in Table 1.

3.2.1. Ozone-based AOPs: UV/O3 and 0s/H>0»

According to some research, conventional ozonation process may be
ineffective for the oxidation of pollutants that react slowly with ozone
(Ledakowicz et al., 2001), such as alachlor, tetrachloroethene and
benzene (von Gunten, 2003). The use of UV radiation or another oxidant
like H,0, combined with O3 could enhance their degradation rates (Litter
and Quici, 2010; Matilainen and Sillanpdd, 2010; von Gunten, 2003).

For the UV/O3 combined process, the reaction mechanism initiates
with the photolysis of O3, which directly produces O, and H,0,
(Eq. (20)). H,0, photolyse to °OH (Eq. (21)) or dissociates to HO3
(Eq. (22)); initiating the further decomposition of residual O5 into "OH
(Egs. (3)-(7)), which in turn can attack O3 (Eq. (8)) and H,0,
(Eq. (23)) molecules (Glaze et al., 1987; von Gunten, 2003).

05 + H,050, + H,0, (20)
H,0, + hu—2 OH (21)
H,0,=HO; +H" (22)
H,0,+ OH—HO, + H,0. (23)

In the case of the O3/H,0, system, O; decomposition is initiated by
H,0, by means of electron transfer, yielding °OH and HO,° (Eq. (24)).
In both of these techniques, the generated HO,® are involved in "OH
production through a chain mechanism described by Egs. (4)-(7),
improving the degradation power of these processes (Domenech et al.,
2004; Litter and Quici, 2010).

05 + H,0,—0, + HO,+ OH. (24)
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When PAHs are introduced into the UV/O5 or O3/H,0, system, they
can theoretically undergo °OH, HO,° or O3°~ oxidation and direct ozon-
ation, as well as direct photolysis or H,0, oxidation, in the case of the
UV/03 and 03/H,0, processes, respectively. This increases the efficiency
of these techniques (Ledakowicz et al., 2001; Litter and Quici, 2010). In
fact, UV/O3 experiments carried out by Ledakowicz et al. (2001) showed
that BaP, CHR and FLU degradation (4.76 nM, 5.12 nM and 5.42 pMV], re-
spectively) was about 85% (BaP) and 90% (CHR and FLU). This was higher
in comparison with the removal obtained by O oxidation (~10%, 70%
and 50%) or by UV radiation (~80%, 40% and 55%) when acting indi-
vidually, after a reaction time of 75 s (BaP and CHR), and 600 s (FLU),
under a LP-UV lamp (4.13 x 10~° Eins dm~2 s~ ') and with 05 levels
of 52 mgdm~3 (BaP), 15.2 mg dm~3 (CHR) and 30.2 mg dm~3
(FLU). These results, differ from those attained by Trapido et al. (1995)
for AN, BaP, FA, FLU, BghiPY, PHE and PYR, and by Rivas et al. (2000)
for ACN (see operating conditions in Table 1). The studies of these two
authors conclude that there was no acceleration in PAH conversion
when UV radiation and/or H,0, was added to the ozonation system.
For example, in the case of PHE, the same removal rates were achieved
by ozonation and the 05,H,0, and UV/O5 systems, while for AN and
PYR, UV/O3 caused detrimental effects (Trapido et al., 1995). This
suggests that the Os-based AOP effect on PAH degradation depends
heavily on the experimental conditions.

The performance of UV/O3 and 03/H,0, processes is mainly affected
by the pH of the medium (von Gunten, 2003). Regarding the UV/O5 sys-
tem, after 30 s of treatment 77% of CHR was removed under pH 2, while
a 22% removal was achieved at pH 12 (Ledakowicz et al., 2001).

When comparing UV/05 and O3/H,0, with the UV/H,0, process,
it is worth noting that the two former systems are less energetically
efficient than UV/H,0, at forming large quantities of °OH due to the
low solubility of O3 in water compared to H,0, (Litter and Quici,
2010; Pera-Titus et al., 2004). Thus, the operational costs are ex-
pected to be higher if large amounts of contaminant are present.
Gaseous O3 must be diffused into the water, resulting in potential
mass transfer limitations when compared with H,0,, which is fed as
a liquid solution (Litter and Quici, 2010; Pera-Titus et al.,, 2004). Conse-
quently, the UV/O3 and 03/H,0, processes require efficient reactor
designs in order to maximize the O3 mass transfer coefficient (von
Gunten, 2003). Additionally, it should be mentioned that, despite the
limitations associated with the gas-liquid O; mass transfer, AOPs
involving O3 may generate harmful by-products like bromate
(Matilainen and Sillanpad, 2010; von Gunten, 2003), as mentioned
before.

3.2.2. Ultraviolet radiation and hydrogen peroxide (UV/H50>)

This AOP entails the formation of °OH generated by the direct pho-
tolysis of H,O, or HO; and the corresponding propagation reactions.
The UV/H,0; system initiates with the O— O bond cleavage of H,0, or
HO; by the application of UV radiation, thereby generating °OH
(Eq. (25)). The propagation and termination reactions are described
by Egs. (26)-(30) (Kralik et al., 2010; Litter and Quici, 2010). It can be
observed that the radical species generated may be combined, reducing
the oxidation power of the system.

H,0,/HO; 2 0H (25)
H,0,+ OH—HO, + H,0 (26)
HO, + OH—HO, + OH™ 27)
2 OH—H,0, (28)
2HO,—H,0, + 0, (29)
HO,+ OH—H,0 + 0. (30)

In the presence of organic compounds in solution (Litter and Quici,
2010; Pera-Titus et al., 2004), such as PAHs, °OH quickly react with
the target organic substances, resulting in their oxidation (Eq. (31)).
In addition to being oxidized by °OH, PAHs may be subject to direct pho-
tolysis under UV radiation as mentioned in Section 3.1.2 (Eq. (32)) and
confirmed by Sanches et al. (2011) for AN and BaP, and by Wlodarczyk-
Makula (2011) for NA. Although H,0, may attack the PAHs, it has been
proven that 0.1 M H,0, has an insignificant contribution to BaP and
CHR (20% of removal) and has no effect on FLU, after 40 min of treatment
(Ledakowicz et al.,, 2001).

PAH+ OH—Intermediates 31)
PAH ™ Intermediates. (32)

During the application of the UV/H,0, system, the intermediate
products formed, such as DBF and 2-methyl-1,1’-biphenyl which
come from FLU (Beltrdn et al., 1996a), can be potentially hazardous.
However, they can be transformed into carboxylic acids, like oxalic
acid when the oxidation time is prolonged (Beltran et al., 1996a).

The combination of UV radiation and H,0, results in a better degra-
dation of PAHs (Shemer and Linden, 2007). Indeed, it has been demon-
strated that the UV/H,0, combination results in an increase in the
removal rates and efficiency of several PAHs in water, including AC,
BaP, CHR, DBF, DBT, FLU, PHE and PYR, compared to UV radiation or
H,0, alone (An and Carraway, 2002; Beltran et al., 1996a; Ledakowicz
et al.,, 1999; Shemer and Linden, 2007). For example, it was observed
that only 6% of the initial DBT (2 pM) was eliminated using a
1000 mJ cm ™2 LP-UV lamp. Under the same conditions, the addition
of 10 mg L~ H,0, to the system resulted in an efficiency 36 times
higher than direct photolysis (Shemer and Linden, 2007).

The major factors affecting the UV/H,0, system are the H,0,
concentration and the initial amount of the target compound, as
well as the incident UV light, the water pH, the temperature and
the water matrix compounds (Crittenden et al., 1999; Litter and
Quici, 2010; Matilainen and Sillanpdd, 2010; Pera-Titus et al.,
2004).

Theoretically, in this process, the higher the initial H,O, concentra-
tion, the higher the °OH concentration that is produced (Eq. (25)),
increasing the conversion of PAHs (Eq. (31)). However, an optimal
H,0, concentration exists because H,0, overdosing would promote
Egs. (26)-(30) and consume radical species (Kralik et al., 2010;
Matilainen and Sillanpdd, 2010). This confirms that in the UV/H,0,
system °OH usually plays the main role in the oxidation of organic
pollutants (Litter and Quici, 2010). Nevertheless, it is important to
note that the reactivity of the PAHs towards °“OH depends on their
chemical structure (Shemer and Linden, 2007). This was corroborated
by Ledakowicz et al. (1999) for FLU, who observed that °OH conversion
was not influenced by the well-known °OH scavenger t-BuOH. There-
fore, FLU radical pathway through °OH resulted to be less clear than
for BaP or CHR. This could be explained by the structural differences
between FLU and BaP and CHR, since FLU has a five-member non-
aromatic ring on its structure, whereas BaP and CHR are composed
entirely of benzene rings.

In order to achieve a highly efficient process, the UV light emission
spectrum must overlap the H,0, absorption spectrum. The best UV-
light lamps for the UV/H,0- process are those emitting under 280 nm
(Andreozzi et al., 1999). Among the different lamp possibilities, the
LP-UV and DBD lamps represent a good alternative (Hofman-Caris and
Beerendonk, 2011; Hofman-Caris et al,, 2012).

Additionally, the efficiency of the UV/H,0, process is pH dependent
(Litter and Quici, 2010). The increase of pH leads to an opposite effect.
Higher pH values can enhance the production of °OH, since at
253.7 nm the molar extinction coefficient of the HO; (the main species
at a pH above 11.6), is higher than that of H,0, (240 M~' cm ™' and
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19 M~ ! ecm™ ', respectively) (Glaze et al., 1987) (Eq. (33)). In contrast,
according to data from the literature, alkaline conditions can also reduce
the oxidation rate of PAHs like BaP, CHR and FLU (Beltran et al., 1996a;
Ledakowicz et al,, 1999). There are some possible explanations for this:
a) the CO3~ and HCOj3 levels, generally present in natural waters,
increase with increasing pH and they act as effective °OH scavengers,
especially CO3~ (Gogate and Pandit, 2004b) and b) when the pH is
increased (especially above 11.6), the “OH scavenging effect becomes
stronger, as the reaction rate constant of Eq. (26) is about two orders
of magnitude lower than Eq. (27) (Kgq27 = 2.7 x 10" M~ ' s~ " and
Keq27 = 7.5 x 10° M~ ! s~ 1), For instance, Ledakowicz et al. (1999)
found that CHR conversion at pH = 11.7 and 1 x 107> M H,0,
diminished from about 90% to 70% compared to that obtained at a
neutral pH after about 110 s of reaction.

H,0,=HO, +H": pKa=116. (33)

Regarding the matrix constituents, the presence of inorganic anions
and HS, generally exert a negative impact on the UV/H,0, process by
scattering or absorbing UV radiation and consuming high amounts of
°OH (Baeza and Knappe, 2011; Li et al., 2010; Xu et al., 2005. However,
the adverse effect of the water matrix constituents varies according to
their concentration levels (Li et al., 2010). For example, Beltran et al.
(1996a) assessed the influence of HCO3 doses from 1 mM to 1072 M
on the degradation of FLU (4.7 x 10~ M), under 1 nM H,0,, pH 7
and 3.8 x 107% Eins L™ ! s~ !, showing that the levels of HCO3 tested
did not affect the FLU oxidation rate.

In addition to those factors, temperature is another parameter that
can impact the UV/H,0, system (Li et al., 2010; Sanz et al., 2013). How-
ever, its role is controversial, since, H,0, decomposition into H,O and
0, increases as temperature rises (Crittenden et al., 1999). On the
other hand, temperature can favor reaction kinetics, as demonstrated
by Sanz et al. (2013) for solutions of linear alkylbenzene sulphonates
(1 g L") at 60 °C. Moreover, temperature in the range of 9-30 °C can
influence water matrix effects, as confirmed by Li et al. (2010) for
clofibric acid, because at higher temperatures, the negative effect of
20 mg L~ ! humic acids became less apparent, enhancing the clofibric
acid removal. In the case of PAHs, the effect of temperature on
the UV/H,0, technique has been scarcely studied; therefore, further
investigation is needed.

Furthermore, in order to improve the solubility of PAHs in water
and, therefore, their conversion rates, An and Carraway (2002) stud-
ied the effect of surfactant solutions in the UV/H,0, system for PHE
and PYR. They found that micelles could provide the tested PAHs
with some degree of protection from °OH attack, contrary to what
was expected.

Although the UV/H,0, system has shown to be very effective at
the removal of PAHs, including AC, BaP, CHR, DBF, DBT, FLU and
PHE, with reduction rates of up to 99% after only a few minutes
of treatment (Beltrdn et al., 1996a; Ledakowicz et al., 1999;
Shemer and Linden, 2007), there are some drawbacks that must
be overcome. One of the greatest limitations of this method is re-
lated to the °OH scavenging or light scattering effect by water ma-
trix constituents (Litter and Quici, 2010; Pera-Titus et al., 2004).
Another disadvantage of this process is that it cannot practically
utilize solar light as a light source, due to the fact that the required
UV energy for the photolysis of the oxidant is hardly available in
the solar spectrum (Litter and Quici, 2010). This results in a rise
in the operational costs related to the cleaning and replacement
of UV lamps, and the use of the costly reagent H,0, (Comninellis
et al.,, 2008).

3.2.3. Fenton, photo-Fenton and related processes

The Fenton (Fe?"/H,0,) and photo-Fenton processes (Fe?*/H,0,/
UV) have been widely used for the abatement of organic pollutants
(e.g. pharmaceuticals, pesticides, polyaromatics, dyes, diesel, phenols

and chlorophenols, among others) (Abdessalem et al., 2010; Batista
and Nogueira, 2012; Bautitz and Nogueira, 2007; Galvdo et al., 2006;
Ghaly et al., 2001; Kavitha and Palanivelu, 2004; Lopez-Alvarez et al.,
2012; Pérez et al., 2002; Pignatello et al., 2006; da Rocha et al., 2013).
These AOPs are based on the use of the Fenton's reagent, which is
defined as a mixture of ferrous iron salts (catalyst) and H,0, (oxidizing
agent) (Pignatello et al., 2006). When Fe? * react with H,0,, dissociation
of the oxidant is produced and reactive “OH are generated (Eq. (34)).
Additionally, the ferric ions formed decompose H,0, to regenerate
Fe?* and yield HO,® (Eq. (35)) (Neyens and Baeyens, 2003; Pignatello
et al, 2006).

Fe?* 1 H,0,—Fe’>" + OH™ + OH (34)
Fe** + H,0,—Fe*" + H™ + HO,. (35)

The organic compounds present in water are mainly oxidized by
°OH (Eq. (36)), principally by abstracting hydrogen atoms or by adding
them to double bonds and aromatic rings (Lundstedt et al., 2006).

In the Fenton process, reaction (35) is the step that limits the process,
since the associated rate constant is very low (about 0.02-0.01 M~ ' s~ 1)
(Neyens and Baeyens, 2003; Pignatello et al., 2006). Therefore, to increase
the efficiency of the Fenton process, elevated concentrations of H,0, and
Fe? ™" are required. However, excessive amounts of H,0, and Fe?* could
be detrimental for the system because of their radical scavenging effect
(Egs. (26) and (36)), which inhibits their reaction with the organic
pollutants present in water (Galvao et al., 2006). Additionally, an exces-
sive addition of Fe?* can reduce the UV radiation penetration in the
water solution of the photo-Fenton system, due to its significant opacity
(Galvao et al., 2006; Gogate and Pandit, 2004b). Furthermore, if °OH and
HO,° are produced in high quantities, recombination reactions can
occur (Egs. (28)-(30)), reducing the effectiveness of the systems
(Neyens and Baeyens, 2003).

Fe** + OH—Fe** + OH ™. (36)

The effects related to H,0, and Fe?* concentrations have been
established in AC, AN, BaP, FLU and PHE removal studies (Beltran
et al., 1998; Homem et al., 2009; Nadarajah et al., 2002). In the case of
BaP elimination by the Fenton AOP, it was observed that H,0, levels
higher than 50 mg L~ were detrimental for the removal of 10 pg L~!
at pH 3.5 and 40 °C, reducing BaP conversion from about 85%
(50 mg L' H,0,) to 50% (150 mg L~ " H,0,) after 15 min of reaction.
Under the same operating conditions, it was noticed that there was a
conversion increase (from about 70% to 100%) as Fe?™ rose (from
3.75mg L~! to 5.5 mg L™}, respectively), although no significant
differences were found between 2.75mgL~! and 3.75 mgL~'
(Homem et al., 2009). Apart from the oxidant agent and catalyst levels,
the dose of the initial organic contaminant also affects the Fenton and
photo-Fenton processes, because it determines the amount of H,0,
and Fe? " to be used (Neyens and Baeyens, 2003). For a fixed level of
H,0, and Fe?* (50 mg L~ " and 3.75 mg L™, respectively), Homem
et al. (2009) studied the maximum amount of BaP that could be
efficiently removed from a Fenton system working at pH 3.5 and
40 °C. They found that BaP doses of 10 pg L~ ! were reduced by 100%
after a reaction period of 90 min.

In turn, pH is an extremely important factor affecting the efficiency
of both Fenton and photo-Fenton systems. The pH solution for processes
involving Fenton's reagent ranges from 2.5 to 4, with an optimum at
pH 2.8 (Pignatello et al., 2006). At pH values higher than 4, Fe** form
complexes with OH™, leading to a precipitate, and inhibiting Fe?
regeneration and the production of additional “OH (Neyens and
Baeyens, 2003; Pignatello et al., 2006). Furthermore, H,0, is more stable
at pH values below 2.5 because of the generation of oxonium ions
(H305), and the predominance of iron hexaaqua complexes
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([Fe(H,0)6]?> ™), which at these pH values are less reactive with
H,0, (Pignatello et al., 2006). In the case of PAHs, when pH values
in the range of 3 to 7 were experimented with, it was found that
acidic conditions provided the best results for AN, with a maximum
at pH 4 (Nadarajah et al., 2002). On the contrary, Beltran et al.
(1998) observed that the pH of water should be near 7 to achieve
successful elimination rates of AC, FLU and PHE. In turn, Homem
etal. (2009) noted that in the range of 3.5-6, the pH had an insignif-
icant influence on BaP removal. However, in both of the latter two cases,
the absorption of pollutants by the iron complexes predominating at the
tested pH values was not evaluated by the authors.

Temperature can have a positive effect on these processes, since it
could increase the rate of degradation reactions (Pignatello et al.,
2006). For instance, experiments conducted by Homem et al. (2009)
at different levels of temperature led to BaP (10 ug L~') removal
efficiencies of 90% (at 30 °C) and 100% (at 70 °C) after 90 min using
200 mg L~ ! H,0,, 5.5 mg L~ ! Fe?* and pH 3.5. Nevertheless, special
attention should be paid to the H,0, decomposition with an increase
in temperature (Crittenden et al., 1999).

On the other hand, the presence of HS, CO3~ and HCO3 in the
solution can retard the PAH removal rates, as demonstrated by Beltran
et al. (1998) for FLU with Fenton's reagent (0.01 M H,0,, 0.1 mM
Fe?™) at pH 7 and 20 °C. Additionally, Veignie et al. (2009) and
Nadarajah et al. (2002) studied the effect of substances that improve
PAH water solubility, such as cyclodextrines and surfactants in the
Fenton system. For BaP degradation, Veignie et al. (2009) found that
when the BaP level was above its solubility limit (5 x 10~> M), the pres-
ence of cyclodextrines (5 x 10> M) enhanced the efficiency of the sys-
tem by up to ~12%, since only the solubilized BaP could be oxidized by
the °OH generated (Flotron et al., 2005).

The Fenton and photo-Fenton systems are easy and simple operating
processes. Nevertheless, the Fenton technique has the drawback of
requiring high amounts of Fe?* to achieve a successful efficiency, and
subsequently a large amount of sludge is generated (Litter and Quici,
2010). In this sense, the photo-Fenton process seems to be more
efficient, since the rate of Fe? ™ regeneration is significantly increased
by the interaction of either UV or visible light, with Fe>* complexes in
solution. This produces additional °OH, as represented by Eq. (37)
(Kavitha and Palanivelu, 2004; Will et al., 2004), which results in a syn-
ergistic effect between the light and the Fenton reagent. Indeed, it has
been observed that the photo-Fenton process leads to the minealization
of up to 99% of wastewater containing diesel (100 mL L™~ 1). This miner-
alization value is higher than the sum of the individual UV photolysis
(28%) and Fenton reagent (26%) efficiencies after 30 min of reaction
(50 mM H,0,, 0.1 mM Fe?™, 450 W MP-UV lamp, pH 3 and 33 °C)
(Galvao et al., 2006).

Fe** + H,0 S Fe* + OH+ H'. 37)

On the other hand, apart from being an effective AOP, the photo-
Fenton process can be fast. Engwall et al. (1999) studied the efficiency
of the photo-Fenton system at the degradation of saturated aqueous
solutions of creosote at laboratory scale. They used a PAH content of
85% and the following experimental conditions: 10 mM H,0,, 1 mM
Fe*™, 1.4 x 107> M photons min~! black UV lamp, pH 2.75 and
20 °C. The results showed reductions of about 90% or higher after
5 min of treatment, except for FA (71.8%), BbFLU (66.5%), BbF (57.2%)
and BaP (37.6%). However, when extending the reaction time to
180 min, in all cases, further conversion (>90%) was achieved, with
the exception of BaP (67.3%).

Additionally, when Fe* * oxalate complexes are used as iron sources,
additional Fe? " are formed (Egs. (38), (39)), enhancing the speed of
pollutant degradation (Gogate and Pandit, 2004b). Furthermore, wave-
lengths of up to 600 nm can be used, thereby offering the possibility of
using solar radiation, which reduces operational costs (Litter and Quici,

2010). Another way of minimizing operational costs is to take advan-
tage of the iron content usually present in natural waters (da Rocha
etal, 2013).

Fe(C,0,); > —Fe?" +2G,0; + C,0,” (39)

C,0, +Fe(C,0,);°—Fe®™ +2C,0;? +2C0,. (39)

Nevertheless, the photoassisted Fenton process has the problem of
sludge formation, and it requires an exhaustive pH control to achieve
successful results, as well as the Fenton system itself (Homem et al.,
2009), which implies greater reactive costs because the pH of water
must be decreased and then increased before effluent discharge. In
order to overcome these problems and improve the effectiveness of
the Fenton and photo-Fenton processes, supported iron catalysts can
be used. This prevents the sludge production and its subsequent separa-
tion before releasing the effluent into the aqueous environment and al-
lows the system to work at higher pH conditions (Neyens and Baeyens,
2003). The two systems can also be combined with other AOPs, like UV/
TiO, and electrochemical oxidation (Oonnittan et al., 2008, 2009a,b).

When the TiO, heterogeneous photocatalysis is coupled with iron
ions, the addition of H,0, to the system is required, because the H,0, gen-
erated via UV/TiO, is not sufficient to drive the Fenton reaction (Chong
et al,, 2010). Nevertheless, the addition of H,0, is not needed or can be
limited when the Fenton or photo-Fenton process is combined with
high frequency ultrasound or electrochemical oxidation (electro-Fenton
and photo-electro-Fenton), since H,0, can be formed sonochemically
(Torres et al., 2007a,b) or electrochemically through O, reduction on the
cathode (Matilainen and Sillanpdd, 2010).

The electro-Fenton and photo-electro-Fenton processes have
recently received a lot of attention for their water remediation potential.
Compared to the conventional Fenton process, the electro-Fenton
method has the following advantages: (a) the one-site production of
H,0,, that avoids risks related to its transport, storage and handling;
(b) the possibility of controlling degradation kinetics to allow mecha-
nistic studies to be performed; (c) the higher degradation rate of organ-
ic pollutants because of the continuous regeneration of Fe?* at the
cathode, which also minimizes sludge production; and (d) the feasibil-
ity of overall mineralization at a relatively low cost if the operation pa-
rameters are optimized (Brillas et al., 2009; Liu et al., 2007; Nidheesh
and Gandhimathi, 2012). These processes have been used for the decon-
tamination of several pollutants in water, such as aniline, phenol,
pesticides or dyes (Abdessalem et al., 2010; Anotai et al., 2006;
Babuponnusami and Muthukumar, 2012; Panizza and Cerisola, 2009).
However, the degradation of PAHs in water using these techniques
has not been reported.

3.2.4. Heterogeneous photocatalysis with semiconductors

Photocatalysis is widely used to describe the process based on a
series of light-induced redox reactions occurring when a semiconductor
(e.g. TiO,, ZnO, SnO,, WO3 and Al,03), interacts with light to produce re-
active species. This can lead to the photocatalytic transformation of the
target pollutant (Grabowska et al., 2012; Malato et al., 2009; Matilainen
and Sillanpdd, 2010; Thakur et al.,, 2010). TiO, is one of the most useful
semiconductors due to its efficiency, high activity, photochemical inert-
ness and low cost (Litter and Quici, 2010; Lopez-Alvarez et al., 2011;
Malato et al., 2009).

The TiO, photocatalysis mechanism initiates with the absorption of
UV light whose energy is greater than + 3.2 eV (corresponding to the
TiO, band gap energy and to wavelengths between 300 nm and
370 nm) (Pelaez et al., 2012). This results in the generation of conduc-
tion band electrons (e ™) and valence band holes (h™) (Eq. (40)), which
are involved in the production of °OH, 0,°~ and HO,"® (Egs. (41)-(44))
(Litter and Quici, 2010). H,0, can also be formed (Egs. (28), (45)-(46)),
which improves the production of °OH (Eqs. (47)-(48)) and slows
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down the recombination process of the charges (Eq. (48)) represented by
Eq. (49) (Andreozzi et al., 1999; Chong et al., 2010; Pelaez et al., 2012).

Tio, Se” +h* (40)
h'+OH™— OH (41
h* + H,0—~H"+ OH (42)
e +0,-0," (43)
0,” +H'—HO, (44)
0,” + HO,—0, + H,0,+ OH (45)
20, +2H,020H" + 0, + H,0, (46)
H,0, + 0, —0, + OH + OH (47)
H,0, + e~ —O0H ™+ OH (48)
e~ + h"—heat/light. (49)

TiO, heterogeneous photocatalysis can be an efficient way to elimi-
nate PAHs (e.g. ACN, AN, BaA, BaP, BbF, BghiPY, BKF, FA, IP, NA, PHE
and PYR) either from soil or water matrices (McConkey et al., 2002;
Pramauro et al., 1998; Sigman et al., 1998; Vela et al.,, 2012; Wen et al.,
2002, 2003; Zhang et al., 2008). In terms of aqueous media, the degrada-
tion potential of UV/TiO, at lab-scale for PYR and PHE under determined
experimental conditions (TiO, surface coverage = 2 x 107> mol g~!
(PYR), 5.6 x 107> mol g~! (PHE); fluence = 30 W m~2 (PYR),
25 W m~2 (PHE); pH 5 and 20 °C) has been assessed (Wen et al.,
2002, 2003). Promising results with reductions of ~90% (PYR) and
>90% (PHE) after 60 min of reaction were obtained. The differences in
reduction values were attributed to the solubility differences between
the two PAHs. Since PYR is more hydrophobic, it has more affinity for
TiO,; therefore, the TiO, surface coverage is higher, as is its subsequent
degradation. However, the complete mineralization of PYR and PHE was
attained after 120 min of irradiation time.

During PAH photocatalytic degradation with TiO,, it was found that
°OH and/or 0,°~, as well as h™, played a major role in the oxidation of
NA (Lair et al., 2008), PYR and PHE (Wen et al., 2002, 2003). The route
of transformation started with the opening of an aromatic ring (Lair
et al,, 2008) and with the hydroxylation and ketolysis processes for PYR
and PHE (Wen et al., 2002, 2003). As occurred with other AOPs, the inter-
mediates formed are quinones, hydroquinones, formaldehydes and
smaller linear organic acids, leading to the production of CO,, H,0
and inorganic ions (Wen et al., 2002, 2003; Woo et al., 2009). Inter-
mediate products are characterized by their high solubility and
ease of oxidation (Wen et al., 2002); thus, they can be oxidized by
the action of microorganisms in a subsequent biological step. In
Fig. 5, possible NA degradation pathways via TiO, photocatalysis
are described (Lair et al., 2008).

The UV/TiO, process performance depends on various parameters,
such as the dose of TiO, (Malato et al., 2009; Thakur et al., 2010). For
example, the removal rate of NA (40 uM) varies with a change in TiO,
load from 0 to 4 g L~ ! (5.4 x 10" photons s~ !, at pH 4.4 and 20 °C),
increasing with a rise in TiO, levels and becoming constant above
2.5 g L~ (Lair et al., 2008). The reasons for such a constant level are
associated to (a) the decrease in the number of surface active sites
because of the aggregation of TiO, particles, and (b) the increase in
turbidity and opacity, leading to UV-light scattering (Lair et al., 2008)
and resulting in a reduction of the quantum efficiency of the photocatalyst
(Wen et al,, 2002, 2003).

Lair et al. (2008) also observed that the initial concentration of NA
affected the degradation rate constant. For NA levels up to 40 uM, the
rate constant increased linearly to a maximum of ~1.10 pmol min~".
Higher NA doses resulted in slower conversion rates.

The pH of the solution is another important parameter in TiO,
heterogeneous photocatalysis, since it determines the surface charge
properties of the catalyst (Chong et al., 2010; Malato et al., 2009;
Thakur et al., 2010). When the surface is hydrated (TiOH), Egs. (50)
and (51) acid-base equilibriums take place (Malato et al., 2009).

TiOH + H' =TiOH; (pH<pHch) (50)
TiOH + OH™ =Ti0™ + H,0 (pH>pHch) (51)

where pH,. is the pH of the point of zero charge. The TiO, pH,;. value
varies with the type of commercial TiO,. For instance, for Degussa P-25
titania, the most commonly used commercial TiO,, the pH,, is equal to
6.3 (Lair et al., 2008).

If the pollutant contains acid or basic groups, the pH solution
influences on the chemical structure of the pollutant, and thus, the
adsorption-desorption behavior of the contaminant (Chong et al.,
2010). However, Wen et al. (2002, 2003) found that the pH conditions
of the solution had little effect on the photo-oxidation rate of PYR and
PHE, since the reactants were previously adsorbed onto the surface of
the TiO, particles.

The TiO, photocatalytic degradation can also be favored by increas-
ing the temperature (Chong et al., 2010), with an optimum temperature
between 20 °C and 80 °C (Malato et al., 2009). Lair et al. (2008) also
studied the temperature effect (10 °C-40 °C) on NA degradation,
concluding that the NA degradation rate slightly improved (by about
5.4%) with a temperature increase (Lair et al., 2008). The reason may
be related to enhance TiO, electron transfers from the valence band to
higher energy levels, which facilitate e"~h™ production (Saien and
Shahrezaei, 2012). However, it is important to note that high tempera-
tures can cause NA water vaporization and therefore a change in its
concentration (Lair et al., 2008). On the other hand, a decrease in
temperature favors adsorption (Malato et al., 2003) and prevents
H,0, inactivation due to decomposition (Crittenden et al., 1999).

Regarding light intensity, it was observed that the degradation rate
of NA (40 uM) heightened almost linearly as the photonic flux increased
up to 10'® photons s~ !, giving a value of 0.06 min~' (2.5 g L' of TiO,
and pH 4.4). Higher light intensity may contribute to e ~h* recombi-
nation (Lair et al., 2008).

The effect of some inorganic ions such as C03 ~, HCO3 and Cl~ has also
been studied (Lair et al., 2008). The presence of CO3~ (0.09 M, pH ~ 11)
and HCO3 (0.36 M, pH ~ 8.5) was found to inhibit NA adsorption from
~27.5% to 11%, (C03 ™) and from ~22.5% to 11% (HCO3 ); whereas NaCl
(0-2.4 M) accelerates the reactions by 30% through adsorption enhance-
ment. CO3~ and HCO3 may be adsorbed onto the TiO, surface and they
can also act as °OH scavengers, resulting in a reduction of the effectiveness
of the process. In contrast, I~ enhance NA degradation since an increase
in the NaCl content leads to an increase in NA hydrophobicity, resulting
in the adsorption of the PAH onto the surface of TiO,. Nevertheless,
hydrophilic PAH adsorption can be inhibited by NaCl (Lair et al., 2008).

UV/TiO, is a low-cost degradation treatment, because TiO, is avail-
able at reasonable prices (Legrini et al., 1993). However, when using
TiO, particles in suspension, an additional treatment step is needed be-
fore the effluent can be discharged into the environment. To overcome
this drawback, semiconductor immobilization on different types of ma-
terials has been proposed. However, since this results in a reduction of
the specific surface area and leads to mass transfer limitations, the effec-
tiveness of the process is lowered (Matilainen and Sillanpad, 2010;
Nakata and Fujishima, 2012; Shan et al,, 2010).

Although the UV/TiO, system quantum yield is relatively low
(¢ < 0.05), it has the advantage of being applied under a UV-A domain,
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with the potential use of sunlight as an irradiation source (Legrini et al.,
1993), which reduces the operational and maintenance costs (Ireland
et al, 1995). Nevertheless, sunlight radiation reaching the Earth's
surface contains only 3-5% of UV-A (Ljubas, 2005). Therefore, several
reports have been focused on extending the absorbance wavelength
range of TiO, to the visible domain, by doping it with metallic and
non-metallic elements (Comninellis et al., 2008; Malato et al., 2009;
Matilainen and Sillanpdd, 2010; Sirtori et al., 2009). Additionally, dyes
could be used as photosensitizers (Domenech et al., 2004; Malato
et al.,, 2009). The use of ZnO as a photocatalyst may also be of a great
interest (Hariharan, 2006; Vela et al., 2012; Yassitepe et al., 2008)
since it has a larger fraction of solar spectrum absorption than TiO,
(Chakrabarti and Dutta, 2004). Moreover, the addition of any oxidant,
such as H,0, and Os, dramatically improves the efficiency of the
process. These oxidants contribute to preventing the recombination of
charges (Legrini et al., 1993; Malato et al., 2009) and to the generation
of a large number of oxidizing species, enhancing the ability of the pro-
cess to mineralize organic compounds (Malato et al., 2009; Matilainen
and Sillanpdd, 2010). In this sense, the coupled AOPs commonly based
on UV/TiO, are UV/TiO,/H,0, and UV/TiO,/05.

Finally, it has been stated that the use of Fe*>* could positively affect
the UV/TiO, system. Fe>* inhibits the recombination of charges because
it acts to trap e”, improving the TiO, quantum efficiency (Méndez-
Arriaga et al., 2009; Wen et al., 2003). Additionally, Fe** can react
with the H,0, generated and absorb UV-light, leading to Fenton and
photo-Fenton reactions (referred to in Section 3.2.3).

3.2.5. Advanced oxidation processes using ultrasound energy

Over the last few years, ultrasound has been effectively employed as
an emerging AOP for the degradation of a wide variety of pollutants
present in water, especially for volatile and non-polar compounds
(Gogate and Pandit, 2004b), including PAHs (e.g. ACN, NA, PHE, PYR)
(Laughrey et al.,, 2001; Manariotis et al., 2011; Psillakis et al., 2004;
Wheat and Tumeo, 1997).

AOPs based on US treatment involve the generation of "OH by acoustic
cavitation (Ashokkumar et al., 2007). This phenomenon is produced
through compression and expansion cycles of US waves (Ashokkumar
et al., 2007; David, 2009; Torres et al., 2009), which result in the growth
and collapse of the gas bubbles and the production of local areas of high
energy and pressure (ranging from 3000 to 5000 K, and from 506.625
to 10,132.5 x 10° Pa, respectively) (Mahamuni and Adewuyi, 2010;
Makino et al., 1983). These conditions are so extreme that they are
capable of breaking up the entrapped molecules within the bubbles,
such as vaporized water or dissolved gases (e.g. O,), to produce radicals
(Ashokkumar et al.,, 2007; Park et al.,, 2000), mainly °OH and HO,®
(Egs. (52)-(56)) (Wheat and Tumeo, 1997). These radicals are capable
of initiating or promoting many fast oxidation reactions, leading to the
degradation of the more hydrophobic compounds at the bubble-bulk
solution interface and, to a lesser extent, of the more hydrophilic species
via °OH diffused or ejected into the bulk solution. Furthermore, the high
temperature and pressure values generated inside the gas bubbles result
in the pyrolysis of the more volatile organic compounds (David, 2009;
Guzman-Duque et al,, 2011; Lesko et al., 2006; Petrier et al., 1998; Psillakis
et al,, 2004; Taylor et al, 1999; Torres et al., 2008a,b; Wheat and Tumeo,
1997).

H,0 2 H 1 oH (52)
0,420 (53)
0 +H,0—2 OH (54)
H +0,-0+ OH (55)
H +0,—HO,. (56)

PAH water solubility and vapor pressure values are variable and
dependent on the chemical structure of the substance (Dabestani and
Ivanov, 1999). This is the reason why there is not a unique PAH removal
pathway. Sonodegradation of PAHs can occur via: (a) pyrolytic processes
within the gas bubbles, for the more volatile PAHs, which can be verified
by the production of CO, at the early stages of the system; and
(b) chemical oxidation via °OH, either in the solution phase or in
the interfacial region of the cavitation bubble, for the more hydro-
philic or hydrophobic compounds, respectively, which is seen
through the formation of hydroxylated by-products (David, 2009;
Laughrey et al., 2001; Little et al., 2002; Psillakis et al., 2004; Wheat
and Tumeo, 1997).

During the US process, recombination of the radicals that do not react
with the target compound occurs to generate H,0, (Egs. (28)-(30)).

The extent of the degradation of the organic pollutants in the US
treatment depends on several factors (e.g. input power and frequency,
temperature, initial pollutant concentration, water matrix and type of
gas used, among others) (David, 2009; Manariotis et al., 2011;
Psillakis et al., 2004; Sponza and Oztekin, 2010). Regarding PAHSs, sever-
al authors agree that ACN, NA, PHE and PYR degradation increases with
an increase in the applied power (Manariotis et al., 2011; Psillakis et al.,
2004; Sponza and Oztekin, 2010; Wheat and Tumeo, 1997). For a solu-
tion mixture of NA, ACN and PHE (150 pg L™, with 50 ug L~ of each
compound), at 80 kHz and 20 °C, an increase in the conversion of
139%, 17.6% and 83.1% for NA, PHE and ACN, respectively, was
observed after 30 min of sonication when the power input rose from
45 W to 150 W (Psillakis et al., 2004). This is related to the fact that
the number of collapsing cavities rises with an increase in the input
power. Since the collapse of the bubbles occurs more rapidly, a greater
°OH concentration is yielded, and thus, the PAH degradation rate is
improved (Manariotis et al.,, 2011).

With respect to the operating frequency, it has been found that there
is more chance of generating radicals with higher frequencies. This is
because of the greater number of cavitation events that occur when
the sonication frequency is increased from 24 to 80 kHz (Psillakis
et al,, 2004), which is in agreement with David (2009), whose tested
frequencies were 20 and 506 kHz. In turn, Manariotis et al. (2011),
who experimented with frequencies from 582 kHz to 1142 kHz indi-
cated that although an elevation of the frequency resulted in more
cavitation bubbles per unit of time, these bubbles were too small and in-
active in producing °OH. In summary, the highest amount of °OH
is formed in the range of frequencies between 80 and 582 kHz. Consid-
ering the physico-chemical variability of PAHs, it would be interesting
to assess the effect of PAH chemical structure in further studies, since
it has been shown that sonochemical degradation efficiency is strongly
influenced by pollutants solubility and vapor pressure.

Another parameter that influences the US process is temperature,
which affects the bubble formation energy and the intensity of bubble
implosion. Higher temperatures enhance bubble generation but at the
same time they promotes degassing of the liquid phase, reducing the
number of gas nuclei available for yielding bubbles (Psillakis et al.,
2004; Sponza and Oztekin, 2010). On the other hand, elevated temper-
atures cushion bubble implosion, leading to a decrease in the collapse
temperature (Psillakis et al., 2004). Moreover, temperature favors the
solubility in water of the more hydrophobic PAHs, such as PYR, reducing
their adsorption on the interface region (Sponza and Oztekin, 2010)
and their interaction with radicals. However, higher temperatures could
increase the volatility of PAHs simultaneously and then increase their
degradation via pyrolysis. Therefore, the effect of temperature in the
system is directly related to the specific PAH (Psillakis et al., 2004).

Regarding the initial PAH concentration, the degradation rates of
ACN, NA and PHE appear to be favored by increasing their initial concen-
tration levels. For example, NA removal was 1.7 times higher when the
concentration of NA was 100 pg L™ in comparison with the oxidation
rates achieved at 50 pg L™ ! NA, at 80 kHz, 150 W and 20 °C after
15 min of sonochemical degradation (Psillakis et al., 2004).
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PAH removal is also affected by the water matrix constituents
present in the sonicated solution, depending on the behavior of the
matrix compounds. For example, when PAHs are mainly degraded by
°OH, the presence of “OH scavengers could be negative (David, 2009;
Laughrey et al., 2001; Psillakis et al., 2004; Taylor et al., 1999). This has
been demonstrated by Laughrey et al. (2001) by adding humic acid
and benzoic acid (a known °OH scavenger) to a solution with AN, PHE
and PYR (0.1-0.5 pM), resulting in a decrease in their rate constant. Fur-
thermore, apart from acting as a °OH quencher, HS may form complexes
with the PAHs, removing them from the cavitation sites (Laughrey et al.,
2001). On the other hand, HCO3 may act positively or negatively.
For instance, it has been demonstrated that HCO3 enhanced the
sonochemical degradation rate of crystal violet (Guzman-Duque et al.,
2011) and bisphenol-A (Pétrier et al., 2010) when working at highly
diluted pollutant concentrations. Nevertheless, the presence of HCO3-
was detrimental to the degradation of DahA (Sponza and Oztekin,
2011), probably because the concentration level of the tested PAH was
close to its solubility limit.

With regard to the presence of salts in the water, it is worth not-
ing that they are involved in the well-known salting-out effect, in-
creasing the non-polar character of the PAHs, and enabling “OH
attack at the bubble interface. However, the existence of ions in the
water matrix can produce a detrimental effect, because salts are
also responsible for reducing vapor pressure and increasing surface
tension, resulting in a decrease of the number of bubbles formed
(Psillakis et al., 2004).

In turn, the type of gas sparged to the system plays a significant role
in PAH sonodegradation. Generally, the addition of O, to the system
results in an increase in the degradation rate constants of ACN, AN,
BbF, NA, PHE and PYR, among other PAHs (Laughrey et al., 2001;
Sponza and Oztekin, 2010). For example, Laughrey et al. (2001)
assessed the influence of O, and N, on the degradation rate of PYR, AN
and PHE. The first order constants observed in an O, atmosphere
increased by about 89%, 67% and 70% for AN, PHE and PYR, respectively,
in comparison with those obtained under N, conditions. One possible
explanation for this is the production of additional reactions that lead
to the formation of a large number of °OH (Eqs. (53)-(55)) (Guzman-
Duque et al.,, 2011; Torres et al., 2008b).

Generally, the total mineralization of organic pollutants by means of
US irradiation alone is energy consuming, since intermediate products
(aldehydes, alcohols, carboxylic acids, etc.) are usually more hydrophilic
than the parent compound. To overcome this limitation, various
combined US treatment systems have been proposed (Adewuyi, 2001;
Sponza and Oztekin, 2010). As mentioned before, during this process,
H,0, is formed, which may be used as a reagent of another AOP, such
as the Fenton, photo-Fenton and related processes (Psillakis et al.,
2004; Torres et al., 2008a,b; Wheat and Tumeo, 1997), and the UV/
H,0, technique or heterogeneous photocatalysis (Torres et al., 2008a,
b). This gives simultaneous US/Fe?*/H,0,, US/UV/Fe?* /H,0,, US/UV/
H,0, or US/UV/TiO, systems. Results have shown that combined US
processes have a better performance and are economically more attrac-
tive than the US or other advanced oxidation techniques acting alone
(Kim et al., 2001; Segura et al., 2009; Torres et al., 2007b).

Additionally, the US technique does not require the use of extra
chemicals, such as H,0,, O3, and catalysts, commonly employed in
other AOPs. Therefore, the respective costs as well as the need to
remove the excess of reagents prior to discharge are avoided (Psillakis
et al., 2004), contrary to what occurs in the UV/H,0,, Fenton, photo-
Fenton and UV/TiO, processes. US could even be used as a pre-
treatment for a biological process because the by-products generated
are usually biodegradable (Guzman-Duque et al., 2011; Torres et al.,
2009, 2007a,b).

3.2.6. Electrochemical oxidation
The most popular electrochemical technique for wastewater
remediation is anodic oxidation, since it has shown to be an efficient

and versatile mechanism for the abatement of a wide range of organic
substances (Comninellis, 1994; Homem and Santos, 2011; Muff and
Segaard, 2010; Sirés and Brillas, 2012). This technique is a simple
method of water decontamination and it consists of passing water
through electrodes in the presence of an electrolyte.

There are different kinds of electrodes (Comninellis, 1994). Focusing
on anodes, they may be grouped as active anodes (e.g. Pt, IrO, and
Ru0,) and non-active ones (e.g. PbO,, SnO, and BDD). In both kinds of
anodes, denoted as MOy, the first reaction is the oxidation of water mol-
ecules, which leads to the formation of adsorbed °OH as described in
Eq. (57) (Riveraetal,, 2011). The °OH formed may be strongly or weakly
bound to the anode. In the former case, which occurs in active anodes,
°OH interact with the electrode and metal oxides (MOy 1) are formed
(Eq. (58)) (Comninellis, 1994; Torres et al., 2003b; Zhang et al., 2013).

In the absence of organic compounds, O, evolution takes place
through Eqs. (59)-(60) (Comninellis, 1994; Torres et al., 2003b;
Zhang et al.,, 2013). However, in the presence of oxidizable substances,
they can be oxidized directly on the anode surface (Eqgs. (61)-(62))
and/or indirectly by the electrochemically generated oxidants, such as
°OH (Eq. (57)), H20, (Eq. (63)) and O3 (Eq. (64)) (Sirés and Brillas,
2012; Torres et al,, 2003a,b; Tran et al., 2009), resulting in fully oxidized
reaction products as CO, (Tran et al., 2009).

MO, + H,0—MO, (°0H) +H +e” (57)
MO, (”OH) —MOy,; +H' + e~ (58)
Mox(°01-l)a1vlox+1/zo2 THY e (59)
MO, ,; —~MO, + ‘/zo2 (60)
R + MO, —~MO, + RO (61)
R + MO, ( OH)HMOX £CO, +H e~ (62)
2MO, (“01-1) —2MO, + H,0, (63)
3H,0—-0; + 6H" +6e". (64)

Studies investigating the electrochemical oxidation of PAHs, focus-
ing on AN, BaA, BaP, FA, FLU, IP, NA and PYR, among others, from aque-
ous matrices have been reported (Cordeiro and Corio, 2009; Muff and
Segaard, 2010; Souza et al,, 2011; Tran et al., 2009). It has been observed
that electrochemical oxidation is initiated by direct electron transfer
from the adsorbed PAHs to the electrode, generating PAH cation radicals
that undergo subsequent reactions (Cordeiro and Corio, 2009; Muff and
Segaard, 2010). However, indirect oxidation by means of the generation
of an oxidizing agent in situ, such as °OH, can be important as well.

Anode material is one of the most relevant parameters affecting
electrochemical oxidation, because the target pollutant follows a differ-
ent degradation pathway depending on the type of anode (Guzman-
Duque et al, 2011). Furthermore, anode material also affects the extent
of mineralization, as complete mineralization is usually achieved using
anodes with higher oxygen overvoltage, such as BDD, PbO, and SnO,
(Torres et al., 2003a,b). However, it must be pointed out that the latter
two anodes exhibit low stability and can be corroded, resulting in the
release of toxic ions into the solution. On the other hand, Pt, RuO, and
IrO,, electrodes can generate more oxidized intermediates, which may
be of a great interest for coupling to a subsequent biological step
(Torres et al,, 2003a,b).

The initial concentration of the target pollutant also influences
the system, since when low levels of organic contaminant are
attained, the role of O, evolution becomes more important (Souza
et al., 2011). On the other hand, the efficiency of electrochemical
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oxidation is affected by the chemical structure of the target PAH
(Muff and Segaard, 2010; Souza et al., 2011), since an increase in
the number of benzene rings negatively affects the process efficien-
cy. This was confirmed by Souza et al. (2011), who used 124 ug L'
NA (2 rings) and 106 ug L~ BghiPY (6 rings) to achieve PAH reduc-
tions of 85% and 60%, respectively, after 4 h of treatment with a Ti/Pt
anode at 11 mA cm ™2,

Temperature is another parameter that has been examined. Tran
et al. (2009) worked with a 200 mg L~! creosote solution at
9.23 mA cm~ 2, pH 6, 500 mg L~ Na,SO, and RuO, as an anode.
Under these conditions, the optimum temperature was found to be
21 °C, especially for 2-ring PAHs, such as NA, achieving a removal of
75% after 90 min of treatment. At 35 °C, NA volatilization is assumed.

In addition, the presence of CI~ and SO~ in water can positively
interfere with the removal rate of PAHs, since they are involved in the
generation of the oxidant species OCI~ and S,03 ™, respectively (Muff
and Segaard, 2010; Souza et al., 2011; Torres et al., 2003a,b). Muff and
Segaard (2010) compared the removal rates of a mixture of different
PAHs (e.g., AN, BaP, DahA, IP, NA, PHE and PYR, among others) when
adding 0.01 M NaNOs and NaCl, and concluded that NaCl had a positive
effect, enhancing the PAH degradation by a factor of 2 to 6. However, the
negative aspect when using Cl~ is the risk of the formation of unwanted
chlorinated organic by-products (Torres et al., 2003b). Irrespective of
the supporting electrolyte used, it has been observed that the removal
rate of NA, FA and PYR increases with a lowering of the current density,
proving that current density is another important parameter in the
electrochemical oxidation process (Muff and Segaard, 2010). It is
important to note that when the applied current density is greater
than the limiting current density, evolution of by-products from
parallel reactions is favored (Muff and Segaard, 2010; Palma-Goyes
etal,, 2010).

Although electrochemical oxidation seems to be pH independent,
this parameter does indirectly affect the performance of this technique
because the pH solution conditions can modify the chemical structure
of the parent compound (Torres et al., 2003a,b).

The major disadvantages of electrochemical oxidation are the mass
transport limitations and the associated energy costs (Souza et al.,
2011). Souza et al. (2011) conducted a comparative study of the energy
costs involved in the electrochemical oxidation of a diverse range of
PAHs (Table 1). The results showed that the kWh m~3 consumed rose
with electrolysis time from 1.37 to 5.48 kWh m~3, corresponding to
1 h and 4 h of treatment, respectively. However, this technique is one
of the more environmentally friendly AOPs because its main reagent,
the electron, is clean (Jiittner et al., 2000). Furthermore, due to the
fact that the presence of a supporting electrolyte is required, electro-
chemical anodic oxidation could be applied for water treatment with a
high ionic strength. This would exploit the positive effect provided by
ions such as SO7~ or Cl~, unlike other AOPs, whose application may
be limited by the scavenging effect associated to them (Palma-Goyes
et al,, 2010). Moreover, electrochemical oxidation has the possibility of
totally mineralizing organic pollutants or converting them into more
biodegradable and less toxic intermediates than their parent compounds,
allowing electrochemical conversion methods to be coupled with
biological ones (Torres et al., 2003a,b).

3.3. Future perspectives

When a conventional treatment cannot completely eliminate pollut-
ants from water, alternative removal strategies must be considered to
achieve better efficiencies (Gogate and Pandit, 2004b; Homem and
Santos, 2011; Oller et al., 2011), especially for potentially toxic contam-
inants like PAHs (Chen and Liao, 2006; Chiang et al., 2009; Delgado-
Saborit et al.,2011; Guo et al., 2012; Okona-Mensah et al., 2005; Siddens
etal, 2012; Wester et al., 2012; Xu et al,, 2013). In some cases, the com-
bination of different reagents (e.g. O3 or H,0,, among others), an energy
source (UV light, US or electrical energy) and a catalyst (iron, TiO,, ZnO,

Pt, etc.) may be used for the removal of PAHs (Cordeiro and Corio, 2009;
Psillakis et al., 2004; Wen et al., 2003; Wheat and Tumeo, 1997). As
mentioned above, coupling AOPs results in a higher °OH yield, and pol-
lutant oxidation rates are usually improved (Esplugas et al., 2002; Pera-
Titus et al., 2004). Unfortunately, due to the costs associated with the
consumption of energy and reagents, in many cases, the combination
of different AOPs could not be cost-effective, especially if contaminant
mineralization is the final goal of the process (Comninellis et al., 2008;
Oller et al., 2011).

Although the application of biological processes for water decon-
tamination is far more economical, they cannot be used alone since
many microorganisms are sensitive to toxic pollutants (Gogate and
Pandit, 2004b; Homem and Santos, 2011; Oller et al., 2011). In this
sense, physical or chemical processes can been applied as a pre-
treatment step, in which pollutants are removed or oxidized to by-
products that are easily biodegradable and less toxic than their
parent compounds. This would also prevent the loss of the microor-
ganisms present in the subsequent biological treatments (Homem
and Santos, 2011; Tekin et al., 2006). Different chemical techniques,
including AOPs, have been reported to be efficient at treating waste-
water when coupled with aerobic or anaerobic biological processes
(Oller et al., 2011; Sirtori et al., 2009). Additionally, AOPs may also
be placed after a biological system, in particular if the water to be
treated is complex and contains non-toxic compounds (Oller et al.,
2011). In the case of PAH degradation from wastewater by coupled
chemical-biological treatments, several studies have been reported
(Bernal-Martinez et al., 2007; Guieysse et al., 2004; Nadarajah
et al., 2002; Rafin et al., 2009; Veignie et al., 2009). These studies
show that the integrated system seems to be suitable for PAH treat-
ment. Therefore, advanced oxidation technologies combined with
conventional biological processes may make the whole system
more feasible and cost-effective (Comninellis et al., 2008; Gogate
and Pandit, 2004b; Homem and Santos, 2011; Oller et al., 2011;
Sanchez et al., 2013).

In addition to conventional biological treatments, alternative biolog-
ical processes could be used. Of these treatment methods, MBRs are
among the most promising (Mutamim et al., 2012; Radjenovic et al.,
2009). In a MBR, wastewater is treated by activated sludge in a bioreac-
tor before being filtered by a membrane. The filtering capacity of the
membrane depends on the size of the pores, types of materials, type
of water to be treated, solubility and retention time. A MBR can provide
high performance in treating water. Furthermore, it is more compact
compared to conventional activated sludge systems since secondary
clarifier processes are eliminated. A MBR also produces high quality
effluents, is good at removing organic and inorganic contaminants,
capable of resisting high organic loads and generates less sludge. The
costs of a MBR, including the initial investment, operation, and mainte-
nance, are higher than those associated to standard biological processes.
However, such costs are related to the growth of membrane technology
and MBRs are now becoming increasingly acceptable for industrial
applications (Mutamim et al., 2012).

MBR technology has already been studied alone for the degrada-
tion of PAHs in urban and petrochemical wastewater influents with
low PAH concentrations (Gonzdlez et al., 2012; Gonzdlez-Pérez
et al., 2012; Verlicchi et al., 2011). For all the studied cases, the
MBR systems presented a high efficiency, with performance levels
in the range of 90% for PHE, FLU and PYR (Gonzalez et al., 2012;
Gonzalez-Pérez et al., 2012) or even higher (99%) (Verlicchi et al.,
2011). PYR, AC, AN and aniline have also been degraded using
membranes improved with cyclodextrines, resulting in an increase
in membrane pore density and enhancing the PAH treatment
(Huang et al., 2009).

In the future, applications of membrane technology combined
with AOPs for water treatment could provide a potential solution
for degrading PAHs. However, research is needed to better under-
stand the coupled system behavior, including degradation kinetics,
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reactor design, modeling and simulation, and optimization of the op-
erating conditions of these combined processes. Furthermore, the
development of strategies for the commercialization of processes
which have been so far used at lab scale could also be of great interest
to the academic community.

4. Conclusions

Physical, chemical and biological conventional methods wastewater
treatment plants are currently operating with may be unsuccessful at
the degradation of PAHs. Therefore, the development of more efficient
alternative treatments, such as AOPs, is required.

Advanced oxidation technologies are a set of processes involving the
production of very reactive oxygen species (e.g. “OH) able to destroy a
wide range of biorecalcitrant and toxic organic compounds, such as
PAHSs. The reaction between °OH and PAHs produces intermediate com-
pounds, which undergo further oxidation until their complete oxidation
or mineralization (i.e. production of CO,, H,0 and inorganic ions). AOPs
need external energy sources, such as electric power, ultrasound energy
and/or UV/visible radiation, and in some cases, reactants. The efficiency
of AOPs in PAH degradation depends not only on the initial pollutant
concentration, but also on the operating conditions (e.g. pH and tem-
perature of the solution, reactant and catalyst doses, intensity and
type of energy source, and reaction time, among others) and matrix
constituents, which determine the quantity of radicals available to
oxidize PAHs. Another factor that affects AOP efficiency, which has not
been addressed in depth in this review, is the reactor configuration.
This is critical in order to provide a better contact of the radicals
generated with the pollutant molecules and also to better utilize the
oxidants and catalysts.

Several studies report that AOPs used alone are effective at PAH
removal. However, the simultaneous application of different AOPs
promotes the degradation rates of PAHs, leading to synergistic effects.
Typical examples include UV/03/H,0,, UV/H,0,/TiO, and UV/TiO,/
Fe?*, US/Fe?* and US/UV/TiO,, among others.

The main problem related to AOP application lies in the relatively
high operational costs associated to the reagents (e.g. H,0,) and energy
consumption, although the use of solar radiation can reduce these costs.
Moreover, all of these processes can form by-products that are more
toxic than the target compounds, and they may be susceptible to the
scavenging effect of °OH by non-target pollutants, thereby reducing
process efficiency.

Even though the use of AOPs coupled with biological processes is not
a very common practice yet, it promises to be a cost-effective solution
for the treatment of effluents containing PAHs in the future. AOPs can
transform PAHSs into biodegradable compounds in a relatively short
time, therefore, the use of an AOP followed by a biological treatment
could be considered an effective option for the degradation of PAHs,
especially if a MBR is involved.

The main conclusion that can be derived from the overall assessment
of the reported literature is that more studies need to be carried out es-
pecially regarding PAH conversion rates using combined AOP-biological
processes to evaluate and optimize the operating conditions, study the
toxicity of the reaction intermediates, understand the degradation
kinetics and develop better reactor geometric configurations and mate-
rials, among other critical parameters. Additionally, the development of
strategies for the use of combined processes at an industrial scale is also
very important.

Nomenclature

AC Acenaphthene

ACN Acenaphthylene

AN Anthracene

AOPs Advanced oxidation processes
BaA Benz(a)anthracene

BaP Benzo(a)pyrene

BbF Benzo(b)fluoranthene
BbFLU  Benzo(b)fluorene

BbjkF  Benzo(b,j,k)fluoranthene
BDD Boron doped diamond
BghiPY Benzo(gh,i)perylene
BKF Benzo(k)fluoranthene

BkP Benzo(k)pyrene

CHR Chrysene

COD Chemical organic demand
DahA Dibenzo(a,h)anthracene
DBD Dielectric barrier discharge
DBF Dibenzofuran

DBT Dibenzothiophene

DO Dissolved oxygen

DOM Dissolved organic matter

FA Fluoranthene

FLU Fluorene

HS Humic substances

P Indeno(1,2,3-cd)pyrene
LP-UV  Continuous low pressure
MAN 2-Methylnaphthalene

MBRs Membrane bioreactors
MP-UV  Continuous medium pressure
MWTP  Municipal wastewater treatment plant

NA Naphthalene

PAHs Polycyclic aromatic hydrocarbons
PHE Phenanthrene

PY Perylene

PYR Pyrene

t-BuOH  Tert-butyl alcohol

us Ultrasound
US-EPA  The United States Environmental Protection Agency
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e HPLC allows the identification and quantification of substances at ultra-
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During analytical method development, HPLC operating conditions must
be optimized.
PCA and DOE, as multivariate statistical tools, can be used during the

optimization phase.
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ABSTRACT

As it is worldwide known, high-performance liquid chromatography
(HPLC) is a highly useful technigue employed for the separation,
detection and determinatiaf a numberof compounds containeid an
analyzed matrix. Undoubtedly, the useHPLC offers a wide rangef
advantagesn the identification and quantificatioaf samples polluted
with substances presedttultra-trace levelsn the rangeof pg/L or ng/L,
such as the monitoringof international regulation accomplishmeint
termsof water quality. Howevern orderto take a maximum profiof
these advantages, chromatographic operating conditions and sample
preparation procedures, required, musbe optimized. For this purpose,
chemometric techniques, including desighexperiments and principal
component analysis, among other multivariate data analysis insttsjme
offer a powerful toolin contrastto the utilizationof one-variableat-a-
time procedures. This work presents the importasfcasing HPLCin
analytical chemistryaswell asthe positive aspects relatémlthe useof
chemometric approaches for the optimizatiwinprocesses during the
developmentof analytical methods. Finally, case studies about real
applicationsof chemometric tools focusingn the analysisof water
samples polluted with a mixtuief polycyclic aromatic hydrocarbons are
presented.

Keywords: high-performance liquid chromatography, chemometric tool,
analytical chemistry, process optimization

1.INTRODUCTION

Thereis no doubt that, currently, one of the main concerns facing
humanityis the problem of global pollution, intended the introduction
into the environmental compartments (e.g., surface and sea water,
groundwater, atmosphere, soil and biosphefe&ompounds causing some
kind of detrimental or negative impact on the planet and living beings
inhabiting it (Delgado et al., 2004; Alley, 2007). With the industrial
development and the exponential growth of the population, a nuofber
foreign substances or products causing these effects have been identified,
from energy sources, su@s heator light, to chemicalsin the form of
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solids, liquids and gases; including also the environmental pollutitre
form of noise (Delgadetal., 2004; Alley, 2007)In fact,asoccurred with
uranium, even substances naturally pregemhe environment may cause
pollution problems when they are anthropogenically addedthe
environmenin unsafe amounts (Delgaétal., 2004; Alley, 2007).

It is importantto note that the numbeaf artificial pollutants entering
the different environmental compartments has increasedhe last
decades. Moreover, they have turned into more and more recalcitrant and
persistent compounds, with a tendenoybe accumulated into the living
beings through the food chain (Rubio-Clemeetel., 2014).In orderto
control and stop the problem of environmental pollution, several
preventive and corrective measures have been carried out, whose
efficiency must be monitorew discern the viability of the applied action,
and it is here where the analytical chemistry develops a crucial role
(Rubio-Clementestal., 2017).

Throughout the history of humanity, several analytic techniques have
been developed, allowing the characterizatioih the matter. These
analytical methods may be classified into chemical methods, which are
based on matter-matter interaction, and the instrumental methods, where
the occurrence of a chemical reaction for the measuretodre doneis
not essential (Hernandez & Gonzalez, 2002). Among the latter techniques,
the chromatographic ones awd special interest; particularly, high-
performance liquid chromatography (HPLC), not only for monitoring
environmental pollutants, but algds important for current applicatiomns
biological and pharmaceutical analyses, food technology and industrial-
related processes, among others (Engelhardt, 2012; Garcia & Pérez, 2012).

HPLC consistof the separatioof the analyte®f interest from other
possible interference substances, allowing potentially quantifying
compounds presenin the matrix of interestat trace and ultra-trace
concentrations (Hernandez & Gonzéalez, 2002; Engelhardt, 2012; Garcia &
Pérez, 2012). For a chromatographic methoddentify and quantify
contaminantsat suchas low levels, it must be operated under optimal
working conditions. In this sense, the optimization of the factors
influencing the selectivity and specificity of the analytical mettmdbe
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developed must be previously optimizéd order to obtain limits of
qguantification and detection sufficiently lowo detect and determine
contaminantsn the matrixto be analyzedn concentrations the rangeof
ng/L or pg/L (Rubio-Clementetal., 2017).

Currently, one of the most used procedumsptimize the operating
conditions of the chromatographic equipmeng the study ofeach
individual factor that influences the chromatographic systiembe
optimized. In other words,each factor or variableis studiedat a time
within a selected range. This known as one-variableat-a-time (OVAT)
procedure. However, during this process, valuable information may be lost
since OVAT technique mistakenly assumes that factors do not influence
eachother; statement thas false in many cases(Ferreiraet al., 2007,
Gonzalezet al., 2007; Dejaegher & Vander, 2011; Ebrahimi-Najafaleadi
al., 2014). Additionally, by using OVAT approach, many experiments are
required; and finding the optimum of the whole systerbe evaluateds
not assured (Ebrahimi-Najafabaetli al., 2014). Consequently, the use of
chemometric techniques, sudms design of experiments (DoE) and
principal component analysis (PCA) are recogniasdvorthy toolsto
screen and optimize the most influential factors process, sucas the
development of analytical methods using HPLC for the study of
environmental, biological, pharmaceutical and industrial matrices
(Ebrahimi-Najafabadet al., 2014; Rubio-Clementt al., 2017).

Under this scenario, the current waskfocused on highlighting the
importance of using HPLC for monitoring the substance(s) of interest and
chemometric toolsto improve the quality of analytical determination
through the screening and optimizatiohthe factors most significantly,
from a statistical point of view, influencing the chromatographic system.
For this purpose, firstly, the HPLC technique was described, including
conciselyits origins and developments, fundamentals and applications for
the separation, detection and determination of the target compounds
containedin an analyzed matrix. Secondly, multivariate chemical data
analysis tools, sucas DoE and PCA, were briefly described. Finally, the
application of these powerful chemometric techniques was carried out
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focusing on the development @n analytical method based on the
separation and quantification of a mixtu polycyclic aromatic
hydrocarbons (PAHS), including anthracene (AN) and benzo[a]pyrene
(BaP), presenin waterat ultra-trace levels.

2.HIGH-PERFORMANCE L 1QUID CHROMATOGRAPHY

Chromatography encompasses a set of analysis techniques based on
the separation of components of a mixture for their subsequent detection
(Hernandez & Perez, 2002).

The chromatographic techniques are very variedjrbgeneral terms,
two main groups of chromatography can be fow)djas chromatography
and b) liquid chromatography (Hernandez & Pérez, 2002; Garcia & Pérez,
2012. These techniques are the most recognized iontke scientific and
industrial field for the separation, identification and quantificatain
analytes presernin a matrix (Hernandez & Pérez, 2002). However, the
application of liquid chromatography coupléa different detectors has
been reportedo be widerin comparison with gas chromatography doe
the limitations associated with the kind sampleto be analyzed by gas
chromatography (Garcia & Pérez, 2012). Among the detectors highly used,
the fluorescence (FL) and ultraviolet/visible (UV/vis) detectors angely
usedin HPLC (Garcia & Pérez, 2012). Moreover, HPLC allows a good
separation of compounds with similar physicochemical properties.

In this section, the origins, development and fundamerdaalsgll as
some possible applications, of HPLC are summarily covered.

2.1. Origins and Development of High-Performance
Liquid Chromatography

In 1906, a Russian botanist was alite separate some colored
pigments from leaves usiran alumina column (Hernandez & Gonzélez,
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2002). This first experience was the starting signal for the lfth
chromatography and, specifically, liquid chromatography. The
development of liquid chromatography was incregse 1952, where gas
chromatography starteid be used (Engelhardt, 2012owever, because

of the limitationof gas chromatography relatéd the kind of analyzed
samples, the breakthrough liquid chromatography camm the 60’s
decade (Engelhardt, 2012 his fact, together with the discovery of more
efficient columns, and systems of injection, eluent circulation and
detection, boosted the development of HPLC (Engelhardt,)2012

2.2. Fundamentals of High-Performance
Liquid Chromatography

HPLC consistof the separation of the substances of intesestalled
analytes, which circulate into a liquid, knowasthe mobile phase, which
in turnis in contact with the stationary phase, defirsshn immiscible
liquid or solid packaged inside a chromatographic column. Within the
column, eachanalyte will progress through the system with a different
speed depending on its affinity for eaoh the phases. Therefore, the
substances introduced into the system will elute with a diffeneet @ind,
subsequently, they wilbe separated (Hernandez & Gonzalez, 2002;
Engelhardt, 2012 After that, the components of the mixtute be
analyzed will pass through a detector that generates a signal, ishich
characteristiof the analyte¢o be analyzed and directly proportioralits
concentrationn the sample. The set of signals are graphically illustrated
by a chromatogram (Hernandez & Gonzalez, 2002).

The main elements havingan important role in the liquid
chromatographic system for the separation of a mixdlrgubstances are
the pump, the eluent mixing and sample injection devices, the column, the
detector and the recorder (Hernandez & Gonzalez, 2002; Engelhardt,
2012. Briefly, the pump allows supplying the mobile phase with a
constant flow free of pulses through the column. The inje@boturn,
allows the correct injection of a specific amount of samptée systemit
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should be noted that liquid chromatographit is possibleto work in two
modalities: isocratic mode, when the mobile phase maintains the same
composition during the elution; ansh a gradient mode, when the
composition of the mobile phase changes accortting time-dependent
function. For each case, a mixing system of the mobile phaseisised
required. With regardo the column,it is an essential element for the
correct separation of the analytesbe place, since within the column the
stationary phases packagedas stated above, enabling suabseparation
depending on the chemical or physical interactions with the stationary
phaseasthey pass through the column. Finally, the detector and recorder
enable a physical property of the analytesbe measured, which will
depend on their concentration (Hernandez & Gonzélez, 2002; Engelhardt,
2012. In Figure 1, a scheme of the HPLC prodeshustrated.

It is highlighted that among the mentioned elements, the conductions
and connections are of special interest, mainly those between therinject
and the column, and the column and the detector. These connections
should avoid death volumeasthey foster the efficiency reduction of the
system. Additionally, filtration and degasification of the samjgebe
analyzedis recommendedo prevent system damages (Hernandez &
Gonzélez, 2002; Engelhardt, 2012

The useof HPLC has proverto be very significant for the study of
mixture of components. There are different typebquid chromatography
and theycan be classified accordintp several criteria (Hernandez &
Gonzélez, 2002; Engelhardt, 201Based on the nature of the stationary
phase, four typesf liquid chromatographygan be named, including the
molecular exclusion chromatography, ion exchange chromatography,
adsorption chromatography and partition/adsorption chromatography.
Among these techniques, the high-performance liquid chromatography
operatedin reverse phase (RP-HPLCadibeen widely usedRP-HPLC
consistsof the elution of the components of the mixttode separateso
that the most polar compounds elute faster than the most non-polar
substancesin other words, the retention times are shorter for polar
molecules, whereas molecules of non-polar character elute later
(Hernandez & Gonzélez, 2002; Engelhardt, 2012

Complimentary Contributor Copy



12¢ A Rubio-Clemente, E. L. Chica and G. A Peifiuela
2.3. Applications of High-Performance Liquid Chromatography
HPLC may be applied for the identification and quantification of a

wide variety of organic compounds presemta number of matrices;
generally, liquid and solid matrices (Garcia & Pérez, 2012).

Sample injection

() ]]] Detector [P Waste

Pump
Injection port

Mobile phase Column 1
(stationary phase) | Electronic signal
|

Chromatogram

Response

Data system
Figurel. Schemef high-performance liquid chromatography process.

During the analysis of a mixture of compounds, they are usually firstly
separated from the interferences within the sample and, once isolated, they
are analyzed. Throughout this process, the sample preparation phase may
be very important when the matrix complex (Garcia & Pérez, 2012;
Rubio-Clementeet al.,, 2017). Traditionally, several techniques for the
extraction of the analytes from the samiade analyzed have been used.
Among these procedures, solid and liquid phase extraction techniques can
be named (Garcia & Pérez, 2012; Rubio-Clementd., 2017). However,
in general terms, large amounts of samples are required and high volumes
of the reactants involvedn the extraction procedure are consumed.
Additionally, suchasreactants usually exhibit high toxicity. Furthermore,
the main limitations of the extraction proceduregri¢he high associated
costs both for the acquisition of the required supplies and materials used
during the separation step, and those ones rdiathé maintenancef the
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system. Moreover, the separatimi analytesis usually a laborious
procedure that might incur the analyte loss, &nid a time consuming
process. Consequentiy, those cases where the matgxelatively simple
and thereis no a complex mixture of compountts be analyzed, direct
injection may be the selected procedure for the analysis of thet targ
analytes, eveif they are preserdt ultra-trace levels (Rubio-Clemengs

al., 2017).

HPLC and derived techniques may be usegharmacology for the
guantification of pharmaceutical active ingredients and the determination
of the appropriate dose of drugs accordimghe responsef each patient
(Karakus et al., 2008)In addition, HPLC came used for the studgf drug
metabolitesin biological samples (Pitt al., 2009; Nasiet al., 2011).1t
may also be applied for toxicological analyses, including the ideniificat
and quantification of toxics and drugbabuseaswell asthose substances
identified during doping controls (Thevet al., 2005; Gracia-Loet al.,
2011; Boixet al., 2014).In the analysis of environmental samples, HPLC
is also widely used (Boixet al., 2015). Likewisejt is employedin the
determination of degradation products during the experimentation and
performanceof decontamination processetthe different environmental
matrices (Gracia-Loret al., 2011; Tranet al., 2013). Besides, the
degradation products are studiéd the manufacturing processde
determine the durabilityf mass-produced products, for which HPIC
also used. Likewise, HPLCan be utilized to determine the degreef
purity of raw materials (Zhatal., 2005).

Among the main groupsf organic substances, carbonyl compounds,
phenols, isocyanates, phthalates, pesticides (organophosphates,
carbamates, benzimidazoles, triazines), pharmaceutical compounds
(fluoroquinolones, sulfonamides, estrogens, vitamins) and PAHS, have
been citedo be analyzed using HPLC. Indeead,Garcia & Pérez (2012)
an extensive and well-documented study about the application of HPLC
operatingin reverse phase equipped witlFa and a UV/vis detector for
the analysis of the substances referred alsoreported.

Once the samplt® be analyzed has been prepaoediirectly injected
into the chromatograph, the analytes are separated for their correct
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identification and quantification. For this purpose, the optimizabdiothe
chromatographic operating conditios®f special interestn section 3 the
application of chemometric techniquas alternativeto the conventional
OVAT techniques, duo the advantages associated withproposed and
briefly described.

3.CHEMOMETRIC TECHNIQUES FOR
ANALYTICAL CHEMISTRY

The use of HPLC for analytical purposes demands investinent
equipment, consumer material, facilities and human talent training, itvhen
is intendedto comply with the requirementsf high quality, accuracy and
precisionin separation processes for the subsequent identification and
quantification of the analytes of interelst.orderto save on operating costs
and valuable analytical time, the analytical mettmde developed should
be optimized. Conventionally, OVAT techniques have been used;
nevertheless, the utilization of these procedures has associated several
drawbacks (Rubio-Clementet al., 2017).1t is highlighted that OVAT
approaches may be used for those systems where the influencing factors
are independent on each other. However, they are not recommended when
the number of factors very large since this kind of procedures becomes
laborious and costly. Additionally, univariate techniques ignore the
interactions among factors (Ferreetal., 2007; Gonzaleet al., 2007;
Dejaegher & Vander, 2011), whidk very commonto happenin most
processes.

Therefore, in order to overcome these drawbacks, multivariate
techniques, including DoE and PCA, are suggested. The choice of the type
of multivariate techniqguéo be employed depends on the study purpose
and the number and levels of the factorbe examined.

A concise information about the fundamentals of DoE and PCA are
addresseth the following sections.
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3.1. Design of Experiments

DoE provides a powerful meatsachieve breakthrough improvement
in chromatographic analyses and, subsequentithe steps involved (i.e.,
sample preparation and analyte separation phase, and quantification step)
(Ebrahimi-Najafabadet al., 2014).

Commonly, DoE, whichis intendedto simultaneously evaluate the
influence on the system of the factors taken into consideration, unlike
OVAT techniques, may be grouped into two categories, aashreening
designs and optimization designs, being response surface methodologies
widely employed for the latter purpose. The first kind of D@tcused on
identifying, among the selected factors, those ones statistically sagnifi
for the studied system, before their optimization. Within this group,
Placket-Burman and fractional factorial designs are commonly used
(Ferreiraet al., 2007). After separating the main factors from those
statistically non-significant parameters, further investigations are egquir
to find the optimal operating conditions. For this purpose, response surface
methodologies, oriente fit a theoretical response functitmthe studied
experimental domain, are usually used (Hanrahan & Lu, 2006). Several
response surface designs may be applied, siscfull and fractional
factorial designs,as well as the more complex, Doehlert, central
composite, mixture and Box-Behnken designs (Ferreiraal., 2007,
Ebrahimi-Najafabadet al., 2014.

The stepsgo be followed when using DoE for screening and optimizing
reasons can be summedasgdfollows:

1. Selectionof the factors and level® be tested. This obeys the
specificationf the studyto be carried out.

2. Evaluation of the influence efichfactor on the selected response.
It is here where the DoE must be carefully selected for the
experimentationo be conducteds successful.

3. Construction of the design matrix and executbrthe runsin a
random way. Randomizatiois very important for obtainingn
accurate estimatioof the experimental error.
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4. Constructiorof the response surface by performarganalysis of
variance (ANOVA)on the results. From the ANOVA, a regression
model describing the desired response of the studied system
obtained. This test allows determining the significance and
magnitude of each factor involved the systento be optimized
(Dejaheger & Vander, 2011).

It is importantto note that when more than one respoisséo be
consideredDerringer’s desirability function applicatiors suggested. This
algorithmis a multicriteria decision approach that allows finding the best
compromise between conflicting goals or desired responses, whidh are
special interesh chromatography (Ebrahimi-Najafabaial., 2014.

Up to date, several studies coverimgdetail the types of DoE, their
characteristics and the cases where each [BoEcommendedo be
applied have been reported (HanraharL& 2006; Ferreireet al., 2007,
Bezerra et al.,, 2008; Dejaegher & Vander, 2009, 2011; Ebrahimi-
Najafabadietal., 2013.

In section 4.1, a case study on the applicatioDoE for the screening
and optimizationof those factors statistically affecting the identification
and gquantificatiorof AN and BaPis exposedAs mentioned above, the
DoE selectedn eachcasedepended on the characteristics of the system,
the factorsto be analyzed and the chosen experimental donfesna
general consideration, for all the designs used, the data were itgdrpre
graphical and statistically. Among the graphical tests, Pareto chatts an
main effect plots were performed. Pareto chart indicates the extent of
significance and signof the estimated effectn turn, the main effect plot
informs about when a main effect occimsthe systemf the levelsof a
factor affect the response differently. For the statistical study, \WA\@st
was conducted and a regression model was fitted for each considered
response.

From the regression model, a response surface function representing
each studied response was builderringer’s desirability function was
performed since more than one single response was taken into account and
a compromise among the levels of the selected factors must be reached for
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achieving the best treatment allowing the identification and quantificati
of ultra-trace level®f AN and BaHn aqueous samples. During the afe
Derringer’s desirability function, the same weigtd eachresponse was
assigned.

Within each DoE, the execution of the runs was dorerandomized
orderto make sure that the results are accurate and minimize the @ffect
uncontrolled variables that might introduce a bias on the measurements.

3.2. Principal Component Analysis

As stated above, multivariate statistical approaches by using PCA and
DoE may overcome the limitations ascribéd the useof OVAT
techniques.

PCAIs a statistical tool of synthesis of information that allow reducing
a set of original variables and extracting a small number of principal
components (PCs), also knowslatent factors, used for the evaluatiai
the relationships among the observed variables (Macoktakd., 2001;
Golobocanin etal., 2004), losingslittle informationaspossible.

The new PCs are linear combinations of the original variables, that are
independent on each other, which will be aolexplain the majority of
the variability of the obtained da&olobocanin etal., 2004.

It is important to emphasize that before performing a PCA, the
correlation among the analyzed variables must be verifiedrder to
discern whether the matrix of correlation coefficegenthich is obtained
from the data matrix,js large enough for factoringo be justified.
Subsequently, the associated vectors and eigenvalues of the matrix of
correlation coefficients are obtained. These eigenvalues and vectors enable
usto obtain those linear combinations of the original variatdethat each
linear combinations aPC (Abdi etal., 2010).

On the other handit shouldbe noted that the determinatiaf the
number of PC¢o be retaineds at the discretiorof the researcher (Abeit
al., 2010; Broet al., 2014); although, those PCs whose eigenvalues are
higher than 1 are usually retained. Graphically, this criterion lman
observed with theeedplot.
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Finally, the interpretation of eacRC is a function of the original
variables that are most correlated with; i.e., the interpretatidmedfttors
IS not given a priori, buit is deducted from the relationshgh the factors
with the initial variables (Abdetal., 2010; Braetal., 2014).

In section 4.2an example on the application of PCA for the study of
the chromatographic behavior oAN and BaP identification and
quantificationis shown.

4.CASE STUDIES. DEVELOPMENT OF AN ANALYTICAL
METHOD FOR THE DETERMINATION OF A MIXTURE
OF PoLycycLIC AROMATIC HYDROCARBONS

Aqueous resources pollution has brought increasing atterition
scientific community and publim general. A number of pollutantenbe
foundin water and among them PAHKsn be named (Tiart al., 2012;
Rubio et al., 2013; Rubio-Clementet al., 2014). PAHs are ubiquotous
compounds preseint the atmosphere, soil, water and living beings tdue
their bioaccumulative character (Chizhogtal., 2013; Menezest al.,
2013; Alveset al., 2017; Segurat al., 2017; Santost al., 2017). These
pollutants also have hydrophobic properties, being this aspect the reason
why PAHs are preser aqueous environmeng low concentrationsin
spite of the low concentration they are found, PAHs are toxic compounds
that may suppress the inmune system, are talibe endocrine disruptors
and can cause cancer and malformatiariszing beings (Rubio-Clemente
et al., 2014).As a consequence, PAH concentrationwater must be
monitoredin orderto determine their presence and the efficiency of the
treatment processes used for water decontamination.

For the identification and quantificatioof PAHs in water and,
extensively,in other matricesRP-HPLC with UV/vis orFL detectors has
been used because of the high sensitivity, selectivity and precision
associated (Andrade-Eiredal., 2010).
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In the current case studie®N and BaP were selected dieethe high
acute phototoxicity potentiadf the former one and the carcinogenicity,
mutagenicity and teratogenicity of the latter one (Rubio-Clemenégs.,
2014). Additionally, RP-HPLC was used. Th& P-HPLC was equipped
with a FL detector instead of a UV/vis detector, also widely emploged
environmental sample analysis, since Bhedetector providean increase
in sensitivity from 20to 30 timesin comparison with the UV/vis detector
(Garcia & Pérez, 2012)n additionto its high sensitivity with respec¢b
other detectors and even also other chromatographic techntged-L
detectoris highly selective for fluorescent compoundsit is the caseof
PAHSs. Furthermore, concerning the type of chromatographic column, a
Kinetex core shell technology C18 column (150 x & i.d., 5um of
particle size) was selected. With regandhe mobile phase components,
the binary system composed of deionized water and acetoragdeganic
solvent, resultetb be more adequate for the tested system.

Furthermore, taking into account the provided information on the
preparation of the sample and considering that the compounds of iimerest
the current study are onN and BaP and a relative clean matrix was
used, no extraction technique before sample injeatidhe RP-HPLC was
carried out. Therefordop increase sensibility of the analytical method and
to obtain accurate and repeatable results within a short period of analysis
(Boix et al., 2015) without incurring high costs neither the contamination
of the sample nor the loss of the target analytes, large-volumeianject
was conducted.

On the other hand, considering the advantages of chemometric
techniques for the development of analytical methods above OVAT
techniques, DoE and PCA were executed for a water sample containing 20
and 2 pg/L ofAN and BaP, respectivelyn orderto obtain the optimal
level of the factors considered statistically significant for the istud
chromatographic system.

It is importantto note that along with the need analyze very low
levels of the target pollutantsan effective compound resolutiom the
shortest analysis time and with the lowest castslemandedlin this
regard, variables suchs the flow rate, the mobile phase strength, the
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column temperature, the injection volume, and the excitation and emission
wavelengths were assessed within a range selected focusing on the
literature reports, our own chromatographic experience, previous assays
and the technical restrictiorsf the equipment used. For the statistical
treatmentof the obtained experimental data, Statgraphics Centurion XVII
program package was usath confidence interval of 95%.

Here, two case studies for the analysis of a mixture of PAHs are briefly
exposed so that some notions on the application of chemometric
techniques, sucasDoE and PCAcanbe acquired by the reader.

4.1. Case Study I

In this case, ai@?fractional factorial design plus 5 central points was
considered for the screening purpose. The DoE was performed within two
days; therefore, the block effeah the chromatographic system was also
evaluated.

The factorsto be considered and ranges (between parentheses) were
the percentagef acetonitrile of the mobile phase with regémdieionized
water (70-90%), the temperatuoé the column (255 °C), the injection
volume (50-100 pL), the flow ratef the mobile phasgl-1.5 mL/min) and
the excitation (230-280 nm) and emission wavelength (408-424 nm).

The experimental data registered were those ones concerning the
retention time of BaP, the resolution betwééwh and BaP, the area 8N
and that of BaPIn orderto reduce valuable analysis times well asthe
consumption of the organic solvent, the retention time of BaP was intended
to be minimized. Additionally, the resolution between the analgtes
interest was minimized, althougih chromatography this parameter
usually maximized for identification purposes. This was motivated by the
high values of resolution previously registered, which were higher@han
in all cases, allowing thus a sufficient separation betwdgnand BaP.
Furthermore, the area AN and that of BaP were intended be
maximizedin orderto quantify ultra-trace levels of these compounds.
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After randomly conducting the runs accordibg the constructed
design matrix, the obtained experimental data were analyzedas
observed that the statistically significant factors (or variabteshpe
consideredin the optimization experiments were the flow rate, the
acetonitrile contentn the mobile phase, the column temperature, the
injection volume and the excitation wavelength. The block was statitical
insignificant. Additionally, the emission wavelength resultecbe non-
significant under the evaluated conditions. This aspect could be attributed
to the narrow range tested for this parameter. Consequently, the emission
wavelength was fixedt 416 nm.

Although the injection volume resulted be a statistically significant
factor, very good responses were found when this factor was dtxEaD
puL and no column saturation was observed. Therefore, this parameter was
setat 100 pL.

In a second step, the non-fixed factors were evalustiethd the
optimal operating conditions of the chromatographic system for the
identification and quantificatiomf AN and BaPat ultra-trace leveldn
agueous samples. A Box-Benhken DoE plus 3 central points was employed
in this occasion. Runs were randomly executed within two days and the
block also resultedo be non-significant. Therefore, the environmental
conditions seemedo not influence the measuremenits the tested
chromatographic system under the studied operating conditions.

Once the design matrix was constructed and the samples were run,
ANOVA test was carried out and a quadratic model was built for each
response. The coefficients of determination adjusted by the degrees of
freedom were > 97%. This indicates that the second-order models built
were reliable for the determinatiai AN and BaPat ultra-trace levelsn
agueous samples.

In orderto integrate all the four constructed polynomial models and
find the location where the statistically significant factors apéimal,
Derringer’s desirability function was employed. With a desirability value
of 85.80%, the best operating conditions for the flow rate, the acetonitrile
concentration and the temperature were 1 mL/min, 90% and 35 °C,
respectively. For the excitation wavelength, the optimal resulting value
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was locatedit 260 nm; however, this a compromise between the optimal
excitation wavelength oAN and that of BaP. Since the equipment used
allows fixing a particular excitation waveleng#s the compounds are
eluted, Derringer’s desirability function was again run searching for
maximizing the area AN and BaP. 254 and 267 nm were obtaiasthe
optimal excitation wavelengths fé&N and BaP, respectively. Therefore,
after checking that the area countsAN and BaP were larger under these
new excitation wavelengths, these values were fixed during the
correspondingAN and BaP elution time.

Further details on this case study are repardgiubio-Clementet al.
(2017). In the referred work, the specific reactants, chemicals, working
solutions and equipment utilized during the developnoérhe proposed
analytical method may be also fourad well asthe validation study and
the application of the developed analytical mettmthe analysiof AN
and BaHn natural water.

4.2. Case Study IT

For the identification and quantificatiai AN and BaHn the rangeof
ultra-trace concentratioin aqueous matrices by means RP-HPLC
coupledto a FL detector, understanding the behavior of the target analytes
in the chromatographic systesia crucial aspect. For this purpose, PCA
was used. Additionally, a fractional factorial DOE was emplayetind
the optimal operating conditions of the factors having a main impabteon t
system enabling AN and BaP simultaneous identification and
guantification.

In this case, the initial factots be considered and levels selected were
the same than those describadsection 4.1. Likewise, the experimental
data measured whefdN and BaP areaf the peak, BaP retention time and
the resolution between these two analytes. More@érand BaP height
of the peak were recorded.
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Table 1. Factors statistically significant for the principal
components obtained

Index PC number Factors
Identificationof AN and | PC1 Flow rate
BaP Acetonitrile content
Quantificationof AN PC2 Excitation wavelength
Quantificationof BaP PC3 Flow rate
Injection volume
Excitation wavelength

All the data obtained for each considered response were checked for
normality distribution. It was found that all the responses with the
exception of AN area andAN height accomplished for normality
assumption. ThereforeAN area and height data were normalized
previouslyto PCA. Three PCs with eigenvalues higher than 1 were found.
These PCs explained > 97% of the total variability of the results obtained.

Each PC was interpretedas follows: a) PC 1 represented the
identification indexof AN and BaPp) PC 2 described the behaviof AN;
andc) PC 3 was indicative of the chromatographic behavior of Bafhis
sensePC 2 andPC 3 represented the quantification indexAd and BaP,
respectively.

In a second step, once the PCs were found, the factors significantly
affecting, from a statistical point of view, the PCs were identited
optimized using a fractional factorial design®2 plus 5 central points.

Following the steps mentioneoh section 3.1 when using DoE,
ANOVA test was performed for eadPC with a confidence interval of
95%. In Table 1, the factors statistically significant influenceachPC
are compiled.

By using multicriteria decision approach that allows optimizing the
analyzed PCs, the best operating conditafrithie original factors affecting
the chromatographic system were obtained. 100 pL, 90% and 1 mL/min
resultedto be the optimal injection volume, acetonitrile content and flow
rate of the mobile phase, respectively. With regarthe excitation and
emission wavelength, further studies were neetetle performed for

Complimentary Contributor Copy



14C A Rubio-Clemente, E. L. Chica and G. A Pefuela

determining the optimal values. 416 nm was seleagttie optimal value

for the emission wavelength for both analytes and 254 and 267 nm for the
excitation wavelength oAN and BaP, respectivelyn turn, the column
temperature was fixeat 35 °C.

CONCLUSION

As presented, HPLC operatimg reverse phase offers a powerful tool
for separating, detecting and quantifying the individual components of a
mixture. However, selective equipment and supphssyell as analytical
time to run a sample and analyze the results, are requiethis sense,
future prospect$n the field of chromatography application are ainatd
minimizing these associated codts.orderto save not only on operating
costs linkedto the materials and supplies used, but also on valuable
analytical time, DoE and PCA have been pointed asithemometric
techniques alternativio traditional OVAT procedures. The current work
was aimedat highlighting the importance of using HPLI@ analytical
chemistry,as well as the positive aspects related the applicationof
chemometric tools for the optimization of processes and their combination
with HPLC during the development of analytical methods. Finally, some
real application®of chemometric approaches were addressed focusing on
the developmenbf an analytical method able identify and quantify a
mixture of AN and BaP preserdt ultra-trace levelsn relatively clean
agueous matrices.

By the useof HPLC along with chemometric techniques, a new
window is openedn the field of analytical method evolution.
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Abstract

Due to the health risks for both humans and living beings caused by
polycyclic aromatic hydrocarbons (PAHs), the monitoring of these compounds
in environmental matrices is mandatory. This work proposes an analytical
method for analyzing anthracene (AN) and benzo[a]pyrene (BaP), two
of the most representative PAHs, at ultra-trace concentrations in water,
employing direct injection of large volumes of samples coupled with
reversed-phase high-performance liquid chromatography. For this purpose,
principal component analysis was used to examine the behavior of AN and
BaP within the chromatographic system. Results showed that AN and BaP
chromatographic behavior can be described by three models representing their
identification, the quantification of AN and that of BaP, respectively. The
factors affecting the obtained models, such as the injection volume, column
temperature, flow rate, strength of the mobile phase, and the excitation and
emission wavelengths, were examined and optimized by means of design of
experiments. Finally, the analytical method was validated, obtaining promising
limits of detection and quantification. The developed analytical method was
demonstrated to be useful for a sensitive analysis of the target analytes in
relatively clean natural water matrices.

Keywords: anthracene; benzo[a]pyrene; design of experiments; matrix
constituents; principal component analysis; ultra-trace level

Introduction

Aqueous resources pollution is an issue of current special concern. A
number of pollutants can be found in water, including polycyclic aromatic
hydrocarbons (PAHs) (Tian et al. 2012; Rubio et al., 2013; Rubio-Clemente
et al. 2014a, 2015). These compounds constitute a group of organic pollutants
formed of two or more fused benzene rings containing mainly carbon and
hydrogen (Rubio-Clemente et al. 2014b; Dos Santos et al. 2018). PAHs
are ubiquitous compounds in the environment (Alves et al. 2017; Segura
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et al. 2017). They come from anthropogenic sources, such as fossil fuel
combustion, metal smelting processes and food smoking, among other human
activities; and can be found in the atmosphere, soil, water and even in living
beings because of their bioaccumulative properties throughout the food chain
(Chizhova et al. 2013; Menezes et al. 2013; Santos et al. 2017).

The main concern related to the presence of PAHs in the environment is
ascribed to their toxic potential, such as anthracene (AN), which has exhibited
a high acute phototoxicity, and carcinogenic, mutagenic and teratogenic
characteristics, like benzo[a]pyrene (BaP) (Rubio-Clemente ez al. 2014b). In
this regard, these compounds are subjected to be monitored by national and
international regulations (Directive 2013; Ribeiro et a/. 2015); therefore, the
adoption of an analytical method aiming at their determination is required
(Rubio-Clemente et al. 2017).

Due to their hydrophobicity, PAHs are poorly soluble in water, being
present at ultra-trace levels in the range of ng/L or ug/L; fact that limits
PAH identification and quantification in aqueous matrices (Rubio-Clemente
et al. 2017). Recently, several analytical techniques have been reported
(Nawaz et al. 2014; Petridis et al. 2014; Ahmadvand et a/l. 2015; Khodaee
et al. 2016). However, they use previous separation and pre-concentration
procedures, being PAH analysis a tedious process. Additionally, separation
and pre-concentration techniques might contaminate the sample to be
analyzed and produce loses of analytes; especially when multistep procedures
are performed (Buczynska et al. 2014; Anumol et al. 2015; Boix et al. 2015).
Consequently, large-volume injection techniques are proposed to be used
as alternative procedures (Boix er al. 2015). Sample large-volume injection
techniques can also be used with reversed-phase high-performance liquid
chromatography (RP-HPLC) and gas chromatography (GC), and be combined
with fluorescence detector (FLD) or diode array detector, and even with mass
spectrometry, finding out accurate and repeatable results within a short period
of analysis, without incurring high costs, neither the contamination of the
sample nor the loss of the target analytes.

On the other hand, during the development of new analytical methods,
one-factor-at-a-time techniques are commonly used. However, the evaluation
of several factors influencing the chromatographic system by analyzing
the effect of one single parameter at a time can be an expensive task, and
valuable information about the analyzed factors can be missed (Trably
et al. 2004; Hanrahan & Lu 2006, Andrade-Eiroa et al. 2010; Rubio-Clemente
et al. 2017). In this regard, multivariate statistical approaches can overcome
these drawbacks by using principal component analysis (PCA) and design
of experiments (DOE). PCA is a multivariate analytical tool that can be
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used to reduce a set of original variables and to extract a small number
of latent factors, also called principal components (PCs), which allow the
analysis of the relationships among the observed variables (Machala ez a/. 2001;
Golobocanin et al. 2004). In turn, DOE can be used to determine the most
influential factors within the considered experimental system (Ferreira et al.
2007; Dejaegher & Vander 2009, 2011).

Under this scenario, this work is focused on analyzing AN and BaP
chromatographic behavior in order to optimize the system for the
simultaneous analysis of the analytes of interest at ultra-trace levels in aqueous
samples by means of RP-HPLC coupled with FLD and using PCA and DOE
under different experimental conditions. In addition, the validation of the
optimized experimental chromatographic conditions was carried out using
different natural water matrices.

Materials and methods
Reagents and solutions

Anthracene (AN, 99 %) and benzo[a]pyrene (BaP, 98 %) analytical certified
standards from Dr. Ehrenstorfer (Ausgburg, Germany) and gradient-grade
acetonitrile purchased from Merck (Darmstadt, Germany) were used without
further purification. Deionized water with a resistivity of 18.2 MQ and
obtained from a Millipore purification system (Bedford, USA) was also
employed.

Stock standard solutions of AN and BaP were prepared in acetonitrile at a
concentration of 1000 mg/L. The working solutions used during the PCA
and DOE were prepared by spiking deionized water with a small aliquot
of AN and BaP for obtaining a final concentration of 20 ug/L and 2 ug/L,
respectively.

The calibration curves were built within a range of 75 - 3000 ng/L for AN
and of 30 - 3000 ng/L for BaP, using diluted standard solutions and 10 % of
acetonitrile (v/v) so that the target PAH adsorption on the walls of the vials
is prevented (Martinez et al. 2004).

Analytical methods

AN and BaP were identified and quantified in aqueous samples with an Agilent
HPLC system series 1100/1200 (Palo Alto, USA) equipped with a G1322a
vacuum degasser unit, a G1311a quaternary pump, a G1321a multiwavelength
fluorescence detector, a G1316a column oven, and a G1329a autosampler. The
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column was a 5 um Kinetex core-shell technology C18 (150 x 4.6 mm i.d.)
from Phenomenex (Torrance, USA). Unless otherwise mentioned, elution
was carried out under isocratic conditions using a mobile phase composed
of acetonitrile and deionized water (90:10, v/v), a flow rate of 1 mL/min,
a column temperature of 35 °C, a sample injection volume of 100 uL, an
emission wavelength of 416 nm and excitation wavelengths of 254 nm from
0 to 3.20 min and 267 nm from 3.21 to 5 min. OpenLab CDS Chemstation
software (Agilent, Palo Alto, USA) was used for chromatographic data
analysis.

Statistical analysis

PCA was used to examine the behavior of AN and BaP within the
chromatographic system under several experimental conditions. The objective
of PCA consists of building £ lineal combinations (Y%) of the considered (Xp)
variables containing the major variability, being a the associated coefficients.
The lineal combinations can be expressed as Eq. 1-3.

Y1:411x1+412X2+~--+41PXP @)
Y, =ayx +anXy,+---+a,,X, )
Y, :ak1x1+ak2X2+---+akpo 3)

The first PC (Y,) refers to the lineal combination of the response variables
with the maximal variability. The second PC (Y,) is the lineal combination
with the second major variability that is not correlated with the first PC. The
variability grouped by the following PC (Y7,) is decreased up to a non-statistical
significant variability.

Additionally, a fractional factorial DOE was employed to find the optimal
operating conditions that allow for the simultaneous identification and
quantification of the target analytes.

Statgraphics Centurion XVII (Statpoint, Warrenton, USA) was used for the
statistical treatment of the experimental data.

Results and discussion
Chromatographic behavior using principal component analysis

Taking into account the different factors that influence the separation of
compounds in a chromatographic system for an accurate identification and
quantification, the strength of the mobile phase, which was evaluated in
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terms of acetonitrile percentage, was selected to be analyzed. The injection
volume is another parameter to be considered, particularly when determining
compounds in the range of ng/L, as it is the case, since the injection of large
volumes of samples may derive in the increase of the number of molecules
and, therefore, in the increase of the detector analytical response. The
excitation and emission wavelengths also play a main role in the quantification
of compounds that exhibit an excitation and relaxation behavior under
ultraviolet radiation, such as PAHs. Consequently, these two factors were
also taken into consideration. Moreover, the flow rate of the mobile phase
and the temperature of the column were demonstrated to influence the
chromatographic system; that is, the determination of analytes due to the
correlation between their elution and the pressure of the system. Thus,
six factors affecting the chromatographic system were initially considered,
and varied within different operational ranges. In Table 1 the factors and
ranges used are listed. These ranges were selected according to different
investigations (Bourdat-Deschamps et al. 2007; Lucio-Gutierrez et al. 2008;
Andrade-Eiroa et al. 2010), the chromatographic expertise of the authors and
previous experimental runs.

Among the different responses to be measured related to the identification
and quantification of organic compounds, the retention time of AN and
BaP, as well as the resolution between these two compounds, were selected
for identification purposes. Since identification is not enough, in terms of
regulation accomplishment, the counts of area and height of AN and BaP were
also considered for quantification purposes. In order to find out the optimal
experimental conditions for AN and BaP analysis in water at ultra-trace
concentrations, PCA was firstly conducted to correlate the different responses
selected and, therefore, to obtain those models describing the chromatographic
behavior of AN and BaP. However, it is highlighted that prior to any further
statistical analysis, normality of the response variables was checked. All the
measured variables were verified to follow a normal distribution by using
Kolmogorov-Smirnov test, with the exception of AN area and AN height.
Consequently, these variables were treated and log transformations of AN
area and AN height were obtained for assuring normality assumption.

Subsequently, the response variables were subjected to PCA. It was found that
the first three PCs explained more than 97 % of the total variability among
the seven considered response variables. These results were confirmed by
the scree plot represented in Fig. 1, The scree plot displays the number of
principal components versus their corresponding eigenvalues. This kind of
plot indicates in a graphical way the number of PCs to be retained based on
the size of their eigenvalues. The ideal pattern is a steep curve that is gradually
smoothed up to a straight line, as represented by the blue line in the figure.
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Table 1. Factors and levels tested for the considered responses.

FACTOR (UNIT) LEVEL
Injection volume (uL) 50 - 100
Strength of the mobile phase (%) 70 - 90
Excitation wavelength (nm) 230 - 280
Emission wavelength (nm) 408 - 424
Flow rate (mL/min) 1-15
Column temperature (°C) 25-35

The number of principal components suggested to be selected corresponds to
those components with eigenvalues higher than 1; that is, the components
that remain above the horizontal red line. In Table 2, the estimated values of
the coefficients for each extracted principal component are shown.

From Table 2, it can be observed that the coefficients having the main weights
(weight > 0.5) in PC 1 are the retention times of AN and BaP, and the
resolution between AN and BaP; that is, all the response variables related to the
elution of the target analytes. In this regard, PC 1 can be representative of the
identification index of AN and BaP. Concerning PC 2, the main coefficients
are the log area of AN and the log height of AN. In turn, for PC 3, the
coefficients representing the area and height of BaP are the highest ones.
Therefore, PC 2 and PC 3 might be indicative of the behavior of AN and
BaP, respectively, in terms of the peak area and height; that is, PC 2 and PC 3
represent the quantification index of AN and BaP, respectively. PCA tool has
also been used for developing retention models in liquid chromatography and
standard fingerprints, among other uses (Nikitas et al. 2012; Qi et al. 2017).

Optimization using design of experiments

Once the identification and quantification of AN and BaP were described by
these indeces, corresponding to PC 1, PC 2 and PC 3, the factors statistically
significant for each component were examined and the experimental
conditions were optimized by using DOE; particularly, a fractional factorial
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Table 2. Coefficient estimated values contained in the considered principal
components.

COEFFICIENT PC1 PC 2 PC3
Retention time of AN 0.5453 0.0422 0.1432
et e ofF 152 0.5573 0.0511 0.0965
Areal of BaP 0.0405  -0.3385  0.6593
Height of BaP -0.2635 -0.2974 0.5825
Resolution between 0.5323 0.1019 0.1420
Log Area of AN -0.12 0.6288 03016
Log Height of AN 01526 0.6219 0.2916

design due to the high number of factors considered initially. A total of
16 runs plus 5 central points were executed within the selected operating
ranges, and analysis of variance (ANOVA) test was performed for each
chromatographic index. For a confidence interval of 95 %, it was observed
that the block effect was not significant for the chromatographic system
under the tested experimental conditions. Concerning PC 1, representing
the identification index of AN and BaP, it was evidenced to be influenced
negatively by the flow rate and the strength, in terms of acetonitrile content
of the mobile phase. This means that as the flow rate is increased, the
analytes elute faster and the resolution is, subsequently, decreased. This
inversely proportional linear relationship between resolution and flow rate
was also observed by Andrade-Eiroa er al. (2010) while optimizing the
separation of the pairs dibenzo[a,hJanthracene-benzo[g, h, i]perylene and
benzo[g, h, i]perylene-indeno[1, 2, 3-cd]pyrene. Similar reasoning can be
withdrawn when considering the percentage of organic solvent in the mobile
phase. An increase of the mobile phase strength leads to AN and BaP are
eluted more rapidly, decreasing their retention times by the stationary phase
of the chromatographic column, which results in a decrease of resolution
between these two organic compounds. From these two factors, the flow
rate was found to exert a higher influence in the identification index of both
pollutants, since it has a coefficient associated of -2.1767 in comparison with
the coefficient linked to the acetonitrile percentage (-0.1774) of the mobile
phase.
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Figure 1. Scree plot of the considered responses. Operating conditions:
[anthracene] 0 = 20 ug/L; [benzo[a]pyrene] 0 = 2 ug/L; injection volume
= 50-100 uL; strength of the mobile phase= 70-90 %; excitation wavelength =
230-280 nm; emission wavelength = 408-424 nm; flow rate = 1-1.5 mL/min;

column temperature= 25-35 °C.

With respect to PC 2, representing AN quantification index, the excitation
wavelength was observed to develop a major role in AN area and height
with a weight of -0.0542. This fact indicates that a decrease of the excitation
wavelength results in an increase of the index describing AN quantification
and, therefore, an increase of the log area and of the log height of AN. Thus,
AN area is increased as well as AN height, improving AN signal detected by
the FLD.

Finally, concerning PC 3, it was found that it is statistically affected by
the injection volume by a weight of 0.0286. Thus, when the injection
volume is increased, the amount of BaP molecules eluting is correspondingly
increased with the subsequent augmentation of the area and height of BaP
chromatographic peak. Additionally, for a significant level equal to 0.05,
the flow rate and the excitation wavelength exerted a negative (-2.1898) and
positive (0.0190) influence, respectively. On the one hand, an increase of
the flow rate of the mobile phase leads to a decrease of the area of BaP
peak. This can be explained from the fastest elution of the analyte molecules,
reducing BaP band and, therefore, decreasing the dimensions of BaP peak.
On the other hand, an increase of the excitation wavelength results in an
increase of the area and height of BaP. It must be noted that, despite the
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non-statistically significance of the excitation wavelength for & = 0.05, it was
considered in the BaP quantification index because its p-value was close to
0.05 (p-value = 0.0772).

In Fig. 2, the described magnitudes and signs of the selected factors, both
the statistically and non-statistically significant ones, for the three PCs are
represented through the main effect plots.

The models built describing the three chromatographic indeces representing
the chromatographic behavior of AN and BaP under the experimental
conditions tested with p-values lower than 0.05, corresponding to 0.0000,
0.0000 and 0.0085, respectively, are described by Eq. 4-6.

[=16.9144 —2.1767 « FR —0.1774 % § @)
I,,=13.8225—0.0542 « EW 5)
I;;;=—4.2625—2.1898 % F R + 0.0286 + I V4 0.0190 + EW ©)

where I is the AN and BaP identification index, [;; is the AN quantification
index and /;;; is the BaP quantification index. In turn, FR, S, EW and IV
represent the flow rate, strength of the mobile phase, excitation wavelength
and the injection volume of the sample, respectively.

By optimizing all the principal components obtained simultaneously using
multicriteria decision approach, the optimal chromatographic conditions
with a desirability of 83.52 % were 1.0 ml/min, 90 %, 100 xL, 230 nm, 409 nm
and 25 °C for the flow rate, acetonitrile content of the mobile phase, injection
volume, excitation and emission wavelengths and the column temperature,
respectively. However, it is worldwide known that the absorption and
fluorescence emission capacities of a substance depend on the substance itself.
Additionally, absorption and fluorescence properties of the particularly tested
compounds do not follow a linear relationship with the wavelengths used,
since their absorption molar coefficients and absorption spectra vary with
the single excitation wavelength (Rubio-Clemente et al. 2017). For example,
in the case of AN, the absorption coefficient at 254 nm is log ¢,;, = 4.9 in
ethanol. For BaP, it has a value of log ¢,5, = 4.6 in ethanol (Zsila et al. 2006;
Jones, 1947). BaP absorption spectrum is characterized by several bands of
varied intensity; a first one in the range between 245 and 305 nm, higher than
254 nm; and a second one from 320 to 410 nm (Thomas & Burgess, 2007).
Moreover, AN absorption spectrum has a distinguished band around 254 nm
(Thomas & Burgess, 2007). In this regard, the optimization procedure used in
this work is limited when the studied system is influenced by the quadratic
effects of the considered factors, as it is the case for these parameters.
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Figure 2. Main effect plots for the identification i ndex ( a), anthracene
quantification index (b) and benzo[a]pyrene quantification index (c). Operating
conditions: [anthracene] 0 = 20 ug/L; [benzo[a]pyrene] 0 = 2 ug/L; injection
volume = 50-100 uL; strength of the mobile phase = 70-90 %; excitation
wavelength = 230-280 nm; emission wavelength = 408-424 nm; flow rate =

1-1.5 mL/min; column temperature = 25-35 °C.
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Therefore, a minacious study was subsequently performed to find out the
excitation and emission optimal wavelengths of AN and BaP. It was found
that 416 nm was the optimal emission wavelength within the selected initial
range for both of the examined analytes. The excitation wavelength was fixed
at 254 nm and 267 nm during AN and BaP elution time, respectively.

On the other hand, taking into account that the column temperature was not
statistically significant for the models built and considering that the analysis
time can be reduced by augmenting the temperature of the column oven,
reducing also the pressures in the system and improving the column efficiency,
as reported by Andrade-FEiroa et al. (2010), the optimal column temperature
was kept at 35 °C.

Validation

Under the optimized conditions, the proposed analytical method was
validated. Good linearity values and low limits of quantification and detection
of 75 and 5.54 ng/L for AN, and 30 and 4.26 ng/L for BaP were obtained.
Additionally, intraday and interday precisions lower than 2 and 11 %,
respectively, were found for the high, medium and low levels tested. Accuracy
was also verified and relative standard deviations (RSD) lower than 10 % were
evidenced. Furthermore, the analysis of AN and BaP in different matrices of
real natural water gave satisfactory recoveries RSD < 13 %).

Conclusions

The results of the present study indicated that the chromatographic behavior of
the selected PAHs under the experimental conditions tested may be explained
by PCA using three indeces describing the elution of AN and BaP, the peak
shape of AN and that of BaP, representing the former one and the latter ones
the identification and the quantification of the target compounds, respectively.
It was demonstrated that the identification index of the target compounds
under the experimental domain studied here was defined by the flow rate and
the strength of the mobile phase. Concerning the AN quantification index,
the excitation wavelength was found to develop a main role. Finally, the
BaP quantification index, as expected, was also influenced by the excitation
wavelength; however, the injection volume and the flow rate were observed
to exert also a main function.

The optimal operating conditions found using DOE that maximizing the
indices referred above were 1 mL/min, 90 %, 35 °C, 100 uL, and 416 nm for
the flow rate, acetonitrile content of the mobile phase, column temperature,
injection volume and the emission wavelength, respectively. The optimal
excitation wavelengths were 254 nm and 267 nm for AN and BaP. The
developed and validated method showed to be suitable for the identification
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and quantification of AN and BaP at ultra-trace levels in relatively clean
natural water by direct injection in only 5 min of analysis.
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Andlisis de inyeccién directa en gran volumen de
hidrocarburos aromiticos policiclicos en agua

Resumen. Los hidrocarburos aromaticos policiclicos (HAPs) causan
problemas en la salud de los seres humanos y seres vivos, por lo que se
requiere un monitoreo de estos compuestos en matrices ambientales.
Este trabajo propone un método analitico para analizar el antraceno
(AN) y el benzopireno (BAP), los hidrocarburos mas representativos en
concentraciones de ultra trazas en el agua, empleando inyeccion directa
en grandes volumenes en muestras acopladas a la fase inversa con
cromatografia liquida de alto rendimiento. Por tal razén, se utilizé el
analisis de componentes principales para examinar el comportamiento
de AN y BAP en el sistema cromatografico. Los resultados mostraron
que el comportamiento cromatografico de AN y BAP podria describirse
por medio de tres modelos que representan su identificacion, la
cuantificacién de AN y de BAP, respectivamente. Se examinaron los
factores que afectan a los modelos obtenidos, como el volumen de
inyeccion, la temperatura de la columna, la tasa de flujo, la fuerza de la
fase movil, y las longitudes de las ondas de excitaciéon y emision, y se
optimizaron mediante el disefio de experimentos. Finalmente, se valid6
el método analitico, obteniendo limites de deteccién y cuantificacion. Se
demostré que el método analitico desarrollado fue util para el analisis
sensible de los analitos en matrices de agua natural relativamente limpia.

Palabras clave: antraceno; benzopiteno; disefio de experimentos;
componentes matriciales; andlisis de componentes principales; ultra
trazas.
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Anilise de injegao direta de grande volume de
hidrocarbonos aromdticos policiclicos em dgua

Resumo. Devido aos riscos para a saude tanto para humanos como
para os seres vivos em geral causados pelos hidrocarbonos aromaticos
policiclicos (HAPs), o monitoramento de estes compostos em matrizes
ambientais é prioritario. Este trabalho propéem um método analitico
para analisar antraceno (AN) e benzo[a]pireno (BaP), dois dos
hidrocarbonos mais representativos, em concentragoes de ultra tracos
em 4agua, empregando inje¢des diretas de grandes volumes de amostra
acoplada a cromatografia liquida de alta eficiéncia em fase reversa.
Usando Anilises por Componentes Principais e desenho experimental,
foram avaliados os efeitos de diversos fatores que afetam o sistema
cromatografico, tais como o volume de injec¢do, a temperatura da coluna,
fluxo, forca da fase mével e comprimentos de onda de excitagio e emissao.
Os resultados demonstraram que o comportamento cromatografico
de AN e BaP pode ser descrito por meio de trés que representam
sua identificagdo, quantificacio de AN e de BaP, respectivamente. Os
resultados mostraram que o comportamento cromatografico de NA e
BAP poderia ser descrito por meio de trés modelos que representam
sua identificagdo, a quantificagio de NA e de BAP, respectivamente.
Examinaram-se os fatores que afetam aos modelos obtidos, como o
volume de inje¢do, a temperatura da coluna, a taxa de fluxo, a forca
da fase mével, e as longitudes das ondas de excita¢io e emissio, e se
otimizaram mediante o desenho experimental. Finalmente, se validou
o m todo analitico, obtendo os limites de detec¢ao e quantificagao. O
método analitico desenvolvido demonstrou ser util para uma analise
sensivel para os compostos de interesse em matrizes de agua natural
relativamente limpas.

Palavras-chave: antraceno; benzopireno; desenho experimental;
componentes de matriz; analise de componentes principais; ultra tracos.
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SUMMARY

Hydrogen peroxide (H,0,) determination in real wa-
ter samples was carried out in a simple and sensitive
way. The resulting optimal operating conditions from
a 2* full factorial experimental design were 450 nm, 50
mm and 6x10° M for the absorption wavelength, the
quartz cell path length and the final concentration of
the ammonium monovanadate solution, respectively;
allowing the quantification of H,0, up to 2.94x10*
mM. The proposed analytical method was validated
and the effect of the background matrix was investi-
gated, obtaining a selective method. Additionally, the
developed analytical method was applied for studying
the evolution of H,0, in the decontamination of water
containing 6.73x10° mM of anthracene and 1.19x10-°
mM of benzo[a]pyrene using the UV/H,O, system. It
was found that the optimal H,0, level enabling about
45% of mineralisation and a removal of the target
polycyclic aromatic hydrocarbons higher than 99%
was 2.94x10" mM, remaining approximately 1.47x10°
' mM of H,O, after 90 min of treatment.

Keywords: Advanced oxidation process; ammoni-
um monovanadate; matrix background; residual hy-
drogen peroxide; spectrophotometry

RESUMEN

La determinacién de peréxido de hidrégeno (H,0,)
en muestras de agua real se llevo a cabo de una ma-
nera sencilla y sensible. Las condiciones 6ptimas de
funcionamiento resultantes de un disefio experi-
mental factorial completo fueron 450 nm, 50 mmy 6
x 10°* M de longitud de onda de absorcidn, longitud
de trayectoria de la celda de cuarzo y concentracién
final de la solucién de monovanadato de amonio,
respectivamente; permitiendo la cuantificacién de
2.94x10° mM de H,0,. Se validé el método anali-
tico propuesto y se investigé el efecto de la matriz
obteniendo un método selectivo. Ademads, se aplicé el
método analitico desarrollado para estudiar la evo-
lucién de H,O, en la descontaminacién de agua que
contenia 6,73x10° mM de antraceno y 1,19x10° mM
de benzo[a]pireno utilizando el sistema UV/H,0,. Se
encontré que el nivel 6ptimo de H,O, que permitia
cerca del 45% de mineralizacién y una eliminacién de
los hidrocarburos arométicos policiclicos objeto de
estudio superior al 99% fue de 2,94x10" mM, perma-
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neciendo aproximadamente 1,47x10" mM de H,O,
después de 90 min de tratamiento.

Palabras clave: Proceso de oxidacién avanzada;
monovanadato de amonio; constituyentes de la ma-
triz; peréxido de hidrégeno residual; espectrofoto-
metria.

RESUM

La determinacié de peroxid de hidrogen (H,0,) en
mostres autentiques d’aigua va ser realitzada de forma
simple i senzilla. Les condicions de treball optimes re-
sultants d'un disseny experimental factorial complert
2% van ser de 450 nm, 50 mm i 6x10°M per la longitud
de onda d’absorcid, la longitud de la trajectoria de les
cubetes de quars i la concentracié final de la solucién
de monovanadato de amoni, respectivament; aixo va
permetre una quantificacié de 2,94x10* mM de H,0,.
Esvaavaluar el metode d’analisi proposat i es va inves-
tigar l'efecte de la matriu de fons, obtenint un metode
selectiu. Addicionalment, el meétode analitic desenvo-
lupat es va aplicar per estudiar la evolucié del H,O, en
la descontaminacié del aigua que contenia 6,73x10°
mM de antracens i 1,19x10°° mM de benzo(a)pireno,
fent servir el sistema UV/H,O,. Es va descobrir que el
nivell optim de H,0, capag de una mineralitzacié del
45% i de una eliminaci6 dels hidrocarburs aromatics
policiclics major del 99% era de 2,94x10" mM, quan
era aproximadament de 1,47x10-1 mM de H,O, des-
prés de 90 minuts de tractament.

Paraules clau: Procés de oxidacié avangat; monova-
nadato de amoni; matriu de fons; peroxid de hidrogen
residual; espectrofotometria

INTRODUCTION

Hydrogen peroxide (H,0,) is a manufactured prod-
uct but it can be naturally found at low concentrations
in atmospheric, soil and aqueous ecosystems"*. H,O,
is widely used for water treatment purposes. With an
oxidation potential of 1.763 V*, H,0, is known to be a
powerful oxidant®, able to oxidise organic pollutants.
However, the greater relevance of using H,O, for wa-
ter treatment mainly resides in its ability to undergo
photolysis in contact with UV radiation, producing
hydroxyl radicals (HO°)®, whose standard electrode
potential is higher than that of H,0, (E°=2.80 V)° and,
subsequently, is able to remove a larger amount of or-
ganic pollutants’.

The photolytic ability of H,O, is exploited by several
advanced oxidation processes (AOPs), such as UV/
H,0,, UV/O,/H,0,, UV/US/H,0, and photo-Fenton
(UV/Fe***/H,0,) systems, among other processes.

Recently, a great number of works reporting the ef-
ficiency of AOPs for degrading persistent and recalci-
trant toxics has been published”. Due to the demon-
strated effectiveness of using H,O, in both photolytic
and non-photolytic AOPs, its determination is of spe-
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cial interest for efficient water decontamination. Ad-
ditionally, considering that an excess of H,O, is in-
volved in HO® scavenging processes, and because of it
is a costly reagent", the analysis of H,O, is even more
significant when it is added in a continuous way in or-
der to know when a new addition of H,O, is required
for the oxidation of pollutants to continue.

On the other hand, there are other AOPs where
H,0, is generated. This is the case of heterogeneous
photo-catalysis processes using semiconductors such
as TiO,. When TiO, is illuminated and a photon with
energy above its bandgap energy is absorbed, a pair
hole (h*)—electron (¢) is formed. Both the h*and e can
oxidise and reduce H,O and O, respectively, resulting
in the production of H,O,. The generated H,0, acts
to prevent the recombination of h* and e”, leading
to a higher decontamination. However, although the
generation of H,0, has a positive effect, residual H,O,
can also pose a risk for the living beings in the recep-
tor systems of the AOP effluent. H,0O, is a widely rec-
ognised biocide, since it may interact with organism
biomolecules, causing their oxidation'?. Therefore,
the quantification of H,O, is essential for both water
treatment and ecosystem conservation purposes.

Several techniques for H,O, determination in solid,
gas and aqueous samples have been reported*'*°. For
H,0, analysis in water, one of the most applied meth-
ods is the permanganate titration. However, it is inter-
fered by Fe?* ions, which are catalysing agents in Fen-
ton and photo-Fenton systems, due to the complexes
formed between theses ions and permanganate. In
turn, the use of enzyme-catalysed reactions can be
a quite sensitivity method; nevertheless, the use of
enzyme requires strict experimental conditions, lim-
iting the application of this technology. Under this
scenario, Pupo Nogueira and co-workers'* proposed a
colorimetric method based on the formation of com-
plexes between H,0, and ammonium monovanadate
in acidic medium. Even though this method can be
applied for a wide range of water samples, it does not
allow analysing H,O, at residual levels, since its limit
of quantification is 2.5x10? mM™. In this sense, the
current work aims at extending this limit of quantifi-
cation. Additionally, the interfering substances com-
monly found in water matrices, such as Fe**, Fe*', CI,
NO,, PO *, NH,*, Mg*, Na*, Mn*, F, K, CO,* and
Ca*, were evaluated. Furthermore, the proposed ana-
lytical method was validated and applied to study the
H,O, evolution in real natural water treated using the
UV/H,0, system.

MATERIALS AND METHODS

Reagents and chemicals

All reagents were analytical grade and the solutions
were prepared in deionised water. The used reagents
were hydrogen peroxide, 30% w/w (H,0,, ].T. Baker);
acetonitrile, gradient grade (Merck); orthophosphoric
acid, 85% (H,PO,, Carlo Erba); fuming hydrochloric
acid, 37% (HCI, Merck); ammonium hydroxide, 28-
30% (NH,OH, Mallinckrodt); nitric acid, 65% (HNO,,



Merck); ammonium monovanadate, 99.9% (NH,VO,,
Merck); sulfuric acid, 95-97% (H,SO,, Merck); calci-
um carbonate (CaCO,, Carlo Erba); sodium carbonate
(Na,CO,, Merck); ammonium sulfate ((NH,),SO,,
Mallinckrodt); iron (II) sulfate heptahydrate (Fe,SO,
7H,0, Sigma-Aldrich); iron (III) chloride hexahydrate
(FeCl, 6H,0, Panreac); standard solution of iron (III)
nitrate (Fe(NO,),, Merck); manganese (II) sulfate
monohydrate (MnSO, H,O, Merck); anthracene 99%
and benzo[a]pyrene 96% (Alfa Aesar).

Solutions

Standard stock solutions of H,O, were prepared by
diluting suitable amounts of H,O,. H,O, working solu-
tions were prepared by diluting the stock solutions of
H,0O, and a calibration curve was built from 2.94x10-
’ to 441x10" mM. Additionally, a 0.06 M NH,VO,
stock solution was prepared by using a 0.36 M H,SO,
stock solution and completing with deionised water.

H,O, analysis procedure and apparatus

The optimal procedure for the determination of
H,0O, in water samples consisted of adding 40 mL of
the sample to be analysed and 5 mL of the NH,VO,
stock solution in a 50 mL flask. Deionised water was
added to the mark and the mixture was transferred to
the quartz cell. The control standards of this proce-
dure corresponding to the low, medium and high lev-
els of the calibration curve were 2.94x107, 5.88x10~
and 4.41x10" mM, respectively. In addition, a reagent
blank was performed by adding 5 mL of the NH,VO,
stock solution into a 50 mL volumetric flask and di-
luting with deionised water to the mark. With this
reagent blank, the baseline of the spectrophotometer
was built.

Spectrophotometric studies were carried out using a
UV-Vis spectrophotometer Evolution 300 (Thermo Sci-
entific) and a quartz cell of 50 mm optical path length
(Macherey-Nagel), unless indicated otherwise. Meas-
ures of absorbance were taken by triplicate using a Xe-
non lamp at a wavelength of 450 nm, unless specified
otherwise. For the analysis of anthracene and benzol[a]
pyrene, an Agilent RP-HPLC system (series 1100/1200)
with a fluorescence detector was used under the op-
erating conditions specified elsewhere". Total organic
carbon was measured using an Apollo 9000 series total
organic carbon analyser (Teledyne Tekmar).

Experimental design and irradiation tests

In order to determine the most favourable condi-
tions for H,O, quantification, a 2*full factorial exper-
imental design was used. The influence of the final
concentration of NH, VO, reacting with H,O, in the
sample, the absorption wavelength and the quartz
cell path length were studied at two main levels. This
experimental design resulted in 8 runs, executed in
a randomised order. The considered responses were
the absorbance maximisation of the calibration curve
levels at 2.94x107% 5.88x10 and 4.41x10" mM; and
the maximisation of the correlation coefficient (R?).
Statgraphics Centurion XVII program package (Stat-

Point Technologies) was used for the statistical analy-
sis of the data with a confidence interval of 95%.

UV/H,0, photo-degradation experiments were car-
ried out in batch mode using a 2 L annular borosilicate
glass photo-reactor. One and three 8 W Hg low-pres-
sure lamps emitting at 254 nm and contained in differ-
ent quartz tubes were used. The irradiation intensity
was measured with a UVX radiometer equipped with
a UVX-25 sensor (UVP), resulting to be of 170 and 460
uW/cm? for 1 and 3 UV-C lamps, respectively. The pho-
to-reactor was equipped with a cooling jacket, allowing
maintaining constant the bulk temperature. The irra-
diated solution was natural water from “El Pefiol” dam,
located in Guatapé (Antioquia, Colombia), which was
spiked with 6.73x10° and 1.19x10°> mM of anthracene
and benzo[a]pyrene, respectively.

RESULTS AND DISCUSSION

Preliminary assumptions
As it is widely known, the absorbance of a substance
can be expressed as Equation (1).

A = ebc )

where A is the absorbance of the chemical species; ¢,
the molar absorptivity coefficient or molar attenuation
coefficient, related to the absorption wavelength; b, the
optical path length of the cell containing the sample;
and ¢, the concentration of the target substance.
According to Pupo Nogueira and co-workers', H,O,
reacts with ammonium monovanadate in acidic medi-
um, yielding a peroxovanadium cation, characterised
by its orangey-red colour, as indicated in Equation (2).

VO3 +4H* + H,0, > VO3* + 3H,0 2)

Since the generated compound is able to absorb
light, in order to determine the optimal wavelength at
which the maximum absorption is obtained, a wave-
length scan was performed in the range from 370 to
770 nm (Figure 1). As shown in the figure, a maximal
absorption is located around 450 nm. Although this
value was already reported", high absorptions were
also evidenced at 454 nm. Therefore, for discerning
which wavelength is the optimal one, both of the
wavelength values were considered in the 2° experi-
mental design.

Absorbance
e
i
S

0.00+
370 420 470 520 570 620 670 720 770

Absorption wavelength (nm)

Figure 1. UV-visible absorption spectrum of the peroxova-
nadium cation. H,0, and NH,VO, concentrations were
2.94x10" mM and 6x10° M, respectively.
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As indicated, the path length of the cell is a crucial
factor in the spectrophotometric response regard-
ing the amount of absorbed radiation, since a higher
cell path length results in a higher amount of energy
absorbed by the molecules in the sample. Therefore,
lower quantification limits can be obtained with high-
er cell path lengths, allowing the determination of re-
sidual levels of H,O,. In this sense, two quartz cells of
10 and 50 mm path lengths were studied.

In addition to the absorption wavelength and the
cell path length, previous experiments evidenced that
the concentration of NH,VO, in acidic medium in-
fluenced also the system'. The effect of the NH, VO,
level was ascribed to the number of the formed co-
loured peroxovanadium cation, which were depen-
dent on the amount of H,O, and the final reacting
level of NH,VO,. In order to determine the optimal
concentration of NH,VO, for forming coloured pero-
xovanadium cations, 6x10* and 1.2x102 M final so-
lution levels in the 50 mL flask were tested. In turn,
unlike NH, VO,, H,SO, was not observed to influence
the system'. Therefore, its effect was not studied and
a final solution of 0.036 M H,SO, was used during the
optimization step and analysis of H,O,. This concen-
tration of H,SO, provided the reaction medium with
the required acidic conditions (pH < 2) for the genera-
tion of peroxovanadium cations, avoiding using high
concentrations of acid.

Optimal condition experiments

The absorption wavelength, the cell path length and
the final concentration of NH,VO, were considered as
factors affecting the spectrophotometric system. In

A: Cell path length | ‘ E N
C: NH,VO, concentration I:l
) —
BC D
AB D
B: Absorption wavelength [|
0 4 [ 12 16
Standardized effect
(a)
A: Cell path length ‘ (st
-
C: NH,VO; concentration l:|
AC D
BC H
AB H
B: Absorption wavelength |
0 20 40 60 & 100

Standardized effect

(c)

order to find the optimal set of values for those fac-
tors, a full factorial experimental design was used in
water samples spiked with a concentration of 2.94x10
mM H,O,. The studied levels of NH, VO, final concen-
tration, absorption wavelength and quartz cell path
length were 6x10°-1.2x102 M, 450-454 nm and 10-50
mm, respectively. The optimisation goal was to maxi-
mise the absorption for the low, medium and high lev-
el, corresponding to 2.94x10%, 5.88x10* and 4.41x10"
mMH,0,, as well as to obtain an excellent R,

Analysis-of-variance tests were used to find the
statistically significant factors for the considered do-
main. Graphically, the significance of the examined
parameters can be observed from the Pareto plots of
the considered responses (Figure 2). This graphical
tool informs about the estimated effect of each factor
through bars, where the bar at the top corresponds to
the most statistically significant factor. In turn, the
vertical line refers to the value beyond which all the
bars exceeding it are considered statistically signifi-
cant under a significance level of 5%. Thus, as shown
in Figure 2a, 2b and 2c, the quartz cell path length
is the sole main factor significantly influencing the
system for the responses related to the absorption at
a low, medium and high level, with a confidence in-
terval of 95%. It was found that the influence of the
cell path length was positive. As expected, an increase
in the irradiated path length resulted in a higher ab-
sorption at the three considered levels. For R? (Figure
2d), none of the examined parameters resulted to be
statistically significant. A possible explanation can be
found in the fact that the obtained responses were
quite similar for all of the executed runs.

A: Cell path length ‘ ‘ =+
-
C: NH,VOs concentration :l
“ I
BC D
AB D
B: Absorption wavelength |
0 5 10 15 20 25
Standardized effect
A: cell path length ‘ O+
-
) [ —
« | =]
B: Absorption wavelength -
e (]
C: NH,VOs concentration ‘
. . . . .
0.0 05 1.0 15 2.0 25 3.0
Standardized effect (X 0.0001)

(d)

Figure 2. Pareto charts for the absorbance at a low (a), medium (b) and high (c) level, and for the R? (d). The black and white
colours indicate the positive and negative effects, respectively, of the considered factors and interactions. Working ranges:
6x10°-1.2x10° M (NH,VO, final concentration), 450—454 nm (absorption wavelength) and 10-50 mm (cell path length).

[H,0,],=2.94x10" mM.
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Consequently, the quartz cell path length was con-
sidered at its high level; i.e., a cell path length of 50
mm was used for subsequent studies. With regard to
the final concentration of NH,VO, solution, due to it
was statistically non-significant for the investigated
conditions and in order to save in reagent costs, it was
used at its low level (i.e., at 6x10° M).

As far as the absorption wavelength is concerned,
even though it is a parameter of great importance
in spectrometry, for this study it was statistically
non-significant under a confidence interval of 95% be-
cause of the low range studied, from 450 to 454 nm.
Nevertheless, from the R results, higher values were
achieved at 450 nm. Therefore, this absorption wave-
length was selected as the optimal one.

The constructed models for the absorbance at the
low (Abs LL), medium (Abs ML), and high (Abs HL)
level, as well as for the R? with adjusted R-squared
statistics higher than 97.5%, are expressed by Equa-
tions (3)-(6).

Abs LL = 3.23513 — 0.0324875PL — 0.00715625AW — 0.1638624mV

+0.000071875PL * AW + 0.00021125PL * AmV + 0.003625AW
3)

* AmV

Abs ML = 3.24775 — 0.023925PL — 0.0071875AW — 0.1694AmV

+0.00005625PL * AW + 0.00021PL * AmV + 0.000375AV¥ *)AmV
4

Abs HL = 2.542 — 0.0169PL — 0.005625AW — 0.12425AmV + 0.0000625PL

* AW + 0.00021PL * AmV + 0.000275AW * AmV

where PL, AW and AmV correspond to the cell path
length, the absorption wavelength and the final con-
centration of NH,VO,, respectively.

It is important to note that the main effect plot in
Figure 3 shows that there were no curvature effects
in the considered domain for the studied parameters.
That was the reason why the quadratic terms were not
included in the constructed models.

Hence, from the statistical analysis, the optimal operat-
ing conditions were 50 mm, 6x10* M and 450 nm for the
quartz cell path length, the final concentration of NH,VO,
solution and the absorption wavelength, respectively.

Validation of the developed analytical
method

In order to evaluate the practical application of the
proposed analytical method, performance parameters
such as linearity, limit of quantification, precision and
accuracy were measured under the optimal analysis
conditions. Results of the validation parameters are
given in Table 1.

Table 1. Data obtained from the validation of the proposed
analytical method

LL: Low level (2.94x10” mM)

Working range | Inter-day precision (n=10) | Accuracy (n=10) (absolute value and | Recovery (n=10)
(RSD, %) RSD, %) (absolute value and RSD,
(mM) (n=3) %)
H.0, 2.94x107 LL ML ‘ HL |LL ML HL 30 70
4.41x10"
1004|189 | 087 | 8787 100.12 9987 | 10347 9971
014 | (190) 086) |(1397) | (9.79)

ML: Medium level (5.88x10” mM) HL: High level (441107 mM)

)
R% =1.03887 — 0.0005625PL — 0.0000875AW — 0.0011375AmV + 0.00000125PL
* AW + 2.5E — 7PL * AmV + 0.0000025AW * AmV (6)
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Figure 3. Main effect plots for the absorbance at a low (a), medium (b) and high (c) level, and for the R? (d). Working ranges:
6x107-1.2x10° M (NH,VO, final concentration), 450—454 nm (absorption wavelength) and 10-50 mm (cell path length).
[H,0,] =2.94x10" mM.
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The linearity of the calibration curve was observed
over a concentration range of 2.94x10°-4.41x10" mM
for triplicate measurements and an excellent linearity,
with a R? equal to 1, was achieved. The limit of quanti-
fication was found to be 2.94x10° mM. It is highlighted
that concentration of H,O, in water samples higher than
4.4x10" mM can be determined by appropriately dilut-
ing the sample of interest and introducing the correc-
tion factor when calculating the level of this species.

Additionally, the instrumental repeatability was also
evaluated at 2.94x10° mM H,O, and the relative standard
deviation (RSD) resulted to be 0.96%, lower than the refer-
ence value of the spectrophotometer used in this study
(1%). In turn, the inter-day precision and accuracy RSDs
for the low, medium and high level were lower than 11%.

On the other hand, to analyse the applicability of
the proposed analytical method, fresh natural water
was used (n=10). Recoveries of the analyte were mea-
sured by speaking this matrix with H,O, at concen-
trations levels of 30% and 70% (concentration factor)
for 1.47x10" mM. As it can be observed from Table 1,
quite acceptable recoveries were obtained.

Matrix background. Evaluation of the interfe-
ring effect from ions

The effect of common ions present in water was in-
vestigated by measuring the absorbance of peroxova-
nadium complexes in acidic conditions. Several
concentrations of foreign ions were studied using a
standard solution of 2.94x10" mM H,0, in deionised
water under the determined optimal conditions. In
Table 2 the levels of the studied ions and their toler-
ance limits, i.e., the highest concentration causing a
signal variation lower than + 5% in the absorbance,
are listed. It was found that Fe?* was a major inter-
fering substance, as well as CO,”. The interfering ef-
fect of Fe** at a concentration higher than 0.005 mM
can be attributed to the Fenton reaction expressed
by Equation (7). When H,O, is in the bulk, it can re-
act with Fe*, giving HO® and Fe*'8. Therefore, the
catalytic decomposition of H,O, is produced and
the higher the level of Fe*, the faster the reaction is
produced; attaining an absorbance reduction. It is
noteworthy that Fe* can also react with H,O, to re-
generate Fe”, as indicated in Equation (8). However,
the reaction rate constant (k,) is 7600 times slower
than k. Therefore, for practical purposes, it can be
affirmed that Fe** does not influence the absorbance
of the considered system.

Fe?* + H,0, > Fe3* + OH™ + HO% ky, =76 M~1s™1  (7)
Fe3* + H,0, - Fe?* + H* + HOZ; k, = 0,01 — 0,02 M~1s~1

8
With regard to CO,*, changes in colour at the con-
centration of 25 mM using both CaCO, and Na,CO,
as CO, sources were observed, resulting in an absor-
bance increase. Additionally, when CaCO, was used
as the reactant for providing CO,”, turbidity was also
found at the level of 7.5 mM CaCO,, being more no-
ticeable for 50 mM CaCO,. Nevertheless, by filtering
the samples, suspended solids were removed.
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Table 2. Influence of coexisting ions for a solution of
2.94x10" mM of H,0,

Interference ion Concentration range|Tolerance limit

(mM) (mM)

Fe*" (FeCl, 6H,0), (Fe(NO,)) 0.001- 1 1
Fe?* (FeSO, 7H,0) 0.001 - 1 0.005
Cl (HCI) 0.05 - 1000 1000

NO, (HNO) 001-5 5

PO, (H,PO,) 0.001- 1 1

NH,' (NH,OH) 0.01-10 10

Mg (MgsO, 7H,0) 0.001 -1 1

Na- (NaCl) 0.05-75 75

Mn? (MnSO, H,0) 0.001 - 1 1

F (NaF) 0.001 - 1 1

K+ (KCI) 0.05 - 75 75

Ca* (CaCl) 0.05 - 50 50

CO,> (CaCO,), (Na,CO,) 0.01- 50 15

From these results, it can be asserted that the proposed
analytical method is quite selective for the determina-
tion of low levels of H,O, in different kinds of water.

Application to real samples. Photo-degrada-
tion experiments

The studied method was applied for the determina-
tion of residual H,O, in natural water samples treated
with the UV/H,0, advanced oxidation system in the
annular photo-reactor described above. Natural wa-
ter was taken from “El Pefiol” dam, located in Guatapé
(Colombia), whose characteristics are summarised in
Table 3.

Table 3. “El Periol” dam water characteristics

Parameter Value
Temperature (°C) 23.58
pH 7.35
Dissolved oxygen (mgO, L) 8.61
Total organic carbon (mgC L) 2.03
Conductivity (mS m™) 39.87
Turbidity (NTU) 1.09
Redox potential (meV) 222.59
Dissolved Fe (mg L") < 0.05
Total alkalinity (mg CaCO, L) 16.33
Total hardness (mg CaCO, L) 17.67
NO, (mgL") 2.99
Cl' (mgL") 3.393
SO,* (mgL™") 1.949
PO (mgLY) 0.026
Anthracene n.d.
Benzo[a]pyrene n.d.
"Non-detected.

The water was spiked with 6.73x10° mM anthracene
and 1.19x10° mM benzo[a]pyrene. Different levels
of H,0, (1.47x107; 2.94x10"; 4.41x10* and 5.88x10"
mM) were tested during a reaction time of 90 min.
Additionally, the efficiency of 1 and 3 lamps UV-C
lamps, corresponding to 8 and 24 W, respectively, was
examined for anthracene and benzo[a]pyrene degra-
dation. Measurements of anthracene and benzol[a]
pyrene reduction, total organic carbon removal and
H,0, evolution were taken in three replicates at dif-
ferent time intervals. The samples were collected in
glass containers, stored in the dark at 4 °C and treated
as soon as possible.

H,0, + hv — 2HO® ©)

H,0, + HO® > HOS + H,0 (10)
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Figure 4. (a) Anthracene (AN) and benzo[a]pyrene (BaP)
removal using 1 UV-C lamp. (b) Total organic carbon (TOC)
reduction. (c) H,0, evolution. [AN] = 6.73x10° mM; ‘[BaP]
= L19x10° mM; [TOC] =2.04 mgC L'; [H,0,] =1.47x10",
2.94x107, 4.41x10" and 5.88x10" mM; UV-C lamps=1 and
3 lamps, corresponding to 8 and 24 W, respectively.

When H,0, is irradiated, it interacts with photons,
generating HO®, as expressed by Equation (9). The
formed HO° reacts with the water organic matter,
oxidising it and forming reaction intermediate prod-
ucts up to a complete mineralisation to form H,O
and CO,. As illustrated in Figure 4a, a removal of
anthracene and benzol[a]pyrene higher than 99% was
achieved in 30 min of irradiation with 1 UV-C lamp
and without the use of H,O,. This is due to the ab-
sorbance properties of these compounds at 254 nm",
especially of anthracene. However, this result did not
assure the mineralisation of the target compounds.
In fact, in Figure 4b, which represents the evolution
of the total organic carbon, it can be observed that
the mineralisation attained by using 3 UV-C lamps
without H,0, was < 5%. Although the obtained val-
ue of organic matter is within the range allowable in
the legislation for drinking water, the mineralisation
of the target compounds is not assured, and the pres-
ence of degradation by-products with a toxicity even

higher than that of the parent compounds can occur.
Hence, the mineralisation evolution must be studied
combining the action of 3 UV-C lamps and adding
different amounts of H,0,. As illustrated in the figure,
the use of 3 UV-C lamps and 2.94x10" mM of H,O,
resulted in a sample mineralisation of about 45% af-
ter 90 min of reaction time. Additionally, under these
working conditions, no toxic reaction intermediate
products were evidenced. Therefore, these operating
conditions allowed an efficient conversion of anthra-
cene and benzola]pyrene to harmless degradation
by-products. Moreover, the higher the organic mat-
ter removal, the lower the possibility of disinfection
by-product formation.

With regard to the evolution of H,0,, Figure 4c
shows that 2.94x10" mM H,O, remained almost
constant throughout the reaction time when dark
conditions were used, which was expected since in
Figure 4b the total organic carbon removal by us-
ing this level of H,O, in the dark can be neglected.
On the other hand, when H,0, is irradiated, there is
a H,O, reduction during the reaction time because
of the formation of HO", as indicated in Equation
(9). High reductions of H,O, were observed when
2.94x107%; 4.41x10" and 5.88x10" mM were used.
However, higher levels of total organic carbon re-
moval were found when 2.94x10" mM H,0, was
added to the reaction medium. This result indicated
that levels of H,0O, higher than 2.94x10" mM result-
ed in an unnecessary reagent cost, since an excess of
H,0, can also act as a quencher of HO", as expressed
in Equation (10); subsequently, reducing the efficien-
cy of the oxidation system.

CONCLUSION

In the current work, an analytical method for the
determination of the residual and/or produced H,O,
from AOPs for water decontamination was developed
in a simple and rapid way. The effects of the quartz cell
path length, the final concentration of the NH,VO,
solution and the absorption wavelength were studied.
The optimal conditions allowing the quantification
of H,0, in natural water were 450 nm of absorption
wavelength, 50 mm of quartz cell path length and
6x10°M of NH,VO, final concentration solution. The
developed method was validated and the influence of
several ions commonly present in water was exam-
ined, resulting to be a selective method. In this sense,
due to the achieved low quantification limit and be-
cause of the proposed analytical method is relatively
free from interferences; it can be used for several types
of water. In fact, it was applied for studying the evolu-
tion of H,O, in the decontamination of real natural
water spiked with anthracene and benzol[a]pyrene at
a level of 6.73x10” and 1.19x10° mM, respectively. It
was found that after 90 min of treatment and using 3
UV-C lamps, approximately 1.47x10" mM H,O, were
consumed obtaining a reduction of the total organic
carbon around 45% and a removal of anthracene and
benzol[a]pyrene higher than 99%.

JULY - SEPTEMBER 2017 | 167



ACKNOWLEDGEMENTS

This work was supported by the Spanish Agency for
International Development Cooperation (AECID),
the Colombian Administrative Department of Sci-
ence, Technology and Innovation (COLCIENCIAS),
and the Sustainability Fund of Universidad de Antio-
quia.

REFERENCES

1.

10.

11.

Kormann, C.; Bahnemann, D. W.; Hoffmann, M.
R. Photocatalytic production of H,O,and organic
peroxides in aqueous suspensions of TiO,, ZnO,
and desert sand. Environ. Sci. Technol. 1988, 22,
798-806.

Olasehinde, E. F.; Makino, S.; Kondo, H.; Takeda,
K.; Sakugawa, H. Application of Fenton reaction
for nanomolar determination of hydrogen per-
oxide in seawater. Anal. Chim. Acta 2008, 627,
270-276.

Bratsch, S. G. Standard electrode potentials and
temperature coefficients in water at 298.15 K. J.
Phys. Chem. Ref. Data 1989, 18, 1-21.

Chen, H,; Yu, H;; Zhou, Y,; Wang, L. Fluorescent
quenching method for determination of trace hy-
drogen peroxide in rain water. Spectrochim. Acta
Part A 2007, 67, 683-686.

Kralik, P; Kusic, H.; Koprinavac, N.; Bozic, A. L.
Degradation of chlorinated hydrocarbons by UV/
H,0,: the application of experimental design and
kinetic modeling approach. Chem. Eng. J. 2010,
158, 154-166.

Rubio-Clemente, A.; Chica, E.; Penuela, G. A.
Application of Fenton process for treating pet-
rochemical wastewater. Ing. Compet. 2014, 16,
211-223.

Rubio-Clemente, A.; Torres-Palma, R. A.; Pe-
fiuela, G. A. Removal of polycyclic aromatic hy-
drocarbons in aqueous environment by chemical
treatments: a review. Sci. Total Environ. 2014,
478, 201-225.

Karci, A. Degradation of chlorophenols and al-
kylphenol ethoxylates, two representative tex-
tile chemicals, in water by advanced oxidation
processes: the state of the art on transformation
products and toxicity. Chemosphere 2014, 99,
1-18.

Ribeiro, A. R;; Nunes, O. C,; Pereira, M. F. R;; Sil-
va, A. M. T. An overview on the advanced oxida-
tion processes applied for the treatment of water
pollutants defined in the recently launched Di-
rective 2013/39/EU. Environ. Int. 2015, 75, 33-51.
Rubio-Clemente, A.; Chica, E.; Penuela, G. A.
Petrochemical wastewater treatment by photo-
Fenton process. Water Air Soil Pollut. 2015, 226,
61-79.

Comninellis, C.; Kapalka, A.; Malato, S.; Parsons,
S. A, Poulios, I; Mantzavinos, D. Advanced oxi-
dation processes for water treatment: advances

168 | AFINIDAD LXXIV, 579

12.

13.

14.

15.

16.

17.

18.

19.

and trends for R&D. J. Chem. Technol. Biotech-
nol. 2008, 83, 769-776.

Linley, E.; Denyer, S. P; McDonnell, G.; Simons,
C.; Maillard, J. Y. Use of hydrogen peroxide as a
biocide: new consideration of its mechanisms of
biocidal action. J. Antimicrob. Chemother. 2012,
67, 1589-1596.

Sunil, K; Narayana, B. Spectrophotometric de-
termination of hydrogen peroxide in water and
cream samples. Bull. Environ. Contam. Toxicol.
2008, 81, 422-426.

Pupo Nogueira, R. F; Oliveira, M. C.; Paterlini,
W. C. Simple and fast spectrophotometric deter-
mination of H,O, in photo-Fenton reactions us-
ing metavanadate. Talanta 2005, 66, 86-91.
Ribeiro, J. P. N.; Segundo, M. A,; Reis, S,; Lima, J.
L. F. C. Spectrophotometric FIA methods for de-
termination of hydrogen peroxide: Application to
evaluation of scavenging capacity. Talanta 2009,
79, 1169-1176.

Klassen, N. V,; Marchington, D.; McGowan, H.
C. E. H,0, determination by the I,-method and
by KMnO, titration. Anal. Chem. 1994, 66, 2921-
2925.

Rubio-Clemente, A Chica, E.; Penuela, G. A.
Rapid determination of anthracene and benzo(a)
pyrene by high-performance liquid chromatog-
raphy with fluorescence detection. Anal. Lett.
2017, 50, 1229-1247.

Pignatello, J. J; Oliveros, E; MacKay, A. Ad-
vanced oxidation processes for organic contami-
nant destruction based on the Fenton reaction
and related chemistry. Critical Rev. Environ. Sci.
Technol. 2006, 36, 1-84.

Sanches, S.; Leitao, C.; Penetra, A.; Cardoso, V.
V.; Ferreira, E; Benoliel, M. J; Crespo, M. T;
Pereira, V. ]. Direct photolysis of polycyclic aro-
matic hydrocarbons in drinking water sources. J.
Hazard. Mater. 2011, 192, 1458-1465.



WATER TREATMENT






CHAPTER 4. WATER TREATMENT 129

4. WATER TREATMENT

Paper

Total coliforms inactivation in natural water by UV/H20, UV/US and
UV/US/H:0: systems

Journal

Environmental Science and
Pollution Research

Environmental
Chemistry

best quartile
SIR2017 T T
0.86

powerad by scimagojr.com

Scope: Environmental Science and Pollution Research (ESPR) serves the
international community in all areas of Environmental Science and related
subjects with emphasis on chemical compounds. It reports from a broad
interdisciplinary outlook. Apart from the strictly scientific contributions as
research articles (short and full papers) and reviews, ESPR publishes: news &
views from research and technology, legislation and regulation, hardware and

software, education, literature, institutions, organizations, conferences

Highlights

e Several photochemical AOPs are studied for wild microorganism
destruction in water.
e The application of the AOPs tested resulted in total microbial load

inactivation.



130 RUBIO-CLEMENTE A.

e Bacterial regrowth was not evidenced after operating the oxidation
treatments.

e The UV/H20: system was the most economical process.
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Abstract

The presence of pathogens in drinking water can seriously affect human health. Therefore, water disinfection is needed, but
conventional processes, such as chlorination, result in the production of dangerous disinfection by-products. In this regard, an
alternative solution to tackle the problem of bacterial pollution may be the application of advanced oxidation processes. In this work,
the inactivation of total coliforms, naturally present in a Colombian surface water by means of UV/H,0,, UV/US, and the UV/US/
H,0, advanced oxidation processes, was investigated. Under the investigated conditions, complete bacterial inactivation (detection
limit equal to 1 CFU 100 mL ") was found within 5 min of treatment by UV/H,0, and UV/US/H,0, systems. UV/US oxidation
process also resulted in total bacterial load elimination, but after 15 min of treatment. Bacterial reactivation after 24 h and 48 h in the
dark was measured and no subsequent regrowth was observed. This phenomenon could be attributed to the high oxidation capacity
of the evaluated oxidation systems. However, the process resulting in the highest oxidation potential at the lowest operating cost, in
terms of energy consumption, was UV/H,0, system. Therefore, UV/H,0, advanced oxidation system can be used for disinfection
purposes, enabling drinking water production meeting the requirements of regulated parameters in terms of water quality, without
incurring extremely high energy costs. Nonetheless, further researches are required for minimizing the associated electric costs.

Keywords Advanced oxidation process - Disinfection - Total coliform - Water treatment - UV/H,0, system - UV/US process -

UV/US/H,0, system

Introduction

Water is an indispensable resource for life (Bagatin et al. 2014;
Malato et al. 2009). Therefore, high quality of water for hu-
man consumption must be ensured, both in terms of the
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removal of toxic contaminants and their by-products, and of
the effective treatment of microbial pollution (Géarcia-
Fernandez et al. 2012; Zhou et al. 2018). Water can be con-
taminated through various sources, including sewage and hu-
man and animal wastes, which might contain pathogens,
mainly enteric microorganisms (Ortega-Gomez et al. 2014;
Alvear-Daza et al. 2018). Therefore, microbial load inactiva-
tion must be assessed, as well as pollutant degradation effi-
ciency, when assessing the feasibility of a process for water
treatment (Rodriguez-Chueca et al. 2018).

Several techniques are available for tertiary water treatment
(e.g., chemical, physical, and biological processes) (Rodriguez-
Chueca et al. 2018). Each treatment process has positive aspects
and constraints in relation to applicability, efficiency, and cost
(Rubio-Clemente et al. 2014, 2015). With regard to the tech-
niques used to eliminate pathogens in water, chlorine is the main
disinfectant traditionally used in purification processes, due to
their availability, low cost, oxidizing character, and potential to
eliminate pathogens (Esteban et al. 2017). Despite the wide
application of chlorine as disinfectant agent, it is involved in
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the generation of disinfection by-products (DBPs) (Rodriguez-
Chueca et al. 2018). DBPs, including trihalomethanes and
haloacetic acids, are formed by the reaction of the disinfectant
with the organic matter naturally present in water (Hrudey 2009;
Awaleh and Soubaneh 2014; Polo-Lopez et al. 2014; Bach et al.
2015). These compounds have recently become a matter of
concern among water utilities and regulators because they are
considered as carcinogenic pollutants (Diao et al. 2004; Xie
2016; Szczuka et al. 2017). Ozone can also be used in the dis-
infection process; however, it can also cause DBPs (Mao et al.
2014). Meanwhile, ultraviolet (UV) radiation in the UV-C range
is an efficient sanitation alternative since total microbial load
removal can be achieved in a relatively short period of time or
UV-C dose (Zhou et al. 2017; Nocker et al. 2018). However,
microbial regrowth has been observed after the radiation condi-
tions are ended due to the lack of residual effect and the DNA
repair mechanisms (Rodriguez-Chueca et al. 2018).

In this context, the evaluation of alternative disinfection tech-
niques to conventional processes is required. Along these alter-
natives, advanced oxidation processes (AOPs) employing ultra-
violet (UV) radiation are highly efficient systems (Bounty et al.
2012; Penru et al. 2012; Urbano et al. 2017; Aguilar et al. 2018;
Serna-Galvis et al. 2018). Photochemical AOPs are based on the
formation of non-selective hydroxyl radicals (HO-), a highly
reactive oxidant species, able to attack and degrade organic sub-
stances. (Mamane et al. 2007; Bounty et al. 2012; Urbano et al.
2017). AOPs have several advantages. These include the chem-
ical transformation of the contaminants, including the organic
matter naturally present in water, due to the high oxidizing pow-
er of HO-, equivalent to 2.8 V (Litter and Quici 2010; Rubio-
Clemente et al. 2014). In addition, AOPs have been demonstrat-
ed to be efficient in treating contaminants at low concentration,
obtaining highly biodegradable effluents under certain condi-
tions, AOPs can transform the vast majority of organic contam-
inants into compounds with simpler structures (Ribeiro et al.
2015; Rubio-Clemente et al. 2014, 2017). Moreover, AOPs
can be an option for significantly reducing microbial load, since
HO- can also interact with the chemical structure of the micro-
organism cell wall and inactivate pathogens (Comninellis et al.
2008; Bounty et al. 2012; Zhou et al. 2017).

Among the photochemical AOPs, UV/H,0,, UV/US,
and UV/US/H,0, systems have been widely used for water
treatment purposes (Mahamuni and Adewuyi 2010; Rubio-
Clemente et al. 2014; Miklos et al. 2018). UV/H,0, pro-
cess consists of the photolysis of H,O, or its conjugate
base (H,O") when irradiated by photons of wavelengths
lower than 300 nm (Rodriguez-Chueca et al. 2018), as
described by Eq. 1, producing HO-.

In turn, the combination of ultrasound (US) with UV/H,0,
system is based on the HO- generation by the direct
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mechanical action of the cavitation bubble implosion, as rep-
resented by Eq. 2 (Rubio-Clemente et al. 2014) and the addi-
tional production of HO- from the homolysis of H,O,, both
externally added or internally formed within the oxidation
system, by the interaction with UV radiation in the UV-C
range (Gassie and Englehardt 2017).

Hy0 + )))—»HO )

Additionally, these AOPs can benefit from the direct
photolytical effect of UV-radiation and/or the oxidation poten-
tial of H,O, (Rubio-Clemente et al. 2014; Gassie and
Englehardt 2017). The AOPs mentioned have been shown to
be highly efficient for the mineralization of organic pollutants
and the inactivation of microorganisms (Hulsmans et al. 2010;
Bounty et al. 2012; Penru et al. 2012; Rubio-Clemente et al.
2014; Gassie and Englehardt 2017; Urbano et al. 2017;
Giannakis et al. 2018a; Malvestiti and Dantas 2018).
However, to the authors” knowledge, application of AOPs in
real water treatment matrices using wild microorganisms is at
present scarce. A great number of studies reported in the liter-
ature are focused on bacterial load removal using deionized or
distilled water and/or commercial laboratory strains
(Hulsmans et al. 2010; Zhou et al. 2017; Giannakis et al.
2018a; Rodriguez-Chueca et al. 2018). On the other hand,
other reports evaluate the efficiency of a number of AOPs
using natural microorganisms that are extracted and relocated
into the laboratory (Aguilar et al. 2018). It is important to note
that in laboratory strain, microorganisms are grown under op-
timized conditions as individuals (Palkova 2004). In contrast,
under natural conditions, microorganisms become organized
into multicellular communities and are better protected against
harmful environment (De la Fuente-Nufiez et al. 2013; Lyons
and Kolter 2015). Additionally, natural microorganisms iso-
lated and grown in the laboratory can adapt to the favorable
conditions of the laboratory, through complex changes that
include the repression of some protective mechanisms that
are essential in nature (Palkova 2004). Moreover, they can
interact with other organisms present in water and form con-
sortiums, becoming even more resistant to the disinfection
process (Bridier et al. 2011). Therefore, the results obtained
using the microorganism mentioned do not reflect the real
effectiveness of alternative oxidation processes since wild mi-
croorganisms are more resistant (De la Fuente-Nuifiez et al.
2013; Lyons and Kolter 2015). This fact should be taken into
account in order to obtain results under conditions close to
reality, which is of great importance when scaling these water
treatment processes up.

Therefore, evaluation of the potential of UV/H,0,, UV/
US, and UV/US/H,0, system oxidation in order to further
investigate the feasibility of these UV-C based AOPs to re-
move microorganism load in real natural water is needed.



Environ Sci Pollut Res

A number of microorganisms have been used as indicators
of fecal pollution (Lakeh et al. 2013; Moreno-Andrés et al.
2016; Giannakis et al. 2018a; Malvestiti and Dantas 2018;
Rodriguez-Chueca et al. 2018). Among the groups of micro-
organisms evaluated as fecal indicators, total coliforms are
useful since they can provide information on the source and
type of the pollution present in water (Malvestiti and Dantas
2018). Additionally, they can be used to know the efficiency
of the treatment process and the integrity of the storage and
distribution systems (WHO 2011).

In this context, and continuing our previous study on an-
thracene (AN) and benzo[a]pyrene (BaP) polycyclic aromatic
hydrocarbons (Rubio-Clemente et al. 2018), this work reports
the efficiency of several UV-based AOPs, such as UV/H,0,,
UV/US, and UV/US/H,0, processes for wild microbial load
inactivation, under optimal conditions previously found. As
indicators of the presence of pathogens in water, total coli-
forms naturally contained in the surface water evaluated were
used and their inactivation through the application of each
advanced oxidation treatment and associated control experi-
ments was studied. Additionally, regrowth experiments were
performed simulating the conditions of storage and distribu-
tion tanks in order to assess the real inactivation of bacterial
load for purification purposes. The operating costs, in terms of
energy costs, were estimated for each of the evaluated oxida-
tion systems to know the application feasibility of the assessed
AOQPs.

Material and methods
Reagents

Hydrogen peroxide (H,O,, 30 wt%, J.T. Baker, USA) was used
as the oxidizing agent for UV/H,0, and UV/US/H,0, systems.
Sodium thiosulfate pentahydrate (Na,S,05 SH,0, 99%, Merck,
Germany) was utilized to inhibit the effect of H,O, on micro-
organisms. Unless otherwise specified, reagents were analytical
grade and used as received without further purification.

Type of water

Real surface water freshly obtained from the Colombian res-
ervoir “El Pefiol” was used. In Fig. 1, the sampling point is
illustrated. This reservoir is characterized by its relatively low
natural organic matter content (2.03 mg L™ of total organic
carbon (TOC)) and inorganic anions. Additionally, “El Pefiol”
dam water has a turbidity of 1.09 NTU, pH of 7.35, tempera-
ture of 23.58 °C, and a conductivity of 0.39 mS cm ', The
bacterial load used in the current study was the total coliform
concentration naturally contained in the water of interest,
which was comprised between 10°> and 10* CFU 100 mL™"

In Rubio-Clemente et al. (2018), a more complete characteri-
zation is reported.

Temperature and pH were measured with apH 3110 WTW
Sentix 41 pH-electrode (New York, USA) portable meter. In
turn, dissolved oxygen and electrical conductivity measure-
ments were conducted using a HQ 40D Multi meter equipped,
respectively, with an Intellical™ LDO101 Laboratory
Luminescent/Optical Dissolved Oxygen sensor and an
Intellical™ CDC401 Laboratory 4-Poles Graphite
Conductivity Cell (Hach, Loveland, CO, USA). Turbidity
was monitored using a WTW 550 IR turbidity meter. Anion
content was quantified using a Dionex ICS Ion-1000
Chromatography System (Thermofisher, CA, USA). For the
TKN determination, a Biichi K-355 and K-424 Distillation
Unit (México City, Mexico) was used. TOC naturally present
in the evaluated water samples was analyzed using an Apollo
9000 TOC analyzer purchased from Teledyne Tekmar
Instruments (Mason, OH, USA).

The characterization parameters were measured according
to the corresponding analytical procedures and methods set
out in the Standard Methods for the Examination of Water
and Wastewater (WEF and AWWA 2012). Specifically, pH
and temperature were measured using the 2550 B method
and the 4500-H+ B electrometric method, respectively.
Conductivity measurements were conducted through the
2510 B method. In turn, turbidity was measured by the 2130
B nephelometric method and the dissolved oxygen, by the
4500-O G membrane electrode method. Total alkalinity and
hardness were measured using the 2310 B and the 2340 C
acidic and EDTA titrimetric methods, respectively. The 4500
ion chromatographic standard method was used to analyze
anions and the 4500-N,,, B macro-Kjeldahl method, for the
determination of TKN. Finally, TOC was measured by the
5310 B high-temperature combustion method.

In turn, the bacterial load used in the current study was the
total coliform concentration naturally present in the water of
interest, which was in the range from 10° to
10* CFU 100 mL™". Below, the analytical method used for
total coliform determination is detailed.

As this kind of water was also used for degradation studies
of micropollutants non-specifically found in the matrix, two
representative polycyclic aromatic hydrocarbons, anthracene
and benzo[a]pyrene, were spiked in the water at 3 pg L'
each. However, the presence of these contaminants in the re-
action solution resulted in no noticeable effect on the total
coliform level. Consequently, toxic effects associated with
the presence of these pollutants were discarded.

Bacterial cell inactivation experiments
For bacterial cell inactivation experiments, two different re-

actors were used, as represented in Fig. 2, one of them
allowing water treatment using ultrasonic assistance. In this
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Fig. 1 Sampling point
corresponding to “El Pefiol” dam,
located in Guatapé, Antioquia,
Colombia (N 6° 17" 41.1583" O
75°9'31.0821") (SIAC 2018)

regard, photodisinfection batch experiments related to UV/
H,0, were performed using a 2-L cylindrical photochemical
reactor made of borosilicate 3.3 glass with a double-walled
cooling jacket, enabling the bulk temperature to be main-
tained at a constant value of 25 + 1 °C with a type-K thermo-
couple (Fig. 2a). The combination of ultrasound waves with
UV and UV/H,0, system was, in turn, conducted in a glass
sonoreactor of 1-L effective volume, operating in batch
mode. In order to control the temperature within the reaction
solution of the reactor with ultrasonic assistance, a fan-forced
refrigeration system was implemented (Fig. 2b). The radia-
tion source consisted of UV-C Hg low pressure lamps with a
main emission wavelength of 254 nm (General Electric
International Inc., USA). Four lamps of 8 W for UV/H,0,
process and one lamp of 6 W for the UV/US and UV/US/
H,0, systems were used. The lamps were inserted into quartz
glass sleeves and placed axially at the center of the reactor.
Irradiance values were measured in triplicate by a UVX radi-
ometer (UVP, Inc., USA) equipped with a UVX-25 sensor
placed at the top, middle, and at the bottom of the photo and
sonochemical reactors. The radiometer and sensor were cali-
brated beforehand.

Working conditions used for the operation of UV/H,0, and
the UV/US/H,0, oxidation systems are listed in Table 1. The
operating conditions were previously optimized.

During the inactivation experiments, the natural pH of the
surface water used was maintained. Additionally, constant
temperature was ensured by the refrigeration systems of the
reactors used, and lamps were previously warmed up to ensure
stable radiation throughout the treatment time.

The solution analyzed for the determination of the presence
of fecal pollution was the effluent from the photoreactor and
sonoreactor. Sampling was performed at several time
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* Sampling point

intervals; specifically, aliquots were withdrawn at 5, 15, 30,
60, and 90 min, equivalent to different UV-C dose depending
on the target AOP. The UV dose was calculated by multiply-
ing the irradiance values by the treatment time, as represented
in Eq. 3.

UV—Dose = Eg x t (3)

where E is the irradiance and ¢ is the treatment time. The UV
dose is expressed in mJ cm 2.

Sampling was conducted using a sterilized wide mouth
glass bottle and containing Na,S,05; SH,O 10%. The amount
of Na,S,05; 5 H,0 used to inhibit H,O, corresponded to
10 mg L' to quench immediately 1 mg L™ of H,0, (Keen
et al. 2012). The samples were analyzed within 24 h of sam-
pling. Additionally, they were kept at 4+0.5 °C, avoiding
freezing after the sampling, during the transport and before
the analysis.

Reactor washings were performed by multiple washes with
ultrapure water and a final wash with acetone, as received,
which was evaporated before the following operation of the
reactor.

Total coliform inactivation experiments were performed in
three replicates.

Total coliform enumeration

The inactivation of total coliforms was monitored by the 9222
BH membrane filtration method (WEF and AWWA 2012)
filtering 100 mL of each sample volume. Prior to analysis,
the samples were homogenized to avoid erroneous results. It
is important to highlight that an ideal sample volume would
yield from 1 to 80 coliform colonies and not more than 200
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1. Control system

2. AC power input
6. Quartz tube 3. Radiator
4. Fan

8. Reaction chamber
9. Cooling jacket:

14. Magnetic stirring plate

12. Universal support

1. Control system

2. Cooling system

3. UV lamp and quartz tube

- 5. Reaction
chamber

Iﬁ 6. Transducer

Fig. 2 Illustration of a the annular jacketed multi-lamp photoreactor and b the sonochemical reactor

colonies. Consequently, in case the count was very high, ap-
propriate dilutions were prepared according to procedure 9215
B.2 established in WEF and AWWA (2012). Counting was
performed in triplicate and the mean values and standard de-
viation (SD) were represented.

The bacterial suspension was also quantified by the same
technique before being added to the reactor. Additionally, con-
trol samples were performed in each assay to ensure that bac-
terial concentration did not change during experimental
procedures.

The quantification method detection limit (DL) was
1 CFU 100 mL™".

Results were expressed as colony-forming units per
100 mL of water (CFU 100 mL ™).

Bacterial regrowth experiments

Total coliform regrowth tests were carried out in the photo-
chemical and sonochemical reactor after 90 min of oxidation
treatment, where water was kept in the dark at room

temperature for 24 h and 48 h, simulating the conditions of
storage and distribution tanks. In these time periods, planting
was performed and enumeration was conducted, as described
in section “Total coliform enumeration”. Additionally, resid-
ual H,O,, although it can have a positive effect in reducing the
chances of bacteria proliferation, was quenched when present
to avoid interferences in the measurements (Malvestiti and
Dantas 2018).

The purpose of these measures was to assess the post-
irradiation events, after their removal from the experimental
set-up.

Disinfection efficiency determination and data
treatment

Bacterial inactivation was illustrated as direct measurements,
represented as CEFU 100 mL™". Additionally, removal efficien-
cy, expressed as percentage of total coliform elimination, was
calculated as described in Eq. 4, where N and N refer to the
number of bacteria after the specific treatment in the photo and

Table 1 Operating conditions of
Advanced oxidation

UV/H,0,, UV/US, and UV/US/

H,0, oxidation systems

Operating conditions

process
Irradiation conditions H,0, Other operating
concentration conditions
UV/H,0; system 0.63 mW cm 2 11mgL™! -
(4 UV-C lamps of 8 W
each)
UV/US system 0.11 mW cm™? - 60 W input power
(1 UV-C lamp of 6 W) 80 kHz frequency
UV/US/H,0, system 0.11 mW cm™> S5mgL™! 60 W input power

(1 UV-C lamp of 6 W)

80 kHz frequency
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sonochemical reactors and the initial concentration of total co-
liforms in the water of study before disinfection, respectively.

Removal efficiency(%) = NN—IOVO *100 (4)

Three replicates were performed of all treatments and sam-
ples, and data were plotted as mean + SD. Additionally, in
experiments where radiation is involved, total coliform inac-
tivation was represented versus UV-C dose, while in the ex-
periments where no radiation source was used (see inset of the
figures regarding bacterial inactivation), data were represented
versus the treatment time.

Statistical analyses were performed with one-way ANOVA
p<0.05, confidence level > 95% using the StatGraphics
Centurion XVII Software (StatPoint Technologies Inc.,
Warrenton, VA, USA). It was observed that differences within
treatments were considered to be statistically non-significant
at p <0.05. In contrast, differences among treatments resulted
to be statistically significant at p < 0.05.

Results and discussion
Total coliform inactivation by UV/H,0, system
The disinfection efficiency of UV/H,0, process was ex-

amined under the optimal operating conditions found
through the response surface methodology (11 mg L™

H,0,, 0.63 mW cm 2 irradiance). In Rubio-Clemente
et al. (2018), further information on UV/H,O, process
optimization can be found. Additionally, control experi-
ments were carried out in the dark with and without the
addition of H,O,, and considering the action of UV radi-
ation alone. Results are illustrated in Fig. 3. As can be
observed from the figure, the population of total coliforms
was practically unaltered in the dark control without
H,0,. By adding 11 mg L' H,0, to the dark system,
the bacteria concentration diminished from 1.5x 10+
210 CFU 100 mL™" to 2.1 x 10*+20 CFU 100 mL™" after
90 min of contact time. This result may be associated with
the disinfection capacity of H,O, through its attack on the
lipid membrane of the cells and its combination with the
iron inside bacterial cells after H,O, diffusion into the
cell, producing internal Fenton reactions (Egs. 5 and 6),
characterized by the formation of HO-, which in turn at-
tacks the cell (Rubio et al. 2013; Giannakis et al. 2018b).

Furthermore, H,O, can accumulate in the cell and cause a
growth defect (Moreno-Andrés et al. 2016). Nonetheless, sta-
bilization in the bacterial inactivation is evidenced, indicating
that the inactivation process occurs in two stages: a first stage
where bacteria are eliminated from the system, and a second
stage where microorganisms exhibit a certain degree of resis-
tance to the bactericidal action of H,O,.

Fé*™ + HyO,—Fe&t + OH + HO (5)
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The obtained results were similar to those ones achieved in
a previous study conducted by Miranda et al. (2016) where
surface water disinfection by chlorination and UV/H,0,, UV/
TiO,, and UV/N-TiO, advanced oxidation processes were
evaluated focusing on the inactivation of an antibiotic resistant
E. coli strain. The referred work revelaed that the contact of
the addition of H,O, in the reaction medium did not show any
significant inactivation during 75 min of treatment.

Meanwhile, when applying the action of UV radiation
alone, a sharp decrease in the bacterial cell content was also
observed, reaching total inactivation (p < 0.04) after 15 min of
irradiation (DL equal to 1 CFU 100 mL™"). According to
Rubio et al. (2013) and Santos et al. (2013), UV-C radiation
causes direct photochemical damage on intracellular DNA, as
well as the alteration of essential components in bacteria, such
as proteins and lipids, among other biomolecules.

This rapid entrance in tailing is comparable to the results
obtained by Aguilar et al. (2018) work, in which pathogen
inactivations, including E. coli and Kleibsella pneumoniae,
were investigated under UV-C radiation. However, in this
study, microorganisms were faster removed, since only 16 s
and 36 s, respectively, were required. This can be probably
ascribed to the use of laboratory strains or wild
microorganisms that were isolated in comparison with the
use of endogenous microorganisms without previous
isolation. Indeed, Aguilar et al. (2018) explained the higher
sensitivity of E. coli compared to K. pneumoniae towards
irradiation because of the utilization of commercialized strains
used for E. coli experiments, while for K. pneumoniae assays,
microorganisms were isolated. Additionally, although in a mi-
nor extent, the higher power density used in the referred study
(42.86 W L") in comparison with the power density of the
current work (16 W L") can also be named.

Despite the positive results obtained under the action of UV-
C radiation alone, and considering that microorganism reacti-
vation events have been reported under photolytical treatment
(Rubio et al. 2013; Moreno-Andrés et al. 2016), the reaction
system was, then, irradiated with four lamps (0.63 mW cm 2)
together with 11 mg L™ H,0,. Under these new conditions,
total removal of bacteria was attained in 5 min of treatment
(» <0.05), equivalent to a UV-C dose of 186.75 mJ cm %
This deleterious and rapid decay in the microorganism load
can be ascribed to the effects described above plus the produc-
tion of HO- from H,O,, or its conjugated base (HO, ), by
photolysis (Eq. 1). Additionally, photons reaching coliforms
can alter their cell physiological structure and damage their
DNA. Moreover, these photons could accelerate the regenera-
tion cycle of the iron ions, increasing the production of HO-
from the Fenton reaction, as mentioned above.

Similar findings were reported by Rubio et al. (2013) for
E. coli inactivation using 1 UV-C lamp emitting mainly at
254 nm and 10 mg L™ H,0,. Aguilar et al. (2018) also stud-
ied the oxidation capacity of UV/H,0, system for bacterial

load removal. In this occasion, the authors also found differ-
ences between microorganisms, being UV/H,0, process
more efficient for E. coli abatement in comparison to
K. pneumoniae inactivation. The differences can be due to
the robust capsule of K. pneumoniae compared to E. coli,
which can protect bacteria cell from direct attacks from oxi-
dizing radicals and reducing the H,O, diffusion into the cell.
The inactivation efficiency of UV/H,0, oxidation technology
on water containing different kinds of microorganisms has
been proven to be of great importance (Giannakis et al.
2018a). These authors compared the behavior of E. coli in
the presence of MS2 bacteriophage and vice versa by means
of UV/H,0, system in Milli-Q water, synthetic wastewater,
and urine matrices. They found that the presence of MS2
bacteriophage delayed the E. coli inactivation kinetics.
Indeed, when E. coli and MS2 were simultaneously in the
water of interest, the latter caused a decrease of 45% in bac-
terial inactivation in all matrices. These findings allow dis-
cerning the relevance of using groups of microorganisms or
pathogens when evaluating the efficiency of a system in terms
of disinfection capacity.

Total coliform inactivation by the UV/US/H,0,
and the UV/US system

In Fig. 4, the microbial load destruction results under the com-
bined UV/US/H,0, system using 5 mg L' H,0,, 80 kHz
frequency, 60 W rating power, and 0.11 mW cm > UV-C irra-
diance are illustrated. According to the figure, a slight increase
of 10% in the total number of coliforms was observed in dark
control experiments; i.e., when neither ultrasonic nor electro-
magnetic waves were applied and no reactants were added to
the reaction system, total coliform number was raised. In this
case, this effect could be encouraged by the presence of salts
and nutrients that favor bacterial growth. Similar results were
observed by Giannakis et al. (2015). When bacteria were in
contact with H,O,, a reduction of about 10.34% in bacterial
population was evidenced. This could be ascribed to the disin-
fectant power of H>O, (Linley et al. 2012). Nonetheless, a
minor effect on bacterial inactivation was observed.

On the other hand, by sonicating the water sample,
microbial load removal extent was increased up to
55.83% after 90 min of treatment, since total coliform
concentration reduced from 1200+ 60 CFU 100 mL™" to
430+10 CFU 100 mL™" (p <0.05). This is likely due to
the production of cavitation bubbles, causing mechanical,
physical, and chemical effects on bacterial cells (Dadjour
et al. 2005; Hulsmans et al. 2010; Naddeo et al. 2014). In
this regard, microbial cells can be damaged due to the
shear forces induced by micro-streaming within the cell
and the mechanical fatigue over a period of time (Naddeo
et al. 2014). It has been demonstrated that the efficiency
of ultrasound in water disinfection is greater when
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Fig. 4 Evolution of total coliform
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operating at lower frequencies and higher intensities
(Joyce et al. 2003; Furuta et al. 2004; Dehghani 2005;
Antoniadis et al. 2007). In fact, Paleologou et al. (2007)
found higher efficiencies in terms of bacterial disinfection
when using lower frequencies. These authors found that
ultrasound irradiation for 60 min at constant power result-
ed in 94.5% and 97.6% of inactivation at 80 kHz and
24 kHz, respectively, at a constant power, while an in-
crease in power when using a frequency of 24 kHz result-
ed in an inactivation rate of 99.7% after 60 min of
ultrasonication. Ultrasounds also intervene in the split of
bacterial agglomerates, leading to the dispersion of indi-
vidual bacterial cells into the bulk, and the inactivation of
bacterial cells (Zhou et al. 2017). Additionally, chemical
effects, i.e., the oxidation action of the free radicals
formed inside the cavitation bubbles and released into
the liquid body when these collapse or implode can occur
at low frequencies (Zhou et al. 2017), although this effect
has been proven to be more significant at high frequencies
(Carrére et al. 2010). Bacterial cells can be oxidized by
the reactive chemical species formed in consequence of
this, particularly HO-, leading to the attack of the chemi-
cal structure of the bacterial cell walls (Naddeo et al.
2014; Giannakis et al. 2015).

As observed in Fig. 4, the concurrent action of H,O,
(5 mg L") and US process resulted in higher elimination
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extent of total coliforms. This might be due to the individual
effects ascribed to ultrasonic waves and H,0, in attacking
cells. In the hybrid US/H,0, technique, H,O, can act as a
source for reactive oxygen species (Abbasi and Asl 2008;
Wei et al. 2015). H,O, increases the formation rate of HO-
from self-decomposition as a result of US application (Abbasi
and Asl 2008). The enhancement in HO- production within
the bulk will result in a rise in the oxidation rate of the whole
system. In fact, in the current case, the application of US
concomitantly with the addition of H,O, led to a bacterial
removal increase of 62.16% after 90 min of treatment time,
since total coliform concentration reduced from 3700 +
440 CFU 100 mL ™' to 770+60 CFU 100 mL™" (p<0.03).
This removal percentage is in accordance with Wei et al.
(2015) results (a reduction of 64.96%) obtained when ultra-
sound was introduced into the H,O, oxidation process (US/
H,0,). This phenomenon was attributed to the formation of
reactive radicals, such as ‘OH, by means of the thermal de-
composition of H,O, in the cavitation bubbles.

In Fig. 4, it can also be observed that microbial load inac-
tivation was rapidly attained when the aqueous solution was
irradiated with a UV-C irradiance of 0.11 mW cm 2, with
complete total coliform elimination being achieved. Zhou
et al. (2017) also found that accumulated UV-C dose could
exert lethal effect on bacteria. However, the obtained results
for E. coli showed a poorer inactivation with regard to the
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findings achieved in the current study. The reason might lie on
the kind of radiation source used that consisted of UV-C light-
emitting diodes, and therefore, the lower UV-C dose used for
irradiating the reaction solution.

Additionally, when 5 mg L™! H,0, was introduced into
the system, a relatively rapid microbial decomposition
was attained, as after an accumulation UV-C dose of
198 mJ cm 2 within the reaction medium, equivalent to
a treatment time of 30 min, the colony-forming units of
total coliforms reached the DL. This might be due to the
cell damages caused by the synergetic action of UV and
H,0, (Rubio et al. 2013) as occurred in UV/H,0, system
under the working conditions evaluated. The coupled ap-
plication of UV/US system also resulted in dramatic mi-
crobial cell elimination within a short period of time
(15 min), allowing for an accumulation of UV-C dose in
the system of 99 mJ cm 2. Lakeh et al. (2013) also found
interesting results when applying UV/US oxidation treat-
ment in recirculation aquaculture systems containing the
ciliate Paramecium sp., the second larval stage of the
nematode Anguillicola crassus and the metanauplii
Artemia sp. They found that the combination of ultra-
sound waves of low frequency (25 kHz) with UV-C radi-
ation could be regarded as an appropriate water treatment
with regards to all the target pathogens in recirculating
aquaculture systems.

Nevertheless, the combined system that facilitates the
highest level of bacterial cell inactivation with the lowest
UV-C dose accumulation, i.e., with the shortest treatment time
(5 min), was the combined UV/US/H,0, system, achieving
total bacterial elimination under 33 mJ cm 2 (p < 0.02), or in
only 5 min of treatment, as illustrated in Fig. 4.

Regrowth studies

Very positive results, in terms of bacterial load inactivation,
were achieved by the action of UV-C, both at 0.63 mW cm?
or 0.11 mW cm 2. Additionally, by combining 11 mg L™’
H,0, and 0.63 mW cm 2 or 5 mg L ! H,0, and
0.11 mW cm 2, total coliform elimination was achieved.
When 80 kHz, 60 W, and 0.11 mW cm 2 were coupled or
used along with 5 mg L™ H,0,, total removal of the cells
was also observed. However, bacterial regrowth can occur,
especially, when only slight damage has been caused by the
target water treatment to the bacteria structure (Malvestiti and
Dantas 2018; Rodriguez-Chueca et al. 2018). Therefore, total
coliform regrowth capacity after inactivation is an important
factor to be evaluated during water disinfection process. For
this purpose, the studied water was stored in the dark at 25+
1 °C for 24 h and 48 h after the 90 min of the oxidation
treatment.

In Fig. 5, the results obtained from the regrowth experi-
ments are represented. It can be seen that when the sole action

of the UV-C irradiation was applied both with 4 UV-C lamps
of 8 W, microorganism reactivation was observed after the
reaction solution was in the dark for 24 h and 48 h, since
1200+ 150 CFU 100 mL™" and 4500+200 CFU 100 mL™"
were achieved after 24 h and 48 h in the dark and after an UV-
C dose accumulation of 3362 mJ cm 2 The reactivation of
bacterial load, even after complete inactivation, can be as-
cribed to the slight damage caused by the UV-C irradiation
used and the genetic material repair mechanisms (Moreno-
Andrés et al. 2016; Malvestiti and Dantas 2018). However,
no bacterial reactivation was found once UV/H,0, process
was applied. This indicates that cellular damage was so high
under the experimental conditions tested that the bacterial re-
pair mechanism related to the catalase enzymatic activity,
allowing H,O, detoxification, as reported by Moreno-
Andrés et al. (2016), was not effective.

Microorganism reactivation was also found when the reac-
tion solution was irradiated with 1 UV-C lamp of 6 W during
90 min, equivalent to a UV-C dose accumulated in the system
0f 594 mJ cm 2. In this case, final total coliforms counting after
48 h and 24 h in the dark corresponded to 5600 +
210 CFU 100 mL " and 2400 + 530 CFU 100 mL""; therefore,
higher reactivation was observed compared to the use of 4
lamps of 8 W. This fact can be explained from the higher accu-
mulated UV-C dose in the photolytical system where 4 lamps of
8 W were used, since more severe damages were caused.
However, when 5 mg L™! H,0, was introduced into the system
conformed of 1 lamp of 6 W, the reactivation of bacterial cells
was not observed. This might be due to the irreversible cell
destruction caused by the synergetic action of UV and H,0,.
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Fig.5 Bacterial regrowth after 24 h (o) and 48 h (m) in the dark in relation
to the application of UV/H,0,, UV/US, and UV/US/H,0, oxidation
processes and their control experiments. [TOC]o=2.04 mg L™;
frequency = 80 kHz; power rating=60 W; UV-C irradiance =
0.63 mW cm 2 (UV/H,0,), 0.11 mW cm 2 (UV/US/H,0,); [H20,]o =
11 mg L' (UV/H,0,), 5 mg L' (UV/US/H,0,). Data are presented as
mean £ SD (n=3)
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Regrowth of bacteria after photolysis was also observed by
Moreno-Andrés et al. (2016) when determining the disinfec-
tion efficiency of photolysis on Enterococcus faecalis in salt-
water after keeping samples in the dark to simulate storage in a
ballast tank. Pablos et al. (2013) also found this effect after
UV-C photolysis of E. coli. This phenomenon can be ex-
plained by the reparation mechanisms of the physical and
chemical damage caused to the DNA by the UV radiation.
The presence of inorganic ions in real water matrices is also
related to reactivation events, since anions contribute to the
absence of osmotic stress, preventing H,O, diffusion into the
bacterial cell. It is emphasized that the presence of inorganic
ions can prevent cells from direct attack of H,O, and HO-
when formed, since inorganic ions compete with H,O, for cell
membrane contact sites (Grebel et al. 2010; Spuhler et al.
2010; Malvestiti and Dantas 2018) and with HO- by the wide-
ly known scavenging reactions (Grebel et al. 2010; Rubio-
Clemente et al. 2014; Alvear-Daza et al. 2018; Malvestiti
and Dantas 2018).

Estimation of operational costs

To make an economical comparison of the AOPs employed,
the electric energy per order of pollutant removal (EE/O) was
used (Bolton et al. 2001). EE/O is the electric energy in
kilowatt-hours (kWh) required to cause degradation of a con-
taminant or the inactivation of microorganisms by 1 order of
magnitude in 1 m> (1000 L) of polluted water (Eq. 7).

P*t*1000

EE/O = (7)

N
V#60 *logWO

where P is the power rating (kW) of the AOP system, V is the
volume (L) during the treatment time, t (min). Ny and N cor-
respond to the initial and final concentration of total coliforms,
respectively.

The operational cost of treating a water volume of 2 L or
1 L, depending if UV/H,0, process (4 lamps of 8 W), or UV/
US and UV/US/H,0, systems (1 lamp of 6 W) are taken into
account, respectively, for disinfecting 10°~10* CFU 100 mL™!
of total coliforms and assuring no reactivation, was calculated
to be 6.95, 27.48 y 27.66 kWh m >. Assuming energy costs of
0.15 $ kW', the estimated cost for each treatment is 1.04,
4.12,and 4.15 $ h m >, respectively. It is important to note that
the investment costs, such as those related to reagents,
chemicals, apparatus, and replacement of parts, were not con-
sidered. Consequently, the EE/O values refer only to the en-
ergy costs.

Comparing these operational costs to those associated
with traditional disinfection methods, such as chlorine
(Moghadam and Dore 2012), it was found that the opera-
tional costs of using UV/H,0,, UV/US, and UV/US/H,0,
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systems are higher. Similar findings were found by
Hulsmans et al. (2010) when evaluating the process pa-
rameters of ultrasonic treatment of 10* CFU mL ™" bacte-
rial suspensions, E.coli (strain LMG 2092T),
Pseudomonas aeruginosa (strain LMG 1242),
Flavobacterium breve (strain LMG 4011), and
Aeromonas hydrophila (strain LMG 2844T) in a pilot
scale water disinfection system.

The EE/O of UV/H,0, system using 1 lamp of 6 W and
5mg L' H,0, was also calculated in the current study due to
the positive results obtained with respect to bacterial inactiva-
tion and no subsequent reactivation. The associated EEO and
corresponding estimated cost were 29.28 kWh m™> and
440 $ h m™>, respectively, still even larger than by using
UV/H,0, (11 mg L™ H,0, and 0.63 mW cm2), UV/US
and UV/US/H,0, oxidation systems.

Considering the above, the combination of UV-C radi-
ation with H,O, alone and/or coupled to ultrasound waves
allowed obtaining promising results in the field of water
disinfection. This indicates the possibility of applying
UV/H,0,, UV/US, and UV/US/H,0, oxidation systems
to reduce bacterial pollution naturally contained in surface
water. However, the energy demands of irradiation and
ultrasound equipment are somewhat high, particularly
when UV/US, UV/US/H,0, and UV/H,0, (1 lamp of
6 W and 5 mg L' H,0,) are used. Therefore, further
investigations are recommended to be carried out for eval-
uating the efficiency of solar light in powering the water
treatment systems studied in order to reduce the associat-
ed energy operational costs.

Furthermore, even though no regrowth was demonstrated
when applying the evaluated AOPs, a very interesting aspect
would be the assessment of the reactivation capacity of such
as oxidation systems at the UV-C dose accumulation or time
interval right where total coliform inactivation (99.99%) is
achieved. This would allow a significant saving in the electric
costs associated for the oxidation processes to be performed.

Conclusion

In order to tackle the problem of microbial pollution in natural
water, UV/H,0,, UV/US, and UV/US/H,0, processes were
applied. All the oxidation systems resulted in total coliform
inactivation (99.9%) in a short period of time, equivalent to a
UV-C dose accumulation of 186.75, 99, and 33 mJ cm 2, re-
spectively. Bacterial regrowth was also assessed and no total
coliform reactivation was observed after the implementation
of the treatments. Additionally, cost analysis in terms of elec-
trical costs was conducted. The results indicated that UV/
H,0, system was the most economical process, with EE/O
associated of 6.95 kWh m>. In this way, the disinfection of
bacterial load naturally contained in surface water was
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demonstrated to be plausible and without incurring in ex-
tremely high energy costs by UV/H,0, advanced oxidation
process. However, further researches are required to
reduce the costs associated with UV/H,0, process.
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ARTICLE INFO ABSTRACT

Advanced oxidation processes (AOPs) are commonly known as efficient water treatment techniques able to
oxidize a great variety of pollutants from water that are otherwise difficult to be converted. Nevertheless, AOPs
are costly processes, particularly, because of the electrical costs associated. In this regard, photovoltaic (PV)
energy can be used to power the AOP in a reliable and autonomous way. In this work, the steps for sizing a solar
PV system for water treatment using AOPs are described. Additionally, the feasibility of the use of a PV array
without batteries to supply the electrical power needs of a UV/H,0, advanced oxidation system for degrading
natural water containing 12 and 3ugL ™" of anthracene and benzo[a]pyrene, respectively, two of the priority
polycyclic aromatic hydrocarbons because of their harmful effects on living beings, was studied. It was found
that more than 99% of anthracene and benzo[a]pyrene were removed and about 45% of the total organic matter
was mineralized after 15 and 90 min of treatment, indicating the high efficiency of the system. Finally, the
investment costs of the UV/H,04-PV system for a small application were estimated with and without batteries in
order to define the optimum PV array configuration. The PV array designed and applied allows for the decon-
tamination of persistent pollutants in natural water in an environmentally-friendly and sustainable way.

Keywords:

Photovoltaic energy

Renewable energy

Advanced oxidation process
Water pollution

Polycyclic aromatic hydrocarbon
Investment cost

1. Introduction environmentally safe degradation by-products, such as H,O, CO, and
inorganic ions [7]. Due to their low selectivity, HO® are able to attack a

With the rapid economic growth experienced in the last decades, wide range of pollutants, exhibiting rate constants in the range from

aquatic resources are being more and more polluted, mainly from in-
dustrial discharges, with recalcitrant and persistent toxic substances. In
order to remove these harmful compounds and preserve the aquatic
systems, different treatment processes have been conventionally used.
Among them, the mechanical, physical, chemical and biological tradi-
tional processes, such as filtration, flocculation and chemical coagula-
tion, can be named [1-3]. Nevertheless, although these kind of tech-
niques can remove the toxic substances, they are not able to efficiently
degrade them; being required the use of alternative treatments [1-5].
Under this scenario, the application of advanced oxidation processes
(AOPs) is regarded as promising alternative treatments able to convert
recalcitrant organic substances [3].

AOPs consist of the formation of hydroxyl radicals (HO®). With an
oxidation potential of 2.8 V [6], these chemical species are highly re-
active and transform the more persistent molecules into

10° to 10°M s~ ! [8]. Consequently, AOPs are very versatile pro-
cesses that can be used for the treatment of both wastewater and
drinking water [3,4,9,10]. Several AOPs have been developed and the
efficiency of these advanced oxidation techniques varies as a function of
the operating conditions used and the compound to be treated [11].
However, AOPs using radiation are usually preferred; especially the
UV/H,0, system has been reported as a very effective process,
achieving high pollutant reductions in a short period of time
[4,10,12,13].

UV/H,0, system is based on the photolysis of H,O, or its conjugate
base (HO, ™) under light with a wavelength below 300 nm [3], being
germicide lamps widely used. The homolysis of H,0, gives HO® (Eq.
(1).

hv
H,0, - 2HO® 1)
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In spite of the strong potential of this oxidation process in degrading
substances and purifying water, it is well known that their operating
costs regarding the input of chemicals and energy [14], as occurred
with other AOPs, are relatively high compared to the costs associated
with conventional water treatment processes [3] although AOP instal-
ling costs are quite low. As a matter of fact, Hofman-Caris and Beer-
endonk [15] found that a reduction of 90% of MTBE using the UV/H,0,
system operating with UV-C lamps implies an Electrical Energy per
Order (EEO) between 11 and 55 kWhm 2 using 10 mg L.~ ! of H,0, and
an energy dose of 450 mJ cm ~ 2 Hansen and Andersen [16] studied the
required energy per m® of water treated for several emerging pollutants,
including the families of parabens, industrial phenols, sunscreen che-
micals and estrogens. It was found an EEO from 1.8 to 8.7kWhm >
with benzophenone-7 and bisphenol A as the most recalcitrant products
requiring higher EEO to be eliminated [16]. Even though the use of
H,0, reduces the electrical costs compared to the energy costs asso-
ciated with the utilization of UV radiation alone, they are high when
compared to those ones generated in a conventional process. For in-
stance, it has been evidenced a cost of 0.25 € m~* in removing nutrients
using activated sludge treatment [17]. Under this scenario, in order to
overcome this drawback, the efficiency of some AOPs, such as photo-
Fenton processes and systems using heterogeneous catalysts, like TiOs,
has been studied under solar light since these processes can be per-
formed directly using this natural and economical source of energy
[3,9,18]. However, the UV/H,0, process can benefit from a reduced
amount of solar radiation corresponding to the UV-C spectrum, limiting
the efficiency of this oxidation process when driven by direct solar
light. Consequently, an alternative source of energy must be used to
reduce the UV/H,0, system electrical operating costs associated with
the utilization of conventional forms of energy.

Among the types of renewable electrical energy, the generation of
photovoltaic (PV) electricity is one of the most widespread. PV cells
directly convert sunlight into electricity [19-22]. Therefore, PV systems
can be used as a power supply for AOP application, such as the UV/
H,0, system; i.e., the electricity generated with a solar PV system can
be either stored or used directly in the water pump, lamps, magnetic
stirrer, etc.; and, generally, in the equipment used in the water treat-
ment systems.

Typically, as illustrated in Fig. 1, a PV system consists of several
stacks of PV modules, batteries, a regulator or charge controller, an
inverter and loads. These components should be selected according to
the system type, site location and application. As it is widely known, PV
modules can be connected in series and/or parallel, transforming the
solar radiation incident on the surface of the PV array into electrical
energy (direct current). Then, the electrical energy is passed to a reg-
ulator before being sent to the batteries. The function of the regulator is
to prevent the batteries from an overcharging discharge. In turn, the
energy stored in the batteries is used as backup electricity during low
solar radiation and at night [21,23,24]. On the other hand, the role of
the inverter is to convert the direct current (DC) into alternating current
(AC) for devices that work in AC mode.

The advantages of using PV energy are that it is a non-polluting
source of energy once the solar panels have been produced, and it is a
silent, abundant, decentralized, free and long life source of energy. The
low operating and maintenance costs of PV systems are also another
positive factor [22] compared to the associated costs of other renewable
energy systems. In this regard, generation of electricity by means of
solar PV systems has gained popularity in recent years because of the
capability of these systems to convert sunlight into direct electricity,
contributing to the world energy supply in a way that is compatible
with the concept of sustainable development [21,25,26]. On the other
hand, PV systems can be utilized in remote sites for the self-sufficiency
of electrical power in a reliable and autonomous way. However, a
disadvantage of solar PV arrays is that, as the majority of renewable
energy sources, solar energy is intermittent; i.e., it is not shining at
night or during daytime with cloudy or rainy weather. Consequently,
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intermittency and unpredictability of solar energy makes solar energy
panels a less reliable solution. Additionally, solar energy panels require
additional equipment, such as inverters, for the generated electricity to
be used on the power network. For a continuous supply of electrical
power; especially, for on-grid connections, PV panels also require sto-
rage batteries; thus, the investment cost for PV panels are considerably
increased. Furthermore, the cycling capability of a battery is an im-
portant factor on the PV system lifetime, as well as the operating
temperature and resistance to internal corrosion. In general terms, in
PV systems, the batteries must be periodically replaced due to their
lifetime is about 10 or 15 years [27], which increases the PV array costs
and leads to a potential pollution of the environment [28,29,21].
Moreover, solar panel efficiency levels are relatively low (between
14%-25%) compared to the efficiency levels of other renewable energy
systems. Finally, in case of land-mounted PV panel installations, rela-
tively large areas for deployment are needed when a high installed
capacity is desired; being usually the land space committed for this
purpose for a period of 15-20 years, or even longer, when the invest-
ment payback is intended to be achieved [21,25,26]. Therefore, in
order to reduce the drawbacks associated, an accurate design and sizing
of the PV systems is required.

In this context, this work is focused on the description of the steps
for properly designing a solar PV system for water treatment using
AOPs. The system was sized and applied for supplying the energy re-
quired in the implementation of the UV/H,O, oxidation process for
degrading natural water containing 12 and 3 pgL~" of anthracene and
benzo[alpyrene, respectively, which are toxic compounds, using an
annular photoreactor at laboratory-scale operating in batch conditions.
Additionally, the cost of the UV/H,0,-PV system for small applications
was estimated with and without batteries.

2. Materials and methods
2.1. Chemicals and reagents

The following reagents without further purification were used. For
photodegradation studies, anthracene (AN) (Ci4Hio, 99.5%, HPLC
grade) and benzo[a]pyrene (BaP) (CxoH12, 96% HPLC grade) purchased
from Alfa Aesar (Ward Hill, MA, USA) were used. As analytical controls,
for analytical determinations, AN (98.5%, HPLC grade) and BaP
(99.6%, HPLC grade) reference standard provided by Dr. Ehrenstorfer
(Augsburg, Germany) were utilized, as well as acetonitrile gradient
grade supplied by Merck (Darmstadt, Germany) and deionized water
obtained from a Millipore purification system (Bedford, MA, USA), as
mobile phase components. Hydrogen peroxide (H0,, 30% w/w), used
as oxidant, was obtained from J.T. Baker (Ecatepec, Estado de Mexico,
Mexico). For AN and BaP reaction intermediate studies, acetone ana-
lytical grade (> 99%) (Honeywell International Inc., NJ, USA), iso-
propanol analytical grade (> 99%), methanol HPLC grade from Merck,
and 1-octyl-3-methylimidazolium hexafluorophosphate (> 98%)
(Acros Organics, Geel, Belgium) were utilized. Additionally, during
H,0, determination ammonium monovanadate (NH4VOs3, 99.9%) and
sulfuric acid (H2SO4, 95-97%) purchased from Merck were used.

2.2. Feed water quality

The photochemical experiments were conducted using natural
water from a Colombian surface reservoir located in “El Pefiol”
(Guatapé, Antioquia, Colombia) (N 6° 17° 41.1583” O 75° 9’ 31.0821").
The collected natural water was characterized by its low organic matter
concentration, in terms of total organic carbon (2.03mgL~'), and
dissolved iron content (0.047 mgL~"). Additionally, the tested water
had an average temperature, pH, turbidity, conductivity and dissolved
oxygen of 23.58 °C, 7.35, 1.09 NTU, 39.87 uScm™?, and 8.61 mgL™?,
respectively. Since in the tested water, the compounds of interest, AN
and BaP, were not detected, they were spiked at a concentration of 12
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Fig. 1. Diagram

and 3ugL~?, respectively. On the other hand, deionized water con-
taining 0.5mgL~" of AN and BaP individually added was utilized for

the degradation by-product studies.

2.3. Photochemical experimental system

A PV system was utilized to supply the electric needs of the pho-
tochemical reactor used for the implementation of the UV/H,0, process
(Fig. 2). The PV system was sized without batteries and included 9 PV
modules, a charge controller and an inverter. On the other hand, the
photoreactor consisted of a 2 L annular basin made of borosilicate glass.
The photoreactor was operated in batch mode and was equipped with
one and three 8 W Hg vapor UV-C low pressure (LP) lamps from General
Electric International Inc. (Fairfield, CT, USA), emitting mainly at
254 nm and contained in quartz tubes. The irradiance was measured in
the photoreactor using a UVX radiometer equipped with a UVX-25
sensor (UVP, Upland, CA, USA) once the radiation beam emitted by the
lamps went through the quartz tube separating each lamp and the re-
action chamber. The sensor was placed at different locations within the
reaction chamber; specifically, at the top, in the middle and at the

bottom, and the irradiance values were registered in triplicate. The
radiation recording values were averaged, resulting to be 170 and
460 uyW cm ~ 2 for 1 and 3 UV-C LP lamps, respectively. It is important to
note that lamps were previously warmed up for at least 30 min prior to
sample photolysis to enable them to stabilize and reach their maximum
relative spectral output.

On the other hand, in order to simulate the natural temperature
water can be found and aiming at avoiding incurring in unnecessary
operating costs, the experiments were performed at a constant

of a PV system.

temperature of 25 * 1 °C. This was possible due to the photochemical
reactor was equipped with a cooling jacket. Additionally, 5, 10 and
15mgL~" of H,0,, which was added in one step before operating the
photoreactor, were used. These H,O, concentrations were selected fo-
cusing on the experimental conditions and conclusions withdrawn from
a number of studies applying the UV/H,0, system for the removal of
polycyclic aromatic hydrocarbons (PAHs), as reviewed by Rubio-
Clemente et al. [3]. Photoreactor effluent sampling procedure was
conducted at different time intervals. Samples were stored in the dark at
4 = 0.5°C and analyzed as soon as possible in order to avoid losses of
the target analytes. The experiments were performed in triplicate.

The pH of the reaction solution was not altered during the experi-
ments in order to reduce the operating costs linked to the reduction of
this parameter and its increase before serving the treated water.

2.4. Analysis and instrumentation

For the analysis of AN and BaP, an Agilent Technologies Inc. RP-
HPLC system series 1100/1200 (Palo Alto, CA, USA) with a fluores-
cence detector was used under the operating conditions specified
elsewhere [30]. Moreover, total organic carbon (TOC) was determined
based on the high temperature combustion analytical method (5310B)
described in [31]. For this purpose, an Apollo 9000 series TOC analyzer
(Teledyne Tekmar, Mason, OH, USA) was used.

For the identification of the degradation by-products, sample pre-
paration was performed according to the procedure reported elsewhere
[32] and 20 uL of the sample were injected into a 7890A gas chroma-
tograph (GC) coupled to a 5975C mass spectrometer (MS) equipped
with a programmed temperature vaporizing injector purchased from
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Fig. 2. Annular jacketed multi-lamp photoreactor directly powered by a photovoltaic array.

Agilent Technologies Inc. A HP-5MS UI (60 m X 250 pm i.d. X 0.25 ym
film thickness) obtained from Agilent Technologies Inc. was used for
the separation of the sample constituents. The column was held at 60 °C
for 4min and then increased at 15°Cmin~! to 325 °C, where it was
held for 7 min. Helium (Linde, Medellin, Colombia) was employed as
the carrier gas at a constant flow rate of 1.1 mLmin~! and a linear
velocity of 27.14 cms~'. The MS was operated in the electron impact
ionization mode and the energy of electrons was kept at 70 V. The
temperature of the interface, ionization source and the quadrupole were
kept at 280, 230 and 150 °C, respectively. Data were acquired in the
full-scan detection mode from 40 to 500 u. HP MSD ChemSation soft-
ware (Hewlett Packard Co., CA, USA) was employed.

H,0, evolution was also determined using a UV-vis spectro-
photometer Evolution 300 from Thermo Scientific (Waltham, MA,
USA). Further information on the analytical method and equipment
used for H,0, analysis can be found in [33].

With regard to solar irradiance measurements, a CM 6B solar ra-
diation meter (Kipp & Zonen B.V., Delft, The Netherlands) placed on a
horizontal plane surface located in University of Antioquia, Medellin,
Colombia (N 6° 11’ 55.428” O 75° 34’ 1.943") was used. The instrument
was installed on the roof-top of a block of the University at a relatively
free position from external obstructions and accessible for general in-
spection and maintenance.

3. Results and discussion
3.1. Optimal tilt angle for the PV system

Designing an installation to yield a maximum annual energy helps
to minimize the necessary installed capacity and reduce the cost of
equipment. Therefore, it is important to identify the variables that af-
fect the design [20,22,34-37]. For example, the output voltage of solar
panels essentially remains constant even as the solar irradiance is
changing; however, the amount of the current produced by the solar
panels is directly proportional to the solar irradiation [35,38]. In this
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regard, solar irradiation is one of the most important parameters that
may be taken into consideration for designing and utilizing a PV
system.

The amount of solar irradiation received on a PV panel depends on
the latitude (¢), day of the year, slope or tilt angle (8), surface azimuth
angle («), time of the day, and the angle of incident radiation. The
factors that can be controlled to maximize the amount of irradiation
received upon the panel are the surface azimuth and the tilt angle. In
the current case, due to the geographical situation of Medellin, the PV
modules are oriented towards the South; therefore, the azimuth angle is
equal to 0°. Concerning the tilt angle, there are some theoretical and
empirical models in the literature for calculating the optimal tilt angle
and solar irradiation absorbed by a PV panel when mounted at right
angles to the sun rays [20,22,35,36]. It is noteworthy that the optimi-
zation of the tilt angle is one of the essential processes during PV system
sizing in order to achieve the maximum profit from solar radiation for
energy generation,

Moreover, as it is widely known, the output power of a PV system is
increased with the increase of the solar irradiance in the morning and is
decreased with the decrease of the solar irradiance in the afternoon.
Additionally, solar irradiance (Wm™2) and, relatedly, irradiation or
insolation (kWhm~2day~') are measurements of how much solar
power a location receives. Naturally, solar irradiance varies throughout
the day according to the sun position, the presence of clouds and
throughout the year depending on the season [34]. In the case of study,
Medellin is characterized by a subtropical climate with two rainy and
dry seasons throughout the year.

Since the number of operating appliances depends on the output
power of the PV system, the equipment used in the AOP should fully
operate during the period from 9:30-15:30, where the maximum output
power occurs, as the maximum values of solar irradiance are achieved
at this time slot, as shown in Fig. 3, in which the variation of the solar
irradiance during a typical day from dry and rainy seasons in University
of Antioquia is illustrated. From the figure, it can be observed that a
peak of solar irradiance at noon is achieved, with a maximal solar
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Fig. 3. Solar radiation intensity variation during a typical day from dry and rainy seasons.

irradiance corresponding to a typical day from the dry seasons. At
night, the solar irradiance had a value of zero in both of the considered
situations. These results indicate that the optimal working hours in a
typical sunny and cloudy day for using solar radiation are about 6 h per
day distributed around noon, as mentioned above. Based on the ob-
servational data of solar radiation intensities during 2015, the average
solar irradiance in Medellin was found to be 273.7 Wm ™2

In Table 1, the average solar irradiation values received per month
in University of Antioquia during 2015 on a horizontal plane surface,
are compiled, observing maximal and minimal values for the dry and
rainy seasons, respectively. From these data, the average value of the
solar insolation received was 4.33kWhm ™ 2day ™! during 2015.
Table 1 also details the tilt angle, as well as the solar irradiation on a
tilted surface and the equivalent peak solar hour (PSH); values that are
required to determine the number of panels used in the PV system. It is
highlighted that PSH indicates the number of hours per month the
modules receive 1000 Wm ~ 2. Therefore, from these PSH, the energy
generated by the PV module can be calculated using the specification
given by the manufacturer, since all the nominal characteristics are
provided for an irradiation of 1000 Wm ™2,

In this work, during the sizing phase of the PV system, the design
criterion was the worst irradiation month at the installation site of the
solar plant. Therefore, an equivalent PSH of 4.10 (corresponding to the
month of April or May) was used for sizing the PV system required to
supply the energy demand of the selected UV/H,0, system for de-
grading natural water containing AN and BaP at a concentration of 12
and 3pgL~?, respectively. Furthermore, the optimum tilt angle in this
study was found to be 15.64°, which corresponds to the average value
of the optimal tilt angle for each month, as shown in Table 1.

3.2. Steps for sizing a PV system

The selection and design of the required equipment, such as the
batteries, inverter, controller, power electronic devices and wiring, are
vital for guarantying a high efficiency and operation of the PV systems.
Therefore, during the sizing of a PV array, selecting the proper tech-
nology to reduce losses and improve the power conversion efficiency of
the PV system is needed [39]. In addition, a reliable knowledge of the
equipment efficiency used for the PV array operation is essential to
accurately predict the electricity production. Consequently, for the
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calculation of the current PV system sizing, the efficiency of the
equipment used was taken into account (Table 2). On the other hand,
several environmental factors contributing to the system output losses,
including sub-optimal orientation with respect to the sun, soiling,
shading and, in some countries, seasonal snow cover, must be also
considered for an efficient PV array design [39].

On the basis that one of the primary concerns in designing any PV
system is the determination of the correct size of the PV array
[21,37,40,41], the most important design factor is the power con-
sumption by the equipment used during the AOP operation. Thus, the
first step in designing a solar PV system is to find out the total power of
the energy consumed by the devices involved in the water treatment
process. The next step consists of sizing the PV modules, inverter,
batteries and the solar charge controller. For this purpose, the elec-
tricity demand must be considered in order to avoid over or undersizing
the system. PV module sizing procedure must be based on the nominal
power of the modules so that the required power rating can be met by
the different combinations of the modules in series or parallel
[20,22,34-37]. Moreover, an inverter is used in the system where AC
power output is needed. The input rating of the inverter should never
be lower than the total Watts of appliances. The inverter must have the
same nominal voltage as the battery. For stand-alone systems, the in-
verter must be large enough to handle the total amount of Watts to be
used at a time. In this regard, the inverter size should be 25-30% larger
than the total Watts of appliances. In case of the appliance is a motor or
a compressor, then the inverter size should be minimum 3 times the
capacity of those appliances, and must be added to the inverter capacity
to handle the surge current during starting. For grid-connected systems,
the input rating of the inverter should be the same as the PV array
rating to allow for safe and efficient operation. Additionally, in stand-
alone PV systems the battery plays an important role in matching the
load requirement for the system. The battery type recommended to be
used in a solar PV system is deep cycle battery. Deep cycle battery is
specifically designed for being discharged to low energy level and rapid
recharged or cycle charged and discharged day after day for years. The
battery should be large enough to store sufficient energy for the ap-
pliances to operate at night and cloudy days. In locations where there is
a big fluctuation in irradiation, at least 2-3 days and 3-5 days of reserve
for the summer and winter months, respectively, can be required. Fi-
nally, in order to match the voltage of the PV array and batteries, the
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Fig. 4. Evolution profiles of anthracene (AN) and benzo[a]pyrene (BaP) re-
moval vs. time through the UV/H,0, system directly powered by a photovoltaic
array. Operating conditions: [AN]o = 12ugL~%; [BaPlo = 3ugL~%; source
power rating = 8 W; irradiance = 170 yW cm 2.

operating conditions (data not shown). Consequently, UV radiation was
increased from 170 to 460 uW cm ~ 2 by the use of 3 UV-C LP lamps, and
H,0, was added to the system at 5, 10 and 15 mg L™ . Fig. 5 illustrates
the percentage of organic matter reduction using 3 UV-C LP lamps
alone and in combination with 5, 10 and 15 mgL’1 H,0,. As noticed,
the highest TOC removal was obtained using 3 UV-C LP lamps and
10mgL~" of H,0,, corresponding to a TOC percentage removal of
about 45% after 90 min of operation. Under these operating conditions,
H,0, evolution profile was also investigated. It was found that when
adding 10 mg L. ™" a higher amount of H,0, remained in the solution to
be photolyzed for a subsequent more efficient production of HO® (data
not shown). 5mg L~ " H,0, was not enough for achieving good reduc-
tion results and 15 mg L.~ ! H,0, resulted to promote the side reactions
that can occur during the UV/H,0, system operation [3,6]. A more
detailed explanation on this issue is reported in [33]. Moreover, AN and
BaP degradation by-products formation was assessed to discern their
transformation extent under optimal operating conditions and the
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action of HO’. Among the reaction intermediates, anthracene-9,10-
dione and benzo[a]pyrene-4,5-dione for AN and BaP, respectively, were
found. These quinones were subsequently transformed into 1-hydroxy-
anthracene-9,10-dione and other products during AN oxidation, and 6-
(3-hydroxyphenyl)-2-naphthol and 2-methylnaphthalene, among
others, during BaP conversion. These degradation by-products were,
then, further oxidized to produce simple aromatic acids and alcohols;
and, finally, short-chain organic acids, resulting in a decrease in the
solution pH. The production of the identified products was already
reported when PAHs were subjected to other AOPs [44-46], with the
exception of 6-(3-hydroxyphenyl)-2-naphthol, which has not been re-
ported yet. These results indicate that the HO® generated attack the
organic molecules of the target PAH, pointing out the important role
developed by HO® in the degradation of AN and BaP. These findings
were corroborated by adding 1 mM 2-propanol in the reaction solution,
since a poor elimination of the target PAH was achieved (data not
shown), due to 2-propanol acts as a HO® scavenger.

Therefore, it has been demonstrated that the integrated water
treatment system utilizing solar energy as power provided the electrical
power needs required to achieve removal efficiencies of AN and BaP
higher than 99% and about 45% of organic matter mineralization
without the production of toxic by-products. These findings are com-
parable to the results reported by [33].

Promising results have also been obtained by using hybrid systems
combining AOPs and PV systems. Han et al. [36] studied the efficiency
of an integrated system utilizing solar energy as power for decentralized
wastewater treatment, consisting of a bioreactor with double channels
and a PV system without batteries. The experiments were carried out at
laboratory-scale and with real wastewater. The results showed a re-
duction of chemical oxygen demand, ammonia, total nitrogen and total
phosphorous of 88%, 98%, 70% and 83%, respectively. Additionally Jin
et al. [47], evaluated the performance of a PV cell integrated with solar
water disinfection to treat drinking water and generate electricity under
different weather conditions with and without heat exchanger. These
authors found the system without heat exchanger as a better option for
the removal of microbial load, in terms of Escherichia coli, obtaining
complete disinfection after 1.5 h of solar exposition.

In this regard, the hybrid system PV-water treatment process seems
to be an efficient alternative to treat water, both drinking and

45 60 90

Time (min)

Fig. 5. Evolution profiles of total organic carbon (TOC) removal vs. time through the UV/H,0, system directly powered by a photovoltaic array. Operating con-

ditions: [AN], = 12ugL™"; [BaP], = 3ugL~'; source power rating = 24 W; irradiance = 460 uW cm
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wastewater, using solar light.

3.4. Costs of investment for the UV/H,0,-PV system operation at small-
scale

A number of factors determine the final price of a PV system, in-
cluding investment costs (i.e., the number of components and config-
uration of equipments), labor costs and fixed and variable operating
and maintenance costs. Additionally, in some countries the local per-
mitting costs, available incentives and tax credits must be taken into
account. It is noteworthy that PV arrays incur few operating costs and
are easy to install. Furthermore, PV system costs can be reduced when
the required storage capacity and PV array size are decreased. In gen-
eral, PV systems with and without batteries require low maintenance
since they do not have moving parts in contrast to other renewable
systems. Under this scenario, PV arrays should be inspected a few times
per year for removing dirt or some other things that might have piled on
the top so that there is nothing blocking them from efficiently absorbing
the sun energy. However, for PV systems where batteries are used,
besides the above detailed maintenance costs, battery replacement
every 10-15 years must be considered, increasing the whole main-
tenance costs [48]. Among these costs, the investment costs are perhaps
the single most important factor in determining whether an alternative
energy technology can reach implementation and commercialization.
Independently on the characteristics of a particular site, the savings in
energy costs must outweigh that initial investment for its economic
feasibility through time.

Therefore, the cost analysis of a PV array can be very detailed;
however, for comparison purposes, the approach used in the current
work is a simplified one. Only the investment costs were taken into
account for the cost analysis. This allows for a greater scrutiny of the
underlying data and a reduced number of assumptions regarding the
operating and maintenance costs of each system with and without
batteries. In this sense, the transparency and confidence in the analysis
is improved. Additionally, the comparisons of costs among countries or
regions for the same technologies are facilitated.

Thus, the economic analysis was done with the purpose of knowing
the investment cost of the PV system for the evaluated UV/H,0, pro-
cess applied to a small-scale. Moreover, the payback cost, which refers
to the cost of installing the PV module at the site paid back by the
reduction in electricity bills, was also estimated. This payback can vary
based on the location of the PV installation and the cost of electricity
produced from conventional sources, such as coal and natural gas, and
large hydropower plants. In general, prices of electricity are highly
dependent on the particular country. For example, the present unitary
electricity cost for industrial use in Colombia is around 0.25 $ per
kWh™'.

In Table 4, the investment costs for the PV system with and without
batteries are compiled. These costs were calculated considering the PV
system with 2 and 1 days of autonomy, and an operation time of the
equipment of 6 h per day. Undoubtedly, if the days of autonomy and the
hours of operation of the equipment during the day are augmented, the
investment costs will increase.

From Table 4, it can be found that 81.05% of the money invested in
the PV system for 2 days of autonomy operating 6 h per day corresponds
to the cost of the batteries. Similarly, 69.72% of the required money for
a PV system with 1 single day of autonomy and 6 h of operation cor-
responds to the cost of the batteries. Moreover, the investment return of
the implementation of a PV system that supplies the energy required for
the considered AOP with batteries with 2 or 1day of autonomy and
without batteries would be achieved in 14 or 9 years and 5 years, re-
spectively.

In general, most of the conventional PV applications use PV modules
connected to a storage battery system. However, in the literature sev-
eral works using PV systems without batteries can be found
[36,47,49,51]. As a matter of fact [49], in a remote town in South
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Table 4
Investment costs for a PV system with and without batteries.
PV system description  Item Cost/unit Amount Total ($)
)

With batteries and PV module 120 4 480
2 days of Battery 250 13 3250
autonomy Solar charge 70 70

controller
Inverter 210 1 210
Total ($) 4010

With batteries and PV module 120 4 480

1day of autonomy  Battery 250 7 1750
Solar charge 70 1 70
controller
Inverter 210 1 210

Total ($) 2510
Without batteries PV module 120 9 1080
Solar charge 70 1 70
controller
Inverter 210 1 210
Total ($) 1360

Analysis cases (units) Value

Cost per kWh of electricity of the electrical grid ($ kWh™") 0.25

Cost of the energy consumption of the electrical grid per year for the UV/  289.8
H,0, system considering an operation time of 6 h per day ($ year ')

Estimated energy payback for rooftop PV system with batteries and 13.83
2 days of autonomy (year)

Estimated energy payback for rooftop PV system with batteries and 1 day  8.66
of autonomy (year)

Estimated energy payback for rooftop PV system without batteries (year) 4.69

Australia with abundant solar radiation and scarce and low quality
water, where a reverse osmosis plant was operating, evaluated the
feasibility of powering the plant with solar or PV panels whilst avoiding
energy storage in batteries. A pilot test was performed with a small-
scale PV-powered hybrid ultrafiltration-reverse osmosis (UF/RO)
membrane filtration system. It was concluded that a RO plant utilizing
UF pre-treatment and powered by PV panels without battery storage is
a promising alternative to overcome the high energy costs for the ex-
isting RO plants. Jin et al. [47] also assessed a hybrid PV — SODIS
system without batteries for water disinfection, as previously men-
tioned, obtaining complete disinfection. In turn, Vivar et al. [51] pre-
sented a cost-effective hybrid solar electricity and water purification
design to meet the needs for electricity and clean water in a single in-
tegrated and affordable system. The process was solar water disinfec-
tion using photo-catalysts and UV radiation. Additionally, for the
photocatalytic reaction electrodes were included, which provided an
opportunity for the enhancement of the photocatalytic process.

The use of the electrical energy directly supplied by the PV modules
to the equipment used in the UV/H,O, process would substantially
decrease the costs of investment and maintenance of the system, due to
the high prices of the batteries and the difficulty for controlling their
state of charge. This fact represents an energy saving because of the
elimination of energy losses during the transformation; i.e., the in-
vestment costs of the PV system are reduced since the inverter is not
needed when the equipment operates in DC mode. Additionally, the
environmental problems related to the disposal of batteries are avoided
and the sustainability of the process is increased. On the other hand, a
small rechargeable battery of very low consumption may be needed in
order to power the control/measurement devices to keep the equipment
in good working order even in sunlight shortage periods.

Obviously, the absence of batteries implies that water production
depends on and varies with the solar irradiation; which, in turn, de-
pends on the meteorological conditions, geographical location, season,
daily time and PV array orientation. Since the decontamination of
water with the UV/H,0, process under the studied conditions can be
only produced during the sunlight hours, the UV/H,0, system should
have a higher capacity in order to decontaminate more water volume
while the sun is shining. Therefore, the equipment and system
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maintenance costs will be incremented.

On the other hand, during the day it is possible to produce a surplus
of the energy required for the AOP and to store it chemically by a
system power to gas; i.e., the electrical power can be converted into a
gas fuel. Typically, the electricity can be used to split water into hy-
drogen and oxygen by means of electrolysis using an electrolyzer.
Consequently, the chemical energy from hydrogen can be utilized later.
For this purpose, hydrogen is converted into electricity through a fuel
cell. The produced electricity might be utilized to provide power to the
applied AOP when there are no hours of radiation during the day.

Additionally, it is important to note that the use of a PV system with
batteries can be profitable in those areas without electrical grid. In this
regard, in remote areas of the national electrical grid, a detailed eva-
luation must be conducted about if connecting to the national electrical
grid is more profitable than utilizing PV systems with an energy storing
for providing the required energy to the equipment used during the
period of water treatment using AOPs.

Either with or without batteries, in order to reduce the costs asso-
ciated with wastewater decontamination and drinking water produc-
tion, water treatment technologies driven by solar light are recently
regarded as alternative options towards the use of fossil fuels. In fact, in
a recent study conducted by Zhang et al. [50], the application of solar
energy for water treatment is reported as a sustainable solution to treat
water in an environmental friendly manner. This work reviews in detail
the technologies driven by solar energy and used for water treatment,
including the use of PV systems for desalination purposes. With respect
to this issue, although solar collector material price is the main lim-
itation in terms of costs, the estimated low water costs (0.9-2.2 $) for
large-scale solar plants indicate that water treatment alternatives
driven by solar light will become potentially viable in the near future.

In this regard, hybrid systems that allow obtaining electricity and
treating water can be used in both rural and urban areas, being the
latter ones of particular interest since it is estimated that two-thirds of
the world population will live in cities by 2025 [51].

4. Conclusions

During this work, a detailed sizing of PV energy systems used for
supplying the required power in the AOP implementation was carried
out due to the major operating costs associated with these processes are
the energy costs to put into operation the equipment employed in these
advanced oxidation technologies. For this purpose, several factors, such
as the latitude, the day and the surface orientation where the PV system
is mounted were considered in order to properly calculate the optimal
tilt angle and orientation of the fixed solar panel for maximizing the
energy collection and, subsequently, maximizing the solar radiation
availability at the required location. For the PV system installed in
Medellin, Colombia, the optimum tilt angle resulted to be 15.64°".

The sized PV system was used to directly power a UV/H,0, system
for degrading natural water containing AN and BaP at a concentration
of 12 and 3 ug L™ ?, respectively. It was found that the integrated system
was able to achieve a removal efficiency higher than 99% of both PAHs
using the single action of 1 UV-C LP lamp in an irradiation period of
15 min. Additionally, about 45% of the organic matter of the water, in
terms of total organic carbon, was mineralized using 3 UV-C LP lamps
in combination with 10 mg L' of H,0, after 90 min of treatment and
no toxic degradation by-products were produced.

Moreover, the investment costs of the UV/H,0,-PV system for small
applications were estimated. It was concluded that PV energy can be
used to power AOPs in a reliable and autonomous way; especially, in
isolated locations with lack of electrical grid. It is important to note that
the high cost associated with PV modules and equipment, compared to
conventional energy sources, is the primary limiting factor for the
technology. However, the PV array can be also connected directly to the
equipment used in the water treatment systems without batteries, as
demonstrated, obtaining good efficiencies in water treatment. Thus, the
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environmental threat of improper battery disposal is eliminated and,
subsequently, the sustainability of the process is increased.
Furthermore, the investment costs decrease compared to the costs as-
sociated with a PV system with batteries.

Thus, PV systems can be designed for a variety of applications and
operational requirements, and can be used for either centralized or
distributed power generation. The obtained results might be of great
interest for other studies related to direct connection of PV systems to
other AOPs powered by PV energy both in developed and developing
countries, allowing an environmentally-friendly and sustainable de-
velopment.
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Book chapter

Kinetic modeling of the UV/H:0: process: Determining the effective hydroxyl
radical concentration. In Physico-Chemical Wastewater Treatment and Resource
Recovery, 2017, Prof. Robina Farooq (Ed.), InTech, pp. 19-41. ISBN 978-953-51-
3130-4

Book

PHYSICO-CHEMICAL
WASTEWATER
TREATMENT AND
RESOURCE RECOVER'

Scope: The book on Physico-Chemical Treatment of Wastewater and Resource
Recovery provides an efficient and low-cost solution for remediation of
wastewater. This book focuses on physico-chemical treatment via advanced
oxidation process, adsorption, its management and recovery of valuable
chemicals. It discusses treatment and recovery process for the range of pollutants
including BTX, PCB, PCDDs, proteins, phenols, antibiotics, complex organic
compounds and metals. The occurrence of persistent pollutants poses deleterious
effects on human and environmental health. Simple solutions for recovery of
valuable chemicals and water during physico-chemical treatment of wastewater
are discussed extensively. This book provides necessary knowledge and
experimental studies on emerging physico-chemical processes for reducing water

pollution and resource recover.

Highlights

e The model describes the effects of the matrix background and pH changes.
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e Different assumptions were used to calculate HO® time-evolution.

e The model can predict the effective HO® level for the efficient pollutant
degradation.

e The reaction rate constant of the HO:° with the probe pollutant is
estimated.

e The action of the HO2® in removing pollutants is not significant.
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Abstract

A kinetic model for pollutant degradation by the UV/H,0, system was developed. The
model includes the background matrix effect, the reaction intermediate action, and the
pH change during time. It was validated for water containing phenol and three different
ways of calculating HO® level time-evolution were assumed (non-pseudo-steady,
pseudo-steady and simplified pseudo-steady state; denoted as kinetic models A, B and
C, respectively). It was found that the kind of assumption considered was not significant
for phenol degradation. On the other hand, taking into account the high levels of HO,°
formed in the reaction solution compared to HO® concentration (~107 M >>>>~10"4 M),
HO,° action in transforming phenol was considered. For this purpose, phenol-HO,°
reaction rate constant was calculated and estimated to be 1.6x10° M s, resulting in the
range of data reported from literature. It was observed that, although including HO,°
action allowed slightly improving the kinetic model degree of fit, HO® developed the
major role in phenol conversion, due to their high oxidation potential. In this sense, an
effective level of HO® can be determined in order to be maintained throughout the UV/
H,0O, system reaction time for achieving an efficient pollutant degradation.

Keywords: UV/H,O, process, matrix background, kinetic model, reaction rate con-
stant

1. Introduction

Nowadays, one of the major problems associated with the presence of toxic and persistent
pollutants in the aquatic environment is the unfeasibility of conventional treatments for the
effective removal of those substances [1-3]. Hence the application of alternative technologies,

I NT EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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such as advanced oxidation processes, is needed [4]. Among these techniques, the UV/H,0,
system is included. It consists of the photolysis of hydrogen peroxide (H,0,) by applying
ultraviolet (UV) radiation resulting in the generation of hydroxyl radicals (HO®) [5, 6]. This
process may be performed at room temperature and pressure, ithas no mass transfer problems,
it is easy to maintain and operate, no sludge requiring a subsequent treatment and disposal is
produced, and it may achieve a complete pollutant mineralization [5]. Therefore, the UV/H,0,
system seems to be a promising alternative for the treatment of water containing toxic and
recalcitrant substances. However, this kind of technology can be expensive due to the associated
electrical and oxidant costs [7].

In order to reduce costs and make the process more feasible for industrial applications, the
UV/H,0, system optimization is required [8] and kinetic models can be considered as func-
tional tools for this purpose. Up to date, several kinetic models have been proposed for
describing the UV/H,O, process and predicting different pollutant removal rates [6-15]. In
some of these models [13, 15], the proposed set of ordinary differential equations (ODE)
defining the studied pollutant degradation rate can be simplified into a pseudo-first-order
kinetic expression, whose solution is an exponential one. In such as models, experimental
results are fit to that solution. Subsequently, model predictions agree well with laboratory data.
In that kind of models the calculated reaction rate constants for the tested pollutant degrada-
tion are apparent reaction rate constants (K,,,,), which include pollutant removal reaction rate
constants and the values of parameters such as the quantum yield for the oxidant, the conjugate
base (HO,"), and the contaminant photolysis, the initial level of the chemical species involved
in pollutant oxidation, the optical path length of the system, the UV-light intensity, and the
molar extinction coefficients of H,O,/HO,™ and pollutant, among others. Therefore, knowing
those parameters is not required.

On the other hand, there are dynamic kinetic models that try to solve the considered ODE set,
for which the values of the mentioned variables are required, increasing the complexity of the
kinetic model. In order to solve the proposed ODE set, the pseudo-steady state approximation
assumption for reactive intermediates, such as HO®, is invoked by arguing that these chemical
species are as transient ones as their concentration can be presumed to be at a pseudo-steady
state [10, 12, 14]. In other models [6-15], on the contrary, the non-pseudo-steady state premise
in free radical rate expressions for predicting the degradation of the probe compound ina more
accurate way is applied. However, although hydroperoxyl radicals (HO,°) are involved in
those models, none of them, excluding Huang and Shu [11] and Liao and Gurol [12] models,
includes HO,® in the target pollutant oxidation final expression. Additionally, some of these
models cannot be reproduced unless a conversion factor is included, as demonstrated by
Audenaert et al. [8].

In this sense, the aim of this work was to develop a kinetic model based on the main
chemical and photochemical reactions for pollutant degradation in water systems by the
UV/H,0, process taking into account the decomposition of the pollutant through direct
photolysis, HO® oxidation, and HO,° and superoxide radical (O,*) transformation. Fur-
thermore, HO® scavenging effects of carbonate (CO,*), bicarbonate (HCOs), sulfate
(SO,%), and chloride (CI") ions were considered. pH changes in the bulk and the detrimen-
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tal action of the organic matter (OM) and the reaction intermediates in shielding UV and
quenching HO® were studied. The influence of the pseudo-steady and non-pseudo-steady
state hypothesis for determining HO® concentration-evolution with time was also exam-
ined and the second-order HO,® reaction rate constant for the studied pollutant was deter-
mined. MATLAB software was used to solve the ODE set that characterizes the current
model and the results were validated by using experimental data obtained from the litera-
ture for phenol (PHE) degradation by the UV/H,O, process in a completely mixed batch
photoreactor.

2. Experimental model approach

A mathematical model for predicting pollutant degradation and the concentrations of the
main species involved in a UV/H,O, system was developed. The developed model describes
radical chain reactions occurring during the UV/H,O, process in the presence of HO® scav-
engers and UV-radiation absorbers, such as dissolved organic matter (DOM), anions and re-
action intermediate products. Pollutant degradation mechanisms, direct UV photolysis and
radical attack by HO®, HO,°, O,° and other anion radicals (CO,°, SO,°-, H,Cl1O°, HCIO®, CI°,
and Cl,*") were included. Additionally, the model incorporates the competitive UV-radiation
absorption by H,0,, the parent compound and the DOM in terms of dissolved organic car-
bon (DOC), as well as the formation and disappearance of intermediate products, also con-
sidered as DOC. Moreover, it accounts for the solution pH change due to the mineralization
of organic compounds and the formation of acids.

2.1. UV/H,0, system fundamentals

The UV/H,0, system initiates with the primary photolysis of H,O, or HO,”, producing HO®
according to Egs. (1) and (2) [6, 13]. Based on the Beer-Lambert law and quantum yield
definition, the reaction rates for H,O,/HO,  direct photodegradation and HO® generation are
obtained through Egs. (3)—(5), respectively.

ho
H,0, —»>2HO0° D
hv
HO; + H,0—2HO°®+ OH™ )
d[H,0,
u =—$u,0,14, 1,0, 3)

dt

21



22 Physico-Chemical Wastewater Treatment and Resource Recovery

d[HOEJ
- 4
dt - ¢HO§ Ia, HO; @)
d[HO°]

dt - 2¢H202 ]a, H,0, + 2¢HO§ Ia, HO, (5)

where ¢y and ¢yo, (mol Ein™) are the quantum yields of the photochemical reactions of
H,O, and HO,". I, 110, and I, yo., (Ein L s7) refer to the UV-radiation intensities absorbed
by H,O, and HO,, respectively, calculated according to Egs. (6) and (7), where f;;,, and
fuo, are the fractions of the UV-radiation absorbed by H,O, and HO,", respectively (Egs.
(8) and (9)) [7, 8].

Loi1,0, = lofi,0,{1 — exp|—2.31(en,0,[H202] + enoz [HOZ 1 + ec[C] + epoc[DOCT)]} ©6)
1, 0: = Toyor {1 - exp|:—2.3l(5H202 [H,0, ]+ &0 | HO3 |+ e[+ apoc [DOC])}} )
fao = é11,0,[ H205 | .
H,0, = -
é11,0, H202 ]+ Eho; [HOZ } +&¢[ C |+ epoc[ DOC] (8)
&,n- | HO,
Tho; = HOZ[ 2} (9)

EHZOZ [H202]+ gHOE |:HO£:| + ECI:C:|+ SDOC[DOC:I

in which [H,0,], [HO,], [C], and [DOC] are H,O,, HO,", contaminant and DOM, in terms of
DOC, concentrations, respectively. ey, €xo, €c and epoc (M m™) are the molar extinction
coefficients of H,O,, HO,", the pollutant and the DOC, respectively. In turn, I (mm) is the
photoreactor path length and /;, (Ein s™), the incident UV-light intensity.

In addition to the oxidant photolysis, the target pollutant (C) may interact with the UV-
radiation, undergoing degradation and producing reaction intermediates. A fraction of those
by-products can be dissolved in the solution [16]. This fraction is denoted as DOC (Eq. (10)) [6].
The reaction rate for the contaminant direct photolysis is obtained through Eq. (11).

Cc— 5pOC +2 (10)
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dcj__
7— ¢c]a, C (11)

where ¢_ is the quantum yield of pollutant photolysis and [, . is the amount of UV-light

absorbed by the contaminant, calculated through Egs. (12) and (13).

I ¢ =Iofc {1 - exp[—Zﬁl(stoz [H20, ]+ 2,40, [HOE} +2c[C+ epoc [DOC])}} (12)

Jc= eclC]

- - 13
é11,0,[ Ha05 J+ £Ho, [Hoz } +&c[CJ+ poc[DOC] (13)

Once HO® are produced, they rapidly react with the pollutant of interest, degrading it to form
reaction intermediates (Eq. (14)), which subsequently can be attacked by HO® and undergo
further degradation to produce final products, such as CO,, H,O, and mineral acids (Eq. (15))
[7]. In this model, intermediate substances were considered as HO® scavengers as well as UV-
light absorbers. Additionally, it was assumed that the pH of the solution decreased due to the
conversion of the target pollutant, and consequently the reaction intermediates, into carbon
dioxide (i.e., H,COy;" in the aqueous phase); although it must be highlighted that not all the
DOC is mineralized, since carboxylic acids are also formed during the oxidation process,
making the pH of the bulk decreases as well [8]. Under this presumption, Eq. (15) is simplified
as Eq. (16). The mass balances for the evolution of the pollutant, the dissolved organic fraction
of the formed by-products, HO® and the H,CO;" concentrations with time are shown by Egs.
(17)—(20), respectively.

ko
C+HO°—=2 5 DOC +? (14)
k o
DOC + HO®*—2%H° 5 CO, + H,0 + mineral acids (15)

k . "
DOC + HO°—2%%"0_, H,CO5 + H,0 (16)
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d[C]

7 _kc,Ho" [HOO][C] (17)
d| DOC
% =k no' [HO°J[C]- kpoc. 1o’ [HO® [ DOC] (18)
d| HO®
[T] - _kc, HO’ [HOO][C]_ kDOC, HO’ [HOO][DOCJ (19)
d| H,CO;j
% =kpoc o’ [HO° ][ DOC] @0)

where [C], [DOC], [HO®], and [H,CO,'] correspond to pollutant, dissolved by-products, HO®
and H,CO;’ levels, respectively. k¢ ji0- and kpoc 1o are the rate constants of Eq. (14) and (15) or
(16).

In the UV/H,0, system, recombination of HO® can occur to produce H,O,. However, these free
radicals can also react with H,O, and HO,", particularly when the oxidant is in excess, to
produce HO,°. Although HO,® are less reactive than HO® (E°=0.98 and 2.8 V, respectively) [8],
they can also be involved in pollutant degradation, especially if these radicals are produced in
high amounts in the system. Furthermore, HO,° can produce O,°", which subsequently can
participate in pollutant degradation and mineralization [17]. Therefore, the role of these
reactive oxygen species was included in the proposed kinetic model.

It is important to note that as the oxidation process develops, the pH of the solution general-
ly goes down, and consequently, some chemical species appear while other species vanish.
In order to consider the change of chemical species inside the bulk according to the pH of
the solution in the kinetic model, a correction factor (6;) was introduced for the photolysis of
H,0,, HO,, and for the reaction between H,O, and HO°. This correction factor can adopt
two values (0 and 1). When 0;=1, reaction R; is promoted (i.e., the time-varying concentra-
tions of the chemical species involved in reaction R; are taken into account in the model).
When 6;=0, reaction R, is not considered in the model and, subsequently, the chemical spe-
cies taking part in reaction R; are neglected.

On the other hand, species commonly present in water, such as DOM and inorganic anions
(e.g., COs*, HCOy, SO,*, and CI', among others) may also have a significant effect because of
their ability to absorb UV-light and/or to scavenge HO®. The HO® scavenging effect of matrix
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constituents drastically limits the oxidation action of HO®, leading to a decrease in the
performance of the system [18].

Taking into account all the mentioned processes and in order to give a more realistic view of
what happens in the UV/H,0, process, the kinetic equation describing pollutant degradation
can be expressed as Eq. (21).

_% =1, ¢ + Iy [CTHO ]+ iy S[C][HOZJ + km[c][oﬂ + Zjiski[c][AR /] 21

where the terms b, o k14[C] [HO®], k15[C] [H0°2], k16[C] [O;_] and Z?g 35kl.[C] [ARi] represent
the specific contributions of UV-radiation, the oxidation of HO®, HO,°, O,°” and the formed
anion radicals (AR) (including CO,>, 5O,°, H,ClO°, HCIO®, CI°, and CL,*") to the overall
pollutant degradation, respectively.

In order to quantitatively evaluate the contribution of the cited terms in the contaminant
removal, parameters d, f, g, and h were introduced in Eq. (21), as described by Eq. (22).

_d4c

=gl ¢+ [CIHO T + k[ HOS | +kg[CT[05 Je+ 3" k[CIARTE @)

When d = f=g =h =0 (ie, when the initial concentrations of oxidant radical species are
equal to zero), the kinetic model only describes the degradation of the pollutant by photoly-
sis. If d=h =1 and f= g =0, in addition to the photolysis conversion, in a deionized water,
the model can predict pollutant transformation through HO® and CO;°" (the latter from the
reaction between HO® and HCO; or CO;*). When d = f=h =1 and g = 0, contaminant re-
moval by photolysis and the action of HO® and HO,°, as well as CO,, is described. When
all the parameters are equal to 1 (i.e,, d = f= g = h = 1) and there are no inorganic anions
different from HCO;™ and CO;* in the studied water, the kinetic model accounts for the deg-
radation of the pollutant by direct photolysis and oxidation through HO°, HO,®, O,°, and
CO,°". As the model includes the reactions where CI7, SO,*, CO;%, and HCOj;™ are involved,
it can be used for the treatment of different types of water.

Based on the reactions illustrated in Figures 1 and 2, and the different involved parameters,
the mass balances and the corresponding ODE of the species of interest (C, DOC, H,0,, HO,,
HO°, HO,°, O,°, CO,°, SO,°, HCIO®, H,ClO®°, HCIO®, CI°, Cl,°,, OH", H*, H,CO,’, CO,7,
HCO,, HSO,, SO,*, and CI") are summarized in Table 1.
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Figure 1. Reaction network of the UV/H,O, process for the degradation of the parent compound without considering
the effect of matrix constituents. The species above and below the arrows are the co-reactants and the co-products, re-

spectively.

C0,(t,c05) P
- H* __

Figure 2. Reaction network describing the effect of the matrix background in the UV/H,0, system with co-reactants

and co-products above and below the arrows, respectively.
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No. Species Kinetic expressions
i
Tdt
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~ ki6[C0571g
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= kao[H202][C0571=k4[SO31[H, 051 —kss [CL5T1[H, 051~ ks [CU1[H20,]
AN — b Loz Sy + alH0, el HOZVH -k [HO°IHOS ) + kol HO3I[03]
ODE; HOy
— ka1 [H051[CO5]
aTHo"
[Zto 1 = 201,0,1a,1,0,08, + 205 lono; Or, — ks[H02][HO°)0g,
= ks[H 02[HO°) g, —ke[HO)[H 03 1~k [HO [HO°)—kg[HO][H 03]
0PEs on g lHO03 ) + Iy [,0,1HO3] + eyl 1,0,1(07] — ks [C 07T
= k7 [DOCI[HO) = kg [COFTN[HO®] = kyg[HCOS | [HO) ka3 [HSOF 1 [HO°]
= kag[CLTN[HO®) ko [CLy7] [HO®]
d[HO3)
dt
= —k3[HO;] + 4 [0571[H*] + ks[H, 0,][HO°) 8,
ODEs HO, _ P . . . P
+ ks[HO1[H O3 1= kg [HON[HO1k10[H O3] [HO3]—ki1 [H0,][HO3] = k1a[H 03] (057]
— kys[CIHORNS + kao[H20:1[CO57] + kas [HOFCO5™] + ka[SO;1[H, 01—k, [SO;~1[HOZ]
+ k31 [CLT1[Ha05] + k3 [CL1[Hp05]—ks3 [CLyT][H 03]
d[o;” . o
[df < kalHO3 05 1) + ks, 0",
o5 = = Ko[HOPI[0} |=kya [H0,1105 Ik [HO31103] = kselC1103 g
— k2[0771[CO5™ | ~kesq [CL71[027]
ODE. OH- dioHT _ 1HO; (05" oy 2-][HO°
7 a0 = Puorlano; Or, + ks [HOTHO; ] + keo[HONO;7] + kiz[H,0,](0; |+k1s[CO5TIHO°)
] . T
ek ky [Hy0,1=ka [HOZ 1 [H*] + k3 [HO;1=kal 0571 [H*] + ks [H, 0,1[HO®] g,
ODE, Ht + K24[S0371[H,0,] + ks [SO571[HOZ] ka5 [HCLO™1[H*] + k34 [CL371[H,0,]
+ k32 [CU[Hy04] + kas[ClLy 1[HO3] + kg [HyCO3] — kya[HCOS[H ]
+ kas[HCO3] = kas[CO3TIIH*] + ks [HSO; ] — kag[SOF1[H*]
d . .
_[Z?C] = eloc + kialCl[HON + ks [CIHO3]f + kig[C11057]g — k17 [DOCI[HO®] = $pocla,poc
. poc + (kaslCIICOT) + kg CVESO) + ki [CI[HaCIO" g [CNHCIO") + Ko CICT
+ ko [CI[CL DA
2- d[co3] - i I = _
ODEy, 4% = ~1alCOTIIHOT + keyy [HOZ[CO57] + k2[0571[CO57] + kaa[HC O3] =Kaa[COITNH*]
5 L w i kys[CO3TIIHO®] + ks [HCOF 1[HO) = kg [H20,][CO57] = kot [HO7 1[C O3]
ODE,, co;y e

— k32 [0571[CO5™]—kess [CI[CO7 IR
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d[HCO3 .
LHCOS) o HOOR 0%+ kg, 0,1ICOL7) + ki [HCO31 ki [ HCOT Ak o[ HCOF
ODE,, HCO3
+ kaaCOF7)[H*]
R d[H,C0;
ODEy3 H,C03 % = ky7[DOC)[HO°)—k4s [H,€O3] + ks2[HCOZ)[H*]
= d[HS0;
ODE,, HS0; % = —ky3[HS0; [HO*) ks [HSOF ] + kag[SOZ1[H*]
o e d[so;] N - R .
15 4 at = (aslHSORNHO )~k [SO[Ho02] ka5 [SO4T1[HO2 ] k36 [CI1SO4 TR
2- d[soF7) ou om1r17 " " 2m1 pprt
ODEy4 S0¢ —a - k24[S0s™1[H2 0] + ka5[S05™1[H 03] + kas[HS05 1 —kas[SOFT1(H*]
d[ci] N I o o .
_ a0 = “Kas[CUNIHO® = kyo[CUY[CLT] + ko[ NI°OH] + 2k, [CL7][H20,] + ko [CU)[H, 0]
ODE,, cl
+ 2kgs[CLTI[HO) + 2ks[C7(0;7]
0DE,, HCl0™ % = kg [CL)[HO°)— kg [HCLO™[H)
. d[H,Cl0" o o o
ODE;s HyClo % = ky7[HCLO | [H* |~ kog[H,ClO )~ k3, [C)[H,CLOJR
HClO % o
ODE,, HCIO® —d[ d(.;lU ! = k3olCLT)[HO?)—k g [CI[HCIO )R
ey " aiet] T :
21 cl T kag[HoClO |~k [CL)[CL™ ] — k3o [CU)[Hy 03] — k3o [C[CL R
d[Cl37]
ODEj, cly dt
= koo[CU)[CL™ ] —k3o[Cly™] [HO%)~keay [CLy)[H0;) —ks3 [Cly ] [HO ) —kesa [CL371(027 ) ~kao[C)[CE7 IR
ky = 3.7x107% 57"k, = 2.6x10" M~'s™" gy,0,(254 nm) = 1 800 M~"'m~",
€107 (254 nm) = 22 800 M~'m™", by, 0,(254 nm) = 0.5 molEin~", dyyo; (254 nm) = 0.5 molEin~". pH >
116 = 8y, = 0,8p, = 1,pH < 11.6 = 8, = 1,8y, = 0,k = 1.58x10% 57"k, = 1.0x10"° M~*s™" ks =
27x107 M~1s~1,pH > 4.8 = 8y, = 1,8, = 0.pH < 48 = 8y, = 0,85, = 1. kg = 7.5x10° M~1s~1 k, =
5.5x10° M~ 1571 kg = 6.6x10° M~1s71 ko = 7.0x10° M~1571 ko = 8.3x105 M~1s 1 k), = 3M~1s7 Lk, =
013 M's™ 4 ky3 = 9.7x107 M™'s™4 ke, o= kua:Keo; = Kis:Keor = Kie:Kpoc, woe= ki =
ki 2.0x10% M~1s71; kyg = 3.9x10% M~1s71; Ky = 8.5x10° M~1s™1; kyp = 4.3x105 M~ 15711 kyy =

3.0x10” M~1s7; kyy = 6.5x10% M~2s71; Ky5 = 3.5x10° M™% kyy = 1.2x107 M~1s7 kys =
3.5x10% M~1s71; kpg = 4.3x10° M~1s71; ky, = 3.0x10%® M~1571; kyg = 5.0x10* s71; ky =
8.5x10° M~1571; k3o = 1.0x10° M~ 2571 kgy = 4.1x10* M~257%; k3, = 1.1x10° M~1s7; kg =
3.0x10° M~%s7% kgy = 2.0x10° M™'s ™ kas =2; kg =2, kay =2 kag =2 kag =% kao =21 ks =
1x10%% 5715 kyy = 4.5%10° M72s71; ky3 = 1x1010 571 Ky = 4.5x1072 M7 1571 kg = 1x10%0 5715

K4 = 4.5x101 M~1s™1

Table 1. Set of the ODE used in the kinetic model [9, 18, 27, 30-39].
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2.2. Proposed kinetic model

In the developed kinetic model, three different ways of calculating the evolution of HO®
concentration during time were presumed: (a) a non-pseudo-steady or transient state (i.e., the
net formation rate of HO® is different from zero); (b) a pseudo-steady state; and (c) a simplified
pseudo-steady state; correspondingly denoted as kinetic model A, B, and C.

In the prediction model A the concentration of HO® can be calculated with Eq. (23). From Eq.
(23), the HO® concentration can be written as Eq. (24) (prediction model B).

d| HO®
I:dt :I - 2¢Hzoz L, H,0, 5R3 + 2¢HO} Ia,HOE 5R4 ks [H202][H00]5R7 B

ks[H,0, [HO* 55, — ke[HO®]| HO; |~ ks [HO® [ HO®]- k[ HO®]| HO; | -
ko[ HO®]| 0 |+ ki [H20, ]| HOj |+ kia[H,0, ] 05 |~ k[ HOTa - (23)
k[ DOCTHO® ]~y [co%‘ J [HO ]~ kyq [Hcog ] [HO]- ks [HSOZ } [HO®]-

e [cr} [HO®]- k3 [cfﬂ [HO"]

[HO® = 24,0, . 1,0,5, * 2y10: 1, 110-9%, +kii[H202 ] HO; |+ kio[H,0,][ 05 )/
(ks[H20, 165, +ks[H20, 16, + kg [HOE} + kg [HOZ} + ko [oﬂ +hy[Cld + (24)

k[ DOCT+ kg [co%‘] +hyo [Hcog] +hys [HSOZ} + kg [cr} +k3o[CITT)

Considering that the oxidant is in a high level (i.e., k[H,0,]0 + k[H,O,]0x > Yk[Xi],
where  Tk[X{] = k[HO,] + k[HO,Tko[O,"] + kiu[Cld + ki[DOCl+kis[CO>] + ky[HCO57]
+ kp[HSO ] + ky[CI] + ko[CL7T)  and 2¢040 111,008, + 2¢10, Lm0, 08, Lk [HO,][HO, ]
+k,[H,O0,][0,7], Eq. (24) can be simplified to Eq. (25) (prediction model C). k; and
[Xi] are the reaction rate constants between HO° and species i, and the concentration
of species i, respectively.

2¢H202 1, H,0, 5R3 + 2¢H051a, HO, 5R4
ks Hy0, |6 +ks[ Hy0, J6p,

[HO®|= (25)
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The initial values of DOC and inorganic anionic species (CO5*, HCO;", SO,*, CI, etc.) are set
according to the conditions of the water to be treated.

2.3. Numerical solution of the proposed kinetic models

The ODE system compiled in Table 1 was solved applying MATLAB software and ODE15S
function. For simultaneously solving the ODE set of the proposed kinetic models, it was
necessary to define several photochemical parameters such as ¢y0, Ppotutansy Poocs Ero, Eno,s
Epoliutant €pocy Io and I. Additionally, the initial concentrations of all the species involved in the
system and the rate constants of the chemical reactions between those species were required
(Table 1). During setting up the model, differential rate equations describing the time depend-
ence of the concentration of the variety of the considered species were defined and plotted.

3. Results and discussion

In order to validate the proposed kinetic models, experimental data for PHE degradation by
the UV/H,O, process were used from Alnaizy and Akgerman [19] study. These authors
conducted a set of experiments in a completely mixed batch cylindrical photoreactor made on
Pyrex glass. The used photochemical parameters and the kinetic reaction rate constants of PHE
with HO®, O,°, and CO;°" are presented in Table 2.

Parameters Notation Numerical values References
tum yield = 0.07 mol Ein™ 23
Quantum yie ¢phenol ¢C mol Ein [23]
Mol tincti fficient = 51600 M m™ 19
olar extinction coefficien! sphenol EC m [19]
Path length 1 63.5 mm
Incident UV-light intensity (radiation of I 0 1.516 x 10°Ein L1 s!
254 nm > 90% and power =15 W)
Kinetic rate constant phenol-HO® kph enol, HO® = k 14 6.6 x10° M1 s [40]
Kinetic rate constant phenol-O,° =k 58x10°M™*s! [41]
°— 16
phenol, 02
Kinetic rate constant phenol-CO,° k =k 2.2 x10" Ms! [42]
°— 35
phenol, CO3

Table 2. Values of the parameters used in the kinetic model validation for phenol degradation.

3.1. Assumptions taken into consideration

As stated previously, the developed kinetic models A, B, and C employed the non-pseudo-
steady, the pseudo-steady, and the simplified pseudo-steady state assumption, respectively, to
estimate HO® concentration. In the proposed models, the impact of UV radiation individually
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and/or the combined action of H,O, and UV light (including the effect of HO°, HO,°, O,°", and
CO;°) on PHE degradation was studied.

A PHE concentration of 2.23 x 10°® M and a H,O,/PHE ratio of 495 were selected for
validating the model. The used PHE solution was prepared by adding the appropriate
amount of pollutant solution to deionized water [19]. Therefore, the effect of inorganic
anions, excluding HCO;™ and CO;* was not taken into account. In this sense, in the PHE
degradation rate expression (ODE,) the contribution of inorganic anion radicals, such as
SO,°, H,ClO°, HCIO®, CI°, and Cl,°~ was not studied. It was assumed that the other terms
included in ODE, contributed to pollutant degradation.

As the treated water was deionized, the presence of OM different from the parent compound
in the initial solution was neglected ([DOC], =0 M). Hence, the DOC in the solution came from
PHE photolysis and free radical (HO®, HO,®, O,°, and CO;°") oxidation.

On the other hand, several authors agree that OM reduction by direct photolysis in a UV/
H,0O, oxidation process can be neglected [7-9]. That is the reason why this was not included
in the proposed kinetic model. However, it is highlighted that the OM is able to absorb UV-
light, preventing UV-penetration into the bulk and avoiding H,0,/HO, and pollutant direct
photolysis. Therefore, the detrimental effect of UV-shielding in PHE degradation was taken
into consideration. For including this effect in the kinetic model, OM molar extinction
coefficient, referred as DOC molar extinction coefficient (epoc), must be previously known.
Although this parameter has already been measured [7, 8], its value is not a universal one,
since DOM is a complex group of aromatic and aliphatic hydrocarbon structures with attached
functional groups [20, 21]. As Alnaizy and Akgerman [19] did not measure this variable, a
mean value from Peuravuori and Pihlaja [22] study was presumed. This value corresponded
t0 £pocsonm =35 967 M m™!, which was in the same order of magnitude than epy. This number
could be acceptable due to the formed aromatic intermediates during PHE conversion [19]
conserve structural similarities with the parent compound, like the aromatic ring, responsible
for the molecule excitation.

Additionally, it is widely known that the quantum yield of a compound is dependent on the
excitation wavelength and the pH of the solution. For 254 nm, PHE quantum yield in an
aqueous solution was found to be in the range of 0.0270.12 mol Ein™ at pH 1.673.2 [23].
Therefore, an average value (0.07 mol Ein™) was taken as PHE quantum yield.

Moreover, it is widely recognized that the solution pH decreases as the process proceeds. This
variation in the pH can cause difficulties in modeling studies, since the presence of radical
species such as HO,°, and O,°", among other chemical species involved in the oxidation system,
is significantly dependent on the pH of the medium. Therefore, to give a more realistic view
of what happens inside the reaction medium, H,0, and HO, photolysis reactions (Egs. (1) and
(2), correspondingly), as well as reactions expressed in Egs. (26) and (27) were discriminated
in the model according to the solution pH time evolution, as it is simplified in Figure 3. For
selecting the suitable reactions with regard to the pH changes over time, previous information
about the evolution of the pH during the performance of the process is required. However, in
some occasions this is not provided. In this case, the initial pH of the solution was 6.8 [19]. At
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this pH, one of the predominant species into the bulk was H,O,, since the pKa of the H,0,/
HO, equilibrium is 11.6. Therefore, the photolysis of HO,  was neglected in the model
performance (i.e., Og and 0g). Additionally, the initial concentrations of HO® and other
considered species were assumed to be zero, with the exception of the pollutant and H,O,. On
the other hand, it was found that the pH of the medium rapidly dropped from 6.8 to 4.7-4.2
(4.5 as a mean value) within the first 30 min of radiation [19]. Therefore, and according to
Figure 3, Eq. (26) was considered during the first 30 min of the reaction while Eq. (27), after
that time (i.e., 0g =1, 6g =0 and 6z =0, Og, =1, before and after the first 30 min of the process,

respectively).
a hu | = = g B
H.0.™ ayoe |HOT + H,0 5 2HO° + OH~
-
]
H.0,+HO° = 07 +H,0+H* |
H,0; + HO® = HO; + H,0! >
- 1 !
| i
| T | — T T T T ] PH
]
0 ; 7 pK=116 14
b pKo=4.3
47-42|__
5 T I | =t min
0 50 100 150 200 mn)

Figure 3. (a) Reaction discrimination diagram as a function of the solution pH and (b) pH evolution of the medium
during the UV/H,O, process in a completely mixed batch photoreactor. Operating conditions: H,0,/PHE = 495; [C], =
2.23 x 10° M; ¢ = 220 min.

0, +H'" - HO, (26)

H,0, +HO -0, +H,0+H" 27)

3.2. Kinetic model validation

Initially, the associated ODE sets with model A, B, and C were solved. Parameters f= g=0 and
d =h =1 were considered in order to solely investigate the influence of the direct photolysis,
HO?, and CO;° on PHE degradation.
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Figure 4 compares the simulation results of the proposed kinetic models A, B, and C with
the experimental data for 2.23 x 10° M PHE with a H,O,/PHE ratio of 495 and a reaction
time of 220 min. The measured and simulated results for PHE direct photolysis alone are
also presented. It is observed that more than 90% of the initial PHE concentration was re-
moved after 220 min due to both direct photolysis and indirect degradation (primarily due
to HO® attack). The effect of CO,°~ could be seen as marginal because of the reduced number
of those radicals, in the range of 10" M, and the low reaction rate constant with PHE com-
pared to HO®. In addition, it is shown that PHE was not completely removed by direct UV
photolysis under the tested photochemical conditions (Table 2), since approximately 50% of
the total PHE degradation was attributed to UV photolysis, as it was experimentally deter-
mined by Alnaizy and Akgerman [19]. On the other hand, the figure demonstrates that the
prediction kinetic model C was in good agreement with the available experimental data
with a relative high correlation factor (R*=99.34%). For prediction models A and B, R? were
97.41 and 97.37%, respectively. As a result of the subtle differences between kinetic models
A and B, the depicted line describing model A overlaps model B line. An acceptable agree-
ment between model predictions considering only the UV radiation and experimental data
was also verified (R? = 98.25%).

:i\‘-___ 4
) o~
\ o
oa-’)"K e 3
.'.‘\\ oi.k.'-\.
N e~
2\ 6™
06} bY- R ~ i
A - o

[CVIC]»

= Prediction model & (non-pseudo-steady state)
04 b —v— Prediction mode! B (pseudo-steady state)
====2+=  Prediction model C (simplified pseudo-steady state)
+ — =" Prediction model (UV)
+

5 A Experimental data (UV/H,Q:)
02t ) ©  Experimental data (Uv) 1
0 1 L g L3
(] 50 100 150 200 250
t (min)

Figure 4. Comparison of the kinetic model predictions (lines) versus experimental data (o) and (*). Operating condi-
tions: H,O,/PHE =495; [C], = 2.23 x 10 M; ¢ = 220 min.

Furthermore, Figure 4 clearly presents that the removal rate of the target pollutant was not
significantly dependent on the hypothesis assumed to estimate the HO® level (non-pseudo-
steady, pseudo-steady and simplified pseudo-steady state assumptions). This could be
explained from the relatively low concentration of those reactive species in the solution (with
a magnitude order of 107* M) when compared to the level of other species involved in the
system, such as HO,° and O,°", whose concentrations were in the range of 10”7 M. The number
of HO® remaining in the solution is in concordance with the low final HO® levels found in the
literature [24, 25] and even higher than those reported by Ray and Tarr [26].
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In Figure 5, the evolution of the HO®, HO,°, O,°, DOC and H,CO;" normalized estimated
concentrations using the prediction model A is depicted. It is observed that HO,° number
increased as the oxidation system proceeded, while O,°" level decreased. Typically, the effect
of HO,® and O,°" radicals are neglected in the UV/H,O, system [6-8, 15, 17, 27, 28] since they
are found to be less reactive than HO®, as stated previously. However, when they are produced
in a high level, they could also participate in the contaminant oxidation. That is the current
case of HO,®, as [HO,°] >>>> [HO®]. Therefore, the contribution of HO,° to PHE degradation
should be studied. On the other hand, in this work the action of O,°- in PHE conversion can
be omitted since O,°- level decreased with the reaction time, as expected, because of the drop
in the pH solution.

03

0.6

Experimental data [CJC]s
—A— [0 0 T

<= [DOCHDOC] e
— — MHOJHOL
— - — [HO:"MHO;" 7
[H:CO: MH.CO: T,

04f

Normalized concentration

02

1 1 1
0 50 100 t (min) 150 200 250

Figure 5. Concentration-time profiles of HO® (---), HO,® (-.-.-), O,°- (-A-), DOC (- --) and H,CO;" (—) using the predic-
tion kinetic model A. (') represents PHE experimental evolution. Operating conditions: H,0,/PHE = 495; [C], = 2.23 x
102 M; t = 220 min.

Furthermore, generally, there is a drop in the pH of the medium as the system progresses. This
is probably due to acidic compound formation, such as carboxylic acids and H,CO;' resulting
from pollutant degradation and mineralization. In this study the decrease of the pH in the
solution was predicted via DOC conversion and the sole generation of H,CO; by model A. As
presented in Figure 5, DOC generation was progressively increasing as PHE was being
degraded up to a certain point (117 min, corresponding to [DOC],,., = 2.061 x 107 M, and
equivalent to ca. 93% of PHE degradation). From this point, DOC started to decrease until
[DOC]; = 1.879 x 10 M. That breakpoint represented the moment at which PHE was almost
completely transformed into by-products. In addition, at this point, PHE mineralization began
to be more evident, since H,CO;" level rose approximately in a linear way, up to a final level
of 6.493 x 10* M, with the subsequent pH decrease. Similarities between the pattern of this
DOC profile and that of the formed intermediate curves reported in Alnaizy and Akgerman
[19] research are highlighted.

On the other hand, it is worth noting that HO® level evolution with the reaction time was
different when comparing the kinetic prediction model A or B with C. Obviating HO,°
contribution to PHE degradation, Figure 6 shows that the highest final HO® level was achieved
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in the prediction model A, with a maximum HO® concentration equal to 9.435 x 104 M. This
value was similar to HO® final level in the prediction model B (9.400 x 107* M) and different
to that of the prediction model C, where HO® final concentration was 4.486 x 10™* M (ca. 48%
lower than the obtained in the kinetic model A or B).

08

[HO*JHO®}r

2
'

———  Prediction model A (non-pseudo-steady state)
— —  Prediction model B (pseudo-steady state)
— . — . Prediction model C (simplified pseudo-steady state)

L 1 1
0 50 100 150 200 250
t (min)

Figure 6. Estimated HO® concentration using the prediction models A (—), B (-——), and C (-.-.-). Operating conditions:
H,0,/PHE = 495; [C],=2.23 x 10 M; t = 220 min.

Approximately, in the first 40 min of the process a larger number of HO® in the aqueous
medium with the developed kinetic model C was evidenced. Apparently, this amount of
HO®° was sufficient to degrade about 60% of PHE initial level under the studied experimen-
tal conditions. In contrast, models A and B, whose lines are overlapped, produced a lower
number of HO® and the theoretical conversion of PHE remained above the experimental
data. One possible reason for this discrepancy can be ascribed to DOM and dissolved oxy-
gen positive effects in producing reactive oxygen species (ROS), as HO® [26], which were
not considered. After 40 min of reaction, the HO® level was higher in the kinetic models A
and B than in model C. This larger amount of HO® might lead to a faster conversion of the
pollutant in comparison with the predicted model C, since the hypothetical depletion curve
of PHE was below the measured data. Nevertheless, this rapid pollutant degradation did
not occur actually. Therefore, there was an amount of HO® produced in excess that was not
reacting with the contaminant. This surplus of HO® could be involved in free radical scav-
enging reactions. As model A and B consider the detrimental effect of HO® consuming reac-
tions, it is suggested that their kinetic rate constants are higher than those ones used in this
paper for these reactions to have a larger weight in the system. Additionally, the contradic-
tory outcome between the actual situation and the theoretical one in the first and second
stage of the process can also be attributed to the fact that just a fraction of the concentration
of the species involved in the whole kinetic equations of the predicted models was actually
reacting. Consequently, the real level of the species implicated in each kinetic reaction
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should be considered. However, it is rather difficult to determine which amount of the
chemical species is exactly involving in each reaction for each time step, especially due to
the high reactivity of radicals as the oxidation system progresses. In this context, further
studies are required to overcome this limitation.

From these findings, it is suggested that there was an effective level of the formed HO®. Below
that level, there was a lack of HO® for an efficient pollutant conversion; and above it, an
excessive number of HO® was generated. That HO® effective level could be of relevance for
industrial applications in order to be maintained throughout the reaction time, allowing an
efficient pollutant degradation.

3.3. Estimation of PHE-HO,° reaction rate constant

In order to study the action of HO,® for pollutant degradation in the UV/H,0, system, PHE-
HO,° rate constant was calculated. For this purpose, the kinetic model A was used and it was
estimated through a non-linear least-square objective function. The objective function for
minimizing the error between the predicted and the measured data was defined as Eq. (28) [17].

. . . 2
Minimize : f = Z([C] predicted _|:C:| measured) (28)

where [C] q correspond to the evolution of experimental and calculat-

measured and [C]predicte
ed pollutant concentration, respectively. This expression is a function of PHE-HO,® rate con-
stant. The optimum value for PHE-HO,® second-order rate constant was found to be 1.6 x
103> M™ s, which is consistent with the range of the reported values by Kozmér et al.
((2.741.2) x 10° M s1) [29]. The results of running the new prediction kinetic model A (with
and without the contribution of HO,° to pollutant conversion) and the experimental data
are presented in Figure 7. The figure shows that the prediction model A with the estimation

Prediction model A (non-pseudo-steady state), including HO;"
------ Prediction model A (non-pseudo-steady state)
08F 4 Experimental data (UV/H;0;) ’

o
@
T

[CH(Cle

04t

0.2F

200 250

Figure 7. Comparison of experimental (symbols) vs predicted data (lines) using the kinetic model A with (—) and
without (- - -) the action of HO,°. Operating conditions: H,O,/PHE = 495; [C], = 2.23 x 10° M; { = 220 min.
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of PHE-HO,° rate constant was in a stronger agreement with the experimental data (R? =
99.0%) than the previous predicted kinetic model A studied in section 3.2 (R? = 97.41%). The
same conclusion can be drawn for kinetic model B and C, with a R? of 98.78 and 99.57%
using the calculated PHE-HO,® rate constant, in comparison with 97.37 and 99.34%, respec-
tively. Therefore, in order to achieve a better fit between experimental and predicted data,
HO,° action in pollutant degradation should be considered. Nonetheless, HO,° contribution
to PHE degradation is non-significant in comparison with the role developed by HO® attack.

4. Conclusions

A kinetic model for studying pollutant degradation by the UV/H,O, system was developed,
including the background matrix effect in scavenging free radicals and shielding UV-light and
the reaction intermediate action, as well as the change of the pH as the UV/H,0, process
proceeds. Three different ways for calculating HO® level time evolution were assumed (non-
pseudo-steady, pseudo-steady and simplified pseudo-steady state; denoted as kinetic models
A, B, and C, respectively). It was found that the assumption of pseudo-steady (simplified or
not) or transient state for determining the HO® level evolution with time was not significant
in PHE degradation rate due to the relatively low HO® level present into the bulk (~107* M).
On the other hand, taking into account the high levels of HO,° formed in the reaction solution
compared to HO® concentration (~107 M >>>> ~10"* M), HO,® action in transforming PHE was
considered. For this purpose, PHE-HO,° reaction rate constant was calculated and estimated
to be 1.6 x 10° M! s}, resulting in the range of data reported from literature. It was observed
that, although including HO,° action allowed slightly improving the kinetic model degree of
fit, HO® developed the major role in PHE conversion, due to their high oxidation potential.

Additionally, it was found that there was an effective level of the HO® formed in solution.
Below that level, there was a lack of HO® for an efficient pollutant conversion; and above it, an
excessive number of HO® was generated. That HO® effective level calculated from kinetic
model C could be of relevance for industrial applications in order to be maintained throughout
the reaction time, allowing an efficient pollutant degradation.

In this study, there was an attempt to contemplate a wide range of the chemical reactions
involved in the UV/H,0O, process and although high correlation factors were obtained, it is
suggested to include the positive effect of the OM and the dissolved oxygen in generating ROS,
as well as the effect of other anions naturally present in water bodies, as phosphate and nitrate,
for the model to be a more accurate approximation of reality.
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time.

The rapid economic growth of the last decade
has led to an increase in the number of pollutants in
the aquatic environment, positioning advanced oxid-
ation processes (AOPs) as alternatives to the con-
ventional techniques water treatment plants are oper-
ating with [1-6], which are unable to completely trans-
form inhibitory organics such as phenol.
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e The kinetic model allows determining the optimal conditions for an efficient pollutant

A kinetic model for phenol transformation through the UV/H-O- system was
developed and validated. The model includes the pollutant decomposition by
direct photolysis and HO", HO;* and O5" oxidation. HO® scavenging effects of
(,‘032', HCOg3, .5‘042' and CI were also considered, as well as the pH changes
as the process proceeds. Additionally, the detrimental action of the organic
matter and reaction intermediates in shielding UV and quenching HO'was
incorporated. It was observed that the model can accurately predict phenol
abatement using different H-Ox/phenol mass ratios (495, 228 and 125), obtain-
ing an optimal H2Oxphenol ratio of 125, leading to a phenol removal higher
than 95% after 40 min of treatment, where the main oxidation species was
HO'. The developed model could be relevant for calculating the optimal level of
H-20: efficiently degrading the pollutant of interest, allowing saving in costs and

Keywords. H-O: level, kinetic model, matrix background, phenol pollution,
UV/H05.

Phenol is a colorless to pink-colored solid or
dense liquid substance with a particular sweet odor. It
is highly soluble in water but also in organic solvents.
It is a ubiquitous pollutant commonly found as a com-
ponent of oil refinery wastes. It is also produced in
pharmaceuticals and phenol manufacturing plants.
Phenol can also be generated from the production of
metallurgical coke from coal, and it is used in the
manufacture of fertilizers, textiles and paints. Addit-
ionally, phenol can be formed from natural sources,
such as the decomposition of organic matter [7].
Nevertheless, anthropogenic processes contribute in
a larger extension in comparison with natural ones.

Once phenol is in the environment, it can enter
aquatic environments due to its solubility in aqueous
media, posing a risk for living beings. Furthermore, it
can react with other components, such as chlorine,
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increasing its hydrophobicity and, subsequently, its ten-
dency to be bioaccumulated through the food chain.

Phenol is a toxic compound. The toxicity of phe-
nol is related to the reactivity of the compound with
biomolecules, being responsible for the death of org-
anisms when exposed to high amounts of this sub-
stance. It is also involved in reproductive problems,
reducing fertility and producing changes in appear-
ance and behavior, since living being hormonal sys-
tem function can be affected [7]. Furthermore, it exhi-
bits mutagenic and carcinogenic potential [7,8]. As a
matter of fact, researchers evidenced mutagenic acti-
vity of phenol from hamster fibroblasts [7]. In addition,
it induces immunotoxic, hematological and physiolog-
ical effects [8]. In fact, it is included by the US Envi-
ronmental Protection Agency in the List of Priority Pol-
lutants [7]. Therefore, it must be removed from water.

In recent decades, different AOPs have been
used for destroying organic compounds. Among the
AOPs applied for water decontamination, the UV/
/H,0, system implementation has risen drastically in
recent years for water treatment purposes [6]. This
process involves the photolysis of hydrogen peroxide
(H,0,) using ultraviolet radiation (UV), resulting in the
production of hydroxyl radicals (HO") [9-11]. The HO®
is very reactive and attack non-selectively a variety of
organic and inorganic substances because their oxid-
ation potential (£ = 2.8 V) [12] is higher than other
oxidizing agents such as ozone (£ = 2.07 V) and
chlorine (£ = 1.36 V), transforming those substances
into CO,, H,0O and inorganic salts [10,13].

The efficiency of the UV/H,0, system depends
on various parameters, such as the oxidant dosage,
pollutant concentration and structure, UV-light inten-
sity and predominant wavelength, irradiation time,
solution initial pH, temperature and matrix constitu-
ents (including natural organic matter and inorganic
ions, which may quench HO® and/or shield UV radi-
ation penetration into the bulk), among other para-
meters [3,10].

This homogeneous chemical oxidation process
has several advantages in comparison to other water
treatment methods, such as no mass transfer limit-
ations occur and no sludge requiring a subsequent
treatment and disposal is produced. Additionally, it
can be produced at room temperature and pressure
[6,10]. Nevertheless, this process has associated high
electrical and oxidizing agent costs [10,14,15], and
kinetic models seem to be a good option to optimize
operating conditions without incurring in high oper-
ating costs.

This work is aimed at proposing a kinetic model
for the prediction of phenol decontamination by the
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UV/H,0, system including the action of HO®, O," and
HO,". The HO" scavenging effects of carbonate (CO3%),
bicarbonate (HCOy3), sulfate (SO,%) and chloride (CI)
ions were considered on the performance of the sys-
tem as well as the pH changes in the bulk as the
oxidation process proceeds. Additionally, the detri-
mental action of the organic matter and reaction inter-
mediates in shielding UV and quenching HO® was
incorporated. The model is based on the extensively
accepted chemical and photochemical reactions, and
the rate constants involved in the studied AOP. On
the other hand, MATLAB software was used to find
the numerical solution to the set of ordinary differential
equations (ODE) characterizing the current model. In
addition, the proposed kinetic model was validated by
comparing the experimental data from Alnaizy and
Akgerman study [16] and the model predictions
obtained at different operating conditions in terms of
phenol abatement.

EXPERIMENTAL

A kinetic model describing the UV/H,O, process
was developed taking into account the impact of rad-
ical species such as HO®, HO,", O,", CO;", SO,
H,CIO®, CI* and Cl," on the pollutant conversion. In
addition, the role of the dissolved organic matter
(DOM), in terms of dissolved organic carbon (DOC),
and the degradation by-products in absorbing UV
radiation and scavenging radicals were included. In
the development of the proposed kinetic model, the
contribution of UV radiation in phenol transformation
was also taken into account. Furthermore, the model
incorporates the change of pH in the solution as the
advanced oxidation process proceeds due to the
formation of short chain organic acids.

Mechanistic kinetic model

The chemical and photochemical reaction
scheme, reaction rate constants and values of the
parameters involved in the UV/H,0, system are com-
piled in Tables 1 and 2.

As it can be observed from the tables, 22 differ-
ent chemical species (including radicals, radical ions,
inorganic ions and molecules) and 51 reactions (dif-
ferentiated in photolysis reactions - first-order react-
ions, equilibrium reactions - acid-base reactions, and
second-order reactions, corresponding to the ele-
mentary reactions and those ones related to the mat-
rix background) were considered.

In addition, correlation factors (dJg;) were inc-
luded in order to study the generation and consump-
tion of some chemical species as the pH in the bulk is
increased or reduced. In this sense, when Jz; =1, the
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Table 1. Elementary reactions and kinetic equations for species disappearance and formation in the UV/H>O; system

No. Reaction Parameters and rate constants  Ref. Kinetic equations
R H0,—55HO, +H k=37x10% 5" [17) 4] m0,]
- ., - K| MY
k,=26x10° M"'s™ dt
K,=116 d|HO;
P&, [d }Z/G[Hzoz]

‘ [(:;] =k [H202:|

R; HO; +H —%2 3H,0 d/HO:
2 2 22 [dfz]Z*kZ[HOE:II:HJr]

d[H]

> =k, [HO; |[H"]

L= lpoi]w]

Ry H,0, —*—2HO" €1,0,(254 nm) =1800M ' s [9] dHO,]_
. ~dr = ~%,0,7a1,0,%%,
€405 (254 nm) = 22800M ' 5 dfror]
M40, (254 nm) = 0.5 mol Ein~" =20,0,a1,0,9%,
202 - dt 2V2 a2 '3
¢Hog(254 nm) = 0.5 mol Ein~"' Lo, = ofino, {1-€XP[=2.3/(g,0, [H,0, ]+
PH>11.6= 5p =0, Jg, =1 61 [HO; |+ £5[C]+ 000 [DOCT
pPH<11.6 = g, =1 Jg, =0 P &0, [H,0, |
M2 b0, [H02 ]+ €0, | HO; |+ £c[C]+00c[POC]
R:  HOj; +H,0—52HO" + OH" a[HO; |
dt = "P0;"amo;ORs
d[HO" |
dt = 2¢JH02 la,Ho2 55’4
d[oH"|
d¢ = (pHO;/a,H0§§R4
o5 = lofio; 11— €xpl-2.3/(e1, 0, [H,0, ]+
+£,0, | HO; |+ [C]+ £00c [DOCT)}
. £0,|HOZ |
"% g0, [H0; ]+ €, [HO; |+ &0 [C]+ 00c [DOC]
Rs HO;, —% 505 +H* ky=1.58x10° ™' [18 d[HOQ]
Ky =1.0x10° M 5™ o= ka[HO:]
pK,=4.8 d[O"]
2 .
Sk [Hoz]
d[H*
Ldt ] = k;[HO; |
Rs 0y +H" —% 5 HO; d[O;:I
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Table 1. Continued

No. Reaction Parameters and rate constants Ref. Kinetic equations
R, H,0,+HO'—% 505 +H' +H,0 ks =2.7x10" M' 57! 19 d| H,0
7 Y2 2 73 5 X [19] |: 7 2] =k, [HZOQJI:HO°]5R7
pH>4.8= 6, =1 5, =0 d¢
PH<4.8= 3, =0, 5, =1 d[Ho']

= —k;[H;0,][HO" |4,

[ 3 = k5[H,0, ][HO" |5,
]

= ks[H,0,][HO" |6,

R H,0,+HO"—% 5HO; +H,0 d[:ztozj = —ks[H,0,][HO' ],
Lol oo,
d[ji);] = ks[H,0,][HO" |65,

R, HO"+HO; —% sHO, + OH- ks =7.5x10° M7 s~ [20] d[:?] - [Horro;]

d[:[%] =—kg [HO'][HOZ]
d[':?z] = ks [HO" |[HO; |
d[(:'j] = ks[HO* ][ HO; |
R - oM s .
Ru HO® +HO" —4 51,0, Kk =55x10° M [19] d[:? ] _,[Ho][HO']
d[*;z[oz [0 [HO"]
ek - oM s :
Ru  HO'+HO;—% H,0+0, ks =6.6x10° M's [21] d[:‘f3 ] ——ky[HO*|[HO} ]
d[:j);] —ks[HO" ][HO3 |
.ok . _ o\t ot .
Ry  HO'+0y —% 50, +OH Ky =7.0x10° M s [9] d[((j)tz ] sk [HoT[ox ]
el froros
Lo -apvor]or

Rs  HO;+HO;—tu5H,0,+0, ko =83x10° M s [1g] d[:?;] ko[O3 ][HO3]

d["(';toz = ko[ HO3 |[HO3 |
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Table 1. Continued

No. Reaction Parameters and rate constants Ref. Kinetic equations
Ry H,0, +HO, —#1 5HO" +H,0+0, ky=3M"s™ [22] d[H,0, ] o, [H202][Ho;]
dt
d| HO;
[dt 2] = _kﬂ [Hzozj[Hoé]
d|HO®
[dt J:kﬁ[HZOQJ[HO;]
ok o - _ -1 o1
Ris H,0,+0; —*2 5HO" +0, +OH ky,=013M"s [22] d[l—;ztoz] _ 12[H202][O;’]

T =k, [Hzozj[oa_]

HO*
T =k, [Hzozj[oéi]

d[oH
[dt :I = ki, [HZOZJI:O;:I
R, HO; + 05 —*3 3HO; + O ks =9.7x10" M s [18] dlHo:,
16 2 2 2 2 13 I:d[ 2:| :_ka:HO;:II:OZ’:I
dloy
2 oo
d[HO
ok frorfor
Ry C— 5DOC+? €cr P - d[C:I _ /
ar ~Pclac
d[poc] _ aehe
dt ,
L = lofe{1-expl-2.3/(g,,.0, [ H,0, ]+
+€,0, [ HO; |+ €2 [C+ €p0c [ DOCTY
R C+HO"—%45DOC+? k... =k - dfc .
18 + — + ©, HO' 14 %_ _ 14[C:||:HO ]
d[HO®
et
d[Dd(;JC] ~ku[c][Ho]
. ki - -
Rig C+HO; —#=5DOC+? Ko vos = Kis %  —ka[c][HO}]
d[Ho;
[dt ZJ ‘7/(‘5[0][”02]
L rulcifro]
o ki = -
R C+0; —%: 5pOC+? Kooy =kis @ - kg [c][o;* }
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Table 2. Effect of the matrix background in the UV/H,O, system

No. Reaction Parameters and rate constants Ref. Kinetic equations
R DOC+HO" —42 5H,CO; +H,0 Koo v = ki = 23] d[E;?C] - 4y [0OC[HO']
=2.0x108 M s™
d[Ho®
% =k, [DOC][HO‘]
R DOC—2—? Es00r Phoc - d[DoC]
dar = ~¢boc/a,poc
Japoc = lofpoc{1-€xp[-2.3/(&,,0, [H202:|+
600, [HO; |+ [ C]+ 0 [DOCTI}
_ £50c[DOC]
€0, [H:02 ]+, [Ho;] +£[C]+é&p0c [DOC]
Ry CO¥ +HO' —*2 5COY +OH- ke =39x10° M7 s [19] d[co3 | k002 JHO"]
dt
d[HO®
[dt ]:—km[CO?J[HO'J
d[OH
[d[ Lkm[co?;][HO']
d[co;
SO hafoos oo
- o K o _ 6 np1 -1 19 -
Rw  HCO; +HO® —%& 5COS™ +H,0 kg =85%x10° M''s 9] d[H::[Oa]  —t[HC0; O]
d[Ho®
[dt ] ko[ HCO; |[HO" |
d[co
[ dt3 ] = ko[ HCO; | [HO" |
Ros H,0, +CO} —fa 3HCO; +HO; kyy =4.3x10° M™' 57" [24] d[":jztoz -k, [Hzozj[coéi]
d[coy
% =~k [HZOZJ[CO;’J
d[HCO;
[ gy d = ko [H,0,][CO5 |
d[Ho;
[dt :] = Ky [H;0,][COY |
R HO;+COy —5C0% +HO; ky=3.0x10" M's [24] d[HO; | ke [H05[c0r ]
dr
d[co;
[ dta ] =—ky[HO; |[CO5 ]
d[co?
[ dta ] = kyy[HO; |[CO5 ]
d[HO;
[d[ :] = ky[HO; ][ cOy ]
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Table 2. Continued

No. Reaction Parameters and rate constants Ref. Kinetic equations
R, Oy +COj 2 5CO% +0, Ky =6.5x10° M s [25] d[;)t;’] - [0y [c0r ]
100+ tafor Toos ]
1 kaforeos]
Rs  HSO,+HO —%25S07 +H,0 £, =35x10° M's'  [26] d[HdStO;] k50, ][O
e
d[ic::] = ky[HSO; |[HO" ]
Res SOy +H,0,—#5S0% +H'+HO,  k,, =1.2x10" M"'s  [26] d[sd‘;’ﬂ — ko [50; 0, ]
d[:fz = —kyy [ SO} |[H,0:]
d[sdotﬂ =k, [SO:{][HZOZJ
d[d'-:] = k3 [ SO |[H,0,]
d[f;] = ky[ SO |[H,0, ]
Ry SOy +HO;—2 803 +H +0,  k, =35x10° M s [26] d[sd‘ifa ] =k, [ 50y ][HO; |
d[fz] = —kys[ SOy |[HO; |
d[sd?i ] = kys| SO |[HO; |
d :[] = kys [ SO7|[HO; |
A CI +HO" —f28 ,HCIO™ ks =4.3x10° M s [26] d[:tl ] =—kz[Cr [HO']
d[:[O ] =—ky[CI |[HO"|
d[Hjlo 1 ks [ CF |[HO" ]
R HCIO™ +H' — >H,CIO" ky =3.0x10° M's [26] d[Hcio™ |

e k7 [HCIO™ |[H']

L‘TJ = —ky[HCIO™ |[H']

d[H,c10" ]
dt

= kyy [ HCIO™ |[H']
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Table 2. Continued

No. Reaction

Parameters and rate constants Ref.

Kinetic equations

R H,CIO" —&205H,0+CT" Ky =5.0x10% 57 [26] d[”i'o'} = ks [H,CIO" |
d[:t' ] = kyp [HCIO" ]
Ry cr+Cr —fa el kyy=85x10° M7 s [26] d[:t"] ——g[cr ][]
d[:tl ] =—ky[Cr][Cr]
d[?: ] =kl Cr][cr]
Rs  Cly +HO"—%a sHCIO" +CI ki =1.0x10° M s [27) d[jlz] ka0t T[HO"]
d[:to.} =—ky|Cly |[HO" ]
0 e o
d[j] = kg Cly |[HO" |
Rw  Cly +H,0,—3HO; +2CI +H" 4, =4.1x10* M s [26] d[:tb] — kot [H0,]
d['j;?? =k, [C|;][H202]
d[':?;] = kyy [ Cly |[H,0, ]
d[;l] = 2kyy[ Ol |[H,0,]
d[:r] = Ky [Cly |[H,0, ]
Ry CF +H,0,—2 sHO; +CI +H" ki =1.1x10° M7 57 [26] d[dctr] = k[ CI" |[H,0, ]
d['j;tozl = k[ CF |[H;0,]
d[:([)z] = ke[ CF' |[H,0, ]
d[dC:] = ke[ CI'|[H,0, ]
d[(:ﬂ =k, [Cr][Hzozj
Rs  Cly+HO;—4250,+2Cr +H 4. =3.0x10°M's'  [26] d[jl:] [ty |03 ]
d[:?ﬂ = k[ Ol |[HO3 ]

cr]
dt

[=%
—

= 2ky,[ Cly” |[HO; |
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Table 2. Continued

No. Reaction

Parameters and rate constants Ref.

Kinetic equations

R Cly +HO, —% 50, +2CI +H*

Rso Cly +0y —*4 50, +2CI-
Rio C+COy —*5DOC+?
R C+S0; —%5DOC+?
R C+H,ClIO* —%25DOC+?
Rz C+HCIO* —f2 DOC+?
R C+CI'—%25pOC+?
Ris C+Cly —*2 5DOC+?

kyy =3.0x10° M 57!

ky =2.0x10° M7 571

[26]

[26]

d[(:} = Ky [CI;’][HO;]
[c

2o kor]or]
[

Q

[E—

Q.

2

2o o ]

o
e

[I—

o

L] oo or]
L tafeifoor]
90 - afelfcor]
U220l kufegfeos |
L kafelfsor ]
0] safe)lsor ]
d[zct’cj ~ ks [C][507 ]
A e
@ w[C][H.ci]
00 o e[ mer0r]
Lt feTreo]
1907 safeTHo0]
P aufeifreo]

d[c

~gr = e [c]ler]

) [cjlen ]
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Table 2. Continued

No. Reaction Parameters and rate constants Ref. Kinetic equations
R 00, OO, +H ky=10x10°s" (28] d[H,CO; ] .
ky =45x10° M s T =Ky [HZCOJ
K,=6.3 d|HCO;
pK, % =k, [HZCO'B]
L]t freor]
R. HCO; +H" —f25H,CO; .
47 3 PAA) % =k, [HCO;][W]
d|H*
D oo
d|H,CO;
O]t freor
Rug HCO; —kﬁ—>CO§' +H* kyy =1 0x107 s (28] d[Hcog}
k44 =45x10"M's?! T——k43 [Hcos]
= d[coz
pK, =103 [dtz ]:k43[HC03]
dlH*
[dt ] = k[ HCO; |
" 003 e, d[co?
49 3 3 [ d[B } __kAA[CO?]I:H+]
d|H"
o) tafoor o
d|HCO;
O] pfoor T
Ra  HSO, oSOy +H' ki =10x10° 8" [26] d[Hs0; ] )
ki =4.5x10" M s —q = ks [HsO;]
= d| so*
pK,=1.9 % — kis[HSO; ]
d{H*
L ifusor
" R d[soz-
51 4 4 % =k [soi—J[Hq
d|H*
) tafsor ]
dHso; |

g =ke[SOY [H']

species considered in the particular reaction R, were
considered; while such as species were obviated if
5R, =0. A more detailed explanation about how the
pH changes in the solution were addressed has been
reported in Rubio-Clemente et a/. [29]. Moreover, the
ODE set of the chemical species involved in the sys-
tem can also be consulted in Rubio-Clemente ef al.
[29].
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Considering the reactions, constants and para-
meters summarized in Tables 1 and 2, the degrad-
ation of the pollutant can be estimated as indicated in
Eq. (1):

_% = gcl, o + ki [HO" |[CT+ ks [HO3 J[C] +
40 (M
+kis| 05 |[C]+ Dk [CI[AR/]

/=35
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where:

@chnc K1a[HO" ][C], k5[ HO3 |[C],

40
ki[O3 |[C] and )k, [CI[AR,]

i=35
correspondingly refer to the specific contributions of
UV radiation, and the oxidation of HO®, HO,", O," and
the formed anions radicals (AR) (CO3™, SO,", H,CIO®,
HCIO®, CI° and Cl,") to the overall pollutant deg-
radation.

For examining the role of the terms mentioned
above, four parameters (d, £, g and h) were included
in Eqg. (1), resulting in Eq. (2):

_dc
dt

+his| 05 |[Clg+ jzo:k, [CI[AR,]n

Consequently, for evaluating the pollutant rem-
oval by the exclusive action of UV radiation, d = 7=
= g= h=0 (ie, the initial level of oxidant radical spe-
cies is equal to zero). In turn, HO® action was con-
sidered when d= 1 and f= g= /= 0. For studying the
contribution of HO,®, O,” and other anion radicals
included in Table 2, £ g and A were equaled to 1,
respectively.

Since the mathematical model considers the
contribution of different anions, such as CO,%, HCO;,
S0,% and CI', in the pollutant conversion, it might be
used for the treatment of water with salt content. This
enables the applicability of the developed kinetic
model to be expanded depending on the character-
istics of the water of interest to be treated.

= @clac+ ki [HO™ |[Cd + ks [HO3 |[C] 7 +
@)

Numerical analysis

In order to obtain the numerical solution of the
proposed kinetic model for the degradation of organic
pollutants using the UV/H,0, system, MATLAB soft-
ware and ODE15S function were used. Additionally,
the differential rate equations representing the con-
centration evolution of the pollutant throughout the
reaction time were plotted.

RESULTS AND DISCUSSION

Taking into account the reactions compiled in
Table 1 and 2, as well as the parameters and the rate
constants involved in each chemical and photochem-
ical reaction, a kinetic model was developed. The kin-
etic model was validated using the experimental
values from Alnaizy and Akgerman [16], where phe-
nol was used as the probe compound and the UV/
/H,O, process was carried out in a completely mixed

batch cylindrical photoreactor made on Pyrex glass.
The considered UV-light intensity (4) and illuminated
path length () were 1.516x10° Ein L™ s (radiation of
254 nm > 90% and power = 15 W) and 63.5 mm, res-
pectively [16]. The adopted quantum yield and molar
extinction coefficient of phenol (@gbhnenor @and &nenol )
were 0.07 mol Ein™ [30] and 51600 M m™ [16], res-
pectively. In turn, the assumed values of the kinetic
rate constants of phenol with HO® (k44), O,™ (k46) and
CO;" (kss) were respectively 6.6x10° 5.8x10° and
2.2x10" M ™ [31-33]. Additionally, a phenol working
solution of 2.23x10° M prepared in deionized water
was selected and the effect of different H,O,/phenol
ratios (495, 228 and 125), obtained by varying the ini-
tial level of H,O, and keeping the concentration of
phenol constant [16], were studied.

Model hypotheses

Since the reaction water used in the UV/H,0,
experiments was deionized water [16], the con-
tribution of SO,”, H,CIO*, HCIO®, CI' and Cl,” were
not included in the study of phenol conversion. There-
fore, among the anions considered in the model, only
HCO; and CO,* were studied. In this sense, to
examine the contribution of CO5™ (due to the reaction
between HO® and HCO; or CO32'), along with the
photolysis and the oxidation of the pollutant through
HO®, d= A= 1and f= g = 0. On the other hand, to
analyze the role of HO," in the pollutant degradation,
as well as HO® and CO5™, d=f=h=1and g=0. In
turn, when d= f= g= A= 1, and no inorganic anions
different from HCO3 and CO3? are present in the stu-
died water, in addition to the species mentioned
above, the kinetic model considers the action of O,".

On the other hand, and taking into account the
high oxidation potential and kinetic reaction rate
constant, HO® is generally the radical developing the
main action in pollutant conversion [6,14,17,23,34-
-37]. Therefore, a special attention to the evolution of
its concentration with time must be paid. In this vein,
the evolution of HO® level during the reaction time can
be expressed as indicated in Eq. (3):

d[Ho"]
—k5d[tH202][HO'J O7 — ks [H;0, ][HO" | 05—

kg |HO" ][HO; |- &, [HO" |[HO" |- @3)
kg | HO" |[HO3 |- &, [HO" ][ 05 |+
+ki1[H,0, ][ HO; |+ k1, [H,0, ][ 05 |-

ki, [C][HO" |- &,;[DOC][HO" |-

=201,0,/01,0,973 * 2040 /o, Fra ~
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—ki5[ COF™ |[HO" |- s [HCO; |[HO" |-
Ky HSO;, |[HO" |- e[ CI |[HO" |-
ko[ Cly |[HO"]
Nevertheless, since HO® is a highly reactive spe-
cies, it can be assumed that HO® level change during

time is negligible. Therefore, HO® concentration can
be expressed as Eq. (4):

[HO" |= 2010, 10,85 + 2040/, o O +
i [H,0; [HO; [ ki [H0, [0 ]

(ks [H;05 187 + ks [H30, ] 8ag + ks [HO; | +
+ho | HO; |+ k5[ OF | +#k\ [C]+ &, [DOCT +
+hig[ CO5 |+ ki [HCO; |+ ky[HSO, |+
+hg [CI’} + kg [Cg })

Considering that the oxidant is in a high level,
due to the high H,O./phenol ratios studied (ie,
ks[H20, |8gy + ks [H0, | 8rg >> D k;[ X, |, where:

D k[ X,]=ks[HO; |+ k[ HO; |+ k5[0 | +
+ky4 [C]+ k7 [DOC]+kig [ COZ™ |+ kyo[HCO; |+
+ ko | HSO, |+ ko [CI |+ k5o Iy |

and

21,0, 01410, 073 + 2y, i, Ore >>

>> 3k [H,02 ][ HO; |+ k1 [H,0, ][ 05 )

Eq. (4) can be simplified to Eq. (5). 4, and [ X, ] are

the rate constants between HO® and species / and

the concentration of species /, respectively:
204,0,a1,0,%r3 + 2¢Ho; /a,H0; Or4

[HO‘:| - ks I:Hzozj Opy +Ks [Hzoz ] Org ©)

Additionally, the initial concentration of DOC dif-
ferent from the DOC provided by phenol was assumed
to be equal to 0.

In agreement with several authors [9,14,37], the
decrease in DOC by means of direct photolysis (A
from Table 2) was obviated.

As the process proceeds, DOC from the photo-
oxidation of phenol and the intermediates can impair
phenol transformation since it can absorb UV-light
and react with reactive oxygen species (ROS), such
as HO".

With regard to the amount of light quenched by
DOC, it was assumed a DOC molar extinction coef-
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ficient (&oceso nm) Of 35967 M m™ [38] since this
parameter was not considered in Alnaizy and Akger-
man study [16].

Finally, the pH variation during the reaction time
was included in the proposed kinetic model; as
according to Alnaizy and Akgerman [16] the pH dec-
reases as the oxidation process proceeds. In this
vein, those kinetic reactions significantly dependent
on the pH of the bulk, such as R, R,, R; and R, were
promoted and discriminated as explained in Rubio-
Clemente et al. [29].

Degradation of phenol by direct photolysis and
UV/H,0,

Considering the previously mentioned hypo-
theses and in order to study the effect of UV light in
phenol conversion, parameters d, £, g and A from Eq.
(2) were equaled to 0. Thus, Eq. (2) is reduced to Eq.
(6):

S et ©®)

Additionally, for examining the effect of HO® and
COs", dand A were equaled to 1, and fand g, to 0.
Therefore, Eq. (2) is simplified as Eq. (7):

40
—‘:TC = @chc+ku[HO|[Cl+ X K [CI[AR] ()
t /=35

In Figure 1, the experimental data and those
ones calculated by the proposed kinetic model con-
cerning the transformation of phenol by direct photo-
lysis and the contribution of HO® and CO;" for
2.23x10° M phenol and a H,0,/phenol ratio of 495 for
a reaction time of 220 min are illustrated.

From the figure, it can be observed that model
predictions are in a good agreement with experimen-
tal data both related to phenol direct photolysis alone
and indirect oxidation with a correlation factor of
98.25 and 99.34%, respectively.

Additionally, it can be found that phenol initial
level was reduced about 40% after 220 min of treat-
ment considering the exclusive effect of UV radiation.
This can be explained by the photolytic activity of
phenol under the irradiation wavelength used in the
studied AOP. However, higher removal of phenol is
obtained when H,0, is added to the system, resulting
in more than 90% of removal, primarily due to the
action of HO®. Between HO® and CO;", the main role
in removing phenol was developed by HO®, due to the
rate constant between phenol and CO;™ is compar-
atively lower than the rate constant between phenol
and HO"; and because the CO;™ level was found to
be in a concentration in the range of 107'° M. This fact
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Figure 1. Phenol degradation predicted data (lines) versus experimental data (symbols). Operating conditions:
[phenol]y = 2.23x10° A H>Ozphenol = 495, t = 220 min.

was determinant in obviating the action of CO;™ in
transforming phenol for the studied working con-
ditions.

On the other hand, the effect of HO," and O,™
was investigated. It was observed that both species
were in the system in the range of 107 M; a very
larger concentration in comparison with HO® (~10™"
M). Nevertheless, as the pH of the reaction medium
decreases, the amount of O,” is reduced. Addition-
ally, the reaction rate constant between phenol and
this radical is 5.8x10° M s [32]. Therefore, the con-
tribution of O, in phenol degradation can be neg-
lected.

With regard to the action of HO,® in converting
phenol, phenol-HO,* kinetic reaction rate constant
must be known. For this purpose, the kinetic reaction
rate constant calculated in Rubio-Clemente ef a/. [29]
was used, which was equal to 1.6x10° M" s™, con-
sistent with literature data ((2.7+1.2)x10° M s™") [39].
Including this value in the ODE set of the proposed
kinetic model, the degree of agreement between the
experimental and the proposed data was calculated
to be 99.57%. In this vein, it was found that the cor-
relation factor of the model slightly increases in
0.23%. Therefore, although the amount of HO," is far
greater than the amount of HO®, in this case its action
in the UV/H,0, system for transforming phenol can be
obviated; probably due to the low reactivity of this
radical with the pollutant. Therefore, the main role in
phenol conversion for the considered experimental
conditions was developed by HO".

During phenol oxidation, different reaction inter-
mediates are formed; among them 1,2-benzenediol,

1,3-benzenediol and 1,4-benzenediol, corresponding
to catechol, resorcinol and hydroquinone, respect-
ively, were reported [16]. Additionally, p-benzoqui-
none was found among phenol degradation by-pro-
ducts [16]. Once these intermediates are generated,
the oxidation action of the oxidant species is con-
tinued, especially that of HO®, as explained above. Con-
sequently, organic acids, like maleic, formic and oxa-
lic acid, among others, are yielded, resulting in a dec-
rease of the pH in the bulk, as indicated previously.

Influence of initial concentration of H,O,

Keeping constant the initial level of phenol
(2.23><10’3 M), the effect of H,O, initial concentration,
considering H,O,/phenol mass ratios of 125, 228 and
495, is represented in Figure 2, where the expe-
rimental data and the predictions from the proposed
kinetic model are compared. It can be observed that
the optimal H,O,/phenol ratio causing a transform-
ation of phenol higher than 95% after 40 min of treat-
ment is 125, which corresponds to Alnaizy and Akger-
man findings [16]. A further increase of H,O/phenol
ratio from 125 to 228 results in a reduction of phenol
degradation, which is magnified when H,O,/phenol
ratio is equal to 495.

It is important to note that in the UV/H,0, sys-
tem, when H,0O, is irradiated with a wavelength of 254
nm, HO® is produced according to A3 from Table 1,
which exhibits a high oxidation potential [12] and
attacks the pollutant, leading to a higher phenol rem-
oval in a shorter reaction time. Therefore, it could be
thought than an increase in H,O, level would lead to a
rise in phenol conversion. However, two opposing
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Figure 2. Phenol degradation predicted data (lines)
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versus experimental data (symbols). Operating conditions:

[phenoll, = 2.23x10° M; H,Oxphenol = 495 (=), 228 (- « -), 125 (~+); t = 220 min.

effects occur. A rise in the initial level of H,O, results
in a higher production of HO®, which is available to
attack the organic pollutant. Nevertheless, when H,0,
is in excess, it acts scavenging HO®, as indicated in
reaction A; from Table 1. Furthermore, even though a
high H,O, concentration can generate a great number
of HO,', they have a lower oxidation potential in com-
parison with HO®. Moreover, HO," can react with HO*
(Ry1 from Table 1). In addition, when HO" is in excess,
it can suffer recombination (R, from Table 1), red-
ucing the number of HO" available in the bulk. Hence,
the overall efficiency of the applied AOP in removing
phenol, and eventually leading to its mineralization is
decreased.

The detrimental effect of an excess of H,0, is
supported by Figure 3, representing the time-evol-
ution profiles of the HO® level for the H,O,/phenol
ratios studied. From the figure, it can be observed that
the ratio providing the lowest and the highest concen-
tration of HO® throughout the reaction time is 495 and
125, respectively. These results are coincident with
those findings illustrated in Figure 2, where the H,O,/
/phenol ratio providing the lowest and the highest
phenol conversion extent was, correspondingly, 495
and 125.

Consequently, and in order to save in operating
costs, H,O, optimal level achieving an efficient pol-
lutant removal must be found. Nonetheless, this can

1 L
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04 : -
......... Predicted data, H202 /phenol=125
— . —.-Predicted data, H202 /phenol=225
o2k Predicted data, H,0,, /phenol=435
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Tirne {min)

Figure 3. Estimated HO" time-profile. Operating conditions: [phenoljy = 2.23x10° M;:
H-Oxphenol =495 (=), 228 (- « -), 125 () t = 220 min.
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be an arduous and expensive task. In this sense, the
proposed kinetic model allows calculating the optimal
concentration of the oxidizing agent to be used when
implementing the UV/H,O, system for an efficient
phenol removal without incurring high costs related to
the use of an unnecessary amount of oxidant.

CONCLUSION

A kinetic model for pollutant degradation by the
UV/H,0, process was developed. The model predict-
ions were checked with experimental results from
Alnaizy and Akgerman work [16] for phenol direct
photolysis alone and in combination with indirect oxid-
ation at different H,O./phenol ratios. It was found that
the proposed kinetic model fits well with the experi-
mental data, which is a probe of the accuracy of the
model.

Additionally, the model provides an understand-
ing of the impact of the initial level of H,O, being able
to optimize this parameter. In fact, it was observed
that the optimal H,O, concentration enabling a rem-
oval of the pollutant higher than 95% after 40 min of
treatment corresponded to a H,O,/phenol ratio of 125.
The action of HO,' in transforming phenol was also
studied due to the high concentration of these species
formed during the process compared to HO® (~107 M
>>~10"* M). It was found that, although the degree of
agreement of the correlation factor was increased
from 99.34 to 99.57%, the radical developing the
main action in phenol abatement under the operating
conditions was HO".

The developed kinetic model could be of rel-
evance in the optimization of the operating conditions
when implementing the UV/H,O, process, allowing
saving in costs and time.

Nomenclature

AOP advanced oxidation process

AR anion radicals

C target compound

E oxidation potential (V)

£y molar extinction coefficient of a species X
(M'm")

DOC dissolved organic carbon

DOM dissolved organic matter

Og correction factor

f, fraction of the UV radiation absorbed by a
species

Lax intensity of the UV radiation absorbed by a
species (Ein L™ s™)

A incident UV radiation intensity (Ein L™ s™)

k second order (M" s™) or first order (s™)

reaction rate constant

/ optical path length of the photoreactor (mm)

ODE ordinary differential equations

o, quantum vyield of the photolysis of a
species (mol Ein™")

R, (photo)chemical reaction

ROS reactive oxygen species

t irradiation time (min)

uv ultraviolet

[X concentration of a species X
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KINETICKI MODEL UV/H,0, FOTODEGRADACIJE
FENOLA IZ VODE

Razvijen je i proveren kineticki model za konverziju fenola u UV/H,O, sistemu. Mode/
ukljucufe razgradnju zagadujucih materija direktnom fotolizom i oksidacjjom sa HO',

HO," i O, hvatanje HO" pomocu, CO5>, HCO5, SO i CI, kao i promenu pH za vreme
procesa. Takode, razmotreno je stetno delovanje organskih materijja i intermedijera
reakcife u UV zastiti i smanjenju HO" fluorescencife. Uoceno je da model moZe precizno
predvideti smanjenje fenola koriscenjem razlicitih masenih odnosa H>Ox/fenol (495, 228
[ 125). Model definise optimalni odnos H.OJ/fenola od 125 sa uklanjanjem fenola vise od
95% nakon 40 min tretmana, ukoliko HO' je glavna oksidaciona vrsta. Razvijeni mode/
moZe biti relevantan za izracunavanje optimalnog nivoa H.O, za efikasnu degradaciju
zagadivaca od interesa, ¢ime se znatno Stedi na vremenu i troskovima.

Kljucne reci:. nivo H>O:, kineticki model, zagadenje fenolom, UV/H,05.
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5. CONCLUDING REMARKS

PAHs are often distinguished by the number of fused benzene rings they
possess (Wick et al., 2011). In general, PAHs may be divided into two groups,
depending upon their physical and chemical properties: a) low-molecular-weight
PAHs, containing three or fewer aromatic rings, and b) high-molecular-weight
PAHs, containing more than three aromatic rings. Sources related to energy
production are the most important ones releasing PAHs into the environment.
PAHs can be classified as either pyrogenic (mainly formed from the incomplete
combustion of organic materials, such as coal, oil, wood or fossil fuels) or
petrogenic inputs (Vela et al., 2012). In areas under the influence of urban and
industrial activities, the major contributors to anthropogenic emissions are
vehicular sources, mainly due to the combustion of petrol and diesel, and
emissions related to industrial processes. In addition, PAHs are widely
distributed in the environment, as reported by Sharma et al. (2018) and Vela et al.
(2012).

If these pollutants were harmless compounds, there would be nothing to be
worried about; however, PAHs have the potential to cause adverse environmental
effects. In fact, they have been reported to exhibit carcinogenic, mutagenic and
teratogenic potential (like BaP) and have an acute phototoxicity (such as AN),
generating derivative compounds more dangerous than the original toxic
compound (Zeng et al., 2018). Additionally, they can cause the deterioration of
the immune system and are suspected to be endocrine disruptors (Vela et al.,
2012). It is worth noting that these detrimental effects are synergistically increased

when PAHs exist as mixtures.

Because of the detrimental effects linked to the presence of PAHs, especially
AN and BaP, they take part of the list of priority substances to be monitored and
controlled. However, due to the hydrophobicity of PAHs, the compounds of
interest are found in water at trace and ultra-trace levels, in the order of ng L' or
ug L7, as it has been found in several recent research works around the world,
highlighting the works conducted by Sharma et al. (2018), Zeng et al. (2018), and



204 RUBIO-CLEMENTE A.

Santos et al. (2018), among others. This fact limits the identification and
quantification of the target substances by the traditional analytical methods and
procedures, especially when present in real aqueous samples, due to the
background constituents that could mask the presence of the analytes to be
analyzed. Therefore, new analytical methods for determining the behavior of a
mixture of AN and BaP contained in real surface water at trace and/or ultra-trace

concentration are required.

Along with the need to analyze very low levels of the target pollutants, a
reduced analysis time, and costs, and a high compound resolution are demanded.
In this regard, chromatographic techniques, such as HPLC, are required due to
the benefits linked to their use for analyzing compounds in environmental

matrices at extremely low concentrations.

For a sensitive identification and quantification of the compound of interest
in a short period of time and with the lowest analysis costs, the optimization of
the operating chromatographic conditions influencing the system is needed.
Under this scenario, the flow rate, mobile phase strength, column temperature,

injection volume, and the excitation and emission wavelengths were selected.

With regard to the column stationary phase, a Kinetex core shell technology
C18 column (150 mm x 4.6 mm i.d., 5 um of particle size) from Phenomenex was

chosen due to the high PAH separation efficiencies reported (Trably et al. 2004).

Concerning the type of mobile phase, a binary system composed of an
organic solvent and deionized water was chosen. For the selection of the organic
solvent, acetonitrile was considered to be the most appropriated in comparison
with methanol since acetonitrile gives better peak shapes and shorter analysis
times, as also found Zhou et al., (2009), and it is less viscous; therefore, the
increase of the pressure of the column is avoided. No additional modifier was
selected for the mobile phase since reproducibility is enhanced when simple
mobile phases are used (Ji et al. 2005). Regarding the mobile phase strength, a
range from 70 to 90% of acetonitrile content was studied. It is important to
mention that as the acetonitrile content is increased, the retention time is reduced.
This phenomenon occurs due to the analyte of interest elutes more rapidly. Since
BaP is highly hydrophobic and the last eluting compound in the considered
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chromatographic system, high levels of acetonitrile must be used in the mobile
phase. Finally, due to only two compounds were required to be resolved, isocratic
conditions were chosen. Additionally, it is highlighted that the baseline

deformation is reduced when operating under isocratic conditions.

Regarding the column temperature, it influences the retention time and the
system pressure, as well as the stability and selectivity of the column (Ji et al.
2005). As the temperature is raised, reductions in the retention times and system
pressures are evidenced. However, analysis costs are augmented when operating
under high column temperatures. Therefore, the selected range for this parameter
was from 25 to 35 °C. The flow rate is another factor affecting the
chromatographic system. A range comprised between 1 and 1.5 mL min'! was
selected; not so high flow rates since high column pressures and low retention
times would be obtained. Finally, the injection volume of the sample is of great
interest, especially when analyzing compounds at extremely low concentrations.

Hence, the injection volume range was selected from 50 to 100 uL.

Furthermore, taking profit on the characteristics of the analytes of interest
and the advantages ascribed to the use of the fluorescence property of the
compounds (Marcé & Borrull 2000), a FLD was selected. The excitation and
emission wavelength ranges were obtained from the literature, experimental tests
and our own knowledge, and resulted to be from 230 to 280 nm and from 408 to

424 nm, respectively.

In turn, the evaluated responses factors were the resolution between the
compounds of interest and the areas and heights of AN and BaP for identification
and quantification purposes, respectively. The retention time of BaP was also
selected as response to be assessed in order to save organic solvent and valuable

analytical time.

Considering the relationships between the selected responses, they were
grouped into three indexes, explaining the chromatographic behavior of AN and
BaP under the tested operating conditions. The referred indexes describe the
elution of AN and BaP, the peak shape of AN and that of BaP, respectively. The

first index represents the identification of the compounds of interest, where the
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strength and the flow rate of the mobile phase used developed a main role.
Concerning the second index, in turn, it refers to the quantification of AN, and the
excitation wavelength was observed to be crucial. Finally, the third index,
represents the quantification of BaP and, as expected, was also influenced by the
excitation wavelength; however, the injection volume and the flow rate of the

mobile phase were also observed to exert a main function.

For this purpose, principal component analysis (PCA) was used. PCA is a
chemometric tool aiming at building a number of lineal combinations of the
response factors considered containing the major variability (Machala et al., 2001;
Golobocanin et al. 2004).

Once the indexes were found, the operating factors describing them were
optimized using design of experiments (DOE). The particular DOE used was a
fractional factorial design with 5 central points.

Statistical data were analyzed and treated using Statgraphics Centurion

XVII and a confidence interval of 95%, respectively.

Finally, the optimal operating conditions found were 1 mL min, 90%, 35
°C, 100 puL, and 416 nm for the flow rate, acetonitrile content of the mobile phase,
column temperature, injection volume and the emission wavelength, respectively.

The optimal excitation wavelengths were 254 nm and 267 nm for AN and BaP.

Additionally, the developed analytical method was validated. A sensitive
analytical method was obtained with limits of detection of 5.54 and 4.26 ng L for
AN and BaP, respectively. Low limits of quantification were also achieved for AN
(75 ng L") and BaP (30 ng L*). Intra- and inter-day precisions lower than 2 and
11%, respectively, were found. Accuracy was also verified and relative standard
deviations (RSD) lower than 10% were evidenced. Furthermore, satisfactory

recoveries (RSD < 13%) were found in different matrices of real natural water.

Therefore, the developed and validated method showed to be suitable for
the identification and quantification of a mixture of the target analytes at ultra-
trace levels in relatively clean real natural water by direct injection of the sample

in only 5 min of analysis time.
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On the other hand, it is noteworthy that PAHs are organic pollutants
resistant to degradation (Vela et al, 2012); ie. they can remain in the
environment for a long period of time without being altered from physical,
chemical nor biological processes. Therefore, PAHs are persistent compounds. In
addition, conventional processes water treatment facilities are operating with
seems to be not designed for tackling the problem of the presence of these
contaminants in water, since conventional physico-chemical and biological
methods have been found wunsuccessful at the degradation of PAHs.
Consequently, the development and implementation of more efficient alternative
treatments were needed and, among them, advanced oxidations processes (AOPs)

are considered as interesting options.

From the state-of-the-art research, several AOPs were found to be effective
for PAH degradation, especially UV-C-based oxidation system, such as the UV-
C/H20: process. In this regard, this photochemical AOP was selected to be
studied as a good alternative to traditional processes for destroying AN and BaP,
generating harmless by-products, mineralizing the organic matter naturally

contained in water and inactivating the wild microbial load of water.

The selected photochemical AOP was conducted in a borosilicate glass 3.3
cylindrical jacketed reactor, previously designed and manufactured. The
photoreactor dimensions are 11 cm internal diameter x 35 cm length and 0.3 cm
wall thickness, and has an effective operating volume of 2 L. It has a lid
manufactured of stainless steel 304 type containing four circumferentially
uniformly spaced tubes made of quartz, whose dimensions are 1" diameter and
33 cm length. Inside the tubes, the ultraviolet lamps that can be interchangeable
depending on the irradiation type needed for the AOP to be performed, are
placed. Such as lamps are connected to an external control system allowing
turning on and off each of the lamps independently. As radiation sources, low
pressure Hg-vapor germicidal lamps with a main wavelength emission at 254 nm,
especially used for the UV-C/H:0. was used. The lamps used were 15 mm (T5)
diameter, 29 cm length and 8 W power. The system, including the quartz tubes,

was adjusted for these dimensions.
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The photoreactor enables the solution within the reaction chamber to be
maintained at a specific and constant temperature due to it is equipped with a
refrigeration system consisting of a cooling jacket also made of borosilicate glass
3.3, a pump, a radiator and a fan. A control system allows operating the cooling
circuit automatically. The temperature within the bulk is measured by a type-K
thermocouple. When the temperature is above a user-defined value, the
recirculation system of the cooling fluid is activated, maintaining the temperature
of the reaction medium at a constant value. Additionally, the solution within the
reactor is magnetically stirred using a magnetic stirrer bar to ensure
homogenization. Finally, the photoreactor can operate in continuous, semi-batch
and batch modes; however, during the current experimentation, batch operating

mode was selected.

The natural water used was surface water sampled from a Colombian
reservoir called “El Pefiol” dam, located in Guatapé, Antioquia (N 6217’ 41.1583”
O 75° 9" 31.0821”). The water was characterized by its relatively low natural
organic matter content (2.03 mg C L, in terms of total organic carbon (TOC)) and
inorganic anions. In addition, the turbidity, pH, temperature and conductivity
were 1.09 NTU, 7.35, 23.58 °C and 0.39 mS cm!, respectively. The bacterial load
concentration, in terms of total coliforms, was 103-10* CFU 100 mL-1. Due to in the
water of study AN and BaP were absent, they were spiked at ultra-trace
concentrations. All the parameters were analyzed in triplicate using standardized
analytical methods and protocols (WEF & AWWA, 2012).

During the implementation of the UV-C/H:0: process, several factors
influencing the system were studied, mainly the irradiance and the level of H20,
due to they have been proved to exert a main role in the performance of the
selected system (Rubio-Clemente et al., 2014). It was evidenced that the integrated
system was able to achieve an efficient removal of the pollutants of interest
(higher than 99% using only 1 UV-C low pressure lamp in an irradiation period of
15 min), being the HO"® the chemical species developing the main action. The
mineralization of the organic matter naturally present in the water of study was
also efficiently obtained (~ 45% under the action of 3 UV-C lamps of 8 W each
combined with 10 mg L' H:O: after 90 min of treatment). Additionally, the

production of compounds more dangerous than the original toxics was not found.
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For the analysis of AN and BaP evolution profiles the analytical method
developed was used. In turn, TOC determination was carried out using the 5310 B
high-temperature combustion method (WEF & AWWA, 2012). The reaction
intermediates were identified and relatively quantified using a GC-MS analytical
method coupled to a micro liquid-liquid extraction phase, derived from Pena et
al. (2009), whose further details can be found in Rubio-Clemente et al. (2018c).

The UV-C/H:0: system allowed for very positive results in terms of the
degradation of the pollutants of interest and organic matter mineralization,
avoiding the production of harmful degradation by-products. Furthermore,
throughout this process, a residual H20: level equivalent to a rate [H202]/H20z]o
higher than 0.6 was observed in water after the treatment application. This
residual H20: could guarantee microbial inactivation before its decomposition.
For the determination of the residual H:0:, a spectrophotometric analytical
method was developed using once again multivariate statistical tools, particularly
a 2 full factorial DOE. The analytical method was based on the colored complexes
formed between ammonium monovanadate (NHsVOs) and H20: in acidic media,
as reported previously by Pupo et al. (2005). The factors affecting the analytical
system and the ranges evaluated were the final concentration of the NH4VOs
(6x108-1.2x102 M), the quartz cell path length (1-5 cm) and the absorption
wavelength (450-454 nm).

Under optimal operating conditions, the analytical method developed
allows quantifying levels of H:0O: in real aqueous matrices up to 0.1 mg L.
Additionally, the interfering substances commonly found in water matrices, such
as Fe*, Fe?, Cl, NOs, POs*, NH+*, Mg?, Na*, Mn*, F, K*, COs> and Ca*, were
evaluated. Finally, the method was validated, obtaining a selective and sensitive
method.

The UV-C/H:20: oxidation system was also assessed in order to overcome
the problem of microbial pollution in natural water, and results were compared
with the UV-C/US and UV-C/US/H:0: oxidation processes, whose main
parameters, including the irradiance, frequency, input power and H20O: content,
were previously optimized. For the US experimental study, a sonoreactor was

used. The sonochemical reactor consisted of a power electronic system able to
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transform the electrical oscillation into ultrasonic vibrations, generating ultrasonic
waves; a sonoreactor with 1 L of effective operating volume; and a set of four
interchangeable piezoelectric transducers to be used when sonochemistry-based
experiments were required to be generated into a specific operating frequency,
including 50, 80, 120, and 135 kHz. The input power of the sonoreactor is
adjustable between 0 and 60 W. The sonoreactor was provided with two
interchangeable lids made of borosilicate glass 3.3; one of them with a quartz tube
coupled at the bottom to allow performing the experiments where the action of a

6 W UV-C light is coupled to the US waves, among others.

During these experimentations, the sonoreactor was operated in batch

mode.

By irradiating the water samples using 6 W and 8 W UV-C lamps, with a
UV-C dose accumulation of 186.75, 99 and 33 m] cm? during the UV-C/H20:, UV-
C/US and the UV-C/H:02/US oxidation systems, respectively, a total removal of
the wild bacterial load contained naturally in water was obtained and no
subsequent regrowth was observed after 24 h and 48 h of having implemented
the referred treatments and keeping in the dark. It must be highlighted that for
the bacterial load evolution profiles, the 9222 membrane filtration method (WEF
& AWWA, 2012) was used.

The obtained results enable us to infer in a more accurately manner the
consequences of implementing the UV-C/H:0: system for disinfection purposes
in comparison with the findings that are achieved when synthetic water matrixes

and laboratory microorganism cultures are used.

During the evaluation of the disinfection capacity of the mentioned
oxidation system, a cost analysis was also carried out. It was found that the UV-
C/H20: system was the most economical process, with EE/O associated of 6.95
kWh m. In this way, the microbial disinfection was demonstrated to be plausible
and without incurring high energy costs by the UV-C/H:20: advanced oxidation
technology.

Nonetheless, it is also important to note that operating costs are decisive

when a system is implemented, especially when it is scaled up. Due to the
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electrical costs associated to the operation of the reactor used, in spite of the UV-
C/H20: system resulted to be the most economical one among the oxidation
processes tested, other alternative measurements that makes the oxidation system
even more economical are needed. In this regard, and considering the maximal
efficiency of the UV-C/H:0: process occurs under UV-C and the short amount in
solar light corresponding to the UV-C electromagnetic radiation range, the
implementation of PV cells are positioned as an optimal option for those areas
where sun, as natural resource, is not restrictive. Therefore, a PV array was sized
and installed for supplying the energy requirements of the treated water. The PV
system was initially sized for any type of advanced oxidation processes due to the
high costs associated, especially to the UV-C-based technologies. Afterwards, the
sized PV array was applied for providing the electrical requirements needed by
the UV-C/H:0: system.

For assuring a high efficiency and operation of the PV systems, the selection
and design of the batteries, inverter, controller, power electronic devices and
wiring, as the required equipment, are of great importance. Therefore, during the
sizing of a PV array, selecting the proper technology to reduce losses and improve
the power conversion efficiency of the PV system is needed (Meral et al., 2011).
Furthermore, in order to determine in a proper way the amount of electricity
produced, a reliable knowledge of the equipment efficiency used for the PV array
operation is essential. Consequently, for the calculation of the current PV system
sizing, the efficiency of the equipment used was taken into account. Moreover,
several environmental factors contributing to the system output losses, including
sub-optimal orientation with respect to the sun, soiling, shading and, in some
countries, seasonal snow cover, must be also taken into account for an efficient PV

array design (Meral et al., 2011).

For a PV system to be efficient, its size must be determined correctly (Omar
and Shaari, 2009; Rauschenbach, 2012; Sulaiman et al., 2010, 2011). For the PV
system sizing, the most important design factor is the power consumed by the
equipment used during the AOP operation. Thus, the first step in designing a
solar PV system is to find out the total power of the energy consumed by the
devices involved in the water treatment process. Sizing the PV modules, inverter,

batteries and the solar charge controller constitute the second step. For this
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purpose, the electricity demand must be considered so that the system is not over
or undersized. PV module sizing procedure must be based on the nominal power
of the modules so that the required power rating can be met by different
combinations of the modules in series or parallel (Boxwell, 2015; Foster et al.,
2010; Han et al., 2013; McEvoy et al., 2003; Omar and Saari, 2009; Solanki, 2013;
Sulaiman et al., 2010). Moreover, in the system where AC power output is needed
an inverter is used. Furthermore, the battery plays an important role in matching
the load requirements in stand-alone PV systems. The battery type recommended
to be used in a solar PV system is deep cycle battery, with capacity to store
sufficient energy so that it can operate at cloudy days and during nights. Finally,
the solar charge controller must be selected for matching the voltage of the PV
array and batteries, taking into account that the solar charge controller must have
enough capacity to handle the current from the PV array. Specifically for the UV-
C/H:0: treatment, electrical energy is consumed during the effluent mechanical
stirring, UV-C radiation generation, recirculation pumping and the systems of

refrigeration and ventilation.

Considered the aspects mentioned above, a PV system without batteries
was used for supplying the required power in the AOP implementation. The PV
array consisted of 9 PV modules of 250 Wp that were installed with an optimum
tilt angle of 15.64°. The PV system was used to directly power a UV-C/H20:
system for degrading natural water containing AN and BaP at a concentration of
12 and 3 pg L, respectively. The results obtained were comparable to those ones

obtained under traditional electrical grid for the same operating conditions.

From this research, it was concluded that AOPs can be powered using PV

energy in a reliable and autonomous way, especially in NIZs.

Moreover, the investment costs of the UV-C/H202-PV system for small
applications were estimated. It was found that the high costs associated with PV
modules and equipment, compared to conventional energy sources, constitute the
primary limiting factor for the technology. However, the PV array can be also
connected directly to the equipment used in the water treatment systems without
batteries, as demonstrated, obtaining good efficiencies in water treatment. Thus

the environmental threat of improper battery disposal is eliminated and,
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subsequently, the sustainability of the process is increased. Furthermore, the
investment costs decrease compared to the costs associated with a PV system with
batteries. Thus PV systems can be designed for a variety of applications and
operational requirements, and can be used for either centralized or distributed

power generation.

The PV system sized allowed for the use of renewable energy both in
developing and non-developing countries. In this regard, the treatment of water
to be drinkable was observed to be plausible in countries with lack of economical
resources and in communities far from interconnected zones, which account for a
vast area of the territory in African and Latin American countries, such as

Colombia.

Additionally, the obtained results might be of great interest for other
studies related to direct connection of PV systems to other AOPs powered by PV
energy both in developed and developing counties, allowing an environmentally-

friendly and sustainable development of such as countries.

Finally, in this Thesis in order to find out the optimal operating conditions
without a large and costly experimental stage, a kinetic model for the
implementation of the UV-C/H:0: system was constructed and validated.

The kinetic model includes the effect of the background matrix and the
degradation by-products in shielding light and quenching free radicals, as well as
the change of the solution pH as the action of UV-C light and the oxidizing agent

is combined.

In order to discern the evolution of the concentration of HO® formed within
the bulk and whether the type of hypothesis assumed is determinative in this
phenomenon, three different assumptions were considered to calculate the level
of such as reactive chemical species: non pseudo-steady, pseudo-steady and
simplified pseudo-steady state hypothesis. It was found non-significant
differences between the three assumptions considered previously, probably due
to the relatively low concentration of HO* present in the bulk (~ 10 M).
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For the development of the kinetic model, the chemical reactions involved
were compiled and a system of ODE for each of the chemical species included
was established. The solution of the ODE set was found using MATLAB software
and ODEI15S function.

Furthermore, the model was validated. It was achieved that the proposed
kinetic model fits well with experimental data (Alnaizy & Akgerman, 2000) which
is a probe of the accuracy of the model. For this purpose, nonlinear objective
function of least squares was used to calculate the reaction kinetic rate constant of
the pollutant considered and that of HO:". The kinetic rate constant of the
estimated reaction was 1.6 x 10° M s, which resulted to be in the range of data

reported from literature.

It was also found that HO® played a fundamental role in the degradation of
the pollutant considered, leaving the action of HO:" relegated to the background.
It was observed that, although including HO:" action allowed slightly improving
the kinetic model degree of fit, the chemical species developing the main function

in the elimination of the pollutant is HO* due to its high oxidation potential.

Furthermore, the generation of an effective level of HO* within the bulk was
observed. Below that level, there was a lack of HO"® for an efficient pollutant
conversion; and above it, an excessive number of HO® was generated. That HO*
effective level could be of relevance for industrial applications in order to be
maintained throughout the reaction time, contributing to an efficient pollutant

degradation.

The kinetic model could be relevant for calculating the optimal level of H2O2
efficiently degrading the pollutant of interest, as well as the effective level of HO*
to be maintained throughout the UV-C/H:20: system reaction time for achieving

an efficient pollutant degradation. allowing saving in costs and time.

Additionally, the kinetic modeling development of processes that are just
taking off on a large scale, as it is the case of the UV-C/H:0: system, is of great
interest not only for the industry but also for the government, since it allows to
optimize the operating conditions of a relevant and efficient process, such as the
UV-C/H20: system, without incurring high economical and timing costs.
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In this regard, this work contributes to the implementation of the UV-
C/H20: system for water treatment both using the conventional electrical grid and
installing an integrated PV system, allowing the degradation of refractory
pollutants to traditional systems and the mineralization of the organic matter
contained in real water matrices without the production of compounds more

dangerous that the parent pollutants.

Furthermore, the disinfection potential of the oxidation system has been
proved, which makes the process a possible candidate for treating water with the
purpose of being distributed to humans, providing the accomplishment of the

rest of parameters set in the regulations related to drinking water production.

Therefore, the UV-C/H:0: system might be applied as alternative treatment
to conventional water treatment processes for natural water purification purposes

as long as other regulated water quality criteria are accomplished.

However, it is highlighted that, due to the great variety of aqueous matrix
constituents present in natural water, further studies are needed to clarify the
degradation mechanism of AN and BaP, and the influence of particular water
matrix components on the selected PAHSs, as well as the TOC mineralization and
microbial load inactivation. For this objective, synthetic water matrices spiked
with different levels of each constituent would be required to understand the
influence of each individual component and mixtures of them, since interactive
effects among water matrix components can occur, as demonstrated by Ge et al.
(2016) for the correlated action of Cl- and dissolved Fe(Ill) in 9-hydroxyfluorene
photodegradation, as Cl- might transform into CI* when interacting with Fe(II),
with the subsequent facilitation of the pollutant photodegradation. In addition, to
examine the role of the triplet state dissolved organic matter ((DOM*) and the
ROS formed in the reaction solution, different inhibiting substances can be used,
such as 2,4,6-trimethylphenol for quenching the effect of the excited triplet state of
irradiated humic substances (Porras et al., 2016). In an effort to examine the action
of singlet oxygen (!O2) in ciprofloxacin oxidation after irradiation, these authors
also used furfuryl alcohol due to its capacity to scavenge 'O2. This substance was
also employed by Grossman et al. (2016) to investigate the role of singlet oxygen
on photolysis kinetics of AN and pyrene in water. Ge et al. (2016) and Sheng et al.
(2015) used sodium azide (NaNs) to trap HO® and 'O, and isopropanol and
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dimethyl sulfoxide, respectively, to quench HO". Isopropanol was also used by
Shemer & Linden (2007) to quench the HO® yielded in the medium solution.

Furthermore, in order to discern whether an alternative process can be used
at large scale in drinking water facilities, other parameters besides the pollutant of
interest destruction, organic matter degradation and total coliform removal must
be analyzed, and among them, the disinfection by-products are of special interest
because of the harmful effects associated with, especially in this research, since a
residual H20O2 was found after applying the UV-C/H:20: system. The residual H20:
could react with the organic matter not converted through the oxidation system

and produce disinfection by-products.

Moreover, when deciding the most efficient process, a complete cost study,
including operating costs (reagents used, lamp replacement, etc.) and capital

costs, should be conducted.
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