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CHAPTER 1:

SUMMARY






Summary

In last years, the occurrence of bacteria with the capacity of survive and multiply
in the presence of the antibiotics specifically designed to kill them, the so-called
Antibiotic-Resistant Bacteria (ARB) has become a global concern because of the
potential threats they can pose to human health. Diseases produced by these ARB cannot
be effectively treated with antibiotics, being responsible for more than 700,000 human
deaths per year. ARB can transfer their antibiotic resistance genes (ARGs) from one
bacterium to another, favouring the spread of antibiotic resistance in the environment.
The World Health Organization (WHO) has considered ARB as one of the three main
threats of the 21% century due to the large number of infections and deaths they cause
worldwide each year.

One of the most concentrated sources of ARB are hospital effluents and,
specifically, urine from immunocompromised patients where simultaneously coexist
bacteria causing urinary tract infections with excreted pharmaceuticals. Currently,
hospital urines are typically merged with other hospital effluents and then, discharged
into the municipal sewer system and treated together with urban effluents in municipal
wastewater treatment facilities (WWTPs). The inefficiency of biological treatments
from WWTPs to treat hospital effluents leads the spread of ARB and ARGs in the
environmental water sources, negatively affecting aquatic organisms and human health.
This makes urine treatment a key objective for reducing the environmental and health
impact of hospital effluents. For this reason, the priority of this project is to face the
problem directly in the pollution source, within the framework of the regional and
national projects “Electrochemical technologies for the treatment of hospital urines:
reduction of environmental and health impact (SBPLY/17/180501/000396) and
“Electrochemical technologies facing the challenge of hospital urine treatment

(PID2019-110904RB-100), respectively.

In this context, electrochemical oxidation (EO) has aroused great interest among
disinfection processes since EO has been reported to attain complete disinfection in
urban wastewaters thanks to the in-situ generation of disinfectant species from the
electrooxidation of the ions naturally contained in the effluent treated. This PhD Thesis
is focused on the removal of bacteria from hospital urines based on our previous works
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Chapter 1

related to the disinfection of urban treated wastewater, facing the challenge of the
reactor layout. Specifically, the main objective of the present PhD Thesis is to assess
the technical feasibility of different electrochemical processes including electrolysis and
photoelectrolysis, to reduce the environmental and health impact of ARB from hospital
urines, avoiding the formation of undesired disinfection by-products. To meet this
general objective, results presented in Chapter 5 have been divided in the following five

different sections, which correspond to the five partial objectives of this work.

In section 5.1, a prospective study of pathogens causing Urinary Tract
Infections (UTIs) was carried out within the period 2014 to 2018. This study was
accomplished in collaboration with the University Hospital Complex of Albacete, Spain
(CHUA) as model of sanitary facility. This allows to evaluate the occurrence and fate
of ARB in a real environment as well as the problematic associated with ARB in a
hospital complex. The study proved that E. coli was the most significant bacteria found
in Positive Urines (PUs) and that gram-negative bacteria (E. coli, K. pneumoniae, P.
aeruginosa and P. mirabilis) predominated over gram-positive bacteria (E. faecalis) and
yeasts (C. albicans). K. pneumoniae showed the highest percentages of antibiotic
resistance. However, the research carried out on the disinfection processes of ARB was
mainly related to the removal of E. coli, which confirms that the importance given to K.
pneumoniae as ARB from a sanitary viewpoint does not correspond to the research
carried out on the disinfection processes. Hence, it was pointed out the need to search
and develop novel technologies that allow to remove K. pneumoniae for decreasing the

sanitary and environmental impact of the effluents infected with this bacterium.

In section 5.2, a preliminary study of the electrochemical technology as an
alternative for the removal of bacteria in two different treatment scenarios (synthetic
urban wastewater and synthetic hospital urines) was conducted using a parallel flow
reactor with BDD anodes at 10 A m. This study proved that even the bacterial removal
efficiency was lower in hospital urines (competitive oxidation reactions), the occurrence
of hazardous disinfection by-products was avoided in this matrix since the production
of hypochlorite and the subsequent formation of inorganic chloramines were favoured.

Subsequently, a preliminary evaluation of electrolysis for the reduction of the potential
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chemical risk of hospital urines was also conducted. Chloramphenicol (CAP) was
selected as a model of antibiotic and the influence of anodic material (BDD and MMO)
and current density (50, 25, 12.5 A m) was evaluated. This study concluded that the
electrochemical oxidation with BDD anodes applying 12.5 A m (8 Ah dm) allows to
degrade CAP from hospital urines, increasing their biodegradability up to 40 % follows
the Zahn-Wellens method. However, this study also pointed out that the electrical
charges required for the removal of antibiotics were much higher than those required
for disinfection (8 Ah dm3vs. < 0.15 Ah dm) and then, other parallel studies out of
this thesis were carried out on this topic.

In this regard, the development of suitable disinfection technologies as a pre-
treatment to remove K. pneumoniae from hospital urines was evaluated in section 5.3.
The main objective of this section was to gain insight into the role of the electro-
generated oxidants on the disinfection process. Firstly, the contribution of chloramines
on the electrochemical disinfection process was evaluated testing two concepts of
electrochemical cell design with MMO anodes: a conventional parallel flow reactor and
a microfluidic flow-through reactor. The influence of current density (5-50 A m2) was
also studied, and results were compared with other simpler “urine” matrices and with
chemical disinfection tests. Results showed that the disinfection process of K.
pneumoniae from hospital urines relies on the current density and the reactor layouts.
The presence of chlorides in hospital urines contributed to the generation of
hypochlorite and chloramines. The formation of chloramines was enhanced using the
flow-through reactor layout. Additionally, chemical disinfection tests proved a stronger
bactericidal effect of hypochlorite in comparison with chloramines. However,
chloramines played a key role in the disinfection process since they contribute not only

as disinfectants but avoiding the generation of chlorine derived by-products.

Additionally, the contribution of ozone on the electrochemical disinfection
process was also evaluated testing a PEM-electrolyzer (MIKROZON® cell) especially
designed to produce ozone in low-conductivity water. The influence of current intensity
and hospital urine composition was studied. Results showed that the MIKROZON® cell

reached total disinfection from current intensities higher than 0.5 A. The combined
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effect of ozone and chlorine disinfectants attained higher disinfection rates than the
values obtained when single ozone was the main disinfectant electrogenerated (urine
without chlorides) at current intensities lower than 0.5 A. At values of 1.0 A, the
disinfection rates were quite similar which revealed that large amounts of ozone were
electrogenerated. The crystal violet assay showed that the combined effect of all
disinfectants promoted higher cell damages, increasing the cell wall permeability.
Ozone was proved to attack DNA to a greater extent from current intensities higher than
0.5 A. Finally, during the treatment of diluted urines at 1.0 A, higher disinfection rates

were obtained due to the minimization of competitive reactions.

Electrochemical oxidation can promote the formation of hydroxyl radicals and
disinfectant species from water electrolysis which may be activated by the irradiation
of UV light, increasing the quantity of free radicals available for disinfection purposes.
In section 5.4, the assessment of coupling of electrochemical oxidation with UV light
was developed using a microfluidic flow-through reactor for the removal of K.
pneumoniae in hospital urines. The influence of the current density (5-50 A m) and the
anode material (BDD and MMO) was tested on the production of disinfectants not only
of hypochlorite but also monochloramine, dichloramine and trichloramine. Results
showed that UV disinfection could not reach the complete disinfection of K.
pneumoniae. However, electrochemical oxidation with BDD and MMO anodes led to
complete removal of ARB from urine when applying 50 A m. The disinfection rate
was higher when working with MMO anodes since BDD anodes favoured competitive
oxidation reactions between bacteria and the organics contained in urine. Finally,
photoelectrolysis was proved to enhance single UV disinfection and electrolysis
performances. A marked synergistic effect was found when UV disinfection was
enhanced by electrolysis at 5 A m? with BDD and MMO anodes.

In section 5.5, the validation of electrochemical technology for the treatment of
complex synthetic urine matrices (polymicrobial urines) was carried out. The
polymicrobial hospital urines simulates real hospital urines since the pandemic caused
by the coronavirus SARS-CoV-2 did not allow us to validate the electrochemical

technology in a real environment due to the sanitary restrictions. Firstly, the
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simultaneous occurrence of more than one pathogen causing UTIs in real hospital urines
was analysed based on data supplied by the Microbiology and Parasitology Service from
CHUA. From this study, the most prevalent combinations of bacteria presented in real
urines from hospitalized patients were: 1) E. faecalis and K. pneumoniae, 2) E. coli and
E. faecalis, and 3) K. pneumoniae and E. coli. Subsequently, the microfluidic flow-
through reactor and the MIKROZON® cell were evaluated for the abatement of ARB
pairs working under the most suitable operating conditions reported in previous
sections. Hence, the microfluidic flow-through reactor was tested with MMO anodes at
50 A m2 and the MIKROZON® cell worked at 1 A. Results showed that the microfluidic
flow-through reactor achieved removal rates between 5 and 6 logs after 180 min
whereas the MIKROZON® cell reached the total disinfection (7 logs) after 60 min.
Additionally, the denaturation of DNA and ARGs in polymicrobial hospital urines was
also considered. While no noticeable changes in the ARGs concentration were observed
with the flow-through reactor, the MIKROZON® cell reached a mean decrease in ARGs
ranked as follows: blakec (4.18-l0gs) > blarem (3.96-logs) > ermB (3.23-logs), offering
a mean depletion of 3.77-logs for all ARGs tested. Finally, Scanning Electron
Microscope (SEM) images confirmed the complete disinfection attained using the
MIKROZON® cell where severe damages were induced in the cell walls, resulting in

the integrity loss of bacterial structures.






CAPITULO 1:

RESUMEN






Resumen

En los dltimos afios, la aparicion de las denominadas bacterias resistentes a los
antibidticos (Antibiotic-Resistant Bacteria, ARB) con capacidad de sobrevivir y
multiplicarse en presencia de antibidticos especificamente disefiados para matarlas, se
ha convertido en una preocupacion mundial por las potenciales amenazas que pueden
suponer para la salud humana. Las enfermedades producidas por estas ARB no pueden
ser tratadas eficazmente con antibidticos, siendo responsables de mas de 700.000
muertes al afio de personas. Las ARB pueden transferir sus genes de resistencia
antibidtica (Antibiotic Resistance Genes, ARGs) de una bacteria a otra, favoreciendo la
propagacion de la resistencia a los antibioticos en el medio ambiente. La Organizacion
Mundial de la Salud ha considerado las ARB como una de las tres principales amenazas
del siglo XXI debido al gran numero de infecciones y muertes que causan cada afio en
todo el mundo.

Uno de los efluentes con mayor concentracion de ARB son los efluentes
hospitalarios y, en concreto, la orina de los pacientes inmunodeprimidos donde
coexisten simultaneamente las bacterias que causan las infecciones del tracto urinario
con los productos farmacéuticos excretados. En la actualidad, las orinas hospitalarias
suelen mezclarse con otros efluentes hospitalarios y, posteriormente, se vierten en el
sistema de alcantarillado municipal y se tratan junto con los efluentes urbanos en las
instalaciones municipales de tratamiento de aguas residuales (EDAR). La ineficacia de
los tratamientos bioldgicos de las EDAR para tratar los efluentes hospitalarios conduce
a la propagacion de ARB y ARGs en el medio ambiente, afectando negativamente a los
organismos acuaticos y a la salud humana. Esto hace del tratamiento de la orina un
objetivo clave para reducir el impacto ambiental y sanitario de los efluentes
hospitalarios. Por ello, la prioridad de este proyecto es abordar el problema directamente
en la fuente de contaminacion, dentro del marco de los proyectos regionales y nacionales
“Tecnologias electroquimicas para el tratamiento de orinas hospitalarias: reduccion del
impacto ambiental y sanitario (SBPLY/17/180501/000396) y “Tecnologias
electroquimicas ante el reto del tratamiento de orinas hospitalarias (PID2019-
110904RB-100), respectivamente En este contexto, la oxidacién electroquimica (EO)

ha despertado un gran interés entre los procesos de desinfeccién, ya que se ha
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Capitulo 1

comprobado que la EO es capaz de conseguir una desinfeccion completa en aguas
residuales urbanas, gracias a la generacién in situ de especies desinfectantes a partir de

la electrooxidacion de los iones naturalmente contenidos en el efluente tratado.

Por tanto, esta Tesis Doctoral se centra en la eliminacion de bacterias de las
orinas hospitalarias, basandose en nuestros trabajos anteriores relacionados con la
desinfeccidn de aguas residuales urbanas depuradas teniendo en cuenta la influencia del
disefio del reactor electroquimico. En concreto, el objetivo principal de la presente Tesis
Doctoral es evaluar la viabilidad técnica de diferentes procesos electroquimicos,
incluyendo la electrolisis y la fotoelectrolisis, para reducir el impacto ambiental y
sanitario de las bacterias resistentes a los antibioticos en orinas hospitalarias, evitando
la formacion de subproductos de desinfeccion no deseados. Para cumplir con este
objetivo general, se plantean 5 objetivos parciales a los que se les da respuesta en los
apartados en los que se ha subdivido el Capitulo 5 de resultados.

En la seccion 5.1 se realiz6 un estudio prospectivo de los patdgenos causantes
de las infecciones del tracto urinario (UTIs) en el periodo 2014 a 2018. Este estudio se
realiz6 en colaboracion con el Complejo Hospitalario Universitario de Albacete
(CHUA) como modelo de instalacion sanitaria. Esto permite evaluar la presencia de
ARB en un entorno real, asi como la problemaética asociada a las ARB en un complejo
hospitalario. El estudio demostrd que E. coli fue la bacteria mas significativa encontrada
en las orinas positivas (PUs) y que las bacterias gram-negativas (E. coli, K. pneumoniae,
P. aeruginosa y P. mirabilis) predominan sobre las bacterias gram-positivas (E.
faecalis) y los hongos (C. albicans). La K. pneumoniae mostré los porcentajes mas altos
de resistencia a los antibioticos. Sin embargo, las investigaciones realizadas sobre los
procesos de desinfeccion estaban relacionadas principalmente con la eliminacion de E.
coli, lo que confirma que la importancia que se da a la K. pneumoniae como ARB desde
el punto de vista sanitario no se corresponde con las investigaciones realizadas sobre
los procesos de desinfeccidn. Por lo tanto, se sefialé la necesidad de buscar y desarrollar
tecnologias novedosas que permitan eliminar cepas resistentes de K. pneumoniae para

disminuir el impacto sanitario y ambiental de los efluentes infectados con esta bacteria.
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En la seccion 5.2, se realiz6 un estudio preliminar de la tecnologia
electroquimica como alternativa para la eliminacion de bacterias en dos escenarios de
tratamiento diferentes (aguas residuales urbanas sintéticas y orinas hospitalarias
sintéticas) utilizando un reactor convencional de flujo paralelo con anodos DDB a 10 A
m2. Este estudio demostré que, aunque la eficiencia de eliminacion de bacterias era
menor en las orinas hospitalarias (debido a reacciones de oxidacion competitivas), se
evitaba la aparicion de subproductos de desinfeccion peligrosos en esta matriz, ya que
se favorecia la produccién de hipoclorito y la posterior formacion de cloraminas
inorganicas. Posteriormente, se realizé una evaluacion preliminar de la electrélisis para
la reduccion del potencial riesgo quimico de la orina hospitalaria. Se seleccion6 el
cloranfenicol (CAP) como modelo de antibidtico y se evalud la influencia del material
anodico (BDD y MMO) y la densidad de corriente (50, 25 y 12,5 A m?). Este estudio
demostrd que la oxidacion electroquimica con anodos BDD aplicando 12,5 A m? (8 Ah
dm?) permite degradar el CAP de las orinas hospitalarias, aumentando su
biodegradabilidad hasta un 40 % segln el método de Zahn-Wellens. Sin embargo, este
estudio también mostro que las cargas eléctricas requeridas para la eliminacion de los
antibioticos eran mucho mayores que las requeridas para la desinfeccion (8 Ah dm=vs.
< 0,15 Ah dm) y por este motivo, se iniciaron otros estudios paralelos que quedan fuera

del objetivo de esta tesis.

En este sentido, en la seccion 5.3 se evalud el desarrollo de tecnologias
electroquimicas de desinfeccién como pretratamiento para eliminar K. pneumoniae de
las orinas hospitalarias. El objetivo principal de esta seccion era conocer el rol de los
oxidantes electrogenerados en el proceso de desinfeccion. En primer lugar, se evalué la
contribucion de las cloraminas probando dos conceptos de disefio de celdas
electroquimicas con anodos MMO: un reactor convencional de flujo paralelo y un
reactor microfluidico de flujo a través. También se estudio la influencia de la densidad
de corriente (5-50 A m?) y se compararon los resultados con otras matrices de "orina"
mas sencillas y con ensayos de desinfeccion quimica. Los resultados mostraron que el
proceso de desinfeccion de K. pneumoniae a partir de orina hospitalaria depende de la

densidad de corriente y de la disposicién del reactor. La presencia de cloruros en las
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orinas hospitalarias contribuyé a la generacion de hipoclorito y cloraminas. La
formacion de cloraminas se potenciaba en el reactor microfluidico de flujo a través
gracias a su mayor tiempo de residencia hidraulico. Ademas, las pruebas de
desinfeccién quimica demostraron el mayor efecto bactericida del hipoclorito en
comparacion con las cloraminas. Sin embargo, las cloraminas desempefian un papel
clave en el proceso de desinfeccion, ya que contribuyen no sélo como agentes

desinfectantes sino evitando la generacion de subproductos de desinfeccién clorados.

Ademas, se evalud la contribucion del ozono en el proceso de desinfeccion
electroquimica probando un electrolizador tipo PEM (Polymer Electrolyte Membrane)
(celda MIKROZON®) especialmente disefiado para producir ozono en aguas de baja
conductividad. Se estudi6 la influencia de la densidad de corriente y la composicion de
la orina hospitalaria. Los resultados mostraron que la celda MIKROZON® alcanzaba la
desinfeccion total a partir de intensidades de corriente superiores a 0,5 A. El efecto
combinado de los desinfectantes ozono y cloro alcanzd tasas de desinfeccién superiores
a los valores obtenidos cuando el ozono era el principal desinfectante electrogenerado
(orina sin cloruros) a intensidades de corriente inferiores a 0,5 A. A valores de 1,0 A,
las tasas de desinfeccidn fueron similares, lo que reveld que grandes cantidades de
ozono fueron electrogeneradas. El ensayo de cristal violeta demostré que el efecto
combinado de todos los desinfectantes promovia mayores dafios celulares, aumentando
la permeabilidad de la pared celular. Se demostré que el ozono atacaba el ADN en
mayor medida a partir de intensidades de corriente superiores a 0,5 A. Finalmente,
durante el tratamiento de orinas diluidas a 1,0 A, se obtuvieron mayores tasas de

desinfeccion debido a la minimizacion de las reacciones competitivas.

La oxidacién electroquimica genera la formacion de radicales hidroxilos y
especies desinfectantes a partir de la electrélisis del agua, que pueden ser activados
mediante irradiacion con luz UV. En la seccion 5.4, se evalla el acoplamiento de la
oxidacidn electroquimica con la desinfeccion UV en el reactor microfluidico de flujo a
través para la eliminacion de K. pneumoniae en orinas hospitalarias. Se estudio la
influencia de la densidad de corriente (5-50 A m) y del material del anddico (BDD y

MMO) en la produccion de desinfectantes no solo de hipoclorito sino también de

14



Resumen

monocloramina, dicloramina y tricloramina. Los resultados mostraron que la
desinfeccion UV alcanzaba la desinfeccion completa de K. pneumoniae. Sin embargo,
la oxidacion electroquimica con anodos BDD y MMO permitia la eliminacion total de
K. pneumoniae en la orina al aplicar 50 A m. La tasa de desinfeccion fue mayor cuando
se trabajo con anodos MMO, ya que los &nodos BDD favorecen las reacciones de
oxidacion competitivas entre las bacterias y los compuestos organicos de la orina. Por
altimo, se demostro que la fotoelectrolisis mejoraba el rendimiento de la desinfeccion
en la fotolisis y en la electrolisis. Se observo que al acoplar la irradiacion por luz UV al
proceso de electrolisis, se obtenia un marcado efecto sinérgico en la desinfeccion a5 A
m con anodos BDD y MMO.

En la seccién 5.5, se llevo a cabo la validacion de la tecnologia electroguimica
para el tratamiento de matrices complejas de orina sintética (orinas polimicrobianas).
Las orinas hospitalarias polimicrobianas simulan las orinas hospitalarias reales, ya que
la pandemia causada por el coronavirus SARS-CoV-2 no nos permitié validar la
tecnologia electroquimica en un entorno real debido a las restricciones sanitarias. En
primer lugar, se analizd la ocurrencia simultanea de mas de un patégeno causante de
infecciones urinarias en orinas hospitalarias reales, a partir de los datos suministrados
por el Servicio de Microbiologia y Parasitologia del CHUA. A partir de este estudio, se
conocen las combinaciones de bacterias mas prevalentes que se presentan en las orinas
reales de pacientes hospitalizados, y se seleccionan las parejas bacterianas para las
pruebas electroquimicas: 1) E. faecalis y K. pneumoniae, 2) E. coli y E. faecalis, y 3)
K. pneumoniae y E. coli. A continuacion, se evalué la influencia del reactor
microfluidico de flujo a través y la celda MIKROZON® para la desinfeccion de orinas
polimicrobianas trabajando bajo las condiciones de operacion mas adecuadas reportadas
en las secciones anteriores. Asi, el reactor microfluidico de flujo a través se utiliz6 con
anodos MMO a 50 A m? y la celda MIKROZON® trabajé a 1 A. Los resultados
mostraron que el reactor microfluidico de flujo a través alcanzo tasas de eliminacion de
entre 5y 6 logs después de 180 minutos, mientras que la celda MIKROZON® logr6 la
desinfeccion total (7 logs) después de 60 minutos. Ademas, se observo la

desnaturalizacion del ADN y de los ARGs en las orinas hospitalarias polimicrobianas.
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Mientras que no se observaron cambios notables en la concentracion de ARGs con el
reactor microfluidico de flujo a través, la celda MIKROZON® alcanz6 una disminucién
media de ARGs clasificada en el orden: blakec (4,18-logs) > blatem (3,96-l0gs) > ermB
(3,23-logs), logrando una disminucién media de 3,77-logs para todos los ARGs
probados. Por Gltimo, las iméagenes del microscopio electrénico de barrido (Scanning
Electron Microscope, SEM) confirmaron la completa desinfeccién alcanzada con la
celda MIKROZON® donde se indujeron graves dafios en las paredes celulares, lo que
provoco la pérdida de integridad de las estructuras bacterianas.
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Introduction

2.1. Introduction

In recent years, the occurrence of antibiotic-resistant bacteria (ARB) has
become a global concern because of the potential threats they can pose to human health
[1, 2]. ARB are bacteria with the capacity of survive and multiply in the presence of the
antibiotics specifically designed to Kill them. The development of ARB is a complex
process in which a microorganism can be intrinsically resistant to a drug or can acquire
this resistance through different mechanisms [3]. Multiple pathways allow the exchange
of genetic material within bacteria, specifically, the four major mechanisms for
developed antibiotic resistance are drug inactivation, target modification, reduced
antibiotic permeability and antibiotic efflux pumps [4]. Once the resistance has been
acquired, this can be transferred to other bacteria, increasing the number of ARB.
Consequently, diseases produced by these ARB cannot be effectively treated with

antibiotics and being responsible for more than 700 000 human deaths per year [5, 6].

Furthermore, not only vertical transfer (i.e., cell division) but also horizontal
gene transfer processes (conjugation, transduction and natural transformation)
developing the Antibiotic Resistance Genes (ARGs) contributes to the spread of
antibiotic resistance [7]. During conjugation, exchange of genetic elements occurs when
the active donor cell and the recipient cell are able to initiate and maintain a physical
contact. Conversely, after cell lysis, the transfer of foreign genetic elements only
requires a metabolically active recipient capable of being infected (transduction) or of
actively acquiring these genetic elements (natural transformation) into its own
chromosome [8]. In addition, mobile genetic elements such as integrons and transposons
have been widely studied in last years due to their contribution on the antibiotic
resistance spread. Integrons are genetic structures able to capture gene cassettes that can
encode antibiotic resistance. The mobility of integrons is directly related with
transposons, jumping gene systems with resistance genes incorporated [9] and plasmids
[10]. These moving elements carrying genetic information can be transfer to the

bacterial genome, contributing to the spread of antibiotic resistance [11, 12].
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The presence of ARB in water bodies has also become a major environmental
challenge [13, 14]. This problem has been exacerbated by the increasing and
uncontrolled consumption of antibiotics worldwide, and the absence of efficient
technologies for killing these pathogens at large scale [15-18]. Hospitals present a
friendly environment for the spread of ARB because of the high concentration of
bacteria and drugs contained in their effluents. Most antibiotics are poorly metabolized
in the human body, being excreted mainly by urine [19]. Furthermore, some pathogens
from infected patients are removed from the body by the same way. This promotes the
occurrence of larger concentrations of ARB in hospital urines, and therefore in hospital
wastewater (HWW), in comparison with the population typically found in urban
wastewater [20]. No restrictions are currently foreseen in the European Directive
91/271/EEC for hospital effluents and then, the management of HWW (including
hospital urines) is carried out together with urban and industrial wastewater. Most of
these effluents are merged and discharged into wastewater treatment plants (WWTPs)
or even disposed poorly or untreated into the environment [21], being an important
source of ARB [22].

WWTPs are the unique barrier for the reduction of pollution and toxicity in
wastewater coming from different sources. Nevertheless, the technology implemented
in conventional WWTPs is not capable to efficiently remove ARB [23, 24]. In addition,
WWTPs environment may promote mutation mechanisms between bacteria and also
enhance horizontal gene transfer processes, increasing the population of ARB and other
mobile genetic elements in treated water [25-27]. The emergence of antibiotic resistance
in different water matrices, such as rivers, seawater or HWW has been recently reported
[28, 29] and defined by WHO as a potential risk for human health and environment [30].
For this reason, it is of crucial importance to develop efficient technologies that allow
the removal of ARB and other mobile genetic elements from different water matrices to
minimize the spread of antibiotic resistance. In this paper, a review of disinfection
technologies in water, wastewater, and hospital wastewater (including urine matrices)
is reported to discuss the most common treatment technologies for the removal of

bacteria, ARB, ARGs and other genetic mobile elements in different matrices. To the
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author’s knowledge, a deep information is still needed related to the state of the art of
disinfection technologies to properly manage hospital effluents and above all hospital

urines.

2.2. Disinfection technologies for the removal of ARB

ARB from urinary tract infection (UTI) patients are excreted by urine which is
merged with other wastewater produced in different areas of hospital facilities (kitchen,
laundry...). Similarly, pathogens which do not present antibiotic-resistance, are also
eliminated in the same way [31]. As discussed in the introduction, HWW also contain
a multitude of antibiotics from patients' urine and faeces. Hence, these effluents present
a favourable environment for both the generation of ARB and the spread of existing
ones. In this context, the development and application of efficient technologies for
Killing pathogens, both multi-resistant and non-resistant, in sanitary effluents is critical

from an engineering and environmental viewpoint.

The occurrence of ARB in different water bodies has become a major
environmental issue. This problem has been aggravated by the misuse of antibiotics
worldwide and the scarce legislation regulating the treatment of effluents containing
ARB. However, concern in the scientific community related to the development of
highly efficient technologies for killing microorganisms has increased considerably in
recent years. Figure 2.1 summarizes the publications related to different water matrices
disinfection reported from the early 80s. Specifically, Elservier’s Scopus were the
database used to develop the search using “drinking water disinfection”, “wastewater

disinfection”, and ‘“hospital wastewater disinfection” & “urine disinfection” as

keywords.

Natural waters are directly related to consumption, so the presence of
microorganisms in them poses a risk to human health [32, 33]. For this reason, a greater
number of studies have been carried out on the disinfection of natural waters during the

last 40 years. Also noteworthy is the number of publications related to wastewater

21



Chapter 2
disinfection, which although lower than those related to natural water, represent up to

the 35.57 % of the total publications on disinfection. This great concern by part of the
scientific community may be related to the inefficiency of conventional WWTPs in the
elimination of microorganisms, and the danger to the environment that their persistent
presence may cause. On the other hand, as mentioned in the introduction, one of the
major sources of pathogens are hospital effluents, and more specifically, hospital urines.
Even so, only 3.83 % of the publications summarized in Figure 2.1 are referred to
disinfection of urine and hospital effluents. However, due to the high environmental and
human health threat posed by these outbreaks with such a high concentration of ARB
[34, 35], in the coming years, it is expected a growing interest from the scientific
community and the increase in the number of works related to urine and hospital

effluents disinfection.
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Figure 2.1. Publications related to water, wastewater and HHW and urine disinfection from 1980
to 2020.
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2.2.1. Disinfection technologies for the treatment of natural water

Natural waters include rivers, lakes, rainwater or groundwater which naturally
contain large amounts of inorganic ions and organic matter, although its composition
can be altered by agricultural, domestic and industrial activities [36]. The presence of
the different inorganic salts also depends on the water source since these compounds
have a vast spectrum. According to literature, HCO3, NO3", NO2, Cl', SO4 or NH4* can
be found in natural waters within the ranges 20 — 800 mg I, 0.05 - 60 mg I, 0.40 — 1
mg I, 4—700mg I, 0—- 630 mg It and 0.20 — 3 mg I}, respectively [37-39]. Regarding
the organic content in natural water, both humic (hydrophobic) and non-humic
(hydrophilic) fractions can be found, including microorganisms [40, 41]. These can
promote the proliferation of ARB in these effluents and, hence, a potential risk for
human health. Table 2.1 summarizes the most relevant disinfection technologies for
different water matrices during the last two years (2019 and 2020).

Many technologies have been developed for pathogen disinfection in water
matrices, including conventional, advanced oxidation and electrochemical advanced
oxidation processes. Conventional technologies such as filtration, adsorption,
coagulation, or precipitation are mainly applied at full scale for the removal of
suspended solid, dissolved organic and inorganic contaminants, metals and ionic
species, etc. [42]. However, novelty research has been attempted to improve the
antibacterial capabilities of these conventional processes. Hence, conventional
processes could be considered as a suitable alternative for water disinfection because of
their low cost and easy application. These physical-chemical technologies are mainly
based on the separation of microorganisms from polluted water [43]. Wang et al. [44]
evaluated the removal of S. aureus in water by filtration using a modified filter-paper-
based material. They developed a tannic acid crosslinked gelatine polymer network with
an oxidized cellulose filter paper (OFP-GEL-TA) for bacteria removal. As a natural
antibacterial agent, the cross-linker TA endowed the prepared OFP-GEL-TA with
favourable antibacterial property. Disinfection efficiencies reached 99.00 % and
decreased up to 98.00 % after five cycles. Additionally, the adsorption performance of
a magnetic graphene oxide (MGO) was evaluated against microbial activity of E. coli,
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Yersinia ruckeri (Y. ruckeri) and Enterobacter agglomerans (E. agglomerans) by Ain
et al. [45]. Results showed that with the addition of 0.5, 0.5 and 0.45 mg ml* of MGO
to water containing E. coli, Y. ruckeri and E. agglomerans, respectively, the maximum
percentages of relative effectiveness were 98.79, 97.15 and 97.69 % in comparison with

a control system (commercially available disinfectant).

Coagulation processes have been also tested for water disinfection. These
technologies consist of adding a coagulant species to the water to be treated, which can
be a chemical or natural compound. Iron and aluminium based inorganic salts are
typically used as chemical coagulants. However, these metal species can promote the
occurrence of coagulant traces as toxic by-products dissolved in treated effluents [46,
47]. This can be avoided by using natural coagulants, since these compounds are highly
biodegradable [48]. Nonetheless, the main drawback of coagulation processes is the
generation of a final sludge that should be treated later. Patchaiyappan et al. [49] tested
an indigenous natural coagulant Strychnos potatorum (S. potatorum) for the disinfection
of synthetic waters with high levels of turbidity. S. potatorum is a deciduous tree known
as clearing-nut tree, commonly used in traditional medicine and water purification in
some regions of South Asia. They concluded that an optimum coagulant dosage within
the range 0.2 - 1 mg I reduced 3.3 - 4.3 logs of E. coli. On the other hand, the
bactericidal properties of a green and low-priced magnetic biochar/quaternary
phosphonium salt (MBQ) were tested by Fu et al. [50]. Quaternary phosphonium salts
are able to reach high disinfection efficiencies working in a wide range of pH (2 - 12),
thus, they are presented as a new generation of cationic biocides [51]. Specifically, the
use of 20 mg I* of MBQ-3 (with a mass ratio of magnetic biochar and quaternary
phosphonium salt of 1:30) reduced the population of E. coli in 3.05 logs and achieved
the complete removal of 10° CFU ml* of S. aureus. Microorganisms were captured by
the electrostatic force of the cationic surfactant on the surface of MBQ and nanoparticles
penetrating the cell wall and membrane into the cytoplasm may be responsible for the

irreversible cell damage.

Other conventional processes based on the addition of chemical disinfectants or

the irradiation of UV light have also been recently studied by Stange et al. for water
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disinfection to attain the abatement of ARB and ARGs [52]. They compared ARB (E.
coli and E. faecalis) and ARGs removal during three different processes: chlorination,
ozonation and UV light irradiance. The chlorination process using 0.25 mg I* of free
chlorine (30 min contact time) resulted in a reduction of 5.1 and 2.9 logs of E. coli and
E. faecalis, respectively. Likewise, ARGs were decrease by only 0.4 (ampC), 0.5
(tet(A)), 0.9 (ermB) and 0.8 (vanA) log. Higher free chlorine concentrations of 1.03 mg
I1 leads to remove ARGs up to their limit of detection for ampC and tet(A) and around
3 logs for ermB and vanA. Otherwise, the ozonation process using about 1 mg 1" of O3
(5 min contact time) achieved a reduction of 5 logs for E. coli and E. faecalis, and higher
than 4.3 logs for the 4 ARGs tested without reaching a totally removal of ARGs. Finally,
the irradiation of a UV dosage of 100 J m2 showed an inactivation of 2.5 log of E. coli
and 4.2 log of E. faecalis, without noticeable changes for the removal of any ARGs.

Physical-chemical processes allow to reduce the population of microorganisms
in natural water by using low-cost materials. However, the main drawback of these
conventional technologies is that they do not kill pathogens but are retained in filters,
adsorbents or coagulants and, hence, a complete disinfection can be limited. To
overcome this issue, other technologies such as Advanced Oxidation Processes (AOPS)
have been studied for water disinfection over the last years. AOPs can be defined as
oxidation technologies based on the production of large amounts of highly reactive
species which are directly involved in the destruction of target pollutants. Specifically,
the generation of hydroxyl radical (-OH) is mainly promoted during AOPs because it is
a powerful oxidant (E% 2.86 V) able to non-selectively attack the recalcitrant organic

compounds and microorganisms present in different effluents.

Depending on the mechanism for hydroxyl radical generation, AOPs can be
classified in two major groups (Figure 2.2): homogeneous and heterogeneous AOPSs.
These AOPs can be also divided in two different groups based on the energy
requirements or the irradiation of UV light, respectively. The production of hydroxyl
radicals takes place from chemicals completely dissolved in the effluents during
homogeneous AOPs whereas a solid catalyst is commonly required for generating these

radicals in heterogeneous AOPs.
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Figure 2.2. Classification of Advanced Oxidation Processes.

Hydrogen peroxide (H.0) is a powerful oxidant (E%: 1.78 V) which can be used
for disinfection purposes. It is considered as a clean compound since H,O; is usually
decomposed in oxygen and water, avoiding the generation of by-products. The
bactericidal effect of this species can be limited depending on the initial concentration
[53]. For this reason, the activation of H,O, with other oxidants or catalysts to improve
the processes efficiencies has been reported in literature [54-56]. The combined effect
of H,0; and ozone (Os) promotes the generation of large amounts of hydroxyl radicals
(Equation 2.1) [57, 58]. This process (H.0./O3) has been investigated for the

disinfection of water and wastewater [59].
O3 + H, 02 — -:OH + O2 + HO- (2.1)

Nonetheless, Fenton oxidation (H20:/Fe?*) is the most widely investigated
technology for water treatment [60-62]. It is based on the production of large amounts
of hydroxyl radicals from the activation of hydrogen peroxide by using ferrous iron
(Fe?*) as catalyst (Equation 2.2) which, in turn, can be continuously regenerated during
the process (Equations 2.3-2.4) [63].
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Fe?* + H,0; — Fe®* + -OH + OH- (2.2)
Fe** + H,0, — H' + Fe(HOZ)2+ (2.3)
Fe(HO2)?" — Fe?* + HO,- (2.4)

The ratio of reagents employed (H:0.:Fe?*) in the Fenton’s reaction
significantly influences the process performance [62]. Likewise, another important
operational parameter is pH since it is necessary to operate under acidic conditions to
ensure the dissolution of catalyst. pH values around 3 usually leads to better
performances during the Fenton process [64]. These operating conditions can limit the
applicability of this technology because a subsequent neutralization step is required
before discharging the treated effluents that increases the operational costs. For this
reason, the use of solid catalysts can be considered as an excellent alternative for
carrying out the Fenton process at a wide pH range (heterogeneous Fenton). This also
allows to easily separate the catalyst from treated water after disinfection [65]. The
development of novel catalysts for improving disinfection efficiencies has become a hot
research topic in the last years. Gu et al. [66] tested the antibacterial capability of
CuFe,0O4 nanomaterial enhanced with hydroxylamine (NH2OH) in a Fenton-like process
(Figure 2.3). In a first step, NH>OH acts as a reducing agent that promotes the generation
of Cu(l) (Equation 2.5). Then, Cu(l) reacts with hydrogen peroxide, previously
generated from the reaction between NH.OH and O (Equation 2.6), promoting the
generation of hydroxyl radicals (Equation 2.7) [67]. Cu(l) also showed a higher binding
affinity to proteins of cell membrane, favouring their reduction and, hence, the killing

of microorganisms. Specifically, the process achieved a 2.71 log reduction of E. coli.

2 NH,OH + 4 Cu(Il) — N20 + Hz0 + 4 Cu(l) + 4H* (2.5)
2 NH.OH + O, — Ny + H,0, + 2 H,O (26)
Cu(l) + H20, — Cu(Il) + -OH + OH' 2.7)
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Figure 2.3. Proposed mechanism of CuFe,O4/NH,OH reaction inactivating E. coli cells.
Reprinted from ref [66]. Open access 2020 MDPI.

Fenton oxidation process can also be enhanced by coupling ultraviolet (UV)
irradiation (photo-Fenton). This promotes the massive production of hydroxyl radicals
not only by the Fenton reaction (Equation 2.2) but also by the irradiation of UVA light
(315 < A < 400) over an iron complex (Fe(HO)?*) previously formed during the process
(Equation 2.8) [65]. Thus, itis possible to regenerate the iron catalyst used during photo-
Fenton, minimizing the waste production. This fact can also be achieved during single
Fenton process (Equations 2.3-2.4), although the regeneration rate is lower [68]. In
addition, the irradiation of UVC light (200 < A < 280) improves the production of
hydroxyl radicals in the effluent because it photoactivates both iron (Equation 2.8) and
hydrogen peroxide (Equation 2.9) [69]. Rubio et al. [70] reported the applicability of
photo-Fenton process with UVC light for the removal of 10° CFU ml? of E. coli in
different water matrices (milli-g water, lake water and seawater). They achieved a
complete disinfection in all effluent at operating times of 5 min, although the process

efficiency was higher in milli-q water.

Fe(HO)* + hv — Fe*" + -OH (2.8)
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H,O, + hv —» 2 -OH (2.9)

The irradiation of UV light during Fenton process can significantly increase the
treatment costs, which can be avoided by using solar light (A > 300 nm) as renewable
energy-saving alternative. The investigation of solar photo-Fenton process for the
disinfection of water contaminated with E. coli was reported by Spuhler et al. [71]. They
evaluated a solar simulator to irradiate an effluent containing 0.6 mg I* Fe?* and 10 mg
I H,0,, achieving the complete disinfection (6-log reduction). The presence of ions in
polluted water can affect the effectiveness of photo-Fenton. Rommozzi et al. tested the
interaction of HCOs', NO3', NO2, Cl-, SO4* and NH," during the E. coli inactivation by
photo-Fenton [36]. They concluded that the disinfection can be enhanced by the
presence of ions because of the generation of free radicals. For instance, the addition of
10 mg I* of HCO3™ promoted the complete removal of E. coli in shorter times than those
observed without the presence of HCOj3™ during photo-Fenton process. This was mainly
attributed to the contribution of carbonate radicals generated from the reaction between
carbonate ions and hydroxyl radicals (Equations 2.10-2.11) [36].

HCOs + -OH — CO3-" + H20 (2.10)
COs% + -OH — CO3-" + OH" (2.11)

To overcome the pH limitations of the Fenton process, the use of iron and
copper chelates for water and wastewater disinfection at near neutral pH values has been
recently reported [72-74]. The most commonly studied chelating agents are
aminopolicarboxylic acids such as EDTA (Ethylenediaminetetraacetic acid) or EDDS
(Ethylenediamine-N,N¢-disuccinic acid), citric or oxalic acids [75]. These compounds
can generate Fe?* rather than other iron complexes and have molar absorption
coefficients in the UV-vis region, allowing the solar photo-Fenton like process to
operate under neutral pH conditions [76]. This technology has been investigated by
Ahmed et al., which employed a modified photo-Fenton process using EDDS to chelate
Fe(lll) for the simultaneous removal of ARB, ARGs and micropollutants. Results

showed that the concentration of ARB, extracellular ARGs and micropollutants
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decreased to the limit of detection after 30, 15 and 10 min, respectively, when working

in ultra-pure water [77].

Ferrous iron catalysts can also be used for the activation of other oxidants such
as peroxymonosulphate and persulphate, favouring the formation of sulphate radicals
(Equations 2.12-2.13). Furthermore, the irradiation of UV light also promotes the
photoactivation of these oxidants, increasing the quantity of free radicals available for
disinfection purposes (Equations 2.14-2.15). Rodriguez-Chueca et al. reported the
activation of peroxymonosulphate and persulphate by different routes to form sulphate
and hydroxyl radicals for enhancing the solar disinfection of drinking water [78].
Outcomes showed that it was possible to attain a complete removal of 10® CFU ml* of
E. coli with both oxidants, although the use of HSOs" was more efficient to generate
sulphate radicals than S,0g%, increasing the disinfection rates.

HSOs + Fe?* — Fe* + SOy~ + OH' (2.12)
S,06> + Fe?* — Fe¥* +2 SO, (2.13)
HSOs + hv — SO, + -OH (2.14)
S,08% + hv — 2S04 (2.15)

Ferreira et al. [79] tested the photo activation of persulfate (S:0s?) under solar
irradiation for the inactivation of water pathogens (E. coli and E. faecalis). The
generation of sulphate radicals (Equation 2.15) led to the total bacteria removal during
20 min of solar exposure. The highest inactivation rates were obtained with 0.5 and 0.7
mM of S,0g? for E. coli and E. faecalis, respectively. This process has also been used
for the removal of carbapenem resistant K. pneumoniae and the elimination of blakpcs
genes in water [80]. In this work, the UV-C/S,0s> process showed a faster removal rate
of the genetic material compared with UV-C/H,O;, process, remarking the great
potential of the sulphate radicals generation for water disinfection. However, the
treatment time required to achieve the elimination of blakpc-s gene is higher than the 60
seconds needed to reach the complete removal of bacteria. More than 98 % of blakpc-3
gene were removed after 300 seconds for both UV-C/S,0¢* and UV-C/H,0; processes.

In addition, no regrowth was observed after 24 h incubation in Brain Heart Infusion agar
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for both processes, remarking the great potential of preventing the antibiotic resistance
spread. Other homogeneous AOPs in which UV light is used to photoactivate chemical
species without the presence of iron in the reaction are CI/UV, CH3;COsH/UV,
H.02/UV, O3/UV and H,0,/03/UV. These photochemical processes promote the
generation of large amounts of hydroxyl radicals, improving the oxidation potential of
Cl, CHsCOsH, O3 and H,0, [81-83].

On the other hand, in the last decades the heterogeneous photocatalytic
processes have emerged as an interesting alternative for water disinfection. These AOPs
are based on the production of reactive oxidizing species (ROS) by the irradiation of a
UV light power source on a semiconductor material [84-87]. Energy from UV light
greater than the band gap of the semiconductor excites an electron from the valence
band to the conduction band, generating a positive hole in the valence band. These
positive holes can oxidize OH" or H,O at the surface of the semiconductor material
leading to the production of ROS. Specifically, hydrogen peroxide, ozone and hydroxyl
radicals can be generated during the heterogeneous photocatalytic processes. These
ROS significantly contribute to killing microorganisms and, hence, increase the
disinfection efficiencies [88, 89]. The most common semiconductor used for the
development of heterogeneous photochemical AOPs is TiO, which is photo-activated

by UV irradiation at wavelengths lower than 387 nm [90, 91].

The efficiency of this photocatalyst in disinfection was firstly studied in the
early 80s [92] and, recently, it has been reported by Nyangaresi et al., who obtained a
maximum of 5 Log CFU reduction of E. coli by activating TiO, with UV light at 365
nm [93]. Likewise, other recent studies have described that the addition of dopants such
us silver oxalate (under visible light, A > 400 nm) [94] or carbon modified (activated
with UV-A or artificial solar light (ASL)) [95] with TiO- allows to attain the complete
removal of 2:10° and 1.5-10° CFU/ml of E. coli, respectively. The use of nanomaterials
is becoming increasingly relevant as catalytic compounds for developing highly
efficient AOPs. Song et al. [96] synthesized a nanofibrous membrane (g-CsNs@Co-
TiO;) with outstanding visible-light driven photocatalytic performance towards

bacteria, reaching a removal of 10° CFU/ml of E. coli (Figure 2.4). The catalytic
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disinfection activity caused surface collapse and shape destruction of bacteria cells after
90 min treatment, resulting in the complete inactivation of bacteria. This confirms the

excellent photocatalytic disinfection properties of the synthesized membrane.
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Figure 2.4. Proposed photocatalytic mechanism of the soft CNCT fibrous membrane. Reprinted
with permission from ref [96]. Copyright 2020 Elsevier.

Wavelengths lower than 387 nm required for the photo-activation of TiO can
limit the efficiency of solar applications, in which light is emitted mostly in the spectrum
range of A =400 - 700 nm [97, 98]. Manasa et al. [99] reported the photoactivation of
TiOz by sunlight and no noticeable disinfection degree was reached. The use of cerium
(Ce) and boron (B) as doping elements slightly increased the killing of microorganisms,
but a complete disinfection was not attained. Doping plays a key role in modifying the
properties of functional photocatalyst materials and, these modifications are determined
by several factors such as the type and concentration of the dopant, the fabrication
method, and the physicochemical properties of the catalyst [100].

To overcome the limitations related to TiO», and its low photoactivation by
sunlight, the use of multi-component oxides is being studied to promote high-efficiency
solar photocatalytic processes [101]. Bismuth-based multi-component oxides have been
widely used for disinfection purposes because of their dielectric, ion-conductive,
luminescent and catalytic properties [102, 103]. These compounds can be
photoactivated by sunlight, favouring the production of large amounts of hydroxyl

radicals and the subsequent water treatment [104-106]. Specifically, Cu-MoS;-Bi»Ss
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[107] and Bi:MoOs/Ag-AgCl [108] have been proven efficient for water disinfection,

promoting the complete removal of E. coli under visible light irradiation.

Other compounds such as silver (Ag) [109-111] or magnesium (Mg) [112] have
also proven their excellent photocatalytic disinfection properties. The positive doping
effect of Ag on the disinfection process have been tested by Yu et al. [111]. In this work,
they used a AgBr-modified g-CsNs composite for enhancing visible-light-driven
photocatalytic disinfection. Removal rates of E. coli were improved from 0.6 to 3.68
log CFUs reduction for a molar ratio of 1 AgBr to g-CsN4. The photocatalytic
disinfection efficiency of Ag increased to 4.8 log CFUs reduction for a molar ratio of 5,
but it decreased to 3.04 log CFUs reduction by increasing the molar ratio to 20. This
highlights the importance of balancing the doping materials to reach the best bacterial
adsorption capacity. Additionally, other technologies can be coupled with multi-
component oxides to improve the photocatalytic process. Kumar et al. have recently
tested a piezoelectric material, poled BaTiOs, in combination with UV irradiation and
low frequency vibration (8 Hz) to design a piezo photo-catalytic process able to
completely remove E. coli from a water matrix [113]. The oxidative stress caused by
the electrostatic attraction between positive charged BaTiOs; and negatively charged
bacterial cell membranes is directly related to bacterial death. In addition, the
concentration of intracellular ROS, which was notably enhanced during the piezo photo-
catalytic process compared with UV and US processes, also played an important role in

the disinfection process.

Non-metal doping has been also tested in photocatalytic processes because it
promotes a great photocatalytic activity under UV-vis irradiation, being N-doped and
C-doped TiO; the most studied systems [114, 115]. He et al. [116] proposed a novel
metal-free 2D heterostructure made of black phosphorus (BP) and graphitic carbon
nitride (CN) for the removal of ARB in water sources. Results indicated that the metal-
free BP-CN made of low cost and hearth abundant materials with a 6 wt % BP-CN
(6BP-CN) was able to reach the complete disinfection of 107 CFU/ml of E. coli. Other
interesting study reported by Zeng et al. [117] compares the disinfection efficiencies of

a metal-free photocatalytic process based on a versatile semiconductor (C3Na4) for killing
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E. coli and E. faecalis as models of gram-negative and gram-positive bacteria,
respectively. They modified C3N4 nanosheets with polyethyleneimine (PEI) to improve
its disinfection capabilities. Results showed the gradual destruction of cell membranes
and leakage of interior components by the generated ROS. The damage to the cell
structures of E. coli was worse than those of E. faecalis cells, and this was attributed to

the thicker peptidoglycan layer in the cell wall of gram-positive bacteria.

The Glow Plasma Discharge (GPD) process can be considered as a kind of
AOPs and it has also been studied for the removal of ARB and ARGs. The GPD process
is able to generate plasma between an anode tip and a water surface by the strong electric
field generated, promoting the formation of disinfectant species such as hydroxyl or
chlorine radicals [118, 119]. Yang et al. studied the removal of E. coli by applyinga DC
voltage of 500 V and a current intensity of 100 mA into the anode platinum wire. The
inactivation of E. coli was estimated by following the concentration of the 16S rRNA,
which showed a decrease close to the detection limit of 4.7 logs after a discharge time
of 15 min. Additionally, the reduction of tetA, tetR, aphA and tnpA genes was 5.8, 5.4,
5.3 and 5.5 logs with 30 min discharge treatment, respectively [120]. These results
highlighted the potential capacity of the GDP process to reduce the risk of gene transfer.

Other AOPs applied to water disinfection are technologies based on
electrochemistry which are commonly known as electrochemical advanced oxidation
processes (EAOPs) [54, 121]. EAOPs are processes in which a direct current electric
field is applied across the contaminated effluent, promoting the generation of large
amounts of highly reactive species that destroy chemical and biological pollutants.
There are different EAOPs that can be applied to water disinfection: electro-Fenton
(EF), photoelectron-Fenton (PEF), sonoelectrochemistry (SE) or electrochemical
oxidation (EO) [122]. These technologies can proceed without the need for chemicals
storage as occur in methods such as chlorination, ozonation or Fenton process, reducing
associated operating costs [123, 124]. During EO, ions naturally contained in the
untreated effluents are oxidized or reduced on the anode or cathode surface,
respectively. By these mechanisms, different disinfectants can be electrogenerated such

as ozone, hypochlorite, chloramines or hydrogen peroxide. Likewise, other powerful
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oxidizing species like hydroxyl, sulphate, carbonate or chlorine radicals can be also
generated, favouring the Killing of microorganisms during disinfection processes.
EAOPs provide several advantages for the disinfection of contaminated sources because
the electron is a clean reagent, and the process efficiencies are very high [122, 125-127].

For this reason, they are considered environmentally friendly processes.

(a) t Effluent
2 il CFF anode
Insulating layer
CFF cathode

= Plexiglass holder

Figure 2.5. Construction and characterization of the flow-through electrode system (FES). (a)
The schematic diagram of the FES including Plexiglass coaxial electrode holders, a filter paper
as the insulating layer, and two CFF electrodes connected to the DC power. (b) Scanning electron
microscopy (SEM) image of the micro-structure of CFF electrodes. (c) SEM image of the carbon
fibers under high magnification. Reprinted with permission from ref [128]. Copyright 2020
Elsevier.

EO process is strongly influenced by the electrode material used and the applied
current density. Electrode materials such as carbon fiber felt (CFF), boron doped
diamond (BDD), or mixed metal oxides (MMO) are commonly used for water
disinfection process [129-135]. Many authors have tested the viability of EO as
disinfection process, obtaining total bacteria removal rates in water matrices with the

application of low current densities and electric charges. Ni et al. [128] tested the
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disinfection performance of a carbon fiber-based flow through electrode system towards
gram-negative and gram-positive pathogens (Figure 2.5). Results showed that the
complete removal of different bacteria was attained at low applied voltages (1-5V) and
short HRTSs (1-10s). Gram-positive bacteria (E. faecalis and Bacillus subtilis) were less
vulnerable to the disinfection process than gram-negative bacteria (E. coli and faecal
coliform), which may be associated to the different composition of cell walls
(peptidoglycan and teichoic acids). Furthermore, authors stablished the direct oxidation
as main disinfection mechanism since the indirect oxidation was negligible at low

voltages.

Other authors have studied the applicability of nanowires electrodes for low-
voltage electroporation disinfection process [136, 137]. These nanowire structures have
a nanoscale tip structure that can amplify the strength of the electric field near the tips
by several orders of magnitude [138], leading to the complete removal of pathogens. In
the electroporation process, it is induced a damage in the cell membrane resulting in cell
death when is exposed to an electric field of strength enough [139]. Conversely,
different electrode materials and electrochemical reactors have been also proven
efficient in the disinfection of water matrices. In the work reported by Isidro et al. [140],
a special PEM-electrolyzer equipped with diamond anodes was studied for the removal
of total coliforms and P. aeruginosa. The reactor employed was a commercial
MIKROZON cell, especially designed to produce ozone as the main disinfectant specie
in low-conductivity waters. Results showed that the reactor can be successfully used to

disinfect water, being promising results for the future development of this type of cells.

EO can also be coupled with photolysis to enhance the photo-electro generation
of disinfectant species and, hence, to obtain a more efficient process with a lower cost.
The irradiation can be applied naturally (solar irradiation) or artificially (UV lamp).
Thus, the photoactivation of the electrochemical generated reactive species such as
hydrogen peroxide, ozone, persulfate or hypochlorite leads to the enhancement of the
generation of hydroxyl, sulphate or chlorine radicals [141-143]. Specifically,
photoelectrochemical technology has been recently proven to be efficient in the

disinfection of water sources contaminated with E. coli [144, 145]. Another interesting
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work has been published by Montenegro-Ayo et al. [146]. They designed a portable
point-of-use photo-electrocatalytic device (e-DRINK) for rapid water disinfection. This
device was composed of TiO, nanotubes acting as photo-anodes and a rechargeable
battery to provide the power supply. This technology was able to reach 5-log
inactivation of E. coli in just 10 seconds in sterile saline solution and in 4 min in a
natural water matrix. The different disinfection behaviours were attributed to the
hindrance of light transport in the presence of natural water components. The e-DRINK
device provides an amazing opportunity to achieve access to safe drinking water in
isolated areas and developing regions.

Other EAOPs have been also tested for water disinfection such as electro-
Fenton. This technology is based on the production of hydroxyl radical by Fenton
reaction (Equation 2.2) but, in this case, the hydrogen peroxide is electrochemically
produced by oxygen reduction over the cathode surface (Equation 2.16) [147-149].

0 + 2H* + 26" — H,0, (2.16)

Chen et al. [150], tested a granular activated carbon cathode (GAC) in an
electro-Fenton process, to enhance the production of H2O-. This allowed to increase the
generation of hydroxyl radicals, promoting an improvement in the E. coli removal rate.
Results showed that the process could non-selectively inactivate the antibiotic-resistant
E. coli with different ARGs in a 300 min treatment. ARGs present in the bacterial strain
such as, ampicillin-, tetracycline-, or chloramphenicol-resistance genes, among others,
were also completely removed after the treatment. The great cost-effectiveness ratio of
GAC cathodes renders this electro-Fenton process as an affordable alternative for

practical applications.
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Table 2.1. Technologies for pathogen removal from water sources.
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Table 2.1. (Cont.) Technologies for pathogen removal from water sources.
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Table 2.1. (Cont.) Technologies for pathogen removal from water sources.
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Table 2.1. (Cont.) Technologies for pathogen removal from water sources.
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Table 2.1. (Cont.) Technologies for pathogen removal from water sources.
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2.2.2. Disinfection technologies for the treatment of wastewater

Wastewater is a very complex matrix of different organic and inorganic
compounds which can be toxic and difficult to degrade. The wide range of wastewater
sources consists of urban and industrial streams. Urban wastewater is generated from
households, recreational areas, sanitary facilities, and all other sources that end up being
mixed with these effluents. The composition of industrial wastewater depends on the
type of industrial activity and, the number of different pollutants such as heavy metals,
pharmaceutical products, dyes, toxic compounds derived from chlorine, nitrogen,
phosphorus or sulphur... is practically endless [151]. The solid fraction of wastewater
is generally made of a high percentage of volatile matter and medium to low content in
fixed carbon, depending on the mineral content of the feedstock [152-156]. Inorganic
compounds found in wastewater are mainly fluorides, chlorides, sulphates, nitrates

phosphates or ammonium, among others.

Wastewater also contain microorganisms from human or animal urine and
faeces, representing an environmental threat [157-160]. For this reason, disinfection
technologies must assure the killing of pathogens in these effluents before discharge. A
wide variety of processes have been tested in the last years for this purpose and the most
significant disinfection technologies for different wastewater matrices during the years
2018-2020 are summarized in Table 2.2. Conventional technologies may represent a
suitable alternative for practical applications, due to the large volumes of wastewater
that need to be treated every day [161]. These conventional processes comprise

bioreactors, wetland systems, UV light irradiation or solar disinfection among others.

The use of sequencing batch biofilter granular reactors (SBBGRs) has been
tested for wastewater disinfection. This technology is based on a submerged biofilter in
combination with a granular sequencing reactor that operates under batch conditions,
showing a high filtering capacity [162]. The use of an innovative SBBGR was evaluated
for the disinfection of sewage to be reuse for irrigation by De Sanctis et al. [163]. This
process achieved average log reductions of 2.9 and 1.6 for E. coli and Clostridium

perfringens (C. perfringens), respectively. Nonetheless, a subsequent sand filtration
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stage was also required to improve the disinfection performance and to guarantee the
quality of the treated effluent within the standards that reclaimed water must satisfy to

be reused in agricultural activities in several countries.

On the other hand, wetlands are low operational and maintenance cost systems
for wastewater disinfection. This technology combines different processes such as
filtration, sedimentation, oxidation, oxygen release, production of bacteriological
compounds, retention in biofilms, aggregation or competition for limiting nutrients
which promote the removal of ARB [164]. Constructed wetlands (CWs) are semi-
aquatic ecosystems with a large population of microorganisms and vegetation that
proliferate in the environment, promoting physical-chemical reactions able to degrade
contaminants [165]. Kaliakatsos et al. [166] tested the application of a CW system for
wastewater disinfection, finding that the process was able to remove around 99 % of the
bacteria present in wastewater (2-log reduction) in 14 days. Another interesting
approach of wetlands for disinfection purposes was proposed by Gonzalez et al. [167],
who combined a wetland system with the irradiation of UV light. The coupling of both
technologies improved the disinfection efficiencies of the constructed wetland up to
2.03-log reduction of faecal coliforms in 3-7 days. However, bacteria regrowth was
observed around 27.8 % under visible UV light irradiation which represents an
important drawback of the technology. This behaviour has been previously reported in
literature where it has been checked that the damage caused on bacteria by UV light
irradiation can be repaired after relative small times, promoting bacteria regrowth [168,
169].

The combination of biological processes with other treatment technologies has
become a suitable choice for improving disinfection efficiencies. Bellucci et al. [170]
tested the coupling of a microalgae-based reactor with the traditional UV disinfection
process. The combined effect of microalgae (disinfectant and nutrient removal agent)
together with the irradiation of UV light achieved around 5 log reduction of E. coli after
a 48 h treatment.

However, the energy requirements for the implementation of light irradiation
systems can also limit the applicability of these technologies due to the energy costs. To
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overcome this limitation, the use of solar light irradiation has become an excellent
alternative for wastewater disinfection. It is a well-known and broadly used technology
which consists in the direct application of solar light to wastewater, although the
inactivation process is complex because it depends on both exogenous and endogenous
microbial inactivation pathways [171-173]. Solar disinfection has been recently studied
for wastewater treatment by Voumard et al. [174]. They reported that the irradiation of
solar light led to an E. coli removal percentage of 99.99 % (4-log reduction) in 1.7 h.
This study also highlighted the possible risks for human health related to an incomplete

killing of microorganisms.

One of the novel approaches for reducing ARB in wastewaters is the use of
metal-exchanged natural zeolites. Zeolites are natural aluminosilicate minerals that
show a high cation-exchange affinity, yielding materials with antibacterial properties.
Ivankovic et al. [175] reported the disinfection of urban treated wastewater using a
metal-exchanged zeolite clinoptilolite enriched with silver (AgNZ) in a bead filter
system. This technology achieved the complete removal of an antibiotic-resistant
Acinetobacter baumannii (A. baumannii), using a glass column filled with 5 g of AgQNZ

with a retention time of 4 min.

Recent advances in the development of nanomaterials have aroused the interest
of the scientific community for their application in wastewater treatment [176, 177].
Magnetic nanoparticles have inherent disinfection capabilities which are directly related
to the nanoparticle type and doses, contact times or effluent contamination levels [178].
Najafpoor et al. [179] tested the use of silver loaded magnetic nanoparticles (Ag-MNPs)
for disinfection purposes. The nanomaterial performance was evaluated for the removal
of total and faecal coliforms, and heterotrophic bacteria, reaching around 1-log
reduction for all microorganisms. This study proved that the doping of Ag ions onto
magnetic nanoparticles improved the magnetic properties and enhanced the disinfection
removal rates of the nanocomposites. The synthesis and investigation of a novel
magnetic nanostructure for the disinfection of wastewater was reported by Khazaei et
al. [180]. They synthesized the nanomaterial by anchoring sodium dichloroisocyanurate
(NaDCC) on the nano-Fe;0.@SiO.@Si(CH-)sCl surface. NaDCC acted as a chlorine
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reservoir with high disinfectant capacity. The process reached the complete removal of
E. coli from wastewater which revealed that the Fe;0,@SiO.@Si(CH2);@DCC

nanostructure was a clean and efficient disinfectant.

In recent years, ferrate (Fe(\V1)) have emerged as a novel oxidizing agent with
remarkable disinfectant capabilities for wastewater treatment [181-183]. Ni et al.,
studied the performance of Fe(VI) for the removal of intracellular ARGs from a
secondary effluents of a WWTP [184]. They tested 15 ARGs which were frequently
detected in wastewater and they also included the class 1 integron (intl1) because of its
critical role in horizontal gene transfer. Results showed that the reduction in the 15 genes
and intl1 studied ranged from 1.1-log to 4.37-log for 10 mg Fe(V1) IX. The combined
effect of DNA damage induced by Fe(V1) and coagulation initiated by Fe(V1) reduction
products was the main mechanism for ARGs removal (Figure 2.6).
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Figure 2.6. Schematic diagram representing the mechanisms of ARG/integrons removal in the
wastewater through Fe(VI) treatment. Reprinted with permission from [184]. Copyright 2020
Elsevier.

The main drawbacks of most of conventional treatments for killing pathogens
in wastewater are the low efficiencies and the limitations in achieving the complete
disinfection of the effluents, which can lead to bacterial regrowth and the proliferation
of ARB into the environment. To overcome these limitations, the application of AOPs

for wastewater disinfection has been widely studied in the last decades since these
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processes promote the generation of large amounts of free radicals that favour the
removal of microorganisms [68, 185]. Homogeneous AOPs based on the generation of
hydroxyl or sulfate radicals are promising technologies due to the strong oxidative
power of these species. Xiao et al. [186] tested the use of a zerovalent
iron/peroxydisulfate (ZV1/PS) process for wastewater disinfection. In an air-saturated
PS solution, ZVI was oxidized to generate Fe?* (Equation 2.17-2.19) and, consequently,

Fe2* activated PS to form sulfate radicals (SO.*) (Equation 2.20) in the solution.

2Fe0 + O, + 2H,0 — 2Fe?* + 40H" (2.17)
2Fe0 + O, + 4H* — 2Fe?* + 2H,0 (2.18)
2Fe® + S,06% — Fe?* + 250, (2.19)
Fe?* + S,0g% — SO4* + SO + Fe* (2.20)

Sulfate radicals were responsible for initiating a series of oxidative reactions on
the cell membranes that affected its permeability (Figure 2.7). Results showed the loss
of integrity in the wall/cell structures after 0, 40 and 80 min of ZVI/PS treatment,
resulting in leakage of cytoplasm. The morphological changes observed in E. faecalis

were similar to that of E. coli.

Likewise, the removal of ARGs in a secondary effluent was studied by Gao et
al., using sodium persulfate activated by a nanoscale zero valent iron modified by
Ginkgo biloba L. (G-NZVI) catalyst [187]. They selected bacterial 16S rRNA gene,
eight ARGs and two mobile genetic elements as target pollutants. Four resistance
mechanisms were present among the ARGs selected, including efflux (tetE and mexF),
deactivate (blarem, catAl and aac), protection (tetW and vanG) and unknown (gnrS).
Class 1 integron-integrase gene (intl1) and the conjugative transposon Tn916-Tn1545
family (Tn916/1545) were selected as mobile genetic elements. Results showed that
98.6 % (1.85 log) bacterial 16S rRNA gene was removed within 10 min and the removal
efficiency of target ARGs and other mobile genetic elements decreased in the following
order: Tn916/1545=aac (below the detection limit) > intl1 (99.99 %) > tetE (99.64 %)
> meXF (99.10 %) > tetW (94.57 %) > gnrS (90.18 %) > vanG (82.21 %) > blatem (64.15
%) > catAl (23.13 %).
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Figure 2.7. The morphological images of E. coli (1.07x107 CFU ml?) treated with ZVI/PS for
(a) 0 min, (b) 40 min, (c) 80 min, and UV for (d) 0 s, (e) 20 s, (f) 40 s. The arrow indicates the
deformation, pore—forming, and fracture of cells damaged by SO4*". Reprinted with permission
from [186]. Copyright 2020 Elsevier.

Another homogeneous AOP that has been recently tested for the removal of E.
coli and Pseudomonas spp in wastewater is catalytic ozonation [188]. This technology
can also be considered as heterogeneous AOP if metals are added as dispersed solid
oxides. Malvestiti et al. studied different metal ions (Fe?*, Co?* and AI**) to enhance the
generation of powerful radicals with disinfectant capacity in a metal-catalyse ozonation
process. The generation of hydroxyl radicals was promoted during the decomposition
of Oz in the presence of Fe?* (Equations 2.21-2.22) [189]. In addition, the interaction of
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ozone and water is well known to produce hydrogen peroxide (Equation 2.23) [190],
which, subsequently can react with Fe?* in the Fenton process (Equations 2.3-2.4) to

generate hydroxyl radicals.

Fe?t + O; — FeO%" + 0O, (2.21)
FeO? + H,0; — FeO* + HO® + OH' (2.22)
O3z + H,O — H,0, + 02 (2.23)

Cobalt interacted directly in the presence of Oz promoting the generation of hydroxyl
radicals (Equations 2.24-2.26) [188].

Co?* + O3 + H,0 — Co(OH)?* + O, + HO® (2.24)
HO* + 05 — HO,* + O, (2.25)
HO.* + Co(OH)?* — Co?* + H,0 + O; (2.26)

Results showed that the inactivation process of both pathogens increased its
efficiency up to 20 % with the use of 1 mg I of Fe?*, Co?" and AI** and up to 40 % with
10 mg It Fe?* compared with single ozonation. Cellular adenosine triphosphate (ATP)
was measured as an indirect indicator for disinfection. This molecule is used as a carrier
of free energy and phosphate groups, which are directly involved in microbial activity
[191]. The decrease of cellular ATP followed the same trend than that previously
observed for pathogens inactivation. This study concluded that the presence of metal
ions improved ozone disinfection performance, further increasing its efficiency in the

presence of Fe?*.

Within homogeneous photocatalytic AOPs, the PF process is one of the most
developed technologies for disinfection and decontamination of wastewater matrices.
Many studies have reported the application of PF with UV or solar irradiation for the
inactivation of waterborne pathogens including E. coli, S. enteritidis, faecal coliforms
or P. aeruginosa [192-195]. The efficiency of the PF process for the complete removal
of ARB in wastewater matrices was successfully proven in these works. Nahim-
Granados et al. [194] studied the inactivation of E. coli and S. enteritidis in synthetic

fresh-cut wastewater by different solar based processes at pH values around 6. Results
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showed that PF was able to reach the complete removal of both microorganisms in less
than 30 min, using 2.5 mg It Fe?* and 5 mg I"* H,0.. A similar disinfection behaviour
was observed during the single solar photo-inactivation and, the best disinfection rates
were obtained during the H,O2/Solar UV process. This was attributed to the limitations
of the PF process when working at neutral pHs. Michael S.G. et al. [195] tested the solar
PF process for the removal of ARB and ARGs from wastewater. The use of 5 mg I
Fe?* and H,O, doses of 18, 30, 40 and 18 mg I** under solar light irradiation promoted
the inactivation of faecal coliforms, Enterococcus spp., total heterotrophs and P.
aeruginosa, respectively, avoiding undesirable bacteria regrowth. ARGs showed
different performances and, their complete elimination was not achieved during the
process. For instance, blarem genes, whose resistance is associated to B-lactamases,
were persistent after treatment. Di Cesare et al. studied the removal of antibiotic
resistance determinants (16S rRNA, ARGs and intl1 gene) and pathogenic bacteria by
a photo-Fenton like process (UV-C/H.0./Cu-IDS) using an iminodisuccinic acid (IDS-
Cu) complex as catalyst [196]. Results showed that the UV-C/H,0,/Cu-IDS process
working under neutral pH conditions was more effective than the UV-C/H,O; process
in terms of bacterial removal. This was mainly attributed to the reaction of Cu* and Cu?*
with H,0; and the subsequent generation of hydroxyl radicals [197]. However, the UV-
C/H,0; process was more effective in decreasing the relative abundance of intll and
tetA genes after a 24h storage in human pathogens favorable conditions (37°C in rich
medium, LB broth), which highlights the need of further investigation of the UV-

C/H,0,/Cu-1DS process under more intensive operational conditions.

The irradiation of UV light to solutions containing powerful oxidants such as
H,02, HSOs", S,0¢% or CIO™ promotes their photoactivation, favouring the generation
of free radicals (Equations 2.9, 2.14, 2.15, 2.27) [198]. The role of these radicals in the
disinfection of wastewater matrices has been reported in literature which significantly
influence the inactivation of microorganisms, reaching a complete removal of ARB

models such as E. coli, E. faecalis or K. pneumoniae [79, 80, 199-201].

CIO + hv — O* +CI* (2.27)
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Figure 2.8. Proposed pathways for the inactivation of carbapenem resistant Klebsiella
pneumoniae (CR-kp). Reprinted with permission from [80]. Copyright 2020 Elsevier.

The inactivation mechanisms of K. pneumoniae under photoactivated S,0s*
and H2O; have been proposed by Serna-Galvis et al. (Figure 2.8): 1) DNA and RNA
damage by UV-C, 2) degradation of proteins and enzymes by ROS, 3) modifications in
membrane and cell-wall by photogenerated hydroxyl or sulfate radicals, 4) iron and
cooper naturally contain in bacteria can react with H,O or S;0s? to produce *OH and
SO.*, inducing bacterial death, 5) DNA plasmids can experiment dimerization reactions
promoted by UV-C light [80]. The disinfection was achieved under an exposure time of
180 s using 1 mM of S;0s% or H0,.

Other studies have proposed the irradiation of UV-A light to favour the
generation of radicals during disinfection processes, although the removal rates are
lower than that obtained when using UV-C light. Rodriguez-Chueca et al. [200] reported
the inactivation of E. coli under UV-A irradiation and its combination with S,0s* and
HSOs to promote the generation of ROS. Results showed that a negligible disinfection
was achieved by single photolysis with UV-A light. However, the photoactivation of 1
mM S,0g? led to the total inactivation of E. coli in 30 min whereas a decrease around
2.2-log was achieved during a 90 min treatment with 1 mM HSOs". These different

behaviours were explained by the different production of radicals: hydroxyl and
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sulphate radicals were generated during the photolysis of HSOs™ (Equation 2.14) but
large amounts of sulphate radicals were produced during the photoactivation of S,0g?
(Equation 2.15). Michael et al. tested the UV-C/H,0; and sunlight/H,O- processes in a
pilot scale to remove antibiotics, bacteria, ARB, 16S rRNA and ARGs [202]. Results
showed that both processes were able to inactivate E. coli and P. aeruginosa with the
use of 5 mg I H,O, and 0.06 kJ I UV-C for the UV-C/H,0; process and 30 mg I*
H20, with 16-20 kJ I* for the sunlight/H20 process. However, bacterial regrowth
occurred after a 48h storage for the treated samples with sunlight/H.O. process. In
addition, by increasing the treatment until 90 min and the UV-C irradiation until 0.8 kJ
I1, the UV-C/H;0; process attained 2.4 log reduction for 16S rRNA, 3.7 log reduction
for blaoxa, blasnv, blatem and gnrS, 2.3 log reduction for tetM, 2.2 log reduction for
sull and 2.1 log reduction for sul2. Likewise, logarithmic reductions of 0.8, 0.3, 1.7,
0.7, 1.6, 1.4, 0.8 and 1.0 for 16S rRNA, blaoxa, blasnv, blarem, gnrS, tetM, sull and
sul2, respectively, were reached during the sunlight/H,O, process after 300 min and 42
kJ I* of sunlight irradiance. Thus, the UV-C/H.O process was observed to attain higher
log reduction values of ARGs than the sunlight/H,O, process. However, these results
still confirmed that both processes are not suitable to avoid the spread of ARGs into the

environment.

Heterogeneous AOPs are based on the use of a solid catalyst to promote the
generation of free radicals in wastewater. Solid semiconductor materials can be
photoactivated by the irradiation of UV light, promoting the generation of ROS in
wastewater that favour the killing of microorganisms [203, 204]. These heterogeneous
photocatalytic processes have been widely studied for the disinfection of wastewater
sources in literature [205-208]. Three different TiO, based materials were tested by
Martin-Soémer et al. [209] for the removal of total aerobic bacteria in a real wastewater
effluent. The higher disinfection rates were obtained with the use of commercial TiO-
Evonik P25 as photocatalyst, reaching around 3.6-log reduction when 3.8 E/L of
accumulated radiant energy were applied. The use of other TiO, based materials led to
less than 2-log reduction units of total anaerobic bacteria. The development of other

photocatalysts non-based on TiO, have been also carried out for wastewater
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disinfection. A novel cerium-doped zinc oxide (Ce-ZnO) photocatalyst was compared
with the commercial TiO.-P25 for the disinfection of real wastewater by Zammit et al.
[210]. The concentration of E. coli was completely inactivated and P. aeruginosa was
reduced in more than 4-log units with Ce-ZnO photocatalyst in 180 min. Results
obtained for both microorganisms with this novel material were more than 2-log units

higher than those achieved when using commercial TiO,-P25.

As discussed in section 2.1., EAOPs are a promising alternative for improving
the disinfection efficiencies of AOPs. Specifically, EO is one of the most widespread
technologies employed for wastewater treatment. During EO, oxidation and reduction
reactions take place on the anode and cathode surface, respectively. The high
concentration of inorganic ions contained in wastewater leads to the generation of
disinfectant species such as hypochlorite (Equations 2.28-2.30) [211], hydroxyl radicals
(Equation 2.31) [212], hydrogen peroxide (Equations 2.32-2.34) [213, 214], or ozone
(Equations 2.35-2.36) [215, 216] that significantly contribute to bacteria removal [131,
217].

2CI" — Clp + 2¢ (2.28)
Cl, + H,0 — HCIO + CI + H* (2.29)
HCIO < H* + CIO- (2.30)
HO — OH®* + H" + ¢ (2.31)
OH®* > O*+H' +¢ (2.32)
20° - O, (2.33)
20H® — H,0, (2.34)
H,0, — O, + 2H* + 2¢° (2.35)
02+ 0°—> 03 (2.36)

The presence of organic compounds in wastewater may affect the efficiency of
the electrochemical disinfection process since the disinfectant species generated can

degrade these organic compounds, promoting competitive oxidative reactions between
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bacteria and organics [218]. The EO process is significantly influenced by the anodic
material employed and the current density [219]. Several materials may be suitable as
anodes but BDD and MMO are more extensively used for wastewater disinfection
processes [130, 220]. Li et al. [221] tested the electrochemical disinfection with BDD
anodes for the removal of heterotrophic bacteria. The application of 20 mA cm= led to
a 3.8-log reduction of bacteria, reaching almost the complete disinfection of the effluent.
This process was also able to reduce the relative abundance of ARGs, which was mainly
attributed to the different amounts of free chlorine and hydroxyl radicals generated.
They studied the removal efficiency of 23 ARGs that confer resistance to 8 classes of
antibiotics with different operational conditions. Results showed a total removal rate of
ARGs of 56 % after 5 min at a current density of 80 mA c¢m, meanwhile the total
removal rate of ARGs decreases below 47 % after 20 min at a current density of 20 mA
cm2, when 99 % inactivation was achieved by both treatments.

On the other hand, Rajasekhar et al. [222] evaluated the EO process with a
Ti/Shb-SnO,/PbO; anode for wastewater disinfection. This novel electrode consists of a
Ti substrate, an interlayer made of Sb-SnO; and an outer layer of PbO.. Results showed
that the complete removal of 2-10° UFC ml* coliforms was achieved at applied current
densities of 30 mA cm2. In addition, it was also confirmed the complete destruction and

morphological changes of bacterial cells by SEM analysis.

One of the major challenges to be faced by electrochemical technologies is their
scale-up, being many of the works described in this review at lab or bench scale. Cotillas
et al. [223] studied the scale-up of an integrated electrodisinfection-electrocoagulation
(ED-EC) process with BDD anodes and iron bipolar electrodes for the reclamation of
urban treated wastewater. This process was operated in continuous mode and achieved
the complete disinfection of urban treated wastewater at low applied electric charges
(0.1 kKAh m™). In-situ electrogenerated free and combined chlorine species were the
main responsible for disinfection whereas iron coagulant species electrodissolved led to
an efficient turbidity removal. This work supports the idea that the scale-up of
electrochemical technology is possible and, an efficient and environmentally friendly

disinfection process can be achieved.
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Table 2.2. (Cont.) Technologies for pathogen removal from wastewater sources.
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Table 2.2. (Cont.) Technologies for pathogen removal from wastewater sources.
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Table 2.2. (Cont.) Technologies for pathogen removal from wastewater sources.
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2.2.3. Disinfection technologies for the treatment of sanitary effluents
2.2.3.1. Disinfection of hospital wastewater (HWW)

In last years, concern about HWW treatment has sharply increased in the
scientific community due to the complex composition of this type of effluents, including
a great variety of drugs and high concentrations of pathogens, viruses, and fungi. HWW
greatly affect the loads of contaminants arriving to WWTPs since contain high levels of
chemical and biological residues [224-226]. ARB are easily spread among hospitalized
patients via air, shower drains and/or the sewage systems as bacteria reservoirs,
promoting the occurrence of nosocomial infections [227, 228]. This has led to the search
for technological solutions to decrease the impact of HWW into the environment and
human health. A review related to disinfection/denaturation treatments reported by
Dodd et al. [8] stated that undamaged DNA residues from cellular debris could confer
antibiotic resistance to bacterial populations present in the environment by natural
transformation and/or transduction, despite ARB were inactivated during the
disinfection process. Furthermore, dead bacteria can have intact plasmids which are
capable of replicating autonomously within a suitable host [229]. The particular
composition of HWW, in terms of pathogens, promotes a rapid vertical and/or
horizontal gene transfer. For this reason, disinfection technologies should assure not
only the complete removal of microorganisms but also the denaturation of genetic
material. Table 2.3 summarizes the most significant disinfection technologies for HWW

reported in literature until 2020.

Despite the major challenge posed by HWW, conventional biological and
chemical processes have attempted to face its treatment. The use of pilot scale
membrane bioreactors (MBRs) were tested by Nielsen et al. [230] for the removal of E.
coli, total coliforms and total enterococci in HWW. Disinfection rates achieved a
maximum of 3.69-log reduction in total coliforms with a 35-day sludge age. The main
advantages of MBRs are the lower carbon footprint and the higher ARB removal
efficiencies than those obtained with conventional biological processes located at

WWTPs. On the other hand, chemical processes are based on the use of ozone or

59



Chapter 2

chlorine for killing pathogens because of their excellent disinfectant properties. Gautam
et al. [231] and Fijan et al. [232] evaluated the disinfection of HWW with chlorine and
peracetic acid (PA), respectively. The use of 20 mg I Ca(ClO), achieved disinfection
percentages up to 98.5 % in 30 min whereas the addition of 400 mg It PA led to the
complete removal of E. faecium in 15 min. These results point out the bactericidal effect
of chlorine and PA for the removal of ARB in HWW. Furthermore, the monitorization
of ARGs was studied in three different Hospital WasteWater Treatment Plants
(HWWTPs), operating with several physical-chemical processes and a final disinfection
stage based on chlorination. Results showed that ARGs removal rates ranged from 0.85
to 2.71 log with maximum decays approximately one order of magnitude observed for
gnrS, blaskv-1 and blapna- genes. However, HWWTPs were not efficient at removing
all ARGs, and the concentration of five B-lactam ARGs (blaoxa-1, blaoxa-10, blapna-1,
blaskv-1, blatem-1) and two quinolone ARGs (gnrA and gnrD) were even increased in
the treated wastewater [233]. These results prove that an inadequate chlorine dosage can
increase ARG concentrations, inducing the formation of more pili for conjugative
transfer [234-236].

Disinfection systems based on ozone (E% 2.07 V) are highly effective because
this species has an oxidation potential higher than other commonly disinfectants such
as chlorine (E% 1.36 V) or hypochlorite (E% 1.49 V) [237]. Chiang et al. [238] studied
the disinfection of hospital effluents by ozonation at neutral pH, finding that a complete
removal of P. aeruginosa was attained with the addition of 3.5 mg O3 I'*. A similar
ozone dosage was able to reduce the population of total coliforms in more than 4-log

units.

The influence of pH on bacteria removal was evaluated in cholera treatment
centers using hydrated lime (pH 11.4-12.2) and hydrochloric acid (pH 3.7-3.9) during
14 h since extreme values can significantly affect the survival of pathogens [239].
Results from a full-scale process showed that thermotolerant coliforms were removed
up to 99.97 % in HWW, being higher the efficiency in acid conditions. Furthermore,
treated effluents met the WHO bacteriological guideline values for agricultural reuse
(fewer than 1000 CFU/100 ml) [240].
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Chemical processes are cost-effective options for the reduction of the
hazardousness associated with ARB in sanitary effluents. However, the use of chemicals
can promote the occurrence of disinfection by-products due to the presence of organic
compounds in HWW which are susceptible to react with chlorine-based disinfectants.
These organochlorinated compounds are known to be mutagenic and cancerogenic for
humans [241, 242] and, for this reason, the application of AOPs to the disinfection of
HWW has been recently tested with the aim of improving disinfection efficiencies and
avoiding the disinfection by-products [20, 243, 244].

UVA O .

Possible inactivation pathways @
a: Direct action of UVA on internal

cell components. *OH

b: External oxidation by H,0,.

c: Internal (photo)-Fenton process. T

d: External (photo)-Fenton process UVA/H,0,/Fe?*

Figure 2.9. Schema of plausible inactivation routes of ARB K. pneumoniae during process
application. Experimental conditions: V: 150 ml, pHinitiai: 6.5, [Bacteria]: 106 CFU ml%, [Fe?*]:
5mg I%, [H20,]: 50 mg I'* and light intensity: 3.9 Wm. Reprinted with permission from [245].
Copyright 2019 Elsevier.

Mufioz et al. [246] reported the efficiency of the Fenton process in the removal
of total coliforms from real HWW. The process operated under temperatures within the
range of 50-90 °C, obtaining oxalic and formic acids as main by-products. Treated
effluents exhibited 4 times less toxicity than the raw wastewater at temperatures higher
than 70 °C. The Fenton process with the irradiation of UVC light (PF) has been also
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successfully tested for the complete removal of total coliforms and E. coli in HWW
[76]. Likewise, Serna-Galvis et al. [245] evaluated the removal of carbapenem-resistant
K. pneumoniae in HWW by PF, finding that the use of 5 mg I Fe?* and 50 mg I"* H,0-
under UVA irradiation led to a reduction of 3.3-logs in the concentration of bacteria in
300 min. The addition of 9 UM of citric acid enhanced the PF process until the complete
removal of K. pneumoniae in 300 min. Furthermore, the replacement of H,O, by 1470
MM Na,S,0g improved the disinfection efficiencies, reaching the bacteria removal in 60
min. They also proposed different possible inactivation routes for K. pneumoniae
(Figure 2.9): 1) direct action of UVA on internal cell components; 2) external oxidation
by H.O; 3) internal PF process, 4) external PF process.

The disinfection of HWW has been also carried out by AOPs based on the
photoactivation of chemical oxidants to produce large amounts of free radicals that
promote the killing of microorganisms. Luo et al. [247] compared the efficiencies of
chemical and photochemical processes for the removal of faecal coliforms in HWW.
Results showed that single photolysis was enhanced by the addition of 10 mg I** of Cl,
in 0.72 log units, reaching a final decrease in bacteria concentration around 4-log units.
Moussavi et al. [248] described two UV-based AOPs for the disinfection of sanitary
effluents (10° UFC ml? of E. coli): vacuum UV (VUV) with the addition of hydrogen
peroxide (VUV/H20.) and UVC/H,0; process. They found that VUV/H,0, was much
more efficient than the UVC/H,O; process since a complete removal of E. coli was
attained with the first one whereas the irradiation of UVC light promoted a reduction of
6.1-log units. This was mainly attributed to the higher production of free radicals by the
photoactivation of H,O; using the VUV lamp (100 > X > 200 nm) that emits radiation
at wavelengths lower than UVC lamps (200 > A > 280 nm). In fact, the molar ratio
absorption of H,O is about 180 I(mol-cm)? at wavelengths around 200 nm and
significantly decreases at 254 nm (19.6 I(mol-cm)) which is the typical operating value
of UVC lamps [249].

Many studies have been focused on the disinfection of complex water matrices
contaminated with bacteria and viruses by photodynamic inactivation (PDI) [250, 251].

This technology is based on the action of light on a photosensitizer that leads to the
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production of ROS in presence of molecular oxygen, promoting the Kkilling of
microorganisms. Almeida et al. [252] tested the PDI technology for the treatment of
sanitary effluents contaminated with E. coli, P. aeruginosa, A. baumannii and S. aureus.
They employed 5 uM of Tetra-Py*-Me as photosensitizer solution and irradiated the
samples with white light (380-700nm) during 270 min. Results showed that reductions
higher than 6-log units were obtained for each pathogen and for a mixture of the four

bacteria.

Ozone is a powerful disinfectant that can be activated by ultrasound, favouring
the production of free radicals which improve the disinfection efficiencies of single
ozonation and ultrasound irradiation processes [253, 254]. Somensi et al. [255] studied
the removal of total coliforms and DNA denaturation efficiency in sanitary effluents by
Os and O3/US at 70 and 100 W I%. No viable cells were observed in the inoculated Petri
dishes after 40 min, although the Os/US process at 100 W I was the most efficient in
killing pathogens. This was mainly due to the higher amount of free radicals in the
effluent. Results from gel electrophoresis analysis showed that Os/US processes
achieved a higher degree of genetic denaturation than single ozonation. The
denaturation rate reached was 64 and 81 % for the power densities applied of 70 and
100 W I, respectively. These results point out the need for developing efficient
treatment technologies focused on killing microorganisms and DNA denaturation to

reduce the antibiotic resistance mechanisms in treated effluents.

Within heterogeneous photocatalytic AOPs, the predominant disinfection
process for the treatment of HWW reported in literature is the catalytic photoozonation
(UVITIiO2/0s). This process consists of providing an additional source of hydroxyl
radicals from oxygen and ozone adsorbed (Oz@es) and Osds)) On a solid catalyst
(Equations 2.37-2.40) [256]. Furthermore, the irradiation of UV light not only
contributes to the removal of microorganisms by its penetration into cells but also

enhances the generation of hydroxyl radicals by the photoactivation of oxidants.
O2(ads), O3(ads) + € — O2* (2.37)

0.* + H,O — 2HO,* + HO" — O + H;0; (2.38)
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H;0; + O0* — HO + HO® + O, (2.39)
O3 + H.O - HO + HO® + O3 (2.40)

Machado et al. [257] studied the removal of thermotolerant coliforms in a
secondary HWW by catalytic photoozonation using a ramp-type reactor equipped with
a germicidal low-pressure mercury vapor lamp. They concluded that the use of 2.96 mg
cm2 TiO, (P25, Degussa) in the photoirradiation ramp together with the generation of
5.8 mg h™ Os in the reactor’s inner air led to the complete disinfection of the effluent
after a 60 min treatment. This UV/TiO2/O3 process was also tested for the disinfection
of hospital laundry wastewater under the same operating conditions by Kist et al. [258].
Results showed that a complete removal of E. coli and thermotolerant coliforms was
attained which reveals that catalitic photoozonation can be considered as an efficient
alternative for the disinfection of HWW.

Finally, EAOPs have been also tested for the disinfection of HWW. Zhou et al.
[259] reported the removal of faecal coliforms (9-10 CFU ml?) by EO using a Ti/SnO»-
Sh,0s/PbO; anode and a carbon fibre cathode. A complete disinfection was attained in
12 min when applying a current density of 80 A m=2. Initial concentrations of NaCl
higher than 200 mg I* enhanced the disinfection rates because of the higher
electrochemical production of free chlorine. Rieder et al. [260] studied a novel
alternative for HWW treatment based on the pulsed electric field (PEF). The PEF
technology is directly applied against membranes of biological cells. The phosphorus
lipid double layer in membranes is broken during the PEF process and represents the
main mechanism of this technique for cell lysis. Results showed that the complete
disinfection of P. aeruginosa was achieved and molecular genomic DNA was released
due to cell lysis. In addition, nuclease activities were determined degrading the genetic
material in HWW, avoiding the promotion of genetic transfer events that could enhance
the spreading of ARB.
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2.2.3.2. Disinfection of urines

Wastewater generated in hospital facilities come from different sources
(laundry, kitchen, toilets...) but hospital urine can be considered as the main hotspot of
both drugs and microorganisms release, despite it only represents 2-3 % of the total
volume of hospital wastewater [261]. Specifically, urines contribute to: 1) diffusion of
PhCs and/or products metabolized by the human body because 55-80 % of ingested
drugs are excreted in urine [262]; and 2) diffusion of pathogens (viruses, fungi and
bacteria) due to the proliferation and/or accumulation of certain microorganisms in the
urinary tract in immunocompromised patients whose immune system is unable to
control the infection. The concentration of chemical and biological contaminants in
urine is up to 3-fold higher than that found in hospital wastewater [263] and, hence, the
direct treatment of urine at the point of generation could reduce the energy costs for
downstream WWTPs and related ecotoxicity risks [264]. For these reasons, the
treatment of urines becomes a key goal for reducing the environmental and health
impact of hospital effluents. In last years, the number of scientific papers related to the
disinfection of urines is increasing, but they are still limited. Table 2.3 summarizes

recent studies related to this purpose.

Microbial fuel cells (MFCs) have been also tested as an environmentally
friendly alternative for urine disinfection. Despite MFCs are bioelectrochemical
reactors in which mainly organic contaminants are oxidized in the anodic chamber
obtaining electricity in the process, the removal of S. enterica in urine by MFC
technology has been reported by Leropoulos et al. [265] who concluded that the
operation under closed-circuit conditions was the best MFC configuration since a
reduction of 4.43 log units in bacteria concentration was attained. These same authors
also studied the performance of the MFC under close circuit conditions for the
disinfection of S. enterica and P. aeruginosa [266]. In this last work, MFC cascades
were fed with a flow rate of 0.4 | d?, resulting in a hydraulic retention time (HRT) of
3.5 h. Results revealed that the new operating conditions improved the disinfection
performance, achieving a reduction of 6.91 and 7.79 log units in S. enterica and P.
aeruginosa, respectively. They proposed several disinfection mechanisms based on
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high pH and the production of electric power in the anodic chamber, causing a stressful

environment for the exogenous pathogenic organisms.

Urine is a complex matrix which not only contains inorganic salts but also
natural organic compounds such as urea, creatinine and uric acid [267]. The application
of AOPs to the disinfection of urines can promote the removal of both microorganisms
and organics until their complete mineralization since hydroxyl radical is a non-
selective oxidant [122]. Therefore, the occurrence of competitive oxidation reactions
can promote a decrease in the disinfection efficiency. Giannakis et al. [268] compared
the removal of E. coli from wastewater and urine by UV-C based AOPs, finding that
total disinfection was achieved by single photolysis (UV-C) and a positive synergistic
effect was obtained with the addition of 10 mg I of hydrogen peroxide (UVC/H20,).
This last process promotes the generation of large amounts of hydroxyl radicals which
not only contribute to the Kkilling of microorganisms but also avoid the bacteria
regrowth.

The electrochemical oxidation has been also tested for the disinfection of urines
since this technology can promote the production of powerful oxidants from the ions
naturally contained in urine, and the subsequent removal of microorganisms. Many
authors have studied the feasibility of BDD anodes in the disinfection of urine matrices
by EO. Raut et al. [269] studied the implementation of an electrochemical device
equipped with BDD anodes to a modular outdoor toilet for the removal of E. coli from
urine in developing countries. The influence of the applied voltage was evaluated on the
disinfection process, finding that the higher the voltage applied, the higher the
disinfection rate. Nonetheless, the removal of E. coli was attained for all the voltages
tested (6-12 V). In a later work, Raut et al. [270] compared different operation modes
for the same electrodisinfection system with the aim of minimizing the energy required
for Killing microorganisms: continuous voltage mode vs. pulse operation mode. Results
showed energy saving of 68 % when applying a 10 % duty cycle at 6 V at pulse mode.

However, the disinfection rates were lower under this novel operation mode.

Cotillas et al. [217] also tested the use of BDD anodes for the removal of E. coli
and P. aeruginosa in polluted urines, obtaining the complete removal of both
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microorganisms applying electric charges lower than 0.25 k Ah m and current densities

of 5 mA cm? (Figure 2.10).
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Figure 2.10. Variation of microorganisms as function of the operation time and the applied
electric charge during the electrochemical disinfection of synthetic urine with diamond
electrodes. (a) E. coli; (b) P. aeruginosa; (x) 0 Am=2; (m) 5 Am2; (o) 10 Am2; (e) 50 Am2; (o)
100 Am™2, Reprinted with permission from [217]. Copyright 2018 Elsevier.
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Electrogenerated chlorine-based disinfectants were reported as the main
responsible species for the disinfection. The presence of natural organics (urea,
creatinine and uric acid) in urine seems to play a key role on the disinfection process by
EO. The partial or total oxidation of organic compounds release a high nitrogen load to
the effluent which can be transformed into other inorganic species [217, 271].
Specifically, nitrite is formed from the organic nitrogen released (Equation 2.41), which
is rapidly oxidized to nitrate (Equations 2.42-2.43). This last one can be
electrochemically reduced, favoring the generation of ammonium (Equations 2.44-2.45)
[272].

N2+20;+2e — 2NOy (2.41)
3NO; + 2 H* < 2 NO + NOs + H,0 (2.42)
NO; +% O, — NOy (2.43)
NO; + 6 H,0 + 8 & <> NH3 + 9 OH' (2.44)
NH; + H;0 < NH,* + OH (2.45)

Ammonium can react with electrogenerated free chlorine, promoting the
production of combined chlorine species (chloramines) (Equations 2.46-2.48). These
species have a disinfectant capacity that also contributes to the removal of
microorganisms. Hence, the electrochemical oxidation with BDD anodes could be
considered a suitable technology for the disinfection of urines since large amounts of

disinfectants are generated without the addition of chemicals.

NH; + HCIO — NH,CI + H,0 (2.46)
NH.Cl + HCIO — NHCI, + H.0O (2.47)
NHCI, + HCIO — NCls + H,0 (2.48)

However, the use of BDD anodes promotes the occurrence of chlorine
compounds in high oxidation state during the electrochemical oxidation of solutions
containing large amounts of chlorides, like urine. For this reason, the operating

conditions should be controlled, working at low applied electric charges and current
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densities for avoiding the generation of hazardous disinfection by-products. On the
other hand, the use of other anode materials was also tested for the disinfection of urines
with the aim of limiting the production of chlorates and/or perchlorates. Dbira et al.
[273] reported the disinfection of urines by EO using BDD and different MMO (Ti-
RuO,, Ti-IrO2 and Ti-Pt) anodes. The complete removal of E. coli was achieved with
all anodes at 15 mA cm2, being BDD the most efficient material followed by Ti-RuO,
Ti-IrO; and, finally, Ti-Pt anodes. The use of BDD anodes led to the highest production
of ammonium and nitrates, which implies the degradation of organic compounds.
Furthermore, high concentrations of perchlorates were obtained during the process with
BDD anodes and large amounts of chlorates were detected using Ti-RuO; and Ti-IrO;
anodes. These results reveal, once again, that very soft operating conditions should be
applied for avoiding the formation of disinfection-by products during EO. Singla et al.
[274] evaluated the EO and the photo-electrocatalytic process (PEC) for the disinfection
of synthetic urines with MMO anodes. They concluded that the optimum conditions for
the disinfection of urines by EO were 0.42 N/CI ratios and current densities of 30.33
mA cm2. Likewise, EO could also be improved by the irradiation of UV light, being
the removal of E. coli faster in the PEC process (40 min) than that observed in the EO
process (60 min) under the optimum operating conditions. Toxicity analyses confirmed

that treated urines were non-toxic.
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Table 2.3. Technologies for pathogen removal from HWW and urine sources.
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Table 2.3. (Cont.) Technologies for pathogen removal from HWW and urine sources.
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Background research, objectives and experimental planning

The presence of antibiotic-resistant bacteria (ARB) and other pathogens in
water bodies has become a major environmental challenge because of the potential
threats they can pose to human health. This problem has been exacerbated by the
increasing and uncontrolled consumption of antibiotics worldwide, and the absence of

efficient technologies for killing these pathogens at large scale.

Hospitals present a friendly environment for the spread of ARB because of the
high concentration of pathogens, viruses, fungi and drugs contained in their effluents.
Thus, the proper management of the hospital effluents is fundamental to minimize its
adverse effects on health and the environment. Currently no restrictions are foreseen in
the European Directive 91/271/EEC for hospital effluents. Hospital wastewater greatly
affect the loads of contaminants arriving to WWTPs, prompting the scientific
community to question the acceptability of the general practice of discharging it into
public sewers to be treated in municipal WWTPs together with urban wastewater. The
inefficiency of biological treatments from WWTPs to treat sanitary effluents leads the
spread of chemicals, pathogens and ARB in the environmental water sources, negatively
affecting aquatic organisms and human health. This has led to the proliferation of
numerous studies searching for technological solutions in order to decrease the impact

of sanitary effluents into the environment.

Within effluents generated in a hospital complex, urine can be considered one
of the most dangerous ones because they contribute to: 1) diffusion of products
metabolized by the human body, between 55-80% of ingested drug is excreted in the
urine; and 2) diffusion of pathogens (viruses, fungi and bacteria) due to the proliferation
and/or accumulation of certain microorganisms in the urinary tract in mainly
immunocompromised patients in whom their immune system is unable to control the
infection. Generally, hospital urine (with a generation rate of around 2.5 L person-1 day-
1) is mixed with the rest of the liquid waste generated in the hospital (grey water, water
from cafeterias / restaurants ...), and mixed hospital effluent (generation rate around
100-1400 | bed™ day™) reaches conventional urban wastewater treatment plants without
prior treatment. The contribution of hospital urine to the total effluent does not amount

to more than 2-3% by volume, but the concentration of contaminants can be up to 3-
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fold higher than the average concentration of hospital wastewater. Then, the
inappropriate management of urine can lead to discharges and mixtures with other less
dangerous effluents, which facilitates the diffusion of these agents and makes urine a
potential vector for the transmission of dangerous diseases. All this makes urine
treatment a key objective for reducing the environmental and health impact of hospital

effluents.

In this context, this PhD Thesis has been intended to develop a process based
on electrochemical technologies to reduce the environmental and sanitary impact of
hospital effluents by direct treatment of hospital urine, due to their chemical and
biological risk. The thesis has been carried out in the Laboratory of Chemical
Engineering (Higher Technical School of Industrial Engineering in Albacete) belonging
the Laboratory of Electrochemical and Environmental Engineering (E3L, inside the
TEQUIMA research group) (Faculty of Chemical Sciences and Technologies in Ciudad
Real) of the Chemical Engineering Department of the University of Castilla la Mancha,
and it is included in the Doctorate Program “Ingenieria Quimica y Ambiental”, which
is regulated through the Spanish Law RD 99/2011. The E3L has been working in the
development of electrochemical processes for wastewater treatment since 1999. In this
general topic, eighteen doctoral theses have been carried out to evaluate the applicability
of electrochemical processes for the treatment of wastewater, the disinfection of water

as well as the production of powerful oxidants.

The research background in electrochemical disinfection in aqueous effluents
began with the development of the doctoral thesis of Dr. S. Cotillas (2015), in which
the integration of different electrochemical technologies (electrodisinfection,
electrocoagulation, electrodialysis, electrochlorination, electroFenton) was evaluated in
a single stage to reduce the investment and operating costs in regeneration processes of
real urban treated wastewater according to the Real Decreto 1620/2007. This research
study continued with the development of the doctoral thesis of Dra. J. Isidro (2020),
financed by the European project SafeWaterAfrica (grant agreement No 689925), in
which one of the main objectives was to evaluate if the electrochemical technology

developed by CONDIAS GmbH was efficient in the disinfection of low-quality surface
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water to provide high-quality water to rural population in African countries. In this
study, it was observed that the cell design and the disinfection strategy had a significant
influence on the performance of the electrodisinfection processes and on the formation
of undesirable by-products. In this point, more scientific effort is needed mainly in the
aspect of reducing the formation of un-desirable by-products and the ecotoxicity risk,
as well as improving energy efficiency by optimizing cell design to reduce operational
cost. In fact, one of the challenges of research community is the design of appropriate
electrochemical reactor to make this technology competitive with conventional
technologies. This implies not only the implementation of a suitable anode but also the
synergistic use of the cathode reaction and the promotion of mediated oxidation
processes in the bulk during the treatment. In addition, the increase in the mass transfer
rate inside the cell is also important. Thus, an efficient mechanical design of the cell and
a careful choice of the operation conditions are critical to achieve good performance. In
this field, during the doctoral thesis of J.F. Pérez (2018) a novel flow-through
electrochemical reactor with microfluidic geometry, which allows to reduce ohmic
resistance and maximize the mass transfer (two of the main restrictions of

electrochemical reactors), was developed to generate hydrogen peroxide.

In this context, the present doctoral thesis is framed within the regional project
entitled “Electrochemical technologies for the treatment of hospital urines: reduction of
environmental and health impact (SBPLY/17/180501/000396)”, funded by Junta de
Comunidades de Castilla-La Mancha and European Union (European Regional
Development Fund), and the national project entitled “Electrochemical technologies
facing the challenge of hospital urine treatment (P1D2019-110904RB-100)”, funded by
the Ministry of Science and Innovation. The main objective of the present PhD Thesis
is to assess the technical feasibility of different electrochemical processes including
electrolysis and photoelectrolysis, to reduce the environmental and health impact of
ARB from hospital urines, avoiding the formation of undesired disinfection by-
products. To attain this goal, it is planned to work in parallel on two levels: 1)
Knowledge generation: field study to define the problem of hospital urines, taking as a

case of study the University Hospital of Albacete (Complejo Hospitalario Universitario
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de Albacete, CHUA), 2) Scientific-technical development: to evaluate the most

appropriate electrochemical reactor to reduce the biological risk of hospital urines.

Based on this, the partial objectives of this thesis are:

1.

112

To analyse in a prospective way the urine generated in a hospital, taking into
account its biological risk, to clarify the real impact of the urine to hospital
wastewater. A statistical and prevalence study is carried out to identify the main
pathogens (fungi and bacteria) causing urinary tract infections (UTIs) in
hospitalized patients from the University Hospital Complex of Albacete (Spain) as
a case of study. This study is faced in section 5.1.

To evaluate the feasibility of electrodisinfection to treat hospital urines with
biological risk. This allows to shed light on the role of water matrix on the
disinfection performance and, hence, to stablish the best treatment point (as tertiary
treatment of urban wastewater or as pretreatment of the main pollution source) for
decreasing the sanitary and environmental hazardousness associated to ARB. The
reduction of the potential chemical risk of urine during the disinfection process is
also tested. This study is faced in section 5.2.

To evaluate different electrochemical reactors to be used for the removal of
pathogens in synthetic urine, with the aim of optimizing operating conditions and
evaluating disinfection mechanisms involved in the electrochemical disinfection
process. To do this, the role of the main disinfectant species (hypochlorite,
chloramines, hydrogen peroxide and ozone) that can be electrogenerated during the
electrochemical disinfection of hospital urines is evaluated in depth in section 5.3.
To evaluate the combination of electrolysis with another commonly used
disinfection technology, UV light irradiation. The evaluation of synergies or
antagonisms of electrogenerated oxidants when coupling UV irradiation on the
electrochemical disinfection process is carried out in section 5.4.

To verify and adjust the operating conditions of the selected electrochemical
technology for the treatment of complex synthetic urine matrices (polymicrobial

urines), that are selected based on the results in the statistical and prevalence study.



Background research, objectives and experimental planning

The denaturation of antibiotic resistance genes and the disinfection mechanisms of

the oxidants electrogenerated are also described in section 5.5.
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Materials, methodology and experimental procedures

4.1. Reagents, biological strains and water matrices.

In this section, the main chemical reagents used are listed in Table 4.1.

Table 4.1. Reagents employed.

Reagent Purity Supplier
Formic acid (CH202) 90 % VWR
Methanol (CH3OH) 100 % VWR
Acetone (CsHs0) 100 % VWR
Sodium carbonate (Na2COz) 99.95-100.05%  Sigma Aldrich
Dipicolinic acid (2,6-(HOOC)2CsHsN) 0.02 M Sigma Aldrich
Nitric acid (HNOz) 65 % VWR
Sodium thiosulphate (Na2S203-5H20) 1N Sigma Aldrich
Potassium iodide (KI) 99 % Panreac
Starch ((CsH100s)n) 1 Panreac
Arsenic trioxide (As203) 99.999 % Sigma Aldrich
Potassium phosphate monobasic (KH2POa) >99% Sigma Aldrich
Sodium phosphate dibasic (NazHPO4) >99% Sigma Aldrich
Ethylenediaminetetraacetic acid (EDTA) >98 % Sigma Aldrich
N,N-Diethyl-p-phenylenediamine sulfate >98 % Sigma Aldrich
Sulfuric acid (H2S04) 98 % VWR
Sodium hydroxide (NaOH) 98,0 - 100,5 % Panreac
Hydrogen peroxide (H202) 33% Panreac
Urea (CH4N20) >98 % Sigma Aldrich
Uric acid (CsHaN4Os) >99% Sigma Aldrich
Creatinine (C4H7N30) >98 % Sigma Aldrich
Potassium chloride (KCI) >99% Sigma Aldrich
Magnesium sulfate (MgSOa4) >97 % Sigma Aldrich
Calcium phosphate ((Ca)3(POa)2) >96 % Sigma Aldrich
Sodium carbonate (Na2CQOz) >99.95% Sigma Aldrich
Ammonium phosphate ((NH4)2HPO4) >98 % Sigma Aldrich
Sodium chloride (NaCl) >99.95% Sigma Aldrich
Ammonium sulfate ((NH4)2SOa4) 99 % Panreac
Magnesium chloride (MgClz) 99,0 -102,0 % Panreac
Calcium sulfate (CaSQOs4) 98-101 % Sigma Aldrich
Sodium nitrate (NaNOs3) 99 % Panreac
Sodium phosphate (NasPO4) >99 % Sigma Aldrich
Humic acid 100 % Sigma Aldrich
Chloramphenicol (C11H12CI2N20s) >98 % Sigma Aldrich
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The bacterial strains used during the disinfection tests carried out in this work

are summarized in Table 4.2.

Table 4.2. Bacterial strains used.

Bacteria Strains Supplier
. ATCC 19433 CECT, Spain

E. faecalis ]
ATCC 51299 CECT, Spain
E coli ATCC 25922 CECT, Spain

. coli

ATCC 35218 CECT, Spain
ATCC 4352 CECT, Spain

K. pneumoniae ) o ]
ATCC BAA-1705 ThermoFisher Scientific, Spain

Additionally, two main water sources were selected to simulate different
samples composition: urban treated wastewater and hospital urine. The urban treated
wastewater was prepared according to the typical chemical composition found at the
outlet of the municipal Wastewater Treatment Plant of Albacete (Spain). The hospital
urine was prepared based on the chemical composition given by Dbira et al. [1]. The

compositions of both water matrices are shown in Table 4.3.

Table 4.3. Target effluents composition.

Urban treated wastewater Hospital urine

Species (mg dm™) (mg dm™)
CI 148.22 475.52
NOs 10.94 -
PO 5.79 59.94
SO4* 299.37 135.58
COs* 90.58 94.35
Na* 97.39 72.34
K* 31.47 524.45
NH4* 40.87 22.72
Ca? 79.48 10.99
Mg?* 30.63 34.33
Humic acids 20.00 -
CH4N20 (Urea) - 3,333.33
C4H7N30O (Creatinine) - 166.67
CsHaN4Os3 (Uric acid) - 50.00
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To simulate water matrices polluted with pathogenic microorganisms, urban
treated wastewater and hospital urine were intensified with pure cultures of bacteria.
The target bacteria were K. pneumoniae, E. coli and/or E. faecalis detailed in Table 4.2.
Prior to each experiment, bacteria were incubated at 37 °C for 18-24 h using the culture
medium Tryptone Soy Agar ISO. Then, bacteria were added to water matrices to reach

initial concentrations around 10 CFU ml™.

4.2. Electrodes
4.2.1. Mixed metal oxide

The mixed metal oxides (MMO) electrodes were supplied by Ti-Anode (India).
In this work, both plate and mesh electrodes were used depending on the hydrodynamic
design of the electrochemical cell tested. Plate electrodes were circular shape with a
diameter of 10 cm (active area of 78.54 cm?) and consisted of RuO,/IrO, coatings
supported on titanium plates. Mesh electrodes were square shape with dimensions of
9.5 x 8 cm? (active are of 53 cm?) and consisted of IrO,/Ta,0s (70:30) coatings
supported on titanium meshes. As a previous stage to electrochemical tests, MMO
electrodes were typically electrolyzed for 10 minutes with 5000 mg dm sodium sulfate

(pH 2.0) at 300 A m to remove any impurity contained on their surface.
4.2.2. Boron-doped diamond

Different geometrical shapes and dimensions of boron-doped diamond (BDD)
electrodes were tested depending on the hydrodynamic design of the electrochemical

cell tested:

- BDD plate electrode was supplied by Adamant Technologies (currently
NeoCoat/WaterDiam, France). This electrode was circular shape with a
diameter of 10 cm (active area of 78.54 cm?) and consisted of a boron layer
of 2.93 um thickness and a concentration in the coatings of 500 ppm with a

ratio sp®/sp? of 256.
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- BDD mesh electrodes were supplied by Condias GmbH (Germany). These
electrodes were thin-film BDD electrodes supported on a niobium mesh
(Diachem®) with a square shape of 9.5 x 8 cm? (active area of 50 cm?).
Additionally, BDD electrodes DIACHEM® (15 x 7.5 x 0.725 mm?3)

synthetized on a structured silicon substrate were also employed.

As a previous stage to electrochemical tests, BDD electrodes were typically
electrolyzed for 10 minutes with 5000 mg dm sodium sulfate (pH 2.0) at 300 A m™ to

remove any impurity contained on their surface.
4.2.3. Stainless steel

The electrodes used as cathodes were a stainless-steel plate type AISI 304 with
a diameter of 10 cm (total surface of 78.54 cm?) and a stainless-steel mesh electrode
with a square shape of 9.5 x 8 cm?. The steel is subjected to several pre-treatment steps
including degreasing with acetone, sanding with silicon carbide and rinsing with
deionised water in an ultrasonic bath. In addition, before each electrochemical process,
a pre-treatment was carried out for 10 minutes with 5000 mg dm sodium sulfate (pH

2.0) at 300 A m to remove any possible oxide produced in the surface.

4.3. Experimental setups
4.3.1. Electrolysis facilities and reactors

Two experimental facilities and three different reactors have been used during
the development of this work. Firstly, the bench experimental setup integrated an
electrochemical cell with a power supply, a peristaltic pump, a reservoir tank and a heat
exchanger (Figure 4.1). The cell was connected to the reservoir tank by a peristatic pump
(JP Selecta Percom N-M) and powered by a power supply (Delta Electronika ES030-
10, 0-30 V, 0-10 A). Synthetic water matrices were stored in a glass tank (1.0 dm?®). The
flow rate was kept constant, and the temperature was maintained at the desired set point
(25 °C) by means of a thermostatic bath (Digiterm S-150 JP Selecta).
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Figure 4.1. Experimental setup of electrolysis tests in discontinuous mode. Bench scale.
The experimental setup shown in Figure 4.1 has been used with two different
electrochemical reactors; a parallel-flow cell and a MIKROZON® cell.

o A single-compartment electrochemical parallel-flow cell was selected
because its technology is easy to be scaled-up and it fits well to the
treatment of polluted effluents since it has a large surface/volume ratio,
which helps to attain an optimum performance of the electrochemical
processes (Figure 4.2a). The cell can be equipped with circular
electrodes (10 cm diameter), and it had an interelectrode gap of 9 mm.
The electrochemical tests were carried out in a galvanostatic mode
selecting a constant current intensity and the flow rate was kept constant
at 40 dm? h't. The applied current density was in the range of 5to 50 A
m2 for disinfection experiments and in the range of 12.5 to 50 A m=
for the removal of antibiotics.

o A PEM-electrolyzer especially designed to produce ozone in low-
conductivity water, the MIKROZON® cell (Figure 4.2b), manufactured
by CONDIAS GmbH (Germany). It is equipped with two DIACHEM®
electrodes (diamond coating on a structured silicon substrate), which
are arranged in a membrane electrode assembly with a fumasep® cation

exchange membrane. Table 4.4 shows the specification data sheet of
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this commercial cell. The electrochemical disinfection tests were
carried out in a galvanostatic mode selecting a constant current intensity
in the MIKROZON® cell and the flow rate was kept constant at 30 dm?

h** due to pump limitations. The applied intensity was in the range of

0.1to 1.0 A
a) b)
e
Anode Cathode
(BDD/MMO)  (SS)
Diamond coated lon-exchange
silicon electrodes * membrane
AN |
\ 03 03 03 >
H,0 H0 0; H;
s ol
H H. H \
I N\

Ti contacts

Figure 4.2. a) Single-compartment electrochemical parallel-flow cell. b) MIKROZON® cell.

Table 4.4. Specification data sheet of the MIKROZON® cell.

Technical information

Temperature limits of medium 40°C
Pressure (max.) 10 bar

Flow rate 0.5upto 1.5 1 mint
Current (Continuous operation) 12A
Voltage (max.) 24V

Wetted materials

PVDF, PSU, Titanium, EPDM, Silicone

Stack properties
Anodes DIACHEM® electrode
Cathodes DIACHEM® electrode
Electrode dimensions 15 mm x 7.5 mm x 0.725 mm
Membrane Fumasep®
Active anodic area 112.5 mm?
Cell dimension 61 mm x 31 mm x 36 mm
Weigh 709

122



Materials, methodology and experimental procedures

Secondly, another experimental setup was modified to meet with the
requirements of the last reactor employed. This experimental setup is based on the one
previously shown (Figure 4.1) but integrating another design of electrochemical cell
with a power supply, a peristaltic pump, a reservoir tank and a heat exchanger (Figure
4.3). The electrochemical cell used was a microfluidic flow-through reactor in which
the electrodes of mesh-type geometry faced parallel to each other, allowing the effluent
to pass through them. The cell consists in two symmetric pieces held together by
compression where each piece holds one electrode which were separated by means of a
solid PTFE plastic film (thickness 100 um). Thin aluminium foils (=25 pum) were
attached at both sides of the PTFE film and were in contact with the electrodes (but not
with the electrolyte) acting as current feeders, creating an inter-electrode gap of about
150 pm. This cell minimises the ohmic drop while maximising the mass transport [2,
3]

The cell was connected to the reservoir tank self-priming liquid ring pump by a
peristatic pump (JP Selecta Percom N-M) or a self-priming liquid ring pump (Rover
Pompe BE-M 10) and powered by a power supply (Delta Electronika ES030-10, 0-30
V, 0-10 A). Synthetic water matrices were stored in a plastic tank (2.0 dm?®) fabricated
with polyvinyl chloride (PVC) and polyamide (Tecalan®). The flow rate was kept
constant at 40 dm® h* or 160 dm? h%, and the temperature was maintained at 25 °C by
means of a thermostatic bath (Digiterm S-150 JP Selecta).

The electrochemical disinfection tests were carried out in a galvanostatic mode
selecting a constant current intensity in the microfluidic electrochemical flow-through

reactor. The applied current density was in the range of 5 to 50 A m=2.
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Figure 4.3. a) Experimental setup of electrochemical disinfection with a microfluidic flow-
through reactor in discontinuous mode. Bench scale. b) Microfluidic flow-through reactor.

4.3.2. Photo-electrolysis facilities and reactors

Photo-electrolysis disinfection experiments were carried out employing the

experimental setups and reactors used for the electrolysis tests. To integrate the UV light

irradiation into the system, a UV germicidal lamp of 5 W (A = 254 nm) was located in

the middle of reservoir tanks as shown in Figure 4.4.
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a) b)

UVC lamp
254nm

/\

Tank

Tank

!

Figure 4.4. UVC light irradiation setup for different reactors: a) parallel flow cell and
MIKROZONE® cell, b) microfluidic flow-through reactor.

4.3.3. Chemical disinfection tests

Chemical disinfection experiments were conducted using a multi-stirrer device

shown in Figure 4.5.

Hypochlorite or chloramines

Synthetic urine

Figure 4.5. Multi-stirrer laboratory scale unit for chemical disinfection tests with hypochlorite
and chloramines.
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Beakers containing each one 100 ml of synthetic hospital urines inoculated with
bacteria were added different concentrations of hypochlorite and/or chloramines.
Hypochlorite stock solution was freshly prepared from commercial calcium
hypochlorite. Chloramines were pre-formed by mixing agueous ammonium sulfate and
calcium hypochlorite solutions at a CI/N weight ratio of 5:1 and testing that more than
97.2 % of available chlorine was combined chlorine. The same chlorine doses from
hypochlorite or chloramine aqueous solutions were added to the raw water to achieve
the target initial disinfectant concentrations of 0.07, 0.14, 0.28, and 0.56 mmol CI dm,

4.4. Analytical techniques
4.4.1. pH and conductivity

The pH and conductivity were simultaneously measured using a Sension+
MM150 Portable Multi-Parameter Meter (HACH®). The multi-parameter meter was

previously calibrated with standard solutions before each set of measures.
4.4.2. Total Organic Carbon (TOC)

Total Carbon (TC) was measured on a Shimadzu TOC-VWP analyser with ASI-
V autosampler. The measurement is based on the complete combustion of the sample
with a pure oxygen stream at a temperature of 680°C in a furnace containing a platinum
catalyst supported on alumina. The carbon dioxide produced is measured by infrared

spectrophotometry and is directly related to the TC of the sample.

For the measurement of inorganic carbon (IC), the sample is acidified by the
addition of 10 % phosphoric acid, which shifts the equilibrium of carbonates and
bicarbonates towards carbonic acid. Again, the release of carbon dioxide is measured
by infrared spectrophotometry and related to the IC value associated with the analysed

sample.
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Once the TC and CI measurements are known, the Total Organic Carbon (TOC)
value is obtained by difference of the previous ones. The equipment performs a
minimum of three measurements per sample, giving a valid result if the variation

between them is less than 2 %.
4.4.3. Organic compounds
4.4.3.1. Spectrophotometry

The urea concentration was determined by a spectrophotometric method using
the Cary Series UV-Vis Spectrophotometer (Agilent Technologies). For this purpose,
p-dimethylaminobenzaldehyde (PDMAB), an organic compound which has a yellowish
colour in the presence of urea in an acidic medium, was used as indicator [4]. The
indicator was prepared by adding 20 g of PDMAB to 1.1 dm? of ethanol, containing 100
ml of hydrochloric acid. To determine the urea concentration, 15 ml of sample was
mixed with 10 ml of the indicator and allowed to react for 10 min. Subsequently, the
absorbance of the mixture was measured at 420 nm. Figure 4.6 shows the calibration

curve with standard urea solutions, ranging from 0 to 500 mg dm,

600

500 e

400 |
y = 886.25x
R2 = 0.9999
300 |

Urea/ mg dm-3

200

100 | o

O (@ 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Absorbance at 420 nm

Figure 4.6. Calibration curve for the quantification of urea at 420 nm.
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4.4.3.2. High-Performance Liquid Chromatography (HPLC)

High-Performance Liquid Chromatography (HPLC) was used to determine the
concentration of uric acid using an Agilent 1200 series coupled with a DAD detector.
A ZORBAX Eclipse Plus C18 analytical column was used and its temperature was
maintained at 25 °C. The mobile phase consisted of 2 % acetonitrile / 98 % aqueous
solution with 0.1 % of formic acid, applying a flow rate of 1.0 cm® min~%. The injection
volume was 10 pl and the DAD detection wavelength was 292 nm. Under these
conditions, the retention time of uric acid was 2.1 min. Additionally, for the
determination of chloramphenicol, the mobile phase used consisted of 50 % methanol /
50 % milli-q water applying a flow rate of 0.6 cm® min?, an injection volume of 20 pL
and a DAD detection wavelength of 270 nm.

4.4.3.3. Gas chromatography

The concentration of trihalomethanes (THMs) was determined by gas
chromatography (Young Lin YL6100GC) equipped with an ECD detector (SDM6100)
and a DuraBond DB-624Ul1 (30 m x 0.25 mm) column from Agilent Technologies, Inc.
The flow was 3 ml min?, the detector temperature was maintained at 350 °C and

nitrogen was used as carrier gas (30 ml min).
4.4.4. Inorganic compounds (including creatinine)
4.4.4.1. lon chromatography

An ion chromatograph Metrohm 930 Compact IC Flex coupled to a
conductivity detector, was used to analyze the ionic species. The columns Metrosep A
Supp 7 and Metrosep C6 250 were used to measure anions and cations, respectively. A
mobile phase of 85:15 v/v 3.6 mM Na,COs/acetone with a flow rate of 0.8 cm® min’!
was used to measure anions and a mobile phase of 1.7 mM HNO; + 1.7 mM 2,6-
pyridinedicarboxylic acid with a flow rate of 0.9 cm® min™ was employed for cations.
The volume injection of each sample was 20 ul. Table 4.5 shows the retention times for

the different ionic species.
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Table 4.5. Retention time of ionic species and creatinine.

Compound Column Retention time (min)
F 6.18
Cl 9.29
ClO 9.29
NO>y 10.77
Br- Metrosep A Supp 7 13.56
ClOs (Anions) 14.24
NOz 15.08
PO/ 26.32
SO* 29.06
ClOs 60.77
Na* 11.23
NH,* 12.96
K* Metrosep C6 250 19.39
Ca? (Cations) 25.55
C4H7NsO 29.27
Mg?* 33.6

4.4.4.2. Automatic titration

i) /12 method

The determination of total oxidants which is a colorimetric titration was
conducted by the I/l method, according to Kolthoff & Carr [5]. This technique was
used to quantify all the oxidising species present in the solution which oxidise the iodide

ion to molecular iodine.

The analysis consists of adding to 10 ml of sample, solid potassium iodide in
excess and 5 ml of 20 % sulphuric acid solution, since the reaction must take place in a
strongly acidic medium. The oxidants present in the medium react with the iodide.
Subsequently, the iodine generated is titrated with a 0.01 M sodium thiosulphate
solution (Equation 4.1), using a starch solution of 10 g dm™ as an indicator to determine
more accurately the end point of the titration. Thus, this titration method may be applied

for the quantification of peroxomono-phosphate (Equation 4.2), peroxodisulfate
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(Equation 4.3) and total chlorine oxoanions (Equation 4.4). The titrations were

developed using an automatic titrator model Methrom 702 SM Titrino.

I, + 2 $,05% — 2 I + S,06> (4.1)
21"+ POs* > I, + 2 PO (4.2)
2 I + S$,06% — I + 2 SO (4.3)
201+ X0y - x L+ X (4.4)

ii) Arsenic method

The peak of the chromatogram for hypochlorite interferes with the chloride peak
in the IC technique (Table 4.5). Therefore, the concentration of hypochlorite ions was
separately measured using an automatic titrator model Methrom 702 SM Titrino. The
analytical method used is based on the redox reaction between arsenite and hypochlorite
(Equation 4.5).

As;03+2 CIO +6 OH™ — 2 AsO,* + 2 CI + 3 H,0 (4.5)

Hypochlorite is reduced to chloride by the continuous addition of arsenite,
which in turn is oxidised to arsenate. The excess arsenite added results in a marked
decrease in the electrolyte potential (relative to a platinum electrode), which is detected

by means of the automatic titrator.

A 0,001 M solution of arsenic trioxide and 2 M sodium hydroxide was used as
titrant, which was placed in the titrator vessel. The pre-treatment of the sample consisted
of its basification by adding 2 ml of a 2 M sodium hydroxide solution to 10 ml of the
sample whose hypochlorite concentration would be determined. Finally, the
concentration of hypochlorite generated was calculated by equivalents (Equations 4.6-
4.7) [6, 7].

Eq (As*) = Eq (CIO) (4.6)

M (As*) - V (As*) - n%10st = M (CIO") - V (CIO") - N°gaines (4.7)
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4.4.4.3. Colorimetric methods

i) Colorimetric method to measure inorganic chloramines

The determination of inorganic chloramines was developed following the DPD
(N,N-diethyl-phenylenediamine) standard colorimetric method [8], using a
spectrophotometer Libra S70 (Biochrom). This is a selective method that allows to
determine the presence of monochloramine (NH:CI), dichloramine (NHCI.) and
trichloramine (NCls) without the interferences of other oxidizing species formed during
the process. The reagent used is DPD, which generates a pink colour in the aqueous
solution on reaction with chlorine species. The minimum and maximum detectable

concentrations of chlorine are 10 ug dm=and 4 mg dm, respectively.

This colorimetric method requires a previous calibration of the
spectrophotometer. Calibration is performed starting from a stock solution containing
891 mg dm of KMnOj4 (sol.1), from which 10 ml are taken and brought to 100 ml with
distilled water (sol.2). Thus, 1 ml of sol.2 will correspond to a solution of 1 mg dm™ of

chlorine.

The procedure for determining the concentration of inorganic chloramines is

based on dividing the sample into two portions (10 ml each):

o To the first portion, 0,5 ml of DPD indicator (8,1 mM DPD, 37,8 mM
H,SO4 and 0,5 mM EDTA) and 0,5 ml of KH,PO./Na;HPO, buffer (338,1
mM KH2PO,, 169 mM Na;HPO, and 21,5 mM EDTA) are added, mixed
and immediately measured (reading A). The resulting colour will
correspond to the amount of free chlorine. Subsequently, a small amount of
KI (0,1 mg) is added, mixed and immediately measured (reading B). The
K1 allows the activation of monochloramine, so that the colour now results
from the appearance of monochloramine and free chlorine. Approximately
0,1 g of Kl is then added and the reading is taken after 2 minutes (reading
C). The addition of iodide ion in excess results in a dichloramine

colorimetric response.
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o In the presence of iodide ion, part of the nitrogen trichloride (or
trichloramine) is included with the dichloramine and part with the free
chlorine. Therefore, it is necessary to carry out an additional procedure
based on the prior addition of iodide ion, in order to estimate the proportion
of nitrogen trichloride, which appears with the free chlorine. Thus, a small
crystal of KI (approximately 0,1 mg) is placed in a beaker to which 10 ml
of the sample is subsequently added and mixed. To a second beaker, 0,5 ml
of KH2PO4/Na;HPO, buffer (338,1 mM KH,PO,, 169 mM Na,HPO, and
21,5 mM EDTA) and 0,5 ml of DFD reagent (8,1 mM DPD, 37,8 mM
H»SO4 and 0,5 mM EDTA) are added and mixed. The content of the first
beaker is then added to the second beaker and mixed to read the colour
immediately (reading N).

The combination of the four spectrophotometric readings at 515 nm allows to
calculate the amounts of inorganic chloramines according to Table 4.6.

Table 4.6. Determination of chlorine species based on spectrophotometry.

Reading NClIs absent NCls present
A Free CI Free CI
B-A NH,Cl NH,Cl
C-B NHCl, NHCl+1/, Nl
N - Free Cl +1/, NCls
2(N-A) - NCl,
C-N - NHCI,

ii) Colorimetric method to measure ozone

Ozone quantification was determined by an Ozone Test Spectroquant® (Merk
KGaA, Germany). This test is based on the reaction between ozone and dipropyl-p-
phenylenediamine (DPD) in weakly acidic solution (4<pH<8), giving a reddish violet
dye. The procedure to quantify ozone in solution consisted of mixing 10 ml of sample
with two drops of reagent Os-1 and one level microspoonful of reagent Os-2. Then, the

mixture was allowed to stand for one minute (reaction time) before its measured at 550
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nm, using a spectrophotometer Spectroquant® Prove 100 (Merck). Figure 4.7 shows the
calibration curve directly obtained from the spectrophotometer Spectroquant® Prove
100, ranging from 0.05 to 0.2 mg dm-3.
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Figure 4.7. Calibration curve for the quantification of ozone at 550 nm.

4.4.5. Biodegradation and toxicity assays
4.4.5.1. Rapid biodegradability assay

Rapid biodegradability assays were carried out in glass reactors (250 ml) with
95 ml of endogenous activated sludge and 5 ml of target sample. Before the assay, the
activated sludge was maintained in starvation and continuous aeration overnight to
eliminate any residual organic matter and to avoid oxygen limitation. The dissolved
oxygen concentration was monitored by using an oximeter (HI9146, Hanna
Instruments) as function of the experimental time. The rapid biodegradability of
samples was calculated as a relation between rapid biochemical oxygen demand (BOD)
and chemical oxygen demand (COD) by using Equation (4.8).

. . .1 BODra id* Vi iological reactor
Rapid biodegradability (%) = co?ad blal f, Lreactor . 10 4.8)
sample” Y sample
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The rapid BOD is calculated as the difference, in terms of dissolved oxygen
decay (mg O, dm), between the slope of endogenous activated sludge and the slope

when sample is added into endogenous activated sludge.
4.4.,5.2. Standard biodegradability assay

Standard biodegradability assays were carried out in Erlenmeyer glass reactors
(250 ml) with 240 ml of sample following the Zahn-Wellens test (OECD 302 B
1992). Sludge in the ratio 1:3 for inoculum/TOC and mineral medium (10 ml A + 1 ml
B+1mlC+1mlD+H0to1l)wereadded. The stocks solutions for the preparation

of mineral medium were:

o A (0.85g KH:POs + 2.175 g KoHPO, + 3.34 g NazHPO#2H,0 + 0.05
g NH.CI + H,0 to 100 ml)

o B (2.75g CaCl, + H0 to 100 ml)

o C(2.25gMgSO47H0 + H,0 to 100 ml)

o D (0.025g FeCly6H,0 + H,0 to 100 ml)

The mixture was stirred softly at room temperature for 28 days. Samples were
taken periodically to quantify the evolution of TOC and target contaminant
concentrations. Glucose was used as reference compound to ensure the activity of

microorganisms.
4.4.5.3. Acute toxicity assays

Acute toxicity towards Vibrio fischeri (marine luminescent bacterium) was
measured using a Microtox® M500 Analyzer (Azur Environmental), according to
standard Microtox test procedure (ISO 11348, 2007). Lyophilized bacteria are
reconstituted by suspension in 1 ml of ultrapure water. Samples were tested for 15 min
of exposure at 15 °C. Toxic effects were monitored as a percent decrease of the light
emission of Vibrio fischeri and compared to that obtained for the blank sample, which

contains 2% NacCl in deionized water.
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4.4.6. Biological analyses
4.4.6.1. Determination of Minimum Inhibitory Concentration (MIC)

The resistance of the selected bacterial strains to other antibiotic classes was

evaluated by means of Minimum Inhibition Concentration (MIC) assay.

Bacteria were incubated in agar plates for 18-24 h at 37 °C after which, colonies
were transferred from the agar plates to 5 ml of sterile demineralized water (Cat no.
T3339, ThermoFisher Scientific). Then, suspensions were mixed by vortexing until
cells were completely dispersed and adjusted accordingly by adding more colonies until
0.5 McFarland is reached using a Nephelometer (Sensititre™ Nephelometer,
ThermoFisher Scientific). This suspension (10 pl) was then added into a vial containing
11 ml of Mueller-Hinton broth (Cat no. T3462, ThermoFisher Scientific) and mixed by
vortexing. 50 pl of the vial contents was transferred into each well of a Sensititre plate
using an Sensititre Autolnoculator/AIM (Sensititre AIM™ Automated Inoculation
Delivery System, ThermoFisher Scientific). After inoculation, the plates were sealed
with plate film and incubated at 37 °C for 24 h. The plates were read manually using a
Sensititre Vizion (Thermo Scientific™ Sensititre™ Vizion™ Digital MIC Viewing
System, ThermoFisher Scientific). Sensititre plate results were interpreted according to
European Committee on Antimicrobial Susceptibility Testing (EUCAST) established
breakpoints 2021 available on the European Society of Clinical Microbiology and

Infectious Diseases website. Test results are summarized in Table 4.7.
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Table 4.7. Antibiotic sensitivity study using minimum inhibitory concentration (MIC) assays

with various antibiotic classes. R: Resistant, S: Sensible.
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assays with various antibiotic classes. R: Resistant, S: Sensible.
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Minimum inhibition concentrations (MICs) of K. pneumoniae, E. coli and E.
faecalis isolates were measured by their susceptibility to a panel of 14 antimicrobics by
broth microdilution using the Sensititre EU Surveillance Salmonella / E. coli EUVSEC
Plate (Figure 4.8).
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Figure 4.8. Panel of 14 antimicrobics tested in the Minimum Inhibition Concentration (MIC)
assay.

4.4.6.2. Measurement of Colony-Forming Units (CFU) per ml

i) Measurement of CFU ml™ using a u-Trac® 4200 system

Bacterial counts were performed by an indirect impedance method using a p-
Trac® 4200 system (SY-LAB). It uses a standard impedance signal (Media Impedance
= M-value) that is registered as the result of microbial metabolism, which causes the
change of the impedance in an AC field. During the growth of microorganisms low or
non-charged nutrient molecules are metabolized. This break down of nutrients generates
small and highly charged metabolites that result in a change of the impedance of the
nutrient media that is recorded by the instrument [9, 10]. In this work, the nutrient media

used are shown in Table 4.8.
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Table 4.8. Nutrient media used to quantify bacteria at p-Trac® 4200 system.

Bacterial strains Nutrient media Supplier
E. faecalis BiMedia 001B (Total viable count medium) SY-LAB
ATCC 19433
E. faecalis BiMedia 330A (Selective medium for the SY-LAB
ATCC 51299 determination of Enterococci)
E. coli
ATCC 25922 BiMedia 155A (Selective medium for the SY-LAB
E. coli determination of E. coli)
ATCC 35218

K. pneumoniae

ATCC 4352 ) ) ) )
) BiMedia 001B (Total viable count medium) SY-LAB
K. pneumoniae

ATCC BAA-1705

An initial calibration using the membrane filtration technique was developed
for each bacterium tested to correlate the impedance values of samples with the bacteria
concentration. The correlation of bacteria concentration (CFU ml?) and time (h) to
reach the exponential growth stage for each bacterium is shown in Figure 4.9. An
impedance threshold value of 5 % has been stablished to reach the exponential growth
stage for every strain tested. The equations obtained to correlate bacterial concentration
and time (Figure 4.9) are subsequently introduced in the p-Trac® 4200 software to

enable it to measure samples on the basis of these calibrations.
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Figure 4.9. Calibration curves for the p-Trac® 4200 system for each bacterial strain tested: (e)
E. faecalis ATCC 19433, (o) E. faecalis ATCC 51299, () E. coli ATCC 25922, () E. coli
ATCC 35218, () K. pneumoniae ATCC 4352, (o) K. pneumoniae ATCC BAA-1705.

ii) Measurement of CFU ml™ using the membrane filtration technique

Occasionally, bacterial concentration was also measured following the ISO
8199 regulation by the membrane filtration technique. The test portion was passed
through a membrane filter of 45 mm of diameter and a pore size diameter of 45 pm
(certified according to the standard ISO 7704:1985) which retained the microorganisms
sought. The membrane was placed facing up in a specific culture medium (usually
Tryptone Soy Agar ISO) for each microorganism. Here, it is important to highlight that
for the measure of K. pneumoniae under the simultaneous presence of other bacteria, it
was necessary to use a selective culture medium nutrient media (Klebsiella
ChromoSelect Selective Agar base with the addition of Klebsiella Selective
Supplement). Formation of bubbles and winkles must be avoided. Then, the culture
plates were incubated during 18-24 h and, the bacterial growth was determined by plate
counting. Result was expressed as a number of Colony-Forming Units (CFU) in a 100

ml of sample.
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4.4.6.3. Measurement of cell wall permeability

Changes in cell wall permeability were monitored by the crystal violet assay
[11]. The main steps of this assay are schematized in Figure 4.10 and summarized

below:

o A previous stage to obtain a biological pellet (aggregation of bacteria
obtained by centrifugation) from 100 ml sample were carried out. This
process allows to discard undesirable substances that could interfere with
the biological measurements.

o Sample volumes of 50 ml were centrifuged in Falcon® 50 ml
conical centrifuge tubes at 5320 x g for 15 minutes.

o After the first centrifugation, 37.5 ml of supernatant were discarded
and the other 12.5 ml of suspension at the bottom of each tube were
mixed in a same new 50 ml tube to reach a final volume of 25 ml.
This tube was centrifuged again (5320 x g for 15 min).

o After the second centrifugation, as much supernatant as possible
was removed and the pellet was resuspended into a 25 ml of sterile
saline solution (0.9 % NaCl). Once resuspended, the solution was
centrifuged again (5320 x g for 15 min) and the supernatant was
discarded to obtain a clean pellet.

o The clean pellet was dissolved in 1.5 ml of phosphate-buffered saline (PBS)
solution containing 10 pg ml crystal violet. Then, the tubes were incubated
at 37 °C for 10 minutes.

o After incubation, the solution was transferred to Eppendorf® safe-lock tubes
and centrifuged at 13400 x g for 15 minutes.

o The supernatant was transferred to a cuvette (taking care not to move the
pellet) to be measured in the spectrophotometer (Biochrom Libra S70) at
590 nm.
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The Absse value of the crystal violet solution standard (10 pg ml?) was
considered as an uptake percentage of 100 %. The percentage uptake of crystal violet

for each sample was calculated using the Equation 4.9 [12].

Ab Ssample

% uptake = " -100 4.9

scrystal violet standard (10 pg ml'l)

= = =
O O

Crystal
violet assay
>

Centrifugation at 175 Centrifugation at Centrifugation at
5320 x g for 15 min 375 ml 5320 x g for 15 min 5320 x g for 15 min ’
o
Pellet « l ‘ E
50 ml of sample Discard 37.5 ml of the supernatant, Discard the supernatant and wash . I
X 2 tubes vortex and mix both tubes the pellet with 25 ml of NaCl 0,9% Washed pellet [
p:3
/
Y Ce
Crystal Lo =
' violet 10 | < ,
pg/ml . - O 1 &

>
Vortex Centrifugation at 13400 x g

for 5 min in Eppendorf tube

[[
Incubate the cell suspension \ Measure the ODxy, of the supernatant
for 10 min at 37°C in the spectrophotometer

X

Figure 4.10. Steps to measure the cell wall permeability by the crystal violet assay.

4.4.6.4. Measurement of total proteins concentration

The concentration of total proteins was analysed following the procedure
described by Long et al. [13]. Figure 4.11 shows the main steps follow to carried out
this procedure. Firstly, the cell lysis of the sample was conducted using the Bacterial

Protein Extraction Reagent (B-PER®, Thermo Fisher Scientific) as follows:

o Obtain a biological pellet (aggregation of bacteria obtained by
centrifugation) from 100 ml sample were carried out. This process allows
to discard undesirable substances that could interfere with the biological

measurements.
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O

o Sample volumes of 50 ml were centrifuged in Falcon® 50 ml
conical centrifuge tubes at 5320 x g for 15 minutes.

o After the first centrifugation, 37.5 ml of supernatant were discarded
and the other 12.5 ml of suspension at the bottom of each tube were
mixed in a same new 50 ml tube to reach a final volume of 25 ml.
This tube was centrifuged again (5320 x g for 15 min).

o After the second centrifugation, as much supernatant as possible
was removed and the pellet was resuspended into a 25 ml of sterile
saline solution (0.9 % NaCl). Once resuspended, the solution was
centrifuged again (5320 x g for 15 min) and the supernatant was
discarded to obtain a clean pellet.

The pellet was put inside a Falcon® 50 ml conical centrifuge tube and 4 ml
of B-PER® per gram of cell pellet was added. It was incubated 15 minutes
at room temperature and transferred the suspension to an Eppendorf® tube.
Eppendorf® tubes (containing lysate) were centrifuged at 15000 x g for 5
minutes to separate soluble and insoluble proteins. The insoluble proteins
remain in the precipitate and the supernatant was used for the determination

of total proteins.

Once the cell lysis was carried out, the total proteins in the lysate was

photochemically determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher

Scientific) following the next steps:

O

O

O

0.1 ml of the supernatant were introduced into a 10 ml tube and added 2 ml
of a reagent (BCA Reagent A and BCA Reagent B were mixed in a ratio
50:1). The solution was strongly agitated to achieve homogenization.

The tubes were incubated at 37 °C for 30 minutes. Subsequently, they were
cooled to room temperature.

After that, samples were measured in the spectrophotometer (Biochrom
Libra S70) at 562 nm.

143



Chapter 4

l, 2 Add 4 ml of B- ﬁ 3
»

PER Reagent p
O . per gram of Soluble
Cell lysis cell pellet protein
> > »
Pellet = 15000 x g
obtention - S min Pierce™ BCA
t‘ Protein Assay

50 ml of sample 4 Incubate 15 min at room Insoluble
X 2 tubes Washed pellet temperature and Transfer protein
to an Eppendorf tube
Measure the ODsg, in
Mix with 2 ml of the reagent @ 62

7 -

- p— = the spectrophotometer
mixture A+B (50:1) m . pectrop
D
Transfer 0,1 = Incubqte at 37°C for |
= 30 min and cool at / \v//

ml of soluble

protein into a l E room temperature

10 ml tube Reagent A Reagent B

Figure 4.11. Steps to measure the concentration of total proteins.

The Abssg, values were related to the concentration of total proteins by means
of a previous calibration with bicinchoninic acid (BCA) as shown in Figure 4.12. The
concentration of BCA is directly related with the concentration of total proteins in a
ratio 1:1.
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Figure 4.12. Calibration curve for the quantification of total proteins at 562 nm.
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4.4.6.5. Measurement of DeoxyriboNucleic Acid (DNA)

DeoxyriboNucleic Acid (DNA) concentration was determined according to the
methodology reported in literature [14, 15]. A commercial Urine DNA lIsolation Kit for
Exfoliated Cells or Bacteria (Norgen Biotek) was employed for the DNA extraction.
Figure 4.13 shows the main steps to measure DNA of bacteria in urine matrices and

may be described as follows:

o Pellet obtention from 100 ml sample were carried out:

o Sample volumes of 50 ml were centrifuged in Falcon® 50 ml
conical centrifuge tubes at 5320 x g for 15 minutes.

o After the first centrifugation, 37.5 ml of supernatant were discarded
and the other 12.5 ml of suspension at the bottom of each tube were
mixed in a same new 50 ml tube to reach a final volume of 25 ml.
This tube was centrifuged again (5320 x g for 15 min).

o After the second centrifugation, as much supernatant as possible
was removed and the pellet was resuspended into a 25 ml of sterile
saline solution (0.9 % NaCl). Once resuspended, the solution was
centrifuged again (5320 x g for 15 min) and the supernatant was
discarded to obtain a clean pellet.

o 200 pl of the resuspension solution A were added to the pellet and
resuspended by gentle vortexing to obtain a cell suspension.

o Subsequently, 600 ul of Lysis Buffer B, 20 pl of lysozyme stock solution
(400 mg ml) and 20 pl of proteinase K were added to the cell suspension.
The mixture was gentle vortexed and incubated in the thermoblock (already
preheated) at 55°C for 30 minutes to obtain the lysate.

o 160 pul of pure isopropanol were added to the lysate and mixed by gentle
vortexing to obtain a lysate mixture.

o 500 plI of the lysate mixture were added to a spin column which is inside a
collection tube. The spin column with the collection tube was capped and
centrifugated at 8,000 rpm for 2 min. After centrifugation, the collected
liquid at the bottom of the collection tube was discarded.
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o 500 pl of wash solution A were added to the spin column and centrifuged
at 14,000 rpm for 1 min. Then, the collected liquid at the bottom of the
collection tube was discarded. 500 pl of wash solution A were again added
to the spin column and centrifuged at 8,000 rpm for 1 min. After that, the
collected liquid at the bottom of the collection tube was discarded again.
The spin column was centrifuged at 14,000 rpm for 2 min, discarding the
collected liquid at the bottom of the collection tube and the collection tube
itself. The spin column was introduced into an Eppendorf® tube.

o 20 -100 pl of elution buffer B was added to the Eppendorf® tube. This tube
was centrifuged at 8,000 rpm for 2 min and, subsequently, it was
centrifuged at 14,000 rpm for 1 min again to obtain the extracted DNA in
liquid phase.

)
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Ex trac tion Vortex and incubate
at 55°C for 30 min.
— I
Pellet Eppendmfg Vortex ¥
obtention tube = =

Add Add Add
50 ml of sample * 200ptof - 600 ulof Lysis Buffer + 160 pl of 100%
x 2 tubes Washed pellet Resuspension  * 20 ul of lysozyme Isopropanol

Solution A * 20 pl of Proteinase K

F‘ Apply 500 pl
of Wash

Vort Solution A to
ortex the column
8 000 rpm
Apply 500 pul 9 11111]1) 14,000 tpm 8,000 rpm + 1 min
from the 1 min 14,000 rpm + 2 min

lysate mlxt.ure Discard the flowthrough and Discard the flowthrough
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column the remaining lysate mixture Solution A to the column

s 4

\m
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8 00 5 @ {  Measure the OD,4 of ‘
pm + 2 min the DNA in the ultra
Add 20 pl - 100 14,000 rpm + 1 min micro cuvette in the
wul of Elution
Buffer B spectrophotometer

Figure 4.13. Steps to measure the DNA of bacteria in urine matrices.
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The amount of DNA was quantified by spectrophotometry, using an ultra-Micro
absorption cuvette (Hellma®). The measurement was carried out by adding 5 pl of
extracted DNA to the cuvette and measuring the absorbance at 260 nm in the
spectrophotometer (Biochrom Libra S70). The concentration of DNA has been
quantified at 260 nm because it is well stablished that solutions of DNA in 10 mm

pathlength cells with an absorbance of 1.0 have concentrations of 50 pug/ml [16].
4.4.6.6. Measurement of Antibiotic Resistance Genes (ARGS)

The nucleotide sequence was obtained from the data base of the National Center
for Biotechnology Information (NCBI). These sequencies demonstrated an above 99 %
of homology between E. faecalis (ATCC 51299) and ermB gene, K. pneumoniae
(ATCC BAA-1705) and blakpc gene, and E. coli (ATCC 35218) and blarem gene.

i) Measurement of ermB and blakpc genes

Commercial primers and probes (TagMan® Gene Expression Assays (FAM))
were supplied by Thermo Fischer Scientific. The quantification of genes was conducted
through amplification in a QuantStudio™ 5 Real-Time PCR System (Thermo Fischer
Scientific). The gqPCR amplification was performed in a 20 pl reaction mixture
containing 10 pl of TagMan™ Fast Advanced Master Mix, 1 pl of TagMan® Gene
Expression Assays (FAM), 50 ng of extracted DNA and ultrapure water. The conditions
of the qPCR for the amplification of genes were 50 °C for 2 min and 95 °C for 2 min
followed by 40 cycles (cycle: 95 °C for 1 second and 60 °C for 20 seconds). The measure

of genes is obtained in threshold cycles.
ii) Measurement of blarem gene

The primers were designed based on a previous study by Bibbal et al. [17], and
ordered for its preparation in Thermo Fischer Scientific. The forward and reverse
primers  chosen  were 5-TTCCTGTTTTTGCTCACCCAG-3> and 5’-
CTCAAGGATCTTACCGCTGTTG-3’, respectively. The quantification of genes was
conducted through amplification in a QuantStudio™ 5 Real-Time PCR System (Thermo

Fischer Scientific). The gene amplification was performed in a 20 pl reaction mixture
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containing 10 pl of PowerUp™ SYBR™ Green Master Mix, 1 pl of each primer, 50 ng
of extracted DNA and ultrapure water. The operation conditions of the gPCR were 50
°C for 2 min and 95 °C for 2 min followed by 40 cycles (cycle: 95 °C for 15 second and

60 °C for 1 minute). The measure of genes is obtained in threshold cycles.
4.4.6.7. Measurement of bacterial morphology

The ARB morphology was observed by a Scanning Electron Microscope

(SEM). Prior to the analysis, samples were prepared to obtain a pellet as follows:

o Sample volumes of 50 ml were centrifuged in Falcon® 50 ml
conical centrifuge tubes at 5320 x g for 15 minutes.

o After the first centrifugation, 37.5 ml of supernatant were discarded
and the other 12.5 ml of suspension at the bottom of each tube were
mixed in a same new 50 ml tube to reach a final volume of 25 ml.
This tube was centrifuged again (5320 x g for 15 min).

o After the second centrifugation, as much supernatant as possible
was removed and the pellet was resuspended into a 25 ml of sterile
saline solution (0.9 % NaCl). Once resuspended, the solution was
centrifuged again (5320 x g for 15 min) and the supernatant was

discarded to obtain a clean pellet.

Then, the clean pellet was mixed with 2.5 % glutaraldehyde and 4 %
paraformaldehyde. Subsequently, the mixture was fixed in osmium tetroxide
ReagentPlus®. Analyses were carried out in the Central Service for Experimental
Research (SCSIE) at the University of Valencia using a SEM-FEG Hitachi S-4800.
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4.5. Electrochemical parameters
4.5.1. Current density

Current density is defined as the amount of electric current flowing through a
unit of electrodic area. It is calculated following the Equation 4.10, where j is the current
density (A m2), | is the intensity applied (A) and A is the electrodic area (m?).

1
=3 (4.10)
4.5.2. Applied electric charge

The applied electric charge is a parameter used in electrochemical processes
instead of the time, to express the progress of reactions. This electrochemical parameter
is related to the operating conditions and can be calculated by Equation 4.11 when

operating at constant current (galvanostatic mode) in discontinuous mode.
=it
Q== (4.12)

Where Q is the applied electric charge (Ah I, j is the current density (A m™),
S is the anodic surface (m?), t is the time (h), and V is the wastewater volume treated

(.
4.5.3. Hydraulic retention time

The Hydraulic Retention Time (HRT) is the average amount of time that a given
volume of liquid stays in a reactor or tank. Thus, it is defined as the volume of a reactor

per the influent flowrate.
HRT=% (4.12)

Where HRT is the Hydraulic Retention Time (h), V is the volume of the

electrochemical cell (m®), and q is the flowrate (m*h?).
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Results and discussion

5.1. Case of study: prevalence study of pathogens in urines from a university
hospital

Since the beginning of 2020, the outbreak of COVID-19 has caused more than
3.12 million deaths worldwide in just over a year. Early advances in vaccines
development help to control the pandemic, however, the proliferation of new variants
may threaten the effectiveness of vaccines to deal with the virus [1, 2]. This important
epidemic has also helped to highlight another important health problems which need for
urgent actions: the rapid global spread of antibiotic-resistance bacteria (ARB) since the
treatment of serious diseases with antibiotics is becoming more difficult or nearly
impossible. Novel broad-spectrum antibiotics are continuously being developed to kill
ARB, but the occurrence of new strains hampers their effectiveness [3]. Antibiotics
belonging to the beta-lactam family are broadly used for the treatment of severe
bacterial infections such as urinary tract infections (UTIs), pneumonia, or intra-
abdominal infections [4]. This family comprises all type of penicillins, cephalosporins,
cephamycins, monobactams, carbapenems, most of which, Kkill bacteria by inhibiting
bacterial wall synthesis [5, 6]. An alarming rise in the resistance to beta-lactams in
recent years is causing great concern in the scientific community [7]. Beta-lactam
resistance is common, but not exclusive, to Enterobacteriaceae, due to the expression of
beta lactamase enzymes [8]. Specifically, significant nosocomial outbreaks are mainly
identified among Escherichia coli (E. coli) and Klebsiella pneumoniae (K. pneumoniae)

in sanitary facilities [9].

E. coli is one of the main intestinal bacterium causing gastroenteritis, UTIs or
neonatal meningitis [10]. This gram-negative, coliform bacillus has been extensively
studied in the scientific literature for its virulent and antibiotic resistance strains [11-
13]. Bala et al. have recently reported the prevalence of beta-lactam producing E. coli
from hospitalized patients of a sanitary complex in India. 470 samples were analyzed
and 244 (51.9 %) were resistant to cefoxitin, confirming the high prevalence of
antibiotic-resistant strains in E. coli [14]. Antimicrobial use, prolonged hospitalization,

and interventions were associated risk factors for antibiotic-resistant E. coli
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dissemination. Similarly, K. pneumoniae is a gram negative, rod-shaped bacterium,
commonly found in mouth, skin and intestines [15]. Pneumonia, UTIs, wound infections
or respiratory tract infections are included in the range of clinical diseases derived from
K. pneumoniae [16, 17]. An antibiotic-resistant strain, K. pneumoniae carbapenemases
(KPCs) is of particular relevance, since it efficiently hydrolyses most beta-lactam

antibiotics, exhibiting high mortality rates [18, 19].

The real danger posed by ARB and their attributable mortality in the European
Union (EU) and the European Economic Area (EEA) have been evaluated by Cassini et
al. [20]. From European Antimicrobial Resistance Surveillance Network (EARS-Net)
data collected during 2015, they estimated 671,689 infections with ARB which
accounted for around 33,110 (4.93 %) attributable deaths. They also highlighted four
ARB with the largest effect on health in the study: E. coli, K. pneumoniae,
Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa).

The high presence of antibiotic-resistant strains combined with the large
number of reported cases of ARB derived infections and deaths raises the necessity to
gain insight into their clinical epidemiology. In order to develop treatment technologies
capable to destroy these ARB, it is extremely important to know more about them and,
particularly, on the extension of the problem associated with each particular ARB. In
this section, a prospective study of pathogens causing UTIs was used to discuss the
proper management of ARB removal. This study was carried out in collaboration with
the University Hospital Complex of Albacete, Spain (CHUA) as model of sanitary
facility. The CHUA depends on the health service of Castilla-La Mancha (SESCAM)
and is integrated by the General University Hospital of Albacete, the University
Hospital of Perpetuo Socorro and the Mental Health Care Centre of Albacete. It is
equipped with 752 beds, representing a total of 2.54 beds per 1000 inhabitants. Data on
positive urine pathogens were provided by the Microbiology and Parasitology Service
of CHUA. The patients under study have a clinical diagnosis of UTI and belong to
different hospital units. This allows to evaluate the occurrence and fate of ARB in a real

environment as well as the problematic associated with ARB in a hospital complex.
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To reach this global aim, the following partial objectives were developed:

o A statistical study to identify the isolated pathogens causing UTIs in
hospitalized patients.

o A prevalence study to quantify ARB causing UTIs in hospitalized patients.

To meet these objectives, 4,453 positive urine samples were accounted for the
prevalence study from CHUA in the period 2014-2018 as shown in Table 5.1.

Table 5.1. Urine samples analysed.

TOTAL URINE
SAMPLES (4,453)

*ESBL
(138 samples)
ARB (96.51 %)
K. pneumoniae (1?53?2?(%}5) **CPB
(426 samples) (5 samples)
(9.57 %) (3.49 %)
No ARB
(283 samples)
(66.44 %)
*ESBL
ARB (268 samples)
(99.63 %)
(269 samples) —wcPB
E. coli (14.41 %) (1 samples)
(1,866 samples) (0.37 %)
(41.90 %) _ '
No ARB
(1,597
samples)
(85.58 %)
ARB ***MRSA
(32 samples) (32 samples)
( 62‘ ;”n:‘:)‘:zs) (49.23 %) (100 %)
(1.46 %) No ARB
(33 samples)
(50.77 %)
Others
(2,096 samples)
(47.07 %)

*extended spectrum beta-lactamases (ESBLS)

**carbapenemase-producing bacteria (CPB)

*** methicillin resistant (MRSA)
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5.1.1. Statistical study of pathogens in urine

UTlIs are some of the most common infections in hospitals and represent a
significant cause of morbidity of males and females of all ages [21]. Severe health
problems associated with UTIs include pyelonephritis with sepsis, renal damage, pre-
term birth and complications caused by frequent antimicrobial use [22]. Several risk
factors are associated with UTIs, including female gender, sexual activity, vaginal
infection, diabetes, obesity or genetic susceptibility among others [23, 24]. For this
reason, the prevalence of gender in the presence of pathogens in urine has been
considered in this study.

There are many areas in a sanitary complex where patients can present UTIs
and, consequently, urines analysed come from different units of CHUA: geriatrics,
haematology, oncology, reanimation, and intensive care unit (ICU). A total of 14,368
urine samples were analysed and 4,453 (30.99 %) were positive for the presence of
pathogens from 2014 to 2018. Within these positive urines (PUs), 2,874, 286, 371, 421
and 528 correspond to geriatrics, haematology, oncology, reanimation and ICU,
respectively. The distribution of these PUs over the 5-year period studied and the

differences in infected patients between males and females are shown in Table 5.2.

As previously commented, UTIs have a gender factor, making women be more
likely to develop them. This is supported by Table 5.2, where during the 5-year period,
62.36 % of PUs correspond to females. The number of PUs increases over the years,
peaking in 2018, which could be attributed to the ageing of the population. As expected,
geriatrics is more affected by this phenomenon with 473 PUs registered in 2014 and
were almost doubled (836) 5 years later. PUs from geriatrics represent 64.54 % of all
PUs which could be related to the particularities that characterize patients from this unit
such as being elderly people (over 65) or presenting several pathologies with greater
incidence of illness in the same individual [25-27]. PUs from haematology, oncology,
reanimation and ICU are within the range 50-121 samples for all the years analysed,
being higher in the last years. Differences in the age of patients of each unit are also

noticeable. Specifically, elderly patients > 65 years represent 99.23, 63.64, 54.18, 57.72
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and 53.79 % of the total PUs of geriatrics, haematology, oncology, reanimation and
ICU, respectively. These data reveal that the potential for developing an UTI could be

directly related to the age and gender of the patient.

Table 5.2. Distribution of PUs in each hospital unit from 2014 to 2018 in CHUA. T: Total, F:
Female (%), M: Male (%).

Geriatrics Haematology Oncology Reanimation ICU

T 473 50 51 74 91

;Oliz F (%) 71.04 78.00 50.98 43.24 51.65
M (%) 28.96 22.00 49.02 56.76 48.35

T 482 70 70 76 120

goliz F (%) 70.54 40.00 57.14 46.05 57.50
M (%) 29.46 60.00 42.86 53.95 42.50

T 457 52 83 72 91

;Oliz F (%) 64.77 61.54 53.01 56.94 54.95
M (%) 35.23 38.46 46.99 43.06 45.05

T 599 57 85 78 108

Zpolﬁ F (%) 69.62 63.16 57.65 43,59 44.44
M (%) 30.38 36.84 42.35 56.41 55.56

T 836 57 82 121 118

;0";88 F (%) 65.07 64.91 37.80 46.28 59.32
M (%) 34.93 35.09 62.20 53.72 40.68

Many studies focused on the epidemiology of UTIs have demonstrated that
UTlIs are caused by a wide range of pathogens, including gram-negative and gram-
positive bacteria, and yeasts [28-30]. Despite the above-mentioned microorganisms are
found in greater proportion in PUs, the number of pathogens that can be found in a
smaller percentage is quite extensive. In this case of study, only pathogens that represent
more than 1.00 % of the total pathogens have been included. Likewise, it is important
to mention that two or more pathogens can result positive for a single urine sample
analysed, being 5,036 the number of pathogens for the 4,453 PUs reported in the study.
The distribution of pathogens in the different hospital units during the 5-year period is

represented in Figure 5.1.
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Figure 5.1. Percentage of positive microorganisms, representing more than 1.00 % of total PUs,
in the different hospital units during the period 2014-2018.

E coli was the most significant pathogen in the PUs of all hospital units, being
present in 1866 patients, 1365 women and 501 men. Specifically, it ranges from 20.00
to 50.00 %, with a mean value of 37.05 % of the total pathogens in the different hospital
units over the years. This value is slightly lower than that previously reported in
literature (65.00 - 75.00 %) [22]. Nonetheless, other studies have demonstrated that the
microbiology of UTIs depends on its pathology. For instance, in a review of multicenter
data on Catheter-associated Urinary Tract Infections (CAUTI), E. coli was only present
in 23.90 % of PUs between 2011 and 2014 [31].

Regarding other gram-negative bacteria, K. pneumoniae (3.80 — 15.00 %), P.
aeruginosa (0.00 - 12.10 %) and Proteus mirabilis (P. mirabilis) (0.00 - 6.20 %) are the
most representative ones, considering all hospital units. Gram-positive bacteria are
mainly represented by E. faecalis, the most significant pathogen of the family of
Enterococcus spp., ranging from 3.80 to 16.00 % in all PUs. The genus of
Staphylococcus is poorly represented by Staphylococcus aureus (S. aureus) and
Staphylococcus epidermidis (S. epidermidis), both with low prevalence percentages.

The presence of Staphylococcus saprophyticus (S. saprophyticus), which was
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previously introduced as the main specie of Staphylococcus spp. in UTIs, was below
1.00 % in PUs, so it was neglected. Group B Streptococcus is weakly constituted by
Streptococcus agalactiae (S. agalactiae) with only presence in haematology and
oncology. Finally, Candida spp, represents the most predominant yeasts family in all
hospital services. Candida albicans (C. albicans) is the species found in the highest
percentage, followed by Candida glabrata (C. glabrata) and Candida parapsilosis (C.
parapsilosis).

Paying special attention to each hospital unit individually, geriatrics seems to
be the unit with the least variability in the ranges of pathogens over the years. In this
hospital unit, E. coli was the most common pathogen ranging from 34.10 to 44.10 %
followed by E. faecalis (10.10-13.10 %), K. pneumoniae (6.20-11.00 %), C. albicans
(6.10-7.80 %) and P. mirabilis (4.10-6.20 %). Similar results have been recently
reported in Denmark, in a study with elderly patients > 60 years where 15,242 cases of
nosocomial UTIs were registered. The most common pathogens found were E. coli, E.
faecalis, K. pneumoniae and Enterococcus faecium (E. faecium), present in 58.00,
28.00, 9.00 and 5.00 % of the total cases [32]. On the other hand, it is worth noting the
elevated presence of E. coli in the unit of haematology, where in most of the years the
percentage of prevalence were higher than 40.00 %. Conversely, in the unit of oncology,
the presence of this pathogen has decreased over the years, from 46.60 % in 2014 to
24.50 % in 2018. Reanimation and ICU units have an important prevalence of C.
albicans (13.50 - 26.80 % and 7.50 - 17.40 %, respectively), being the most significant
pathogen in PUs after E. coli. These results are supported by the National Nosocomial
Infection Surveillance system reports where C. albicans is reported as the second cause
of nosocomial UTlIs in ICUs [33].

To evaluate the prevalence of the total gram-negative and gram-positive
bacteria, and yeasts in PUs from different hospital units, Figure 5.2 shows the
percentage distribution of each type of microorganism over the 5-year period in the

different hospital units.
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Figure 5.2. Distribution of total microorganisms corresponding to gram-negative, gram-positive
bacteria and yeasts for each hospital unit during the years 2014-2018. Maximum, minimum, and
mean value (*).

Results clearly depict the dominance of gram-negative pathogens in PUs with a
presence between 40.30 and 70.70 % of the total pathogens for all the units studied. This
agrees the E. coli prevalence in UTIs reported in the literature [22] and, it is also
supported by several studies related to the pathology of gram-negative organisms in
nosocomial UTIs [34, 35]. Regarding the distribution of gram-positive bacteria, their
presence is within the range of 9.87-35.84 % in all PUs from the different hospital units,
being clearly lower than the percentages registered for gram-negative bacteria.
However, it is worth noting the highest percentages of gram-positive bacteria exhibited
in the PUs from the oncology unit (35.84 — 17.64 %), which can be related with the
higher risk of oncology patients of being colonized or infected by microorganisms of
Enterococcus genus [36]. On the other hand, the prevalence of yeasts is higher in
reanimation and ICU units which agrees with other studies reported in literature [37-
39]. For instance, a study at a University Hospital in Turkey showed that the presence
of Candida spp. was predominant for the Anaesthesiology and Reanimation Unit [40].

Besides, patients hospitalized in ICUs are at great risk for developing nosocomial fungal

162



Results and discussion

infections presenting common risk factors. Some of them act primarily by inducing
immunosuppression (e.g., corticosteroids, chemotherapy, malnutrition, malignancy,
and neutropenia) while others primarily provide a route of infection (e.g., extensive
burns, indwelling catheter), and some act in combination [41]. This could also explain
the lower percentages of gram-negative bacteria registered in these units in comparison

with geriatrics, haematology and oncology.

As stated above, women are more likely to suffer UTIs and, for this reason, the
influence of gender in the presence of gram-negative and gram-positive bacteria, and
yeasts in PUs is represented in Figure 5.3.

Gram- Female
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30 |
Yeasts Male Gram- Male

2000

10

\
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Gram+ Male
- Geriatrics Haematology Oncology Reanimation ICU

Figure 5.3. Gender prevalence in the distribution of total microorganisms corresponding to
gram-negative, gram-positive bacteria and yeasts for each hospital unit during the years 2014-
2018.

Furthermore, a chi-square (X?) study of the gender prevalence in the different
hospital units has been carried out from the data of Figure 5.3. The X2 study is one of
the tests belonging to the descriptive statistics applied to the study of two variables. It
is a hypothesis test that compares the observed distribution of the data with an expected
distribution of the data. The test uses an approximation of the X2 distribution to evaluate

the probability of a discrepancy equal to or greater than that between the data and the
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expected frequencies according to the null hypothesis. The independence of two
variables means that they are unrelated, and therefore one does not depend on the other,
nor vice versa [42]. Results obtained from the X2 study conclude that there is a
statistically relevant relationship between the gender and PUs in geriatrics, oncology
and reanimation units. On the contrary, there is no such relationship, independent
variables, in haematology and ICU. The X?study stablishes for geriatrics, oncology and
reanimation units that; 1) if a patient suffers a UTI associated with a gram-negative
bacteria, the probability of being female would be 70.40, 54.70 and 57.40 %,
respectively, 2) if a patient suffers a UTI associated with a gram-positive bacteria, the
probability of being female would be 57.80, 35.00 and 39.40 %, respectively, and 3) if
a patient suffers a UTI associated with a yeast, the probability of being female would
be 64.70, 49.10 and 33.80 % for the same units, respectively.

UTIs can be caused by a wide variety of pathogens, however, those with
antibiotic resistance involve a big challenge for their elimination. Infections caused by
ARB cannot be treated with commonly used clinical antimicrobials, leading to serious
health problems and high associated costs [43]. Extended spectrum beta-lactamases
(ESBLSs) are enzymes able to hydrolyse third and fourth generation cephalosporins and
monobactams [44]. The epidemiology of ESBLs changes rapidly worldwide and, hence,
there is no general overview of these enzymes in UTIs. Specifically, the antibiotic
resistance of E. coli and K. pneumoniae associated to ESBLSs is particularly high in some
countries of the European Union, where UTIs can no more be treated with the common
antibacterial classes, according to the European Antimicrobial Resistance Surveillance
Network (EARS-Net). Therefore, ESBLSs represent a public health concern due to the
high prevalence in these common pathogens [45, 46]. In the case of study, the
percentage of K. pneumoniae and E. coli producing ESBLS (ARBesg) in PUs from the
different hospital units of CHUA over the 5-year period is represented in Figure 5.4.
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Figure 5.4. Evolution of the percentage of ARBesgL in the different hospital units during the
period 2014-2018.

Overall, 32.39 % of total K. pneumoniae in PUs from all hospital units are
ARBesgL. The percentage of this bacterium increased gradually throughout the years,
from 9.80 % in 2014 to 45.30 % in 2018, being noticeable the higher percentages of
ARBesgL in the reanimation unit in 2016 (66.70 %), and in the haematology unit in 2015
(75.00 %) and 2018 (100.00 %). On the other hand, the presence of E. coli producing
ESBLs was much lower than that shown by K. pneumoniae, representing just the 14.36
% of total E. coli in PUs from all hospital units. The presence of this bacterium also
showed an increasing tendency through the 5-year period of the study, from 9.60 % in
2014 to 16.70 % in 2018. These results highlight the greater threat to human health
posed by K. pneumoniae (ARBessL) and support the world's growing concern for this

bacterium.

Other mechanisms of antibiotic resistance are possible for E. coli and K.
pneumoniae. Specifically, in the late 90s, the carbapenem-resistant K. pneumoniae
began to emerge and, currently, is the most common carbapenemase detected globally
[47, 48]. Carbapenemase-Producing Bacteria (CPB) have a large and shallow active
site, allowing these enzymes to accommodate a wide range of B-lactam molecules,
including cephalosporins, monobactams, and carbapenems [49]. Acquired serine

carbapenemase enzymes are resistant to most f3-lactams and they encode a multitude of
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other resistance genes, offering multidrug resistance [50]. In the present study, the
percentage of K. pneumoniae and E. coli producing CPB (ARBces) in PUs from the

different hospital units over the 5-year period is represented in Figure 5.5.
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Figure 5.5. Evolution of the percentage of ARBcpg in the different hospital units during the
period 2014-2018.

In this case, 1.17 % of total K. pneumoniae in PUs from all hospital units were
ARBcpe. Nonetheless, these data were only obtained from oncology, ICU and
reanimation because the presence of ARBcps in geriatrics and haematology was null.
Despite the low percentage of ARBcps in all years analysed, this increased up to 25.00
% in reanimation unit in 2018. Once again, K. pneumoniae presented a higher
percentage of resistance than E. coli, in which only 1 case out of 1,866 positives (0.05
%) were ARBcps. These results reveal that ARBesg. are more widespread than ARBces
and the higher resistance percentages of K. pneumoniae point out again the need to

control this bacterium.

On the other hand, methicillin-resistant S. aureus (MRSA) strains are common
causes of nosocomial infections in hospital facilities, including ITUs [31, 51]. The
prevalence of MRSA strains has significantly increased over the years. In fact, the
spread of MRSA infections from healthcare facilities to various community settings has

raised considerable concern in recent decades [52]. The mecA gene is responsible for
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carrying resistance to methicillin. This gene has a large heterologous mobile genetic
element called Staphylococcal Cassette Chromosome mec (SCCmec) that promotes S.
aureus resistance to Methicillin. The increasing emergence of resistance to currently
available antimicrobial agents among MRSA strains has limited the choice of
therapeutic options and is becoming a serious threat to public health [53]. Figure 5.6
shows the percentage of S. aureus producing MRSA (ARBwmgrsa) in PUs from the
different hospital units over the 5-year period.
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Figure 5.6. Evolution of the percentage of ARBwmrsa in the different hospital units during the
period 2014-2018.

A total of 65 samples were positive for S. aureus, of which, 32 presented
methicillin resistance. Although MRSA strains are less common, their occurrence is
much higher than those of ESBL (Figure 5.4) and CPB (Figure 5.5) in the CHUA since
almost 50.00 % of analysed cases exhibited antibiotic resistance. Specifically, the
presence of ARBwmrsa is most remarkable in geriatrics, reaching percentages of 100.00
% in 2015, and in ICU, where values of 100.00 % in the years 2014, 2016 and 2018
were achieved. However, no ARBmrsa Were registered in haematology unit within the

years analysed.
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In summary, 426 samples were positive for K. pneumoniae where a percentage
of 33.56 % were ARB, being 96.51 % ARBEesgL and 3.49 % ARBcps. Conversely, 1,866
samples were positive for E. coli, finding 14.41 % as ARB of which 99.63 % were
ARBesgL and 0.37 % ARBcrs. Eventually, ARBwmrsa represent 49.23 % of the total S.
aureus in PUs (65 samples). Thus, ARB represent 9.97 % of the total PUs (4,453)
reported in the study, 8.81 % of the total microorganisms (5,036) reported, and 18.83 %
of the three bacteria presenting ARB, K. pneumoniae, E. coli, and S. aureus (2,357).

Based on previously data (figures 5.4-5.6), K. pneumoniae, E. coli and S. aureus
can be considered as bacteria that pose a higher risk for human health. Furthermore,
these ARB and their ARGs have been commonly detected in wastewater, surface water,
drinking water biofilms and urban treated wastewater [54, 55]. For this reason, it is
necessary to develop novel and efficient technologies that allow to kill these pathogens
for avoiding their spread not only in sanitary facilities but also in the environment. In
this context, a literature search focused on these specific bacteria and the disinfection
technologies proposed for their elimination in three different scenarios (water
disinfection, wastewater disinfection and hospital wastewater disinfection) was carried
out. This allows us to compare the importance given to the main ARB found in the case
study from a sanitary and environmental-technological viewpoint. The search has been
carried out using SCOPUS as database and the following keywords (April 30", 2021):
“disinfection”, the type of effluent (“water”, “wastewater” or “hospital wastewater”)
and the specific bacteria (“Escherichia coli”, “Klebsiella pneumoniae” or
“Staphylococcus aureus”), finding 3,977 documents for water, 987 documents for
wastewater and only 33 documents for hospital wastewater. Figure 5.7 summarizes the
percentage of scientific papers related to the disinfection of each ARB in the different

scenarios.
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Figure 5.7. Literature reported on disinfection of ARB.

As can be observed, most studies reported in literature are focused on the
removal of E. coli followed by S. aureus and, finally, K. pneumoniae. This is more
remarkable in the disinfection of wastewater where scientific papers related to E. coli
achieve 90 % (888 documents). This is an expected outcome because this pathogen is
the most common indicator of faecal pollution, and their removal is critical for very
important applications such as wastewater reclamation. On the other hand, the research
reported on the disinfection of hospital wastewater shows the lowest percentage of
documents related to E. coli (61 %; 20 documents) in comparison with the disinfection
of water (79 %; 3,142 documents) and wastewater (90 %; 888 documents). In this
scenario, the manuscripts related to the removal of S. aureus and K. pneumoniae are
higher, reaching values of 27 (9 documents) and 12 % (4 documents), respectively. The
studies reported in water and wastewater based on the removal of these bacteria are
lower than 20 % for S. aureus (water: 716 documents; wastewater: 79 documents) and,
only 2-3 % of all documents for K. pneumoniae (water: 119 documents; wastewater: 20

documents). This points out the importance given for these ARB in hospital wastewater
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by scientists because of the sanitary risks associated to both bacteria. Nonetheless, the
research carried out in the disinfection of hospital wastewater is mainly focused on the
removal of E. coli since is the pathogen found in the highest incidence in urines from

the different hospital areas (Figure 5.1).

These results reveal that the importance given to the disinfection of the main
ARB found in hospital urine by scientific community is not directly related to their
hazardousness from a sanitary viewpoint since K. pneumoniae can be considered as the

main ARB in hospital urine but the research about its disinfection is scarce.

5.1.2. Conclusions

E. coli was the most significant bacteria found in PUs regardless the hospital
unit studied. The UTIs were significantly affected by the age and gender of patients.
Gram-negative bacteria (E. coli, K. pneumoniae, P. aeruginosa and P. mirabilis)
predominate over gram-positive bacteria (E. faecalis) and yeasts (C. albicans).
However, K. pneumoniae showed the highest percentages of ARBess. and ARBces,
confirming its greater hazardousness to human health from a sanitary viewpoint. On the
contrary, the research carried out on the disinfection of ARB is mainly related to the
removal of E. coli since is the pathogen found in the highest proportion in water bodies.
The importance given to K. pneumoniae as ARB from a sanitary viewpoint does not
correspond to the research carried out on the disinfection of ARB by the scientific
community because the literature reported is scarce and the likelihood of finding
antibiotic resistant is higher in K. pneumoniae than in E. coli, despite the last one is
found in greater extension. Hence, it is necessary to search and to develop novel
technologies that allow to remove K. pneumoniae ARB for decreasing the sanitary and

environmental impact of the effluents infected with this bacterium.
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5.2. Treatment of hospital urines with electrolysis

Regarding the environmental problem related to the presence of ARB in natural
water, it should be pointed out that the critical source of these ARB is found in hospital
facilities because many of these bacteria are excreted by urine of immunocompromised
patients in whom their immune system is unable to control the infection. Hospital urines
are merged with wastewater from other services (laundry, kitchen...) and, finally, it is
discharged to the sewerage system [56] allowing the spread of these hazardous bacteria
into the environment [57, 58]. Additionally, urine is also considered as one of the most
dangerous pollution sources since high concentration of pharmaceuticals and their
metabolites are excreted by this media [59]. This has promoted the searching for
technological solutions to decrease the impact of sanitary effluents into the
environment, grouped in two main strategies: 1) boosting efficient treatments at
WWTPs by the implementation of additional treatments, 2) pre-treatment before their
discharge into WWTPs, that is in the pollution source. The second option is emerging
as the key alternative, as it addresses the problem in more concentrated effluents and
the volume of wastewater treated is further much lower than in the other case.
Additionally, the treatment of urine at the point of generation could reduce the

ecotoxicity risks of hospital effluents.

Electrolysis with diamond anodes could be considered as an appropriate
technology for the removal of ARB due to its efficiency in the disinfection of urban
treated and surface water [60-62]. This process is based on the in-situ production of
disinfectants from the oxidation of the ions naturally contained in the effluent. The main
advantages of electrolysis include that the addition of chemicals is not required and the
operating conditions for disinfection are usually soft [63]. These good prospects have
encouraged some researchers to propose the use of diamond electrolysis as tertiary
treatment after conventional wastewater treatment plants (WWTPs) [64]. Nonetheless,
electrochemical processes are generally limited by mass transfer [65, 66] and by the
formation of hazardous by-products [67]. These drawbacks have limited the use of this
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technology and have encouraged the search of different strategies to solve these
problems [68, 69].

The search for suitable treatment strategies is needed to help reduce both the
environmental and sanitary impact of hospital effluents. In this regard, to reach this

global aim, the following partial objectives were developed in this section:

o A preliminary study of the electrochemical technology as an alternative for
the removal of bacteria in two different treatment scenarios: 1) synthetic
urban wastewater rich in ammonium (similar to that obtained in
stabilization ponds, where additional disinfection is taking place by
sunlight), 2) synthetic hospital urines. This study is faced in section 5.2.1
and is intended to shed light on the role of water matrix on the disinfection
performance and, hence, to stablish the best treatment point (as tertiary
treatment of urban wastewater or as pretreatment of the main pollution
source) for decreasing the sanitary and environmental hazardousness
associated to ARB.

o Anevaluation of electrolysis for the reduction of the potential chemical risk
of hospital urine during the disinfection process. This study is discussed in
section 5.2.2 and it was designed to test whether under the operation
conditions used in the electrodisinfection process the removal of other
organic contaminants present in urine, such as antibiotics, can be also

attained.

To attain these partial objectives, the following experimental planification was

outlined:

o Electrodisinfection with BDD electrodes of synthetic water matrixes (see
Table 4.3) intensified with three different target bacteria: two bacteria
commonly found in hospital urines (K. pneumoniae as gram-negative
bacteria and Enterococcus faecalis (E. faecalis) as gram-positive bacteria),
and a third bacterium commonly found in urban treated wastewater (E.

coli). Table 5.3 shows the experimental conditions used in each test.
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Table 5.3. Experimental planification of different treatment strategies for the removal of

bacteria.
Anode *Current
E’il(f ' Tech. Reactor / density ;‘;fj;ic: Bacterial strains
Cathode (A m?)
1 E. coli
Single ATCC 25922
Electrol compartment BDD Synthetic .
. ; 10 K. pneumoniae
2 ysis electrochemical / urban
ATCC 4352
cell SS wastewater
3 E. faecalis
ATCC 19433
4 E. coli
Single _ ATCC 25922
BDD Synthetic .
5 Electrol compartment / 10 hospital K. pneumoniae
ysis electrochemical - ATCC 4352
cell SS urines )
6 E. faecalis
ATCC 19433

*This current density value was selected considering other results reported in the literature related to the

applicability of electrodisinfection process [70].

o Electrolysis of synthetic urine polluted with chloramphenicol (selected as a

model of antibiotic). The role of anodic material (BDD and MMO) and current

density (50, 25, 12.5 A m) was evaluated. Table 5.4 shows the experimental

conditions used in each test.

Table 5.4. Experimental planification of electrolysis tests for the removal of chloramphenicol in

synthetic urines.

Anode

*Current

E,il(? ' Tech Reactor / density Zfﬁﬁgrﬁ Antibiotic
Cathode (A m?)
1 . 125
Single .
Electrol compartment BDD Synthetic Chloramphenicol
2 ysts electrochemical / 25 hospital 100 mg dm-®
SS urines mg dm
3 cell 50
4 . 125
Single .
Electrol compartment MMO Synthetic Chloramphenicol
5 ysis electrochemical / 25 hos_pltal 100 mg dm-®
SS urines 9
6 cell 50

*This current density value was selected considering the selected value for disinfection purposes and other

typical higher values found in literature for the degradation of antibiotics.
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5.2.1. Removal of antibiotic resistant bacteria by electrolysis with diamond anodes:

a pretreatment or a tertiary treatment?

Figure 5.8 shows the decay in the population of three different bacteria with the
applied electric charge during the electrochemical disinfection with diamond anodes of
synthetic urban treated wastewater and hospital urine. All electrolysis tests were carried
out at 10 A m2 The initial bacteria population used was similar in both effluents to
evaluate the process efficiency in similar conditions, although a lower population may
be expected in a real urban treated wastewater [71].
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Figure 5.8. Influence of water matrix of the removal of antibiotic resistant bacteria by
electrolysis with diamond anodes. (m) E. coli; (A) K. pneumoniae; (e) E. faecalis; white
symbols: urban wastewater; black symbols: hospital urine; j: 10 A m™.

As can be observed, the disinfection efficiency depends on the nature of the
bacteria and on the complexity of the aqueous matrix. The population of all
microorganisms decreases with the applied electric charge and the complete disinfection
is reached at values below 0.15 Ah dm=. This is due to the action of disinfectant species
generated during electrolysis. The occurrence of these species is detailed later.
Comparing results of the three bacteria tested, E. faecalis shows a higher depletion
efficiency followed by K. pneumoniae and, finally, E. coli. This difference can be

related to the cell morphology of each bacterium since E. faecalis is a gram-positive
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bacterium whereas K. pneumoniae and E. coli are gram-negative bacteria. Specifically,
gram-positive bacteria present a cytoplasmic membrane and a cell wall in its structure,
while gram-negative bacteria are constituted by a cytoplasmic membrane, the cell wall
and an additional external membrane [72]. This supplementary membrane in gram-
negative bacteria could be the responsible for the higher resistance against the

disinfection process.

The differences observed also depend on the water matrix. Thus, the
disinfection efficiency is higher when working with urban treated wastewater since the
complete removal of microorganisms is attained at electric charges below 0.05 Ah dm-
8, regardless the bacteria tested. This marked influence of water matrix on the
electrochemical disinfection can be related to a competitive oxidation of other
compounds during the treatment. In this context, hospital urine also contains organic
compounds in high concentration that consume electrons and oxidants for being
oxidized: urea, creatinine, and uric acid [70]. On the contrary, urban treated wastewater
may contain humic acids as organic load but in low concentration in comparison with
the other organics from urine. Therefore, the oxidation of this species is negligible
during the electrochemical disinfection, but this is relevant in the case of hospital urine
[67]. Hence, the lower disinfection efficiency during the treatment of hospital urine may

be related to the simultaneous oxidation of microorganisms and organics.

Experimental data were fitted to a first order kinetics model and the resulting
constants are shown in Figure 5.9. For comparison purposes, kinetic constants from the

degradation of organics contained in hospital urine have been also plotted.

As can be observed, the disinfection rate of urban treated wastewater is higher
than that of hospital urine, being the kinetic constants within the range 0.81-1.02 and
0.13-0.18 min™ for both media, respectively. The ratio Kuwastewater/Kurine (Which compares
disinfection in wastewater and urine media) confirms that the disinfection rate of E.
faecalis, K. pneumoniae and E. coli in urban treated wastewater is 7.02, 6.27 and 5.43
times faster than in urine, respectively. Additionally, the resulting kinetic values for
urea, creatinine and uric acid are some orders of magnitude lower (k < 0.003 min), but,
despite this, it confirms the existence of competitive oxidation between bacteria and
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organics contained in hospital urine and reveals the importance of the water matrix on

the disinfection process.

10

1 ] A i
[ ]
[ ]
. 01t A
£
IS
=
X
001 |
o)
2 6 2
0.001 |
o [m] o
0.0001

Urban treated

Hospital urine
wastewater

Figure 5.9. Kinetic constants calculated for the removal of ARB by electrolysis with diamond
anodes. j: 10 A m%; (m) E. coli; (A) K. pneumoniag; (o) E. faecalis; (0) urea; (A) creatinine; (0)
uric acid.

In this point, it is important to remark that the electrochemical disinfection
mainly takes place by the action of disinfectant species electrochemically generated
during the process [63]. Therefore, the type and concentration of inorganic species
present in agueous matrix that are susceptible to form strong disinfectants will mark the
efficiency of the process. From the disinfection viewpoint, chloride is the ion with the
most interest because its oxidation leads to hypochlorite, which shows a high
disinfection capacity. Additionally, it can react with ammonium, typically contained in
both effluents, to form chloramines which are also disinfectants. On the other hand,
hypochlorite can also react with organics present in the reaction media (chlorination
reaction) or it can be further oxidized to other undesirable chlorine compounds in high
oxidation state (chlorate and perchlorate) [73], whose presence in treated water is not
desirable. For this reason, the evolution of chlorine species was monitored during the

process and results are plotted in Figure 5.10.
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Figure 5.10. Influence of water matrix on chlorine speciation during the removal of antibiotic

resistant bacteria by electrolysis with diamond anodes in (a) urban treated wastewater and (b)
hospital urine. (m) Hypochlorite; (A) chlorate; (®) perchlorate; (o) chloramines. j: 10 A m?2,

As can be observed, the concentration of chlorine species increases with the
applied electric charge, although the trend and the maximum concentration depend on
the water matrix composition. In the case of urban treated wastewater (Figure 5.10a),
the concentration of hypochlorite is not relevant (lower than 0.02 mmol dm) in
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comparison with chloramine and chlorate ones. This indicates that once hypochlorite is
generated by the oxidation of chlorides, it rapidly reacts. According to disinfection
results shown in Figure 5.8 and to chemical disinfection tests carried out (data not
shown), hypochlorite reacts rapidly with bacteria (kinetic constants ranging from 0.81
to 1.02 mint). Then, once bacteria have decreased the hypochlorite electrogenerated
continuous to react with ammonium contained in the treated wastewater, and
chloramines are accumulated in the reaction media. The trend observed reveals that the
generation rate of these species decreases at higher electric charges which may be
related to a limited concentration of ammonium in wastewater or to the promotion of
hypochlorite to chlorate (competitive reaction) whose generation rate increases at the
end of the treatment. Chlorate is a hazardous species that should be avoided.

On the other hand, in urine media the trend of chlorine species is different, and
this could be related to its higher complexity (see Table 4.3). As observed in Figure
5.10b, in the first stages of the process (electric charges below 0.05 Ah dm=), the
accumulation of chloro-species is not favored, and only chloramines start to be detected
in the solution (but in very low concentration). The formation of chloramines only can
come from the breakpoint reaction which requires the presence of hypochlorite. Then,
it confirms that hypochlorite is formed, but its rate of disappearance is greater than its
rate of generation. Chloramines profile suggests that its concentration could be
increased by the continuous nitrogen release from the oxidation of organics. Unlike
urban treated wastewater, the concentration of organics naturally contained in urine is
not negligible and they can consume part of the hypochlorite generated. This, together
with the hypochlorite used in the disinfection, may justify the delay in hypochlorite
accumulation observed in urine. Additionally, the higher initial concentration of
chlorides in urine (475.52 vs. 148.22 mg dm) may explain the higher concentration of
hypochlorite accumulated at the end of the process. Furthermore, it is important to
highlight the null concentration of chlorate registered in hospital urine. This may
indicate that while there are other species in the reaction media that may be attacked
(such as uric acid, urea or creatinine), the hypochlorite is not available to be oxidized to

chlorate. These results are quite relevant and point out that the formation of hazardous

178



Results and discussion

chlorine by-products can be avoided if the removal of bacteria by electrodisinfection
with diamond anodes is directly carried out in hospital urine since the formation of
hypochlorite and chloramines is mainly promoted as chlorine species. In addition, from
a technical and economic point of view, another advantage of disinfecting hospital urine
is its low generation volume compared to that of treated urban wastewater, since
hospital urine represents around 2-3 % of the total volume of hospital effluents [74] and
these, in turn, represent around 20 % of the volume of urban wastewater [75]. Therefore,
although the electric charge necessary for the complete elimination of bacteria is around
6 times higher in urine, the volume to be treated is 5 log units lower, so that both the
investment and operation costs would be much lower. This makes direct
electrodisinfection of hospital urine an excellent option from a techno-economic point

of view to decrease the presence of ARB in the aquatic environment.

5.2.2. Testing the electrochemical oxidation in soft operation conditions to reduce

the chemical and environmental risk of hospital urines

Figure 5.11 shows the removal of chloramphenicol (CAP) in urine matrix with
the applied electric charge at different current densities (ranging from 12.5 to 50 A m?)
using BDD and MMO anodes. These values of current density were selected to verify
the degradation of organic in conditions closer to those typical of electrodisinfection
(12.5 A m) and closer to those typically used in the electrooxidation of wastewater (25
and 50 A m). Under these conditions, it is expected a selective oxidation process and
a competitive cost-effective technology. Likewise, BDD and MMO were tested as
anodic materials due to their different electrocatalytic behaviour as non-active and

active anodes, respectively [76, 77].

As it can be seen, electrolysis with BDD and MMO exhibits different behaviour
in terms of CAP degradation efficiency. Specifically, a complete CAP degradation is
attained with BDD anode after passing 6 Ah dm= of applied electric charge for the
lowest current density (12.5 A m), being the most efficient condition. Likewise, the

trend observed with this anodic material follows an exponential decay which is directly
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related to a mass-transfer control of the degradation route [76, 78]. The process
efficiency is higher when working at very low current densities which suggests that
other parasitic reactions take place at high current densities. Hence, electrons are used
not only in the antibiotic removal but also are wasted in other side reactions such as
oxygen evolution [79, 80]. Regarding CAP removal with MMO anodes, only
degradation percentages of 15-35 % are attained at the operating conditions studied.
These values are considerably lower than those obtained with BDD anodes.
Specifically, BDD anode seems to be up to 5-fold more efficient on CAP degradation
in urine media than MMO anode that requires higher applied electric charges to reach a

similar CAP removal.

1.2

CAP/ CAP,

10

Q/Ah dm-3

Figure 5.11. Evolution of chloramphenicol as function of the applied electric charge during the
electrochemical oxidation of 100 mg dm= CAP in urine media. Current density: (m, o) 12.5 A
m?; (A, A) 25 Am? (e, 0)50 A m2 Anodic material: (black symbols) BDD; (white symbols)
MMO.

Urine is a complex water media containing different inorganic anions including
sulphate, chloride, phosphate or carbonate [81, 82]. These compounds can be also
oxidized during electrolysis, favouring the production of powerful oxidants such as
hypochlorite, persulfate, peroxodiphosphate and percarbonates [83, 84]. In addition,

hypochlorite is known to chemically react with ammonium ions during electrolysis,
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resulting in the in-situ production of inorganic chloramines [85]. These generated
inorganic oxidants may contribute to CAP degradation by mediated oxidation processes
and, for this reason, their concentration was monitored during the process. Figure 5.12
shows the maximum concentration of total oxidants, hypochlorite and chloramines as
function of the current density during the treatment of urines polluted with 100 mg dm-
S CAP.

As can be observed, the higher the current density, the higher is the maximum
concentration of total oxidants remained in solution. BDD anode leads to a lower
concentration of total oxidants than MMO anode which is an unexpected behaviour
according to literature [84, 86, 87]. This fact is more noticeable at the highest current
density (50 A m2) where the maximum concentration of oxidants is 7.0 mmol dm- for
BDD anode vs. 12.8 mmol dm for MMO anode. This is mainly related to the stability
of the different oxidants generated in each case. In this context, the formation of free
and combined chlorine species (hypochlorite and chloramines) and peroxocompounds
(persulfate, peroxodiphosphate, percarbonates) are expected to be generated using BDD
anodes from the oxidation of the ions contained in urine [84] whereas only chlorine
species are expected to be generated with MMO anodes due to their different
electrocatalytic properties [88]. Nonetheless, it is important to highlight that measured
oxidants inform about the residual concentration of oxidants (after reaction with
organics) but not about the total amount of oxidants formed. This means that electrolysis
with diamond anodes can be producing more unstable oxidants (peroxocompounds),

helping to explain the higher oxidation of organics observed.

Regarding chlorine speciation, hypochlorite concentration attains a maximum
value of 0.7 and 0.5 mmol dm at a current density of 25 A m? with BDD and MMO
anodes, respectively. Likewise, the maximum concentration of chloramines formed is
around two orders of magnitude lower in the case of using BDD and it seems to depend
on the current density. The stronger oxidation conditions during BDD-electrolysis
seems to favour chloramines decomposition [89, 90], whereas the current density seems
to favour the accumulation of dichloramine and trichloramine during MMO-electrolysis
[91].
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Figure 5.12. Maximum molar concentration of total oxidants, hypochlorite and chloramines as
function of the current density applied during the electrochemical oxidation of 100 mg dm=CAP
in urine media. Anodic material: (a) BDD; (b) MMO. (m) total oxidants, (m) CI-CIO", (=) CI-
NHCI, () CI-NHCl,, (o) CI-NCls.

Finally, it is noteworthy to mention that the generation of volatile active
chlorine species such as Cly, Cl.O or CIO; can be generated during the electrolysis with

both anodes, enhancing the oxidation of organics in urine [92]. However, the operating
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conditions tested (current density and pH) in this work promote the formation of
hypochlorite as the main free chlorine species. On the other hand, chlorine compounds
in high oxidation state such as chlorates or perchlorates are not detected anytime in
solution at the operating conditions used. This is an excellent output that allow to
consider electrochemical oxidation as an appropriate advanced oxidation process for the
removal of pharmaceuticals in hospital urines. Combination of hypochlorite with
ammonium to form chloramines prevent the further oxidation of hypochlorite to
chlorates and perchlorates.

The oxidation of CAP by electrolysis can lead to the formation of other
intermediate organic compounds or to progress up to the complete mineralization. The
first case can be very worrying since other organics formed can be more hazardous than
the initial pollutant, increasing the toxicity of the resulting effluent. On the other hand,
the main drawback associated to the complete mineralization is the increase in the
energy requirements and, thus, in the treatment costs. At this point, it is important to
highlight that the organic load of urine is not only related to the presence of CAP but
also to other organics such as urea (3333.33 mg dm-®), creatinine (166.67 mg dm=) and
uric acid (50 mg dm) present in its composition at much higher concentrations. For
this reason, the evolution of urea, creatinine and uric acid, as well as the mineralization

were monitored during the treatment and results are presented in Figure 5.13.

The evolution of TOC is not significantly influenced by the current density
applied, regardless the anodic material tested. A negligible mineralization is observed
during electrolysis with MMO anode whereas 60 % of mineralization is reached for 8
Ah dm using the BDD anode. In this last case, the residual organic matter is expected
to be aliphatic compounds, mainly carboxylic acids such as formic, oxalic or oxamic
acid [89, 93, 94]. These results suggest that the operating conditions used (low current
densities and electric charges) do not favour a complete removal of the organic matter
present in the effluent, being more noticeable in the case of MMO anodes. Nonetheless,
similar mineralization percentages can be attained with lower energy consumption and

higher efficiency when working at very low current densities.
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Figure 5.13. Evolution of TOC (a) and urine organic compounds (urea (b), creatinine (c), uric
acid (d)) as function of the applied electric charge during the electrochemical oxidation of 100
mg CAP dm=? in urine media. Current density: (m, o) 12.5 A m?; (A, A) 25 Am?; (e, 0) 50 A
m2. Anodic material: (black symbols) BDD; (white symbols) MMO. TOC intermediates: (dark
grey symbols) BDD; (light grey symbols) MMO.

Regarding the evolution of organic compounds from urine composition,
different behaviours can be seen in urea, creatinine and uric acid trends which are related
to the different initial concentration of each compound and their different molecular
structure [67]. The removal of urea is observed to follow a similar profile than
mineralization shown in Figure 5.13a because initial concentration of urea corresponds
to most of the initial TOC (83.7 %). Hence, there is a remarkable degradation of urea
with BDD anodes whereas a negligible oxidation is observed using MMO anodes. This
could be one of the main advantages of these electrodes (MMO) since it allows a

selective oxidation of antibiotic, avoiding the potential degradation of urea. On the other
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hand, creatinine removal percentages range between 60-93 % in the case of using BDD
anodes whereas only around 30 % of creatinine degradation is achieved using MMO
anode despite the current density applied. Finally, uric acid is the most efficiently
degraded independently of the current densities tested and applied electric charges

below 0.3 and 0.6 Ah dm™ are required with BDD and MMO anodes, respectively.

In order to evaluate the competitive oxidation of organics contained in urine, a
simple kinetic studied was carried out. Hence, experimental data of CAP, uric acid,
creatinine and urea were fitted to a first order kinetics model according to Equation 5.1
(where C is the concentration of target compound at time t in mg dm3, Cy is the initial
concentration of the target compound in mg dm, k is the kinetic constant in min* and

t is the time in min). Resulting kinetic constants are shown in Table 5.5.
Ln (C/Co) = - k-t (5.1)

As can be observed, the kinetic constant of CAP (kcar) increases with the
current density and the degradation rate is higher when working with BDD anodes,
which is in line with lower removal percentage attained with MMO electrodes for a
given electric charge passed. In the case of urine organic compounds, similar behaviours
can be seen: the higher current density, the higher degradation rate for both electrodes,
being the values higher with BDD anodes again. The kinetic constants values are higher
for uric acid followed by CAP, creatinine and, finally, urea (kua > kcar > ke > ky). Hence,
to evaluate the competitive oxidation of antibiotic with other organics naturally present
in urine during electrolysis, the ratio kcap/ki has been calculated where i is the target
organic compound of urine (urea, creatinine or uric acid). Furthermore, electrochemical
oxidation of 100 mg dm= CAP in 3000 mg dm perchloric acid (inert media) as
electrolyte was carried out and the ratio kcap/ki has been also calculated. This study helps
to explain the interferences of urine organic compounds on CAP removal. Figure 5.14
shows the ratio kcae/ki as function of the applied current density during the electrolysis
of 100 mg dm= CAP with BDD (Figure 5.14a) and MMO (Figure 5.14b) anodes. Values
higher than 1 indicates that the degradation rate of CAP is favoured vs. the degradation
of other organics whereas ratios lower than 1 reveals that the elimination rate of organics
naturally contained in urine is favoured instead of antibiotic removal.
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Table 5.5. k values for all the applied current densities and anode materials with the
corresponding interval of adjustment, residual variance (S%) and coefficient of determination
(R?).

curézﬁ(;eerﬁsi ty Q Time interval for f:omplete kcAl—:’ SR R?
Am?) (Ah dm?) removal (min) (10° mint)  (mg?L?)
CAP

BDD /125 8.00 0-3600 2.08 £0.03 0.0176  0.9975
BDD /25 8.00 0-1800 2.54 +£0.07 0.0149  0.9940
BDD /50 6.46 0-720 3.04 £0.07 0.0035  0.9941

MMO /12.5 8.00 0 - 3600 (36.86 % removal) 0.08 £0.02 0.0033  0.7566
MMO / 25 8.00 0 - 1800 (25.88 % removal) 0.11+£0.02 0.0020  0.6842
MMO /50 6.46 0-720 (16.26 % removal) 0.18 £0.04 0.0008  0.7232

URIC ACID

BDD /125 0.57 0-160 29.46 £0.06  0.0000  0.9999
BDD /25 0.14 0-39 25.02+0.00 0.0000 1.0000
BDD /50 0.14 0-20 4996 +0.07 0.0000  1.0000

MMO /125 0.91 0-310 7.11+£1.42 0.1066 0.8897
MMO / 25 0.57 0-80 1446 £2.67 0.0228  0.9341
MMO /50 0.58 0-40 37.44+£9.43 0.0712  0.8807

CREATININE

BDD /125 8.00 0-2880 1.42 £0.10 0.0760  0.9638
BDD /25 8.00 0 - 1440 2.60 +£0.07 0.0073  0.9949
BDD /50 6.46 0-720 2.65 +0.06 0.0023  0.9948

MMO /125 8.00 0 - 3600 0.25+0.01 0.0019  0.9812
MMO / 25 8.00 0-1800 0.67 £0.01 0.0005 0.9969
MMO /50 6.46 0-720 1.10 £0.05 0.0015  0.9808

UREA

BDD /125 8.00 0 - 3600 0.58 £ 0.03 0.0165 0.9710
BDD /25 8.00 0-1800 1.26 £0.08 0.0203 0.9679
BDD /50 6.46 0-720 1.68 £ 0.07 0.0035  0.9806

MMO /12.5 8.00 0 - 3600 (2.31 % removal) 3.68-10°° 0.0002  0.0533
MMO / 25 8.00 0 - 1800 (23.72 % removal) 0.10 £0.03 0.0037  0.4645
MMO /50 6.46 0 - 720 (7.63 % removal) 0.09 +£0.02 0.0001  0.7718

Overall, the ratio follows a similar trend regardless the anode material in urine:
the higher current density, the lower ratio. Likewise, a similar behaviour is observed

during the treatment of CAP in perchloric acid at different current densities. On the
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other hand, urea ratios (kcap/ku) obtained are higher than 1 with both electrodes which
reveals that degradation of urea is not favoured in comparison with CAP, despite its
higher initial concentration (3333.34 mg dm= vs. 100 mg dm= of CAP). A similar
behaviour can be seen in creatinine ratio (kcap/kc) with BDD anodes (Figure 5.14a)
where values are slightly higher. However, the ratios obtained for creatinine are very
similar to CAP removal because the initial concentration of both organics are similar
(166.67 mg dm creatinine vs. 100 mg dm= CAP). In the case of MMO (Figure 5.14b),
kcar/kc decreases down to 1 when applying current densities higher than 25 A m2. This
may indicate the important role of mediated oxidation in each case and of the molecule

structure in the competitive oxidation of organics in urine media.
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Figure 5.14. Ratio kcap/ki as function of the current density for the different organic compounds
from urine and the antibiotic in perchloric acid media. (a) BDD; (b) MMO; (m) urea; (A)
creatinine; (@) uric acid; (o) CAP in perchloric acid.

Regarding uric acid, the ratios for uric acid are lower than 1 for all the current
densities and anode materials studied. This reveals that uric acid is more easily degraded
than CAP during the electrolysis of urine. In this point, it is important to point out that
uric acid is a more complex cyclic molecule and, it seems to be easier to break due to
more available functional groups in its structure. Therefore, the rapid degradation of this
compound suggests that it may be easily transformed to another intermediate organic
compound. In this context, the removal of uric acid by electrolysis with MMO anodes
has been reported in literature, being 2,3,6,7,8,9-hexahydro-1H-purine-2,6-diol and (5-
amino-2,3-dihydro-1H-imidazol-2-yl)((hydroxymethyl)amino)methanol ~ the  first
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intermediates generated [95]. The first one comes from the reduction of uric acid
whereas the second is formed from the C-N bond cleavage of the first intermediate.
Hence, 2,3,6,7,8,9-hexahydro-1H-purine-2,6-diol could be the main intermediate
formed at the beginning of urine electrolysis at the operating conditions tested due to its

easy formation.

Finally, the comparison of the degradation rate of CAP in urine and perchloric
media may help to confirm the relevance of competitive oxidation in a complex media
(hospital urine). Thus, ratios below 1 indicate the faster degradation of CAP in
perchloric acid (Kcar-cios > Keap-urine) Where other organics are not present. This confirms
that there is a clear competitive oxidation between CAP and the other organics present
in hospital urine. Additionally, in perchloric acid media, the degradation process can
only take place by direct oxidation of the pollutant on the anode surface or mediated
oxidation by hydroxyl radicals since perchloric acid is a non-reactive media at the
operating conditions tested. Therefore, these results suggest that an increase in the
current density leads to a potential production of oxidant species in the effluent and,

consequently, an enhancement in organics removal.

The soft oxidative conditions studied allows to remove CAP from urine (up to
100 and 35 % CAP with BDD and MMO anodes, respectively, after passing 8 Ah dm-
%) but additional information is required to estimate the potential hazardousness of
treated effluents, due to intermediates formed. Figure 5.15 depicts the profiles of organic
intermediates formed during the electrochemical oxidation of 100 mg dm=3CAP in urine
media. The chromatographic area is plotted as function of the applied electric charge to
evaluate the influence of the current density and the anodic material on the formation of

organic intermediates.

There are significant differences in the intermediate organic compounds formed
when working with BDD or MMO anodes, regardless the current density tested.
Specifically, large amounts of organics are monitored during MMO-electrolysis despite
the low degradation of CAP observed in Figure 5.11. Nonetheless, the amount of these
intermediates could decrease if higher electric charges will be applied, favouring the
formation of aliphatic compounds [89, 94]. Conversely, BDD anode led to the formation
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of few organic intermediates and their maximum concentration in solution occurs at
applied electric charges around 2 Ah dm3, and they disappear almost completely at the
end of each test (8 Ah dm?).
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Figure 5.15. Profiles of intermediates chromatographic area as function of the applied electric
charge during the electrochemical oxidation of 100 mg dm= CAP in urine media. (D) i1, (0) i2,
(A) i3, (x) i4, (k) i5, (0) i6, (m) i7, () i8, (A) 19, (e) i110. Anodic material / Current density: (a)
BDD /12,5 Am? (b) MMO /12,5 Am; (c) BDD /25 Am; (d) MMO /25 A m; (e) BDD /
50 Am?; (f)y MMO /50 A m2,
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To shed light on the nature of the intermediates formed during the treatment of
hospital urines polluted with CAP, electrochemical oxidation of 100 mg dm antibiotic
in 3000 mg dm- perchloric acid (inert media) as electrolyte was carried out (data not
shown). This study allows to evaluate the intermediate compounds that come directly
from the oxidation of CAP and not from other organics present in hospital urines.
Results showed similar profiles in perchloric acid than that previously described during
CAP degradation in urine media. Hence, most of organic intermediates monitored in
this complex matrix can be attributed to CAP degradation instead of urea, creatinine or
uric acid. Table 5.6 summarizes the ratio between the maximum area (MA) of
intermediates in urine and perchloric acid during the electrolysis of CAP with BDD and
MMO anodes at different current densities. Values higher than 1 indicates that the
maximum area is higher during the electrolysis in urine matrix whereas ratios lower
than 1 reveals that the maximum area of intermediates is higher when working in
perchloric acid.

Table 5.6. Ratio MAurine/MAperchioric acia OF intermediates during the electrolysis of 100 mg dm3
CAP with BDD and MMO anodes at different current densities.

. jeop / A m? jmmo / A m2
Intermediate

12.5 25 50 125 25 50
il 0.57 - - 4.46 0.31 4.99
i2 - 8.90 33.40 - - -
i3 0.35 - - 0.39 1.61 0.94
i4 0.49 - - 0.69 0.57 0.53
i5 - - 0.54 1.48 4.54 0.89
i6 - - - 11.72 4.69 3.03
i7 0.47 13.47 7.01 5.09 451 8.21
i8 0.38 0.13 0.49 2.64 8.12 2.54
i9 0.34 - - 9.33 1.17 1.30
i10 - - - 3.84 1.58 0.52

Overall, the areas of intermediates formed are higher in urine matrix during the
electrolysis with MMO anodes since the ratio is higher than 1. However, an opposite
behaviour can be seen when working with BDD anodes where the ratios are mainly

lower than 1. This can be due to mediated oxidation mechanisms. In this context, the
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removal of CAP in perchloric acid can only take place by the direct oxidation of the
pollutant on the anode surface or by hydroxyl radical mediated oxidation. On the other
hand, the electrolysis in urine matrix leads to the formation of a cocktail of oxidants
(hypochlorite, peroxodisulfate, peroxodiphosphate...). Nonetheless, the nature of the
anodic material (electrocatalytic properties) favours the formation of different oxidants
[84]. Specifically, MMO leads to the production of large amounts of hypochlorite as
main oxidant whereas BDD anodes promote the formation not only of hypochlorite but
also of other peroxocompounds. These last species present a higher oxidant capacity
and, hence, they can significantly contribute to a rapid degradation of the intermediates
formed during the electrolysis of CAP in urine. For this reason, the number and area of
intermediates are lower during the electrolysis in urine matrix with BDD anodes. In
literature, it has been reported the intermediates formed during the mineralization of
synthetic solutions polluted with CAP [93]. Table 5.7 shows the main intermediate
organic compounds reported in these works. However, the soft operating conditions
used in this work can lead to the formation of other intermediate compounds.

Table 5.7. Main intermediates formed during electrochemical treatment of CAP polluted
effluents.

. Molecular
Chemical name Method Reference
formula

2,2-Dichloro-N-[1,3-dihydroxy-1-(4-
hydroxyphenyl)-propan-2- C11H1304NCl2 GC-MS/LC-MS [93, 94, 96]
yllacetamide

4-(2-Nitro-1,3-dihydroxy-propanyl)-

nitrobenzene CoH1006N2 GC-MS/LC-MS [93, 94]
4&(}';‘2;\';8;3:;22’25? CsHsOaN2 GC-MS / LC-MS [93, 94]
4-Nitrobenzoic acid C7Hs0sN GC-MS/LC-MS [93, 94, 96]
Allatoic acid C4HsN4O4 GC-MS [89]
Ethyl hydrazine C2HsN2 GC-MS [89]
Dichloroacetamide C2HsCI2NO GC-MS/LC-MS [96, 97]
Acetic acid C2H402 GC-MS/LC-MS [89, 94]
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In this point, it is essential to take in mind that these results only confirm the
removal of CAP, its reaction intermediates and organics contained in urine but do not
give information about the remaining riskiness of the treated urine. Thus, to assess the
hazardousness of treated urine before their direct discharge to sewage network and the
subsequent treatment in municipal WWTPs, toxicity analyses were carried out to the
treated hospital urines. Specifically, acute toxicity towards Vibrio fischeri luminescence
inhibition was evaluated by Microtox® standard method. Figure 5.16a shows the ECsp
percentages during the electrochemical oxidation of 100 mg dm= CAP in urine media
with BDD anodes at different current densities. For comparison purposes, three different
values of applied electric charge were selected in order to evaluate the hazardousness
of the treated urine in three different stages: initially ([CAP]: 100 mg dm), when CAP
has been partial degraded, and intermediates remain in the reaction media (2 Ah dm)
and when CAP and total organic load has been almost degraded (6 Ah dm). Likewise,
Figure 5.16b shows the ECso values obtained with MMO anodes but, in this case, CAP
removal was only about 20 % at the maximum electric charge selected.
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Figure 5.16. ECs values at different applied electric charges (0, 2 and 6 Ah dm) during the
electrochemical oxidation of 100 mg dm=CAP in urine media. (o) 12.5 A m?; (m) 25 A m?; (m)
50 A m?2, (a) BDD; (b) MMO.

As can be observed, ECso values are lower than 1 % at the beginning of the
treatment with BDD anodes (Figure 5.16a) which can be directly associated to the
presence of 100 mg dm= CAP in urine and, hence, it reveals the high toxicity of
untreated hospital urine. This is an expected behaviour taking into account the
pharmacological properties of CAP: a wide spectrum antibiotic [98]. At this point, it is
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important to highlight that urine matrix without CAP was analysed, resulting in ECso
values around 90 %. This result confirms that urine matrix is not the responsible of
hospital urine initial toxicity. Then, the ECso increases at 2 Ah dm due to the CAP
removal for all the current densities studied. However, there is not a significant increase
in this parameter, which can be related to the presence of the primary intermediates from
the oxidation of CAP (mainly aromatics). At this point, it is important to highlight that
the oxidants were neutralized in samples with thiosulphate (1:1) when passing 2 Ah dm-
% and toxicity was measured again. After neutralization process, ECso values were quite
similar (4-7 %) and, hence, this clearly indicates that the initial toxicity is due to the
primary organic intermediates formed from CAP oxidation. Furthermore, a complete
antibiotic removal was not attained at these conditions and, therefore, it also influences
on the V. fischeri luminescence inhibition. Likewise, it can be seen that the current
density has not a remarkable influence on toxicity at this charge value with BDD anodes.
Finally, ECso values are higher at applied electric charges of 6 Ah dm when working
at current densities of 12.5 and 25 A m2, However, this parameter decreases at the end
of the electrochemical treatment at 50 A m, This different behaviour can be attributed
to the residual CAP that has still not been removed at 50 A m2 (Figure 5.11). In addition,
the different ECso values obtained at higher electric charges can be also influenced by
the amount of oxidants accumulated in urine during the treatment. In this context,
oxidants concentrations are lower at 12.5 A m than the results obtained at 50 A m™
(Figure 5.12). This is the expected outcome since the production of oxidants during
electrolysis is strongly influenced by the current density [86]. Hence, it suggests that the
oxidants electrogenerated at low current densities are mainly wasted in the removal of
organics whereas higher concentrations of these species remain in the bulk at 50 A m
which can contribute to increase the toxicity towards V. fischeri. To check this
hypothesis, toxicity analyses were carried out using a urine matrix without antibiotic
and polluted with different concentrations of hypochlorite as model of oxidant that can
be easily generated during electrolysis. Results showed that a low concentration of 1

mg dm= CIO" leads to ECs, values lower than 1 %. This reveals that the higher
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concentration of oxidants at 50 A m2 significantly influences the ECso values and,

therefore, the toxicity of treated urines.

On the other hand, the ECs, values obtained during the treatment of hospital
urines with MMO anodes (Figure 5.16b) are lower than 1 % for all the applied electric
charges studied. In this case, it can be attributed to the presence of antibiotic in urine
(Figure 5.11) which has still not been removed (around 80 %). Furthermore, the toxicity
can be also explained in terms of the generation of hypochlorite during the process,
since MMO anodes mainly promotes the formation of large amounts of hypochlorite
from the oxidation of chlorides due to their electrocatalytic properties [99].

Once the toxicity of hospital urines was evaluated, rapid biodegradability assays
were performed during the treatment of urines polluted with 100 mg dm= CAP at
different current densities using BDD and MMO anodes. This study is an approach that
allows to evaluate if it will be possible to carry out an efficient conventional biological
treatment after electrolysis [100]. Therefore, rapid biodegradability together with
toxicity analyses will initially allow to evaluate the final environmental and sanitary risk
of treated hospital urine. Figure 5.17 shows the influence of the current density on the
evolution of the rapid biodegradability during the treatment of hospital urines polluted
with 100 mg dm CAP using BDD and MMO anodes. This rapid test also informs about
the biodegradability of treated effluents based on the oxygen consumed by
microorganisms present in an activated sludge, relating the biological oxygen demand

and the chemical oxygen demand.

The initial rapid biodegradability determined was around 25 % which can be
attributed to an easy degradation of natural organic compounds present in hospital urine
(urea, creatinine and uric acid). This initial value decreases during electrochemical
oxidation at 2 Ah dm- despite the current density values and anodic materials. Lower
percentages of rapid biodegradability are obtained with MMO anodes (4 — 15 %) in
comparison with BDD anodes (11 — 15 %). This decrease may be a consequence of the
maximum presence of poorer biodegradable organic intermediates than the parental
ones. However, different performances are observed for the rapid biodegradability
percentages during electrochemical oxidation at 6 Ah dm depending on the current
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density and anodic materials. Specifically, the rapid biodegradability remains constant
from 2 to 6 Ah dm™ during electrolysis with MMO anodes, regardless the current
density applied. This steady state in the rapid biodegradability may occurs due to
different behaviours, simultaneously: the lower CAP removal efficiency, the amount of
accumulated intermediates and/or the presence of oxidants (mainly hypochlorite).
Therefore, higher electric charges should be applied to attain a complete CAP removal
with MMO anode and a subsequent biodegradability improvement. Conversely, rapid
biodegradability increases during electrochemical oxidation with BDD anodes despite
the current density. Here, similar trends are observed during electrolysis at 25 and 50 A
m2 where rapid biodegradability increases up to 22 % (similar than initial rapid
biodegradability value). Meanwhile, rapid biodegradability increases up to 36 % for the
lowest value of current density. Overall, these performances lead to explain that rapid
biodegradability is directly affected not only by the presence of organic intermediates
(less biodegradable with MMO anodes, more biodegradable with BDD anodes) but
mainly by the presence of antibiotic and oxidants electrogenerated in hospital urines.
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Figure 5.17. Evolution of rapid biodegradability percentage as function of different applied
electric charges during the electrochemical oxidation of 100 mg dm-3 CAP in urine media.
Current density: (m) 12.5 Am?; (A) 25 A m’% (e) 50 A m?. (a) BDD; (b) MMO.

Electrochemical oxidation of 100 mg dm= CAP in urine media with BDD
anodes applying a current density value of 12.5 A m could be considered as the most
appropriate technology to reduce the hazard of hospital urines under the experimental

conditions studied since this technology completely removes the antibiotic, increases
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the ECso and the rapid biodegradability up to 23 and 36 %, respectively. For this reason,
the Zahn-Wellens standard biodegradability test was performed to the resulting hospital
urine after the electrolysis with BDD anodes at 12.5 A m and, the results obtained are
plotted in Figure 5.18. The procedure control effluent of 1593 mg dm-= glucose were

also tested for comparison purposes.
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Figure 5.18. Time-course of standard biodegradability percentage for the final effluent (8 Ah
dm) obtained during the electrochemical oxidation of 100 mg dm CAP in urine media with
BDD anodes at 12.5 A m2. Effluents: (x) procedure control, (m) final effluent. Symbols: (black
symbols) standard biodegradability, (white symbols) CAP removal.

The blank reference test (1593 mg dm glucose) is observed to attain the 100
% of standard biodegradability after 28 days. This performance ensures the proper
conditions of microorganisms from the activated sludge used to develop Zahn-Wellens
procedure. After electrochemical oxidation where CAP is not presented in solution, the
standard biodegradability rises almost linearly up to 60 % after 28 days. These results
reveal that electrochemical oxidation can be considered as a promising technology to
reduce toxicity and enhance biodegradability of hospital urines at the operating
conditions tested (j: 12.5 A m2; Q: 8 Ah dm) since, as reported in literature, effluents
may be considered as easily biodegradable when its biodegradability percentage is
above 40 % [101, 102].
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5.2.3. Conclusions

From this study, the following conclusions can be drawn:

O

Bacterial removal efficiency is lower in hospital urine because of the
existence of other competitive oxidation reactions during electrolysis.
Gram-positive bacteria are easier to deplete than gram-negative bacteria.
The occurrence of hazardous disinfection by-product is avoided when the
removal of bacteria is carried out in hospital urine since the production of
hypochlorite and the subsequent formation of inorganic chloramines are
favoured.

Electrolysis with BDD anodes allows to decrease the hazardousness of
hospital urines, achieving a complete removal of the antibiotic CAP at very
low current densities and electric charges. Opposite to that, the use of MMO
anodes only attains a 20 % of CAP removal applying the same conditions.
Free and combined chlorine species and peroxocompounds are generated
from the oxidation of the ions contained in the effluent which are the main
responsible of antibiotic removal and also contribute to the degradation of
natural organics present in hospital urine (urea, creatinine and uric acid).
A competitive oxidation takes place during the electrolysis of urine polluted
with CAP between the target antibiotic and the other organic compounds
(urea, creatinine and uric acid) for all the current densities and anode
materials tested in this work. Specifically, uric acid degradation rate is
higher than CAP removal rate whereas creatinine and urea show a lower
rate.

The acute toxicity evolution towards Vibrio fischeri luminescence
inhibition during the electrochemical oxidation at 6 Ah dm showed ECso
percentages up to 23 % with BDD-electrolysis at 12.5 A m2. However,
ECso values lower than 1 % were obtained during electrolysis with MMO
anodes despite the current density applied. Likewise, the rapid

biodegradability percentage increased in a range from 22 to 36 % during
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the electrochemical oxidation with BDD anode at 6 Ah dm? whereas
remained constant around 15 % with MMO anodes. Overall, the evolution
of both parameters seems to be directly related to the residual antibiotic
concentration, the amount of intermediates and the electrogenerated
oxidants.

o Electrochemical oxidation with BDD anodes applying 12.5 A m? and
electric charges of 8 Ah dm™ can be considered as an appropriate
technology for the pre-treatment of hospital urines before their disposal into
municipal sewers since the final standard biodegradability (Zahn-Wellens
method) was higher than 40 %.

5.3. Contribution of disinfectant species on the electrodisinfection process

The most common and widely used conventional disinfection process is
chlorination due to the high biocidal efficacy of chlorine species. Chlorine disinfection
leads to alter cell permeability, degrades the intracellular DNA, reacts with the lipids of
the cell wall to its destruction, etc. [103]. Among others, hypochlorite, chlorine dioxide,
and chloramines are used as chlorine disinfectants for urban wastewater treatment [104,
105]. Consequently, Guatam et al. [106] reported that the addition of a calcium
hypochlorite dosage of 20 mg I reached an almost 98.5 % of microbial reduction in

hospital wastewater.

Similarly, ozone-based systems for disinfection purposes have recently aroused
a great interest due to the pandemic caused by coronavirus [107, 108]. Ozone is a
powerful oxidant (E%: 2.07 V) that has been used as disinfectant since is more effective
than chlorine systems for killing microorganisms (bacteria, viruses or fungi) because its
oxidation potential is higher than hypochlorous acid (E°: 1.49 V) or chlorine (E°: 1.36
V) [109]. Oh et al. [110] compared the efficiency of electron beam, chlorination and
ozonation processes on the removal of ARB and ARGs, finding that it was needed
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chlorine doses of 30 mg dm- to remove over 90 % ARB and ARGs whereas only 3 mg

dm ozone led to the removal of more than 90 % ARB and ARGs.

However, the use of chemicals can promote their reaction with organic
compounds naturally contained in hospital effluents to develop organochlorinated
compounds, that are known to be mutagenic and cancerogenic for humans.
Alternatively, Advanced Oxidation Processes (AOPs) such as Fenton [111], photo-
Fenton [112], photoactivation of hydrogen peroxide [113] or ozonation [114] have been
tested successfully for the removal of bacteria in hospital effluent matrices.
Furthermore, Electrochemical Advanced Oxidation Processes (EAOPs) have been also
tested for disinfection since this technology can promote the production of powerful
oxidants from the ions naturally contained in hospital effluents, depending on the
electrocatalytic properties of the electrode material used [70, 115, 116]. Free and
combined chlorine compounds are the main disinfectant species formed during the
electrolysis of wastewater containing chlorides. In addition, other disinfectant species
such as hydrogen peroxide, ozone or hydroxyl radicals can be generated by the
electrochemical oxidation process. Indeed, the selection of a cell design is a critical
endeavour to provide a well-defined reaction environment. The performance of the
electrochemical reactor is determined by a complex interaction among different factors
including 1) electrode material (metal oxide, doped diamond, etc.), 2) electrode
configuration (plates, meshes, etc.), 3) flow conditions (parallel flow, flow-through,
microfluidic flow-through, parallel flow with an ion exchange membrane, etc.) and 4)
operating conditions (current density, searching synergies of combined electrochemical
processes, etc.). In last years, the development of efficient electrochemical reactors has
aroused great interest to make the electrochemical technology competitive with the

conventional technologies to face the challenge of hospital urine disinfection.

A critical input for the industrial scale of electrochemical technologies is the
design of electrochemical reactors since they are mostly limited by mass transport. To
overcome it, flow-through cells have been applied to improve the efficiency of the
electro-Fenton degradation of organics [117, 118]. Comparison with a commercial

flow-by showed that the microfluidic flow-through reactors required up to 10 times less
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electric charge and up to 15 times less energy consumption and, therefore, they can be
an interesting approach for the development of low environmental impact
electrochemical wastewater technologies. In addition, the nature of the anode materials
conditions to generation of large amounts of powerful oxidants from the oxidation of
the ions naturally contained in wastewater. Thus, the use of anodes based on Mixed
Metal Oxides (MMO) such as RuO, IrO,, or Ta20s promotes the evolution of chlorine
during electrolysis [119-121]. On the other hand, Boron Doped Diamond (BDD) anodes
favour the formation of a cocktail of oxidants (e.g., hypochlorite, persulfate,
peroxodiphosphate, percarbonate, 0zone) which seems to be the main responsible for
the good performance of this electrode in the treatment of industrial wastewater [122,
123] and wastewater disinfection [62, 124]. Furthermore, novel solid-electrolyte
electrolyzers have been developed [125] to overcome the main drawback of using ozone
in wastewater treatment that is the mass transfer limitation from gas to the liquid phase
[126]. In this electro-ozonizer, the ozone is directly produced in the liquid phase,
avoiding limitations in the transport from the gaseous to the liquid phase and, hence,

increasing the efficiency of the degradation processes [62, 127].

The development of efficient disinfection technologies as a pre-treatment to
remove microorganisms from hospital urines is a suitable treatment strategy to avoid
both the progress of antimicrobial resistance and the production of hazardous
disinfection by products. In this section, the main objective is to gain insight into the
role of the electro-generated oxidants on the disinfection process to remove K.
pneumoniae as bacterium model from hospital urines. To reach this global aim, the

following partial objectives were stablished:

o To evaluate the contribution of chloramines on the electrochemical
disinfection testing two concepts of electrochemical cell design with MMO
anodes: a conventional parallel flow reactor and a microfluidic flow-
through reactor.

o To evaluate the contribution of ozone on the electrochemical disinfection

testing a solid-electrolyte electro-ozonizer (MIKROZON®).
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Table 5.8 shows the experimental conditions used in each test to attain this first
partial objective. The influence of current density (5-50 A m?) is also studied, and
results are compared with those obtained with other simpler “urine” matrixes.
Additionally, for comparison purposes, chemical disinfection tests are also carried out.

Table 5.8. Experimental planification for evaluating the contribution of chloramines in the
electrochemical disinfection of K. pneumoniae ATCC 4352.

Ex Anode Current
N‘E) ' Technology Reactor / density Treated effluent
Cathode (Am?)

1 Single MMO 5
Electrolysis compartment / Hospital urine

2 electrochemical cell SS 50

3 Single MMO 5 1000
Electrolysis compartment / mg dm-3

4 electrochemical cell SS 50 Na2S04

5 . - MMO 5
Electrolysis Nlt'rfrrgljllﬁ(:;gg\;v' / Hospital urine

6 g ss 50

7 _ Microfluidic flow- MMO 5 1000
Electrolysis throuah reactor / mg dm

8 g ss 50 KCl

9 . .- MMO 5 1000 mg dm3 KCl
Electrolysis Nlt'rfrrgljllﬁ(:;gg\;v' / +83.34 mg dm?®

10 g SS 50 (NH2)2HPO..

1  Microfluidic flow- ~ MMO 5 1000
Electrolysis throuah reactor / mg dm

12 g Ss 50 NazSOs

13 Ultrapure water

Chemical Disinfectant concentration: with NHxCly

disinfection - 0.07/0.14/0.28 and 0.56

14 mmol dm- CI Ultrapure water

with CIO

Table 5.9 shows the experimental conditions used to evaluate of the role of
ozone electrogenerated from an electro-ozonizer with solid-electrolyte technology using
BDD anodes (MIKROZON®) on the electrochemical disinfection processes.
Experiments are carried out applying current intensities within the range 0.1-1.0 A. The
influence of the hospital urine composition is also tested within conventional hospital

urines, hospital urines without chlorides and diluted (1:10) hospital urines.
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Table 5.9. Experimental planification for evaluating the contribution of ozone in the
electrochemical disinfection of K. pneumoniae ATCC 4352.

Ex Anode Current
N‘E) ' Technology Reactor / density Treated effluent
Cathode (Am?)
1 0.1A
BDD
2 Electrolysis MIKROZON® cell / 05A Hospital urine
BDD
3 1A
4 0.1A
BDD Hospital urine
i ®
5 Electrolysis MIKROZON® cell / 05A without KCI
BDD
6 1A
7 Electrolysis ~ MIKROZON®cell  BDD / BDD 1A Diluted hospital

urine (1:10)

5.3.1. The role of chloramines on the electrodisinfection process

Figure 5.19 shows the electrochemical disinfection of hospital urines intensified
with K. pneumoniae as function of the experimental time, using two different reactor
configurations: a flow-through reactor with a three-dimensional mesh MMO anode and
a conventional parallel flow reactor with a two-dimensional plate MMO anode. The
tests were performed at a flow rate of 40 | h't and the influence of the current density
was studied: 5 mA cm2 at which direct oxidation is promoted and 50 mA cm2 at which

mediated oxidation mechanisms are expected [78, 128].

As can be observed, the inactivation of K. pneumoniae is significantly
influenced by the current density and the reactor layout. An almost negligible removal
of K. pneumoniae is observed at the lowest current density (5 A m) since less than 1
log reduction is achieved, regardless the electrochemical reactor tested. Under these
experimental conditions, the bacteria decay is slightly faster using the parallel flow
reactor. On the other hand, rapid disinfection is observed during electrolysis at 50 A m"
2 and the improvement of inactivation increases more than 5 logs when the current

density is increased from 5 to 50 A m regardless the reactor layout tested. The fastest
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disinfection rate occurs with the parallel flow since more than 5 log reductions are
obtained in 60 min (Q: 0.280 Ah dm) whereas only 4 log units are reduced in 60 min
(Q: 0.137 Ah dm3) with the flow-through reactor. After that time, the bacteria depletion
is much slower with the parallel flow reactor, attaining less than 6 log decay before 120
min (Q: 0.423 Ah dm=3). The inactivation efficiency is higher when working with the
flow-through reactor because complete disinfection (7 log removal) is attained before
120 min (Q: 0.278 Ah dm).
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Figure 5.19. Evolution of K. pneumoniae as function of the operation time during the

electrochemical disinfection of hospital urines. Current density: (m, 0) 5 A m?; (e, 0) 50 Am?2,

White symbols: flow-through reactor; black symbols: parallel flow reactor. No: 108-10” CFU ml-
1

Experimental data were fitted to first-order kinetics and the influence of the
current density on the calculated kinetic constants are shown in Figure 5.20a. Besides,
it is noteworthy that in the electrochemical disinfection process the most relevant
parameter is not the time either the current density but the specific current charge passed
[129]. Then, the efficiency of the electrochemical disinfection for a specific current
charge passed was calculated according to Equation 5.2 (where No and N; are the
bacteria concentration in CFU ml? at the beginning and at the first third of the

experimental time, respectively, and Q; is the applied electric charge at the first third of
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the experimental time in Ah I'%). Q; values of 0.01 and 0.10 Ah I corresponds with

current densities of 5 and 50 A m?, respectively. The efficiency resulting values are

plotted in Figure 5.20b.
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Figure 5.20. Influence of the current density on the Kinetic constants (a) and the process
efficiency (b) during the electrochemical disinfection of K. pneumoniae in synthetic hospital
urines. White bars: flow-through reactor; black bars: parallel flow reactor.
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As expected, the higher is the current density (directly related to a higher
applied electric charge for equal experimental time), the higher is the kinetic constant
value. These values are directly related to disinfection rates observed in Figure 5.19
where an almost null inactivation was observed at 5 A m and the complete bacteria
decay was only attained for 50 A m2. Furthermore, the kinetic constants also depend on
the reactor layout in accordance with the current density studied. Parallel flow
conditions attain kinetic constant values up to 1.3-2.2 times higher than flow-through
ones during electrochemical disinfection processes at 5 and 50 A m2. However, an
opposite behaviour is observed in the process efficiency, where the flow-through reactor
attains higher values (Figure 5.20b). Specifically, values range among 1.48-10%° —
3.55-10% during electrochemical disinfection with parallel flow conditions whereas
they are maintained between 7.80-10% and 1.40-10 in the flow-through system. Then,
flow-through reactor attains efficiencies around one order of magnitude higher than
those obtained in parallel flow cell, regardless of the current density studied. This
observation may be related to the hydrodynamic conditions of each configuration

(shown in Table 5.10), mainly with the global mass-transfer coefficients (km).

Table 5.10. Design parameters of parallel flow and flow-through reactors.

Parameter Parallel flow reactor  Flow-through reactor
Internal volume (ml) 70 3
T(s) 135 180
Electrode type plate mesh
Electrode area (cm?) 78 50
Interelectrode gap (mm) 9 0.4

To confirm this, it was evaluated by a standard Fe(CN)e**/Fe(CN)e** limit
current test where the value of the limiting current intensity is given by the mass
transport towards the anode [130]. The intensity (I)-voltage (V) curves obtained for
different fluid-dynamic conditions at a flow rate of 40 | h'* are plotted in Figure 5.21.

The limiting current intensity is higher when the flow-through reactor is tested in
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comparison with the parallel flow one (0.61 A vs. 0.29 A). Thus, a km value of 7.65-10
¢ m st was calculated under parallel flow conditions whereas 2.55-10° m s was
determined under flow-through conditions. These results may explain the highest
efficiencies obtained in the flow-through conditions as a consequence of the
enhancement of mass transport due to the local turbulence induced by the three-

dimensional electrodes fed in the microfluidic flow-through reactor layout [131, 132].
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Figure 5.21. I-V curves obtained for 40 | h?' at different fluid-dynamic conditions.
Electrochemical reactor layouts: (0) flow-through conditions; (m) parallel flow conditions.

The removal of microorganisms by electrochemical oxidation can take place by
two different mechanisms: direct and/or indirect disinfection [133]. In literature, it has
been reported that the main mechanism for the inactivation of bacteria is the in-situ
production of disinfectants, such as ozone, hydrogen peroxide, and/or chlorine species,
which can lead to heavy damage of their cell wall [103, 134]. Hence, the differences
observed in the disinfection of hospital urines with both reactors (Figure 5.19) could be
also related to the generation of disinfectants during the process. Hypochlorite is the
species most widely used as a consequence of its powerful bactericidal effect [135, 136].
The electrogeneration of hypochlorite relies on the natural presence of chlorides in

treated effluents since chloride may be electrochemically oxidized to chlorine (Equation
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5.3), which disproportionates in water yielding hypochlorous acid (Equation 5.4). Then,
hypochlorous acid dissociates to hypochlorite ions depending on the solution pH
following an acid-base reaction with pK,=7.55 (Equation 5.5) [70, 137]. The hospital
urine used in this work is a complex water matrix that contains above 10 mmol dm of
chlorides and then, the evolution of hypochlorite as function of the applied electric
charge during the electrochemical disinfection of hospital urines using MMO anodes

was monitored and shown in Figure 5.22.

2ClI— Clp + 2¢ (5.3)
Cly@q + H20 — HCIO + CI" + H* (5.4)
HCIO = CIO + H* (5.5)

Furthermore, the presence of 1.3 mmol dm- of ammonium ions (from 83.34 mg
dm= of (NH4):HPO,) in urine generates the well-known breakpoint chlorination,
promoting the occurrence of inorganic chloramines (Equations 5.6-5.8) [90]. In this
context, inorganic chloramines were also monitored as function of applied electric
charge during the electrochemical disinfection process. The evolution of free and

combined chlorine species is shown in Figure 5.22.

NHs; + HCIO — NHCI + H.0 (5.6)
NH.CI + HCIO — NHCI; + H,0 (5.7)
NHCI; + HCIO — NCl;s + H,0 (5.8)

The concentration of hypochlorite does not follow a clear trend, regardless the
current density applied. However, it is important to take in mind that the measured
concentration is referred to the free hypochlorite that has not reacted yet. Hence, higher
amounts of this species are expected to have been generated during the electrochemical
disinfection [99, 138]. Hypochlorite would be further oxidized to other chlorine
compounds in high oxidation state (chlorates and perchlorates) or would react not only
with bacteria (disinfection) but also with other organic and/or inorganic species
contained in the hospital urine. The first hypothesis can be discarded because a null

concentration of chlorate or perchlorate was detected during the electrochemical
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disinfection of hospital urines with both reactors. On the other hand, it is well known
that hypochlorite is very active and can immediately react with organic and/or inorganic
species, developing competitive reactions. Specifically, it is noteworthy the high
organic load of the urine matrix which contains 3333.33 mg dm of urea, 166.67 mg
dm of creatinine, and 50 mg dm of uric acid. In previous works [139], the evolution
of these organic species was studied in depth during electrolysis with MMO anodes at
similar current densities. A negligible degradation of urea and a percentage removal
around 50 % for creatinine was attained whereas the complete decay was reached for
uric acid at applied electric charges near 10 Ah dm™. In the present work, the
concentration of urea and creatinine remains constant in the initial value and uric acid
achieves removal percentages within the range 50-100 %, depending on the reactor
layout (data not shown). These different results are associated to the low electric charges
passed during electrochemical disinfection tests performed in this study (0.5 vs. 10 Ah
dm?3).

0.7

Cl/ mmol dm

200

Time / min

Figure 5.22. Evolution of chlorine disinfectants as function of the operation time during the
electrochemical disinfection of hospital urines. (#) hypochlorite 5 A m; () hypochlorite 50 A
m2; (A) chloramines 5 A m; (m) chloramines 50 A m™2. White symbols: flow-through reactor;
black symbols: parallel flow reactor.
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The formation of chloramines is observed to increase with the current density,
regardless the flow reactor layout tested. Specifically, 0.003 and 0.265 mmol dm of
chloramines were obtained during the electrochemical disinfection with a parallel flow
reactor at 5 and 50 A m?, respectively. Likewise, electrolysis with the flow-through
reactor at 5 and 50 A m= attained 0.008 and 0.581 mmol dm= of chloramines,
respectively. These results reveal that the electrogenerated hypochlorite is also wasted
in the formation of chloramines during electrochemical disinfection. The influence of
the current density on the generation of these species may be explained bearing in mind
that their generation by chlorination is mainly related to the molar ratio between ClI, and
NHs/NH4* in solution. The increase of Cl, concentration up to a molar ratio of 1.0
induces the generation of stable chloramines [90, 140]. Hence, the formation of large
amounts of chloramines points out that high concentrations of hypochlorite must have
been generated during the electrochemical disinfection.

Furthermore, the generation of these combined chlorine species seems to
depend on the reactor layout. At the beginning of the process (operation time < 60 min),
the concentration of chloramines is higher when working with the flow-through reactor.
This fact can be explained in terms of the different hydraulic retention times which, in
turn, depend on the fluid-dynamic conditions tested (as shown in Table 5.10), since the
formation of chloramines is a consequence of chemical reactions (Equation 5.6-5.8). A
longer contact time among hypochlorite and ammonium ions may induce an increase in
the formation of chloramines and this hypothesis may justify the highest efficiency on
chloramine formation during electrochemical disinfection under flow-through
conditions. However, an opposite behaviour can be seen from operation times higher
than 60 min, where the concentration of chloramines is higher with the parallel flow
reactor. This can be related to a higher concentration of hypochlorite electrogenerated
with this reactor since the electric charge passed at 60 min is higher (0.280 vs. 0.137 Ah
dm3). These results are great of importance because reveal that the formation of
chloramines during the disinfection of hospital urines could play a key role in the
bacteria removal rate. The initial low concentration registered with the parallel flow

reactor corresponds to the higher removal rate of K. pneumoniae (Figure 5.19). This
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suggests that hypochlorite may be wasted to a greater extent on the removal of
microorganisms instead of the formation of chloramines and, hence, the disinfection
rate is higher. On the other hand, the slow decrease observed in bacteria depletion at
operation times higher than 60 min with the parallel flow reactor (corresponding to the
high concentration of chloramines) could be due to the accumulation of these species in
the system. Free and combined chlorine compounds are the main responsible species
for killing microorganisms during electrodisinfection with MMO anodes. Nonetheless,
to confirm their contribution on the removal of K. pneumoniae, the electrodisinfection
of synthetic solutions in absence of chlorides (1000 mg dm Na,SO4) were carried out
with both reactors at 5 and 50 A m (Figure 5.23). Results showed that it was not
possible to disinfect this synthetic effluent at 5 A m2, regardless the reactor used.
However, 1-log and 2-logs removal were achieved at 50 A m*2 when using the flow-
through and the parallel flow reactor, respectively. This clearly reveals that the
disinfection of hospital urines with both reactors equipped with MMO anodes takes
mainly place by the action of electrogenerated disinfectants based on chlorine since it

is possible to attain more than 5-logs removal in these complex matrixes.
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Figure 5.23. Evolution of K. pneumoniae as function of the operation time during the
electrochemical disinfection of 1000 mg dm Na;SO,. Current density: (m, 0) 5 A m’; (e, 0) 50
A m2. White symbols: flow-through reactor; black symbols: parallel flow reactor. No: 108-107
CFU ml,
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To shed light on the contribution of chloramines during the disinfection of
hospital urines, chemical disinfection tests with hypochlorite and chloramines were
performed. The concentration of these species used was similar to that generated during
the electrochemical disinfection process (0-0.56 mmol dm- CI). This study will allow
evaluating the bacteria removal rates in hospital urine with both disinfectants and,
hence, to elucidate the role of chloramines on the removal of K. pneumoniae in this
matrix. Figure 5.24 shows the population of bacteria as function of the operation during
the chemical disinfection at different chlorine doses.

As can be observed, performance enhancement of the disinfection process is
promoted by increasing the chlorine doses and the contact times. Nevertheless, results
show that K. pneumoniae differs in its inhibitory response to hypochlorite and
chloramines. The population of bacteria decreased from 4 to 7 orders of magnitude
within the first 5 min at chlorine concentrations between 0.07 and 0.56 mmol dm. The
complete disinfection is attained before a contact time of 30 min, regardless the
hypochlorite dose tested (Figure 5.24a). Conversely, colony-forming units of K.
pneumoniae decreased only 2-4 orders of magnitude in 30 min using the same doses of
chlorine as chloramines. With an increase of contact time up to 60 min, the removal of
more than 6 logs is reached for the highest dose of combined chlorine tested (Figure
5.24Db). These results support that the inactivation of microorganisms using chloramines
requires a longer exposure than hypochlorite since chloramines are weaker oxidants
than free chlorine [141, 142].

The presence of free chlorine in a solution can promote the generation of
hazardous trihalomethanes (THMSs) by its chemical reaction with the organic matter
contained in wastewater [143-145]. In literature, it has been widely reported that the use
of chloramines as a disinfectant minimizes the formation of THMs and trihalogenated
haloacetic acids (THAAS), which are the most prevalent disinfection by-products [146-
149]. Specifically, the disinfection of drinking-water supplies using chloramines allows
reducing the formation of THMs as much as 40-80 % [150]. Likewise, the THMs
formation was only promoted at chloramines dosage upper than 20 mg dm and under

alkaline pHs during chloramination of reclaimed water [149]. Regarding the treatment
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of hospital urines, it has been reported that the formation of chloramines prevents the
development of harmful chlorine species such as chlorates and perchlorates [138]. In
this work, the presence of these hazardous compounds was not detected by gas

chromatography (Figure 5.25).
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Figure 5.24. Evolution of Klebsiella pneumoniae as function of the operation time during the
chemical disinfection of hospital urines using hypochlorite (a) and chloramines (b). (m) 0 mmol
dm2 Cl, (A) 0.07 mmol dm=Cl, () 0.14 mmol dm™ Cl, (o) 0.28 mmol dm™ Cl, (o) 0.56 mmol
dm3CI.
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Chloroform, bromodichloromethane, dibromochloromethane and bromoform
were analysed in all experiments carried out, although only chloroform is expected to
be formed due to the absence of bromide in the initial composition of the synthetic
hospital urine used. Results showed that the concentration of THMs was below the
detection limit of the equipment used for all the compounds analysed (limit detection <
0.2 ppb) during the electrodisinfection with MMO anodes, regardless the current density
applied, and the reactor used. This supports that the presence of chloramines avoids the
formation of undesirable disinfection by-products under the operating conditions tested.

CHiCl CHCI,Br  CHCIBr, CHiBr

Electrolysis parallel flow  : .| Electrolysis parallel flow
STANDARD 5 reactor 5 A m22 min : reactor 50 A m22 min

i o

Figure 5.25. Chromatograms of the analysis of trihalomethanes (chloroform,
bromodichloromethane, dibromochloromethane and bromoform) from random samples during
the electrochemical disinfection of hospital urines.

To clarify the formation and contribution of chloramines during the disinfection
of hospital urine by electrochemical oxidation, the removal of K. pneumoniae was
studied in hospital urine, 1000 mg dm- KCI, and 1000 mg dm-3 KCI with 83.34 mg dm-
% (NH4),HPO.. The flow-through reactor was used because complete disinfection was
obtained with this device at 50 A m (Figure 5.19). These different matrixes have been
selected considering the initial composition of the hospital urine. Free chlorine is only
expected to be generated as a disinfectant during the electrolysis of KCI solutions
meanwhile in KCI with (NH.),HPO., the presence of both free and combined chlorine
species would coexist in solution. This last matrix is more similar than hospital urine
although, in this case, the presence of organics can also waste the electrogenerated
oxidants in their degradation. Hence, these tests can help to evaluate the role of
chloramines during the electrochemical disinfection of hospital urines. Figure 5.26
compares the log removal achieved at the end of the electrochemical disinfection

process in different matrixes at 5 and 50 A m. Likewise, experimental data were fitted
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to a first-order kinetic (Equation 5.9) and the resulting kinetic constants in hospital urine
(Kurine) Were compared with the values obtained in KCI and KCI with (NH4):HPO4
solutions (ki). Ratios ki/kurine higher than 1 indicate that the removal of K. pneumoniae is

faster in synthetic solutions containing KCI than in hospital urine.
Ln (N/No) =-k - t (5.9

Results show that, as shown in Figure 5.19, the higher is the current density, the
higher is the bacteria log removal (Figure 5.26a). At 5 A m?, the disinfection
performance is higher in KCI media followed by the KCI and (NH4)2HPO, solution and,
finally, in hospital urine. Specifically, 6 log removal units are achieved in chloride
media, whereas 4 and 1 are obtained in KCI with (NH4):HPO, and hospital urine,
respectively. This fact may be explained bearing in mind the nature of disinfectants
electrogenerated in different matrixes [138]. In chloride media, hypochlorite is the only
disinfectant produced from the oxidation of chlorides (Equations 5.3-5.5) and cannot
react with species other than bacteria. This makes the disinfection performance higher
at low current densities. On the other hand, hypochlorite and chloramines are formed
during the disinfection of solutions containing KCI and (NH4).HPO.. In this case, all
electrogenerated hypochlorite is not only wasted in the bacteria removal but also in the
reaction with ammonium to form chloramines. These last species have a lower
disinfectant capacity than hypochlorite, as has been previously demonstrated (Figure
5.26), and lead to a lower disinfection efficiency. Finally, the lowest log removal is
obtained in hospital urine at 5 A m. This complex matrix contains not only inorganic
ions that contribute to the formation of chloramines but also organic compounds (urea,
creatinine, and uric acid) that can be attacked by the electrogenerated disinfectants,
promoting competitive reactions during the treatment. The oxidation of organics
releases large amounts of nitrogen to the effluent that is transformed into ammonium
during electrolysis, favouring the formation of chloramines [70]. Therefore, the
presence of both inorganic and organic compounds in hospital urine causes a low

disinfection efficiency under these soft operating conditions.
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Figure 5.26. Bacteria log inactivation (a) and ratio ki/kurine (b) as function of the current density
during the electrochemical disinfection of K. pneumoniae with a flow-through reactor. Grey bars:
hospital urine; white bars: 1000 mg dm-® KClI; black bars: 1000 mg dm KCI + 83.34 mg dm
(NH4)2HPO,.

At higher current densities, the log removal attained is similar, regardless the
water matrix studied. In this case, the production of large amounts of free and combined

chlorine species takes place since the applied electric charge is ten times higher than

215



Chapter 5

that passed during the process at 5 A m2 (0.042 vs. 0.423 Ah dm). Hence, there is
enough amount of disinfectants to ensure complete bacteria removal at the end of the

treatment in all matrixes.

These results point out that the presence of chloramines generated in the
effluents containing ammonium such as hospital urine slows down the removal of K.
pneumoniae during electrolysis, decreasing the disinfection efficiency. This is also
supported by the kinetic constants calculated for all matrixes and the ratio Kki/Kurine
(Figure 5.26b). This parameter is an indicator of both the selectivity toward the K.
pneumoniae inactivation and the inhibitory effect of the organic urine components.
Results show that the ratio ki/kuine 1S higher than 1 despite the current density studied
and the matrix compared (KCI or KCI + (NH4):HPOQOa). The highest values are obtained
in KCI media for all the current densities although the difference is more remarkable at
5 A m?2. This demonstrates that the disinfection process occurs slower in hospital urines
as a consequence of the side consumption of the most powerful disinfectant
(hypochlorite) due to the following reasons: 1) its chemical reaction with ammonium
ions to form chloramines which also contribute to the disinfection process although
chloramines are weaker disinfectants, 2) its contribution on the mediated oxidation of
organic compounds naturally contained in hospital urines that may inhibit its
bactericidal effect. Additionally, the kinetic values of disinfection processes generally
show an increasing profile as the concentrations of hypochlorite and chloramines were
increased at higher current densities. This indicates that the bactericidal effects of both
hypochlorite and chloramines are concentration-dependent. In this context, a brief
overview of the electrochemical technologies for bacteria removal from urines is
summarized in Table 5.12. As can be seen, scarce information has been reported related
to disinfection processes from hospital urines since most studies are focused on drinking
water or municipal wastewaters. The performance of electrochemical disinfection
processes in urines depends on many parameters such as target bacteria, reactor layout,
fluid-dynamic conditions, and/or primary operation conditions. Then, a proper selection
of the electrochemical working conditions would yield advantages, such as the

promotion in the formation of chloramines, which may play a key role in the inactivation
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of ARB since they provide the preservation of residual disinfection activity and the non-

formation of undesirable chlorine by-products.

Finally, the energy consumption (W, kWh m-3) required for attaining a complete
disinfection of hospital urines was calculated according to Equation 5.10, where Q is
the applied electric charge to achieve a specific log-removal in kAh m? and V is the
average applied voltage in volts. This parameter has been only calculated for the
experiments carried out at 50 A m because a negligible disinfection was obtained when
working at 5 A m (Figure 5.19). The values obtained are shown in Table 5.11.

W=Q-V (5.10)

Table 5.11. Energy consumption.

Reactor Parallel flow reactor Flow-through reactor
Q (kAh dm-3) 0.423 0.278
V (V) 45 3.9
Operation time (min) 83 120
Log removal 5-6 7
j (Am?) 50 50
W (kWh m) 1.904 1.083

Results show that the use of the microfluidic flow-through reactor leads to the
lowest energy consumption for the disinfection of hospital urines. This is an expected
outcome because of its lower interelectrode gap and, consequently its lower ochmic drop
and cell voltage (Table 5.10) [131]. Furthermore, the applied electric charge required to
attain a complete disinfection is also lower with the microfluidic flow-through reactor
due to the high amounts of disinfectants produced with this device, as has been
previously described. These results reveal that the application of this novel reactor
design for the electrodisinfection of hospital urines does not only improve the process
performance but also decreases the energy requirements for the implementation of the

process.
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Table 5.12. Reported studies on electrochemical disinfection in hospital urines.
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Table 5.12. (Cont.) Reported studies on electrochemical disinfection in hospital urines.
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5.3.2. The role of ozone on the electrodisinfection process

Figure 5.27 shows the evolution of K. pneumoniae with the operation time
during the electrolysis of urines at different current intensities using the MIKROZON®

cell.
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Figure 5.27. Influence of the current intensity on the disinfection of urines using the
MIKROZON® reactor. (m) 0.1 A; (A) 0.5 A; (8) 1.0 A; No: 10’ CFU ml2.

As can be observed, it is possible to attain a complete disinfection of urines at
operation times lower than 180 min when applying current intensities higher than 0.5
A. This reveals that the current intensity clearly influences the process performance
because the concentration of K. pneumoniae only decreases 2-logs at 0.1 A and the
complete disinfection is achieved in 180 and 60 min at 0.5 and 1.0 A, respectively. The
higher is the current intensity applied, the higher is the removal rate. Furthermore, the
removal efficiency also increases at higher current intensities since the applied electric
charge required for killing microorganisms is 1.94 Ah dm when working at 0.5 A and
1.21 Ahdm=at 1.0 A. This is an unexpected behaviour considering the previous results
reported in literature, where the use of high current intensities during the electrolysis
with diamond anodes leads to lower efficiencies due to the occurrence of undesirable

parasitic/competitive reactions [67, 152]. Hence, these results suggest that the nature
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and concentration of electrogenerated disinfectants with the MIKROZON® cell could
play a key role on the removal of K. pneumoniae in urines. The mechanism of direct
disinfection has been discarded because it mainly occurs when using porous materials

where microorganisms can be retained [153].

Free and combined chlorine species are expected to be generated from the
oxidation of chlorides contained in urine and the subsequent reaction with ammonium
[154]. In addition, the MIKROZON® cell used in this work is specially designed for
the electrochemical production of ozone during the electrolysis which can also
contribute to the disinfection process [62, 127]. For this reason, the concentration of
hypochlorite, chloramines and ozone were followed during the treatment at different
current intensities and the results obtained is shown in Figure 5.28. The concentration
plotted in the figure refers to the free disinfectants that have not reacted yet, and it is
expected that more disinfectants have been produced during the process but were

consumed in the disinfection.

The concentration of hypochlorite increases with the operation time for all the
tests carried out, although the maximum concentration is attained at 1.0 A (0.43 mmol
dm= CI). At low current intensities (0.1 A), hypochlorite concentration shows a typical
trend of intermediate compound: there is an initial increase followed by a decrease. On
the other hand, hypochlorite increases drastically from 30 min (0.26 mmol dm- ClI) and
then, the production rate is reduced when applying 0.5 A (final concentration: 0.32
mmol dm= CI). A similar trend is observed at 1.0 A, but the concentration of

hypochlorite increases from the beginning of the experiment.

Hypochlorite is a very reactive species which can react not only with
microorganisms (disinfection) but also with other ions contained in the urine such
ammonium, favouring the production of chloramines during electrolysis [61].
Furthermore, hypochlorite can also react with organics such as urea, creatinine, and uric

acid but the evolution of these compounds will be discussed later.
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Figure 5.28. Time course of the concentration of chlorine species (a) and ozone (b)
electrogenerated during the disinfection of urines using the MIKROZON® reactor. Full symbols:
hypochlorite; empty symbols: chloramines; (m) 0.1 A; (A) 0.5 A; (o) 1.0 A.

The quantity of chloramines is negligible when working at 0.1 A because of the
lower concentration of hypochlorite electrogenerated. At current intensities higher than
0.5 A, these combined chlorine species increase with the operation time, reaching final
concentrations of 0.02 and 0.18 mmol dm Cl at 0.5 and 1.0 A, respectively. These

values are lower than those obtained in free chlorine (0.32 and 0.43 mmol dm CI) and
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reveal that chloramines could be consumed in the disinfection process or decomposed

to chloride ions and nitrogen gas.

Regarding the ozone production during the electrodisinfection of urines (Figure
5.28Db), the concentration increases with the operation time and the current intensity
applied. The maximum concentration of ozone was obtained when working at 1.0 A,
which is in line with the results obtained in chlorine speciation (Figure 5.28a) and the
disinfection rate (Figure 5.27). Ozone values are one-fold lower than those obtained for
free chlorine, and this could mean that the removal of microorganisms is more affected
by the attack of free and combined chlorine species instead ozone. However, the
oxidation potential of ozone is higher than hypochlorite or chloramines (E% 2.07 V vs.
1.49 V; 1.40 V) and it is expected than the disinfection capacity of this oxidant will be
higher [109]. Therefore, the lower concentration of ozone measured in the liquid
samples can be related to its lower stability in urine and to its higher reactivity.

Ozone and chlorine-based disinfectants seem to be the main responsible species
for killing K. pneumoniae during the electrolysis of urines with the MIKROZON® cell
but their disinfection mechanism can differ: disinfectant species can cause damage on
the cell wall [155, 156] or directly penetrate inside the cell [155, 157] and destroy the
genetic material. For this reason, to understand the role of disinfectants on the cell
damage, the crystal violet assay was carried out. This allows us to check the changes in
the cell wall through the uptake of the dye i.e., the cell wall permeability [158-160].
Fresh and treated urines were measured at the different current intensities studied to
assess the combined effect of ozone and chlorine disinfectants on the cell damage.
Figure 5.29a shows the uptake of crystal violet by K. pneumoniae as function of the
current intensity before and after the electrolysis of urines. Furthermore, to evaluate the
single effect of electrogenerated ozone, the treatment of urines without chlorides were
also carried out, where it is expected the production of 0zone as main disinfectant. The
crystal violet assay was also employed with this different urine matrix and results are

presented in Figure 5.29b.
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Figure 5.29. Crystal violet uptake as function of the current intensity during the disinfection of
urines using the MIKROZON® reactor. (a) Urine; (b) urine without chloride; (m) fresh urine; (o)
treated urine.

As can be observed, the uptake of crystal violet decreases with the current
intensity in both urine matrixes. This reveals that the cell wall is attacked by the
electrogenerated disinfectants during the treatment. Cell changes seem to be more
important at higher current intensities, which could be explained by the production of
large amounts of disinfectants when increasing the current intensity in both matrixes.
Likewise, the damage increases when treating urines containing chlorides for all the
current intensities studied since the uptake of crystal violet decreases to a great extent
in this urine matrix (Figure 5.29a). Hence, the single effect of ozone on cell damage
seems to be smaller than the combined effect with chlorine disinfectants. These results
suggest that the main mechanism of the electrogenerated oxidants for Killing bacteria
could be the damage on the cell wall and, the subsequent attack to the genetic material.
This agrees previous works reported in literature where the cell permeability during the
electrochemical disinfection is evaluated and changes on cell wall were observed [155,
156, 161, 162].

Proteins and genetic material (DNA) are needed for bacteria survival [163].
During the electrochemical treatment, electrogenerated disinfectants cause damages on
cell wall (Figure 5.29) and this could facilitate the pass of disinfectants into the cell,
degrading the proteins and DNA [157]. For this reason, to shed light about the

contribution of ozone and chlorine species on bacteria removal mechanisms, the
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evolution of total proteins and DNA concentrations were measured during the
electrolysis of urines with and without chlorides. Figure 5.30 shows the percentage

removal of DNA and proteins achieved as function of the current intensity.
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Figure 5.30. DNA (bars) and protein concentration (points) removal as function of the current
intensity during the disinfection of urines using the MIKROZON® reactor. (o) Urine; (m) urine
without chloride.

As can be observed, the protein removal increases with the current intensity,
being higher during the treatment of urine containing chlorides. Specifically, removal
percentages higher than 80 % were attained at current intensities above 0.5 A where
bacteria had already been completely removed (Figure 5.27) whereas values lower than
70 % were achieved during the electrolysis of chloride-free urines. This reveals that the
combined effect of ozone and chlorine-based disinfectants seems to favour the
degradation of proteins during the electrolysis of urines using the MIKROZON®

electrochemical cell.

Regarding the degradation of DNA, different behaviours can be seen depending
on the current intensity applied. At 0.1 A, a negligible DNA removal was obtained
during the treatment of urines without chlorides, which could be related to a lower
disinfection efficiency reached under these conditions. A DNA removal percentage of

15.18 % was achieved when treating urines containing chlorides at 0.1 A, where the
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removal of 2-log disinfection units was reached. Opposite to that, DNA removal is more
remarkable during the treatment of chloride-free urines when applying current
intensities higher than 0.5 A. Specifically, removal percentages of 66.39 and 77.47 %
were obtained at 0.5 and 1.0 A, respectively. The degradation of DNA is slightly higher
than 30 % during the electrolysis of urines with chlorides at 0.5 A, which could be an
unexpected outcome considering the complete removal of K. pneumoniae achieved
under these conditions (Figure 5.27). This suggests that DNA degradation seems to be
more affected by the single effect of electrogenerated ozone. Finally, DNA removal
percentages were quite similar when working at 1.0 A, although the value obtained
during the treatment of urines containing chlorides was slightly lower (70.46 vs. 77.47
%). This confirms the potential effect of ozone on DNA degradation in comparison with
the combined effect of ozone and chlorine-based disinfectants. Therefore, these results
reveal that the combined effect of ozone and chlorine disinfectants promotes the
degradation of proteins whereas single electrogenerated ozone seems to attack the DNA
to a greater extent.

To shed light about the real contribution of ozone on the removal of K.
pneumoniae, Figure 5.31a compares the log removal units of K. pneumoniae during the
electrolysis of urines with and without chlorides at different current intensities using the
MIKROZON® cell. Likewise, the experimental data were fitted to a first order kinetics
model [154] and the resulting rate constants for urine (ky) and urine without chlorides
(kuwc) were also compared throughout the ratio ku/kuwc. Values higher than 1 indicate
that the disinfection process is more efficient by the combination of electrogenerated
chlorine and ozone disinfectants whereas ratios lower than 1 suggest a more

contribution of ozone on the disinfection process.

As can be observed, a negligible disinfection was obtained during the treatment
of urines without chlorides at 0.1 A. This can be related to the low concentration of
electrogenerated ozone (Figure 5.31b) under these conditions and the absence of
chlorine-based disinfectants. In increasing the current intensity, the disinfection process
becomes more efficient, reaching 4-logs removal at 0.5 A and the total disinfection

when applying 1.0 A. On the other hand, the ratio ku/kuwc decreases with the current
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intensity which suggests that the electrochemical disinfection based on the ozone
production is limited at values lower than 1.0 A and it is required the combination of
ozone and chlorine disinfectants to attain a complete removal of microorganisms at 0.5
A. However, the ratio is close to 1 when the electrolysis is carried out at 1.0 A. This
means that the disinfection rates are quite similar either by the single effect of ozone or
by the combined effect of ozone and chlorine disinfectants. Hence, it is necessary to
apply current intensities of 1.0 A to produce large amounts of ozone with the
MIKROZON® cell that assure the disinfection process in absence of chlorides.
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Figure 5.31. (a) Log removal (bars) and ratio knu/knuwe (points) as function of the current
intensity; (0) urine; (m) urine without chlorides. (b) Time course of the concentration of ozone
electrogenerated during the disinfection of urines without chlorides using the MIKROZON®
reactor. (m) 0.1 A; (A) 0.5 A; (o) 1.0 A.
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Finally, urine contains organic compounds which can be also oxidized during
the electrolysis: urea, creatinine and uric acid [139]. The degradation of these organics
can compete with the disinfection process and, for this reason, their concentrations were
analysed. Figure 5.32a shows the evolution of urea, creatinine and uric acid as function

of the operation time during the electrolysis of urines.

The concentration of urea remains constant for all the tests carried out whereas
creatinine slightly decreases, reaching a maximum percentage removal of 25.85 % when
working at 1.0 A. Furthermore, uric acid is completely removed from urine at current
intensities higher than 0.5 A. The different trends observed in each organic is mainly
related to their initial concentration and molecular structure ([urea]o: 3333,34 mg dm;
[creatinine]o: 166.67 mg dm3; [uric acid]o: 50 mg dm®) [67]. This reveals that the lower
the initial concentration, the higher the removal efficiency. Likewise, the molecular
structures of uric acid and creatinine present more functional groups susceptible to be
attacked by the disinfectants generated, favouring their degradation. These results point
out that there exists a competitive oxidation between organics and components from
bacteria during the electrolysis of urines that can be more remarkable at 1.0 A, because
the organics removal percentages are higher. This is an expected behaviour considering
that higher current intensities lead to higher production of oxidants and, hence, higher
organics degradation rates. To overcome the limitations related to competitive
oxidation between organics and bacteria, the electrolysis of diluted urines was evaluated
with the MIKROZON® cell, where the concentration of organics is ten times lower but
the same bacteria concentration. This new formulation could be found in a real hospital
effluent, once urine has been mixed with other grey waters from hospital and will allow
us to evaluate the efficiency of the solid-electrolyte electro-ozonizer on the removal of
K. pneumoniae with a small contribution of competitive reactions due to the lower
organic load. Figure 5.32b shows changes in bacteria concentration during the
disinfection of different urine matrixes at 1.0 A using the MIKROZON® cell.
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Figure 5.32. (a) Time course of the concentration of organics during the disinfection of urines
using the MIKROZON® reactor. Black symbols: urea; grey symbols: creatinine; white symbols:
uric acid; (m) 0.1 A; (A) 0.5 A; (®) 1.0 A. (b) Influence of urine matrix on the disinfection of
urines using the MIKROZON® reactor at 1.0 A. (m) hospital urine; (o) diluted (1:10) hospital
urine.

As can be observed, a total disinfection of diluted urine is attained in 10 minutes
whereas an operation time 6 times higher is required to guarantee the complete removal
of K. pneumoniae in urines. The low initial concentration of organics in diluted urines
([urea]o: 333,34 mg dm3; [creatinine]o: 16.67 mg dm3; [uric acid]o: 5 mg dm™3) seems

to promote higher disinfection rates (1.4194 vs. 0.2194 min?). This confirms the
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occurrence of competitive reactions when treating urines with higher organic load.
Likewise, the lower conductivity of diluted urines (300 uS cm™) could favour the higher
disinfection rates with the MIKROZON® cell since this electrochemical device is
specially designed for treating low conductivity waters [127]. These outcomes are great
of interest because open the possibility of using a solid-electrolyte electro-ozonizer for
treating hospital effluents where urine is diluted.

5.3.3. Conclusions

The following conclusions can be drawn from this chapter:

o The disinfection process of K. pneumoniae from hospital urines relies on
the current density and the reactor layouts. Complete disinfection (7 log unit
decay) was attained before 120 min using a flow-through reactor with
MMO anode at 50 A m? and almost 6 log reduction was achieved using a
parallel flow cell under the same experimental conditions. The process
efficiency also depends on the electrochemical cell tested since the mass-
transfer coefficient calculated with the flow-through reactor was one order
of magnitude higher than using the parallel flow layout. Furthermore, the
presence of chlorides in hospital urines contributes to the electrochemical
generation of hypochlorite. Hypochlorite may oxidize the organics
naturally contained in urine and/or may react with ammonium ions to form
chloramines. The concentration of chloramines increases with the current
density and their formation is the highest using the flow-through layout due
to its slightly higher hydraulic retention time. Besides, hypochlorite does
not evolve to higher chlorine oxidation states such as harmful chlorates
and/or perchlorates.

o Chemical disinfection tests of K. pneumoniae from hospital urines informed
about the dependence on the concentration of chlorine disinfectants. A
stronger powerful bactericidal effect of hypochlorite in comparison with
chloramines was determined since chloramines require longer exposure to

inactive microorganisms. However, chloramines seem to play a key role in
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the electrochemical disinfection process in hospital urines since they
contribute not only as disinfectants but avoiding the production of chlorine
disinfection by-products.

The use of a commercial electro-ozonizer allows to disinfect urines from
current intensities higher than 0.5 A. The disinfection rate is higher when
increasing the current intensity due to the higher production of
disinfectants. The combined effect of ozone and chlorine disinfectants
attains higher disinfection rates than the values obtained when single ozone
is the main disinfectant electrogenerated (urine without chlorides) at current
intensities lower than 0.5 A. At values of 1.0 A, the disinfection rates are
quite similar which reveals that large amounts of ozone have been
electrogenerated for the efficient removal of K. pneumoniae. The crystal
violet assay shows that the combined effect of all disinfectants promotes
higher cell damages, increasing the cell wall permeability. DNA and
proteins are degraded during the disinfection of urines by electrochemical
oxidation. The combined effect of ozone and chlorine disinfectants
promotes the degradation of proteins for all the tests carried out. However,
single electrogenerated ozone seems to attack the DNA to a greater extent
from current intensities higher than 0.5 A, where a remarkable disinfection
rate is attained in urine matrixes without chlorides. Higher disinfection rates
are obtained during the treatment of diluted urines by a solid-electrolyte
electro-ozonizer at 1.0 A. The occurrence of competitive reactions is
minimized due to the lower organic load in the effluent. Furthermore, the
low conductivity of diluted urines favours the removal of K. pneumoniae
because the electrochemical cell is specially designed to produce large

amounts of ozone in low conductivity water.
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5.4. Coupling UV light irradiation with the electrodisinfection process

One of the Advanced Oxidation Processes (AOPs) widely evaluated for the
disinfection of urban and hospital wastewater is ultraviolet (UV) disinfection [164-166].
The irradiation of UV light to an effluent containing microorganisms can promote the
generation of hydroxyl radicals from water photolysis under vacuum, which are the
main responsible species for bacteria removal [167]. Likewise, UV light can penetrate
the cell wall, destroying the genetic material. However, the damage caused on bacteria
can be repaired after relatively small times, promoting bacteria regrowth [168, 169].
Besides, the presence of suspended solids and colloids in wastewater decreases the
process efficiency. At this point, the use of combined treatments appears as a good

option to overcome these limitations.

Among the different alternatives, electrochemical oxidation is a potential
candidate to be considered. As shown in previous sections, depending on the electrode
material and applied current density [76, 170], this technology can promote the
formation of hydroxyl radicals from water electrolysis. Additionally, during
electrolysis, other oxidants can be generated from the oxidation of the ions naturally
contained in the effluents that can also contribute to the disinfection process, preventing
the bacteria regrowth. At this point, the role of anode material is critical. Thus, the use
of anodes based on Mixed Metal Oxides (MMO) such as RuO, IrO, or Ta,Os promotes
the evolution of chlorine during electrolysis [119-121]. On the other hand, Boron Doped
Diamond (BDD) anodes favour the formation of a cocktail of oxidants (e.g.,
hypochlorite, persulfate, peroxodiphosphate, percarbonate, ozone) which seems to be
the main responsible for the good performance of this electrode in the treatment of
industrial wastewater [122, 123] and wastewater disinfection [62, 124]. Additionally,
the irradiation of UV light also promotes the photoactivation of these oxidants,
increasing the quantity of free radicals available for disinfection purposes [171-174].

In this regard, this section comprises the main goal of evaluating the synergies
or antagonisms when coupling electrochemical oxidation to UV disinfection for the

removal of ARB in hospital urines. The experimental planning to meet this main
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objective is summarized in Table 5.13. As observed, electrolysis, phtoelectrolysis and

photolysis experiments have been carried out, evaluating also the influence of the
current density (5-50 A m) and the anode material (BDD and MMO). In all cases, K.

pneumoniae is selected as target bacterium.

Table 5.13. Experimental planification for evaluating the synergies of the photo-electrochemical
disinfection technology to remove K. pneumoniae ATCC 4352.

Ex Anode Current
N‘E) ' Technology Reactor / density Treated effluent
Cathode (Am?)

1 N BDD 5
Electrolysis I\/Itltfrr(())lfluhldr:e(;zltg\;v / Hospital urine

2 g ss 50

3 . - MMO 5
Blectolysts 10 o resctor / Hospital urine

4 g ss 50

> N BDD 5 1000
S

6 g SS 50 KCl

! Electrolysis  Microfluidic flow- MMO 5 méogr% .

8 through reactor ss 50 el

) Photo- Microfluidic flow- BDD 5 o
Electrolysis through reactor / Hospital urine

10 ss 50

1 Photo- Microfluidic flow- MMO 5 . i
Electrolysis through reactor / Hospital urine

12 Y g ss 50

13 Photo- Microfluidic flow- BDD 5 1000
Electrolysis through reactor / mg dm

14 ss 50 KCl

15 Photo- Microfluidic flow- MMO 5 1000_3
Electrolysis through reactor / mg dm

16 ss 50 KCl

17 Photolysis Microfluidic flow- UV lamp /5 W /L =254 Hospital urine

through reactor

nm
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5.4.1. Enhancement of UV disinfection of urine matrixes by electrochemical

oxidation

Figure 5.33 shows changes in the concentration of K. pneumoniae with the
operation time during the UV disinfection, electrodisinfection, and photo-

electrodisinfection of hospital urines.
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Figure 5.33. Time course of the concentration of K. pneumoniae during the treatment of hospital
urines. Green symbols (x): UV disinfection; red symbols (m, 0): electrolysis; blue symbols (e,
0): photoelectrolysis; full symbols: 5 A m2; empty symbols: 50 A m?; (a) BDD anode; (b) MMO
anode. K. pneumoniago (No): 10 CFU ml™.
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As can be observed, UV disinfection reduces 3 orders of magnitude the
concentration of bacteria in hospital urine after 3 hours of treatment. The removal of
microorganisms may be due to the penetration of UV light into the cell, destroying the
genetic material [175]. Two zones can be distinguished in which the disinfection rate is
very different. Initially, the inactivation of K. pneumoniae is very fast, reaching the
maximum log removal around 30 min (zone I). After that, the disinfection rate decreases
drastically (zone I1). This behaviour has also been reported in the literature during the
application of the UV disinfection process to the treatment of wastewater, although the
occurrence of a plateau zone has not yet been clearly explained [176, 177]. Several
hypotheses have been proposed such as the aggregation of microorganisms or a resistant
subpopulation, but no clear evidences have been reported [168].

On the other hand, complete inactivation of K. pneumoniae can be attained in
hospital urines using electrolysis with BDD and MMO anodes at 50 A m, while at low
current densities (5 A m2) the population of microorganisms slightly decreases without
removing 1 order of magnitude, regardless the anode material used. This reveals that a
minimum current density (higher than 5 A m) should be applied to ensure complete
disinfection. However, different trends can be seen during electrolysis at higher current
densities with both anodes. Specifically, an operation time of 180 min (which
corresponds with 0.42 Ah dm= of electric charge) is needed for killing bacteria with
BDD anodes whereas a total inactivation is achieved in 120 min (which corresponds
with 0.28 Ah dm of electric charge) using MMO electrodes at 50 A m. This is an
unexpected behaviour because electrochemical disinfection with BDD is generally more
efficient and faster than with MMO anodes [133]. Nonetheless, it should be noted that
the properties of diamond anodes significantly influence the performance of an
electrochemical process [178-180] and therefore, general conclusions should not be
drawn for all diamond electrodes. The electrode used in the work was made over a
niobium substrate, which has shown not to promote the production of large amounts of
powerful oxidants during electrolysis, as tantalum and silicon substrates [181]. So, this
could explain the lower disinfection rate registered in comparison with MMO anodes.

Likewise, it is important to point out that the MMO anodes used are based on IrO2/Ta>Os
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which favours the evolution of oxygen and chlorine during electrolysis and the
subsequent disinfection process [182]. A detailed discussion related to the influence of
the anode material on the production of oxidants during electrochemical disinfection is
reported later. Nevertheless, at this point, it should be mentioned that the concentration
of K. pneumoniae was also measured after 24 h to evaluate a possible bacteria regrowth.
For this additional test, samples were stored in dark at room temperature when finishing
the experiments. The population of microorganisms was similar to that obtained at the
end of electrolysis which confirms that the electrochemical process ensures persistent
disinfection.

Regarding the photoelectrolysis process, results obtained show the highest
disinfection rates, reaching a reduction higher than 5 orders of magnitude for all the
current densities and anode materials tested. The removal of K. pneumoniae follows the
same profile as UV disinfection at the beginning of the treatment (Zone 1), reaching 3-
4 orders of magnitude reduction for both anodes, regardless the current density applied.
Then, unlike behaviour observed during single photolysis, the population of
microorganisms continuous to decrease until the total disinfection (Zone 1), being the
removal rate higher at 50 A m=2. Photoelectrolysis is much better than single processes
since improves 2-3 orders of magnitude the UV disinfection process and even 5-6 orders
of magnitude the electrochemical process at 5 A m?. At high current densities,
electrochemical and photoelectrochemical processes attain complete disinfection but
the last one shows a higher removal rate. Likewise, the use of MMO anodes leads to
higher disinfection rates in comparison with BDD anodes due to their different
electrocatalytic properties for the production of disinfectants [87]. In this context, the
large amounts of disinfectants generated during the electrolysis of hospital urines [70]
can be activated by the irradiation of UV light, favouring the production of free radicals
which are more reactive than the parent oxidants [183]. Hence, the higher disinfection
efficiency can be attributed to the photo-activation of oxidants during the combined
treatment. The two different zones observed indicate that the contribution of UV light
irradiation is more significant at the beginning of the process (zone I) whereas the

combination of photochemical and electrochemical processes leads to remarkable
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synergies in the disinfection at the end of the treatment (zone Il). Likewise, the low
electric charges applied within 30 min of the experiments (Q < 0.1 Ah dm=) may support
the almost negligible contribution of electrochemical oxidation at the beginning of the
treatment because of the expected low generation and accumulation of disinfectants in

the system.

For comparison purposes, experimental data were fitted to a first-order kinetic
model and, the resulting kinetic constants, the residual variance (S%), and the correlation
coefficient (R?) are presented in Table 5.14. Two different values have been calculated
for photochemical and photoelectrochemical processes that correspond to the different
zones observed in the removal of microorganisms and only one value is reported for the
single electrochemical process.

Table 5.14. Kinetic constants for the disinfection by UV irradiation, electrolysis, and
photoelectrolysis.

Current K S%r K S%r
Process  Anode  density (nfr:nell) (CFU?/ R2 (nz;:::'ll) (CFU?/ R2
(A m?) ml?) ml?)
Photolysis - - 0.2338  0.1327 0.9795 0.0098 0.1498 0.7141
BDD 5 0.0062  0.0002 0.9992 0.0062 0.0002 0.9992
*Electroly 50 0.0770  0.5861 0.9747 0.0770 0.5861 0.9747
sis MMO 5 0.0039 0.0125 0.8193 0.0039 0.0125 0.8193
50 0.1400 0.4833 0.9848 0.1400 0.4833 0.9848
BDD 5 0.3247  0.0003 0.9999 0.0269 0.1967 0.9411
Photoelect 50 0.2570  0.1237 0.9842 0.0428 0.2258 0.9726
rolysis 5 0.3491 1.2676 0.9168 0.0301 0.3666 0.9135
MMO

50 0.2926  0.9813  0.9089 0.062 2.2737 0.7498

*only one zone

Comparing the combined process with UV disinfection, the kinetic constants
are a little higher in the zone I during photoelectrolysis, which confirms that there exists
a small contribution of the electrochemical process to the removal of microorganisms
at the beginning of the treatment. On the contrary, the values registered in zone Il are
much higher, being more noticeable at higher current densities where the production of

oxidants is expected to be higher by electrolysis and, hence, the disinfection rate. These
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results point out the higher contribution of the electrochemical process at the end of the
treatment. To quantify the improvement of UV disinfection by electrolysis, the synergy
coefficient was calculated according to Equation 5.11 [184]. Figure 5.34 shows the
synergy coefficient for the combined process and the logarithmic removal increase

between UV disinfection and photoelectrolysis.

: Kphotoelectrolysis
Synergy coefficient= phoelectioly (5.11)
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Figure 5.34. Synergistic effect (bars) and ALog removal (points) calculated at different current
densities. Black bars: zone I; white bars: zone 1l; (a) BDD anode; (b) MMO anode.
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A synergistic effect resulted in the disinfection of urines during
photoelectrolysis at 5 A m?, regardless the anode material used. Under these conditions,
there is a marked contribution of UV disinfection at the beginning of the treatment and
then, the electrochemical process has a more significant influence on the removal of
ARB. The highest synergistic effect was obtained in zone Il during photoelectrolysis
with MMO anodes where the disinfection by UV irradiation is very limited. These
synergies could be explained by the generation and photoactivation of the disinfectant
species formed during the combined process. More details about the disinfectants
produced during the different processes tested are reported later. At higher current
densities, antagonistic effects (synergy coefficient < 1) can be observed during
photoelectrolysis with both anodes. This can be due to the competitive oxidation
between K. pneumoniae and organics contained in the urine matrix (urea, creatinine,
and uric acid) under these operating conditions [138]. These results reveal that
photoelectrolysis is an efficient technology for the disinfection of hospital urines when
working at low current densities since electrolysis can enhance by 2 orders of magnitude
the removal of K. pneumoniae attained by UV disinfection. The use of current densities
of 50 A m2improves the removal in 3 orders of magnitude but clear antagonistic effects

have been obtained.

The removal of ARB from urine by electrochemical processes could take place
by the direct oxidation of microorganisms over the anode surface (electroadsorption) or
by mediated oxidation via electrogenerated oxidants. The first option mainly occurs
when using porous materials such as carbon felt or cloth as the anode, where bacteria
can be adsorbed [185]. On the other hand, the in-situ production of disinfectants and the
subsequent attack to microorganisms seems to be the main mechanism for killing
bacteria during electrolysis with BDD and MMO anodes [70, 186]. Urine matrix used
in this work contains large amounts of chloride in its composition (475.52 mg dm)

whose first oxidation product is hypochlorite (Equations 5.3-5.5).

This species is a well-known disinfectant that is used in conventional
disinfection processes [187] and, for this reason, its concentration was monitored during

the treatment. Figure 5.35 shows the hypochlorite electrogenerated as a function of the
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operation time during the disinfection of hospital urines by electrolysis and
photoelectrolysis with BDD and MMO anodes at the current densities tested. Data from
UV disinfection is not included in the figure because hypochlorite was not detected

during this photochemical process.
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Figure 5.35. Time course of the concentration of hypochlorite during the treatment of hospital
urines. Black symbols: electrolysis; white symbols: photoelectrolysis; (m, o) 5 A m?; (e, 0) 50
A m?; (a) BDD anode; (b) MMO anode.
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The amount of electrogenerated hypochlorite is lower than 0.3 mmol dm= Cl,
regardless the current density and the anode material used. However, it should be
pointed out that the hypochlorite measured is referred to the free concentration that has
not reacted in the effluent and much higher amounts are expected to have been generated
during the treatment. To check this hypothesis, electrolysis of 1000 mg dm= KCI was
carried out (Figure 5.36) since this compound is contained in the urine matrix in the
same concentration. In these tests, electrogenerated hypochlorite is expected to be easily

accumulated because it cannot react with other species as occur in the urine matrix.
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Figure 5.36. Time course of the concentration of hypochlorite during the electrolysis of 1000
mg dm KCI. Black symbols: BDD anode; white symbols: MMO anode; (m, 0) 5 A m?; (e, 0)
50 Am?,

Results confirm that large amounts of hypochlorite are generated at higher
current densities (50 A m?). Nevertheless, the concentration of this species is very low
at 5 A m?, which implies that higher values are required to ensure a significant
production of hypochlorite during electrolysis. This also supports the low disinfection
rates registered during the treatment of hospital urines under these conditions (5 A m?)
where it is not possible to achieve 1 order of magnitude removal. Furthermore, it can be
observed that the electrochemical production of hypochlorite is influenced by the anode

material used. Specifically, concentrations around 1.8 mmol dm= Cl are achieved with
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MMO anodes at 50 A m2 whereas the use of BDD anodes leads to the generation of
concentrations lower than 0.6 mmol dm= Cl at the end of the process under the same
operating conditions. This confirms the better electrocatalytic properties of the MMO
anode tested to produce chlorine disinfectants and the subsequent removal of K.

pneumoniae from urine.

Hypochlorite concentration does not follow a clear trend during the disinfection
tests, and it could be related to the high reactivity of this species in the urine matrix: 1)
hypochlorite can promote to other chlorine compounds in high oxidation state (i.e.,
chlorite, chlorate, and perchlorate) (Equations 5.12-5.14), 2) the photoactivation of
hypochlorite can occur by the irradiation of UV light, favouring the production of free
chlorine radicals (Equation 5.15), 3) the degradation of organics naturally contained in
urine (urea, creatinine and uric acid) can take place by chlorination reaction or 4)
hypochlorite can react with ammonium contained in the effluent, favouring the
production of combined chlorine species (chloramines) (Equations 5.6-5.8). All these

reactions can occur simultaneously during the process.

ClO +H;0 — ClO; +2H"+2¢  (E°=-1.67 V) (5.12)
ClO; + H,0 - ClOs +2H" +2¢e  (E°=-1.18 V) (5.13)
ClOs + H,0 — ClOs +2H +2¢e  (E°=-1.20 V) (5.14)
ClIO"+hv—Cl +0- (E°=2.43V) (5.15)

The formation of chlorate and perchlorate was not detected by ion
chromatography for all the tests carried out with BDD and MMO anodes. The measured
concentration was below the detection limit for each species (CIOs: 7 ug dm3; ClO4: 7
ug dm3). This data is of great importance because it reveals that the removal of ARB
from urine by electrolysis and photoelectrolysis could be carried out under the operating

conditions tested without the generation of undesirable chlorine by-products.

On the other hand, the concentration of free chlorine radicals is difficult to

measure owing to their short lifetime. Thus, to evaluate the possible formation of these
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species during the disinfection of hospital urines by photoelectrolysis, experiments with

1000 mg dm- were performed (Figure 5.37).
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Figure 5.37. Time course of the concentration of hypochlorite during the photoelectrolysis of
1000 mg dm3 KCl. Black symbols: BDD anode; white symbols: MMO anode; (m, 0) 5 A m™;
(®,0)50 Am?,

As can be observed, the concentration of hypochlorite increases with the
operation time at 50 A m whereas a negligible concentration was obtained at 5 A m
for both anodes. This behaviour is similar to that previously obtained during single
electrolysis of KCI solutions (Figure 5.36). However, the concentration achieved is
lower during photoelectrolysis which indicates that hypochlorite has been
photoactivated, favouring the production of free chlorine radicals (Equation 5.15).
Therefore, the occurrence of these radicals can be considered as one way for

electrogenerated hypochlorite consumption during photoelectrolysis of hospital urines.

Regarding the chlorination reaction of organics, urine contains large amounts
of urea, creatinine, and uric acid which are susceptible to react with hypochlorite during
the electrochemical treatment, decreasing their concentration [70]. The concentration of
urea remained constant for all the tests carried out with both anodes. Creatinine
concentration decreased between 10 and 25 % at 5 A m2 and, up to 40 % at 50 A m*

with BDD anodes whereas its concentration remained constant when using MMO
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anodes, regardless the current density applied. Finally, a percentage removal of uric acid
around 50 % was achieved during electrolysis and photoelectrolysis with BDD and
MMO anodes at 5 and 50 A m (data not shown). These reactions could promote the
formation of organochlorinated compounds in hospital urines which may increase the
toxicity of the resulting effluents. Nonetheless, their generation and accumulation are
not expected to be very high due to the low applied electric charges required for Killing
microorganisms. The degradation of urea, creatinine and uric acid releases a higher
nitrogen load to the effluent which can be transformed into other inorganic species
[188]. Specifically, nitrite is formed from the oxidation of organic nitrogen released
(Equation 5.16, which is rapidly oxidized to nitrate (Equations 5.17-5.18). Besides, this
last species can be electrochemically reduced, favouring the generation of ammonium
(Equations 5.19-5.20) [189]. Hence, the concentration of ammonium could be
considered as an indirect measurement of the degradation of organics during the
disinfection of urines. Figure 5.38 shows the time course of the ammonium
concentration during the disinfection of hospital urines by electrolysis and
photoelectrolysis with BDD and MMO anodes at different current densities. The initial

amount in the urine matrix is around 1.26 mmol dm= N.

Norg + O2ag) + € — NO7 (5.16)
3NOy + 2 H* 5 2 NOgg + NO3 + H,0 (5.17)
NOy + % Opag) — NO3 (5.18)
NOs + 6 H,O + 8 e — NHspq + 9 OH (5.19)
NHa(ag) + H20 = NH,* + OH (5.20)

As can be observed, the concentration of ammonium remains constant at 5 A m2 for
both anodes. This suggests that the organics removal rate is very low, and the
chlorination of organics does not lead to the release of nitro groups but the formation of
organochlorinated compounds. Likewise, this low current density does not favor the
production of other oxidants that could be generated and contribute to the removal of

organics contained in urine. On the contrary, ammonium concentration continuously
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increases with the operation time at 50 A m, being higher when working with BDD

anodes.
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Figure 5.38. Time course of the concentration of ammonium during the treatment of hospital

urines. Black symbols: electrolysis; white symbols: photoelectrolysis; (m, o) 5 A m’%; (e, 0) 50
A m; (a) BDD anode; (b) MMO anode.

These results suggest that the electrogenerated hypochlorite could also be

consumed in the degradation of organics contained in the urine matrix together with

other oxidants generated during electrolysis and photoelectrolysis under these
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conditions. However, the irradiation of UV light does not influence the removal of
organics since similar results are observed in both processes, regardless the anode
material tested. The use of MMO anodes seems to be less effective for the removal of
organics than BDD. This is an unexpected behaviour considering the previous
disinfection data where BDD anode showed lower rates for killing bacteria. At this
point, it is important to remark that the removal of organics can also take place by direct
oxidation over the anode surface and hydroxyl radical-mediated oxidation [78] and
these mechanisms seem to be more relevant when using BDD anodes at 50 A m=,
Hence, there could be a marked competitive reaction between the disinfection and the
oxidation of organics with this anode.

Nonetheless, ammonium released could also be consumed together with the
electrogenerated hypochlorite to form chloramines (Equations 5.6-5.8) during the
disinfection of urines. This could explain the low concentration registered with MMO
anodes since the electrogeneration of hypochlorite is also expected to be higher with
this anode (Figure 5.36). For this reason, the concentration of chloramines was also
monitored during the disinfection of urines by electrolysis and photoelectrolysis and,
the results obtained as function of the operation time for both anodes at different current

densities are plotted in Figure 5.39.

The concentration of chloramines increases with the operation time, being one
order of magnitude higher when using MMO anodes. This can be due to the large
amounts of hypochlorite generated with this anode and, it also seems to confirm that the
formation of chloramines is the main way of consumption of hypochlorite with MMO
anodes whereas the use of BDD anodes promotes the oxidation of organics.
Chloramines also contribute to the disinfection of urine although their disinfectant
capacity is lower than hypochlorite. Likewise, the presence of chloramines minimizes
the production of trihalomethanes (THMs) and trihalogenated haloacetic acids as
disinfection by-products [149, 190] and, hence, decreases the accumulation of

hazardous organochlorinated compounds in treated effluents.
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Figure 5.39. Time course of the concentration of chloramines during the treatment of hospital
urines. Black symbols: electrolysis; white symbols: photoelectrolysis; (m, o) 5 A m™; (e, 0) 50
A m?; (a) Monochloramine-BDD; (b) Monochloramine-MMO; (c) Dichloramine-BDD; (d)
Dichloramine-MMO; (e) Trichloramine-BDD; (f) Trichloramine-MMO.

The formation of chloramines follows a sequential reaction that starts with the
generation of monochloramine (Equation 5.6). This species is the most reactive

chloramine and it has been widely used for the disinfection of wastewater [191, 192].

247



Chapter 5

Then, monochloramine can be continuous to react with hypochlorite, favouring the
formation of dichloramine (Equation 5.7), and, finally, trichloramine is formed by the
reaction between dichloramine and hypochlorite (Equation 5.8). The presence of one or
another chloramine will depend mainly on the ratio CI/N and the pH of the effluent
[193]. In this context, hospital urines used in this work present a pH value around 6,
and, according to literature, it favours the presence of dichloramine. This agrees with
the results obtained during electrolysis and photoelectrolysis at 50 A m? where
dichloramine is the predominant species followed by trichloramine and, finally,
monochloramine. At low current densities, the concentration of chloramines is

negligible owing to the low concentration of hypochlorite electrogenerated.

Overall, the concentration of chloramines is lower during photoelectrolysis and
it can be related to the photoactivation of hypochlorite (Equation 5.15) that decreases
its free concentration to form chloramines. Likewise, the low concentration of
monochloramine (Figures 5.39a, 5.39b) registered for both anodes can be explained by
the photoactivation of this species (Equation 5.21) [194]. In this context,
monochloramine can be decomposed in free amine and chlorine radicals by the
irradiation of UV light. This also helps to remove ARB from urine since chlorine radical
significantly contributes to the disinfection process. The higher the concentration of
hypochlorite, the higher the concentration of chloramines and, hence, the higher the
concentration of free chlorine radicals during photoelectrolysis. This supports the
disinfection results from Figure 5.33 because the concentration of hypochlorite is
expected to be higher with MMO anodes and the removal rates are also higher with this

anode.
NH.CI + hv — NH,- + Cl- (5.21)

Finally, to evaluate the energy requirements of the combined process in
comparison with UV disinfection, the specific electric energy (Eeo) was calculated by
Equations 5.22 and 5.23, where Ec is the cell voltage (V), | the current intensity (kA),
t the operation time (h), V the volume (m3), Co and Cs the initial and final bacteria
concentration after 1 order of magnitude removal (CFU ml?), respectively and Wiamp
the power of the lamp used (kW). This parameter determines the electric energy required
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to decrease the population of K. pneumoniae by one order of magnitude in a unit volume
[195]. The results obtained are plotted in Figure 5.40.
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Figure 5.40. Specific electric energy during UV disinfection and photoelectrolysis of hospital
urines. Line: UV disinfection; black bars: BDD anode; white bars: MMO anode.

As can be observed, the lowest electric energy resulted in the combined process
at low current densities using both BDD and MMO anodes. These results are in line
with the synergistic effects found previously, where the highest values resulted when
applying 5 A m2. At 50 A m?, the electric energy for the process with BDD anodes is
slightly higher than that required for the UV disinfection process (0.395 vs. 0.389 kWh
m= order?). Nevertheless, the use of MMO anodes at higher current densities leads to

lower electric energy.

This reveals that electrolysis improves the efficiencies obtained during the UV
disinfection process, decreasing, in turn, the energy requirements. This good

performance of the combined process could be explained in terms of the promotion of
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free chlorine radicals. However, the use of BDD anodes is limited to their application
at lower current densities, whereas MMO anodes can be used for all the current densities
studied.

5.4.2. Conclusions

UV disinfection allows to decrease the population of ARB in synthetic hospital
urine, but it cannot reach complete disinfection. The irradiation of UV light to urine
polluted with K. pneumoniae could be limited by the occurrence of bacteria
agglomeration or a resistant subpopulation. On the other hand, electrochemical
oxidation with BDD and MMO anodes leads to complete removal of ARB from urine
when applying 50 A m2 At 5 A m?, bacteria removal is negligible because the
concentration of disinfectants produced is rather low. The disinfection rate is higher
when working with MMO anodes and it can be related to competitive oxidation between
bacteria and the organics contained in urine, which seems to be favoured using BDD
anodes. Finally, photoelectrolysis enhances single UV disinfection and electrolysis
performances for all the current densities tested with BDD and MMO anodes. A more
remarkable contribution of UV disinfection is observed at the beginning of the process
whereas the electrochemical process has more influence at the end of the treatment. A
marked synergistic effect was found when UV disinfection was enhanced by electrolysis
at 5 A m2 with BDD and MMO anodes. The use of BDD anodes at 50 A m led to
antagonistic effects due to the possible competitive degradation between bacteria and
organics under these conditions. Regarding energy requirements for single and
combined processes, the specific electric energy required for photoelectrolysis at low
current densities is lower than that required for UV disinfection. At high current
densities, MMO shows lower electric energy whereas the use of BDD anodes leads to a

slightly higher value than UV disinfection.
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5.5. Electrochemical disinfection of polymicrobial urines

The quick spread of ARB and the exchange of ARGs by pathogenic and
opportunistic bacteria have increased hospitalisation lengths and have intensified
mortality rates [196]. Disinfection technologies should assure not only the complete
removal of microorganisms but also the denaturation of genetic material to avoid HTPs.
To the authors’ knowledge, research studies are still missing on developing technologies
for the treatment of complex hospital effluents with the main aim of preventing the
antibiotic resistance spread, removing ARB and ensuring the abatement of ARGs [197].

In this context, this section is focused on testing the microfluidic flow-through
reactor and the MIKROZON® cell, working under the optimal operating conditions
studied in previous sections, for the disinfection of complex synthetic urines
contaminated with several ARB (polymicrobial urines). To reach this global aim, the

following partial objectives were stablished:

o A prevalence study to identify the pairs of pathogens causing UTIs in
hospitalized patients.

o To evaluate the influence of the reactor employed on the abatement of ARB
pairs in hospital urines.

o To evaluate the influence of the reactor employed on the denaturation of

DNA and ARGs in polymicrobial hospital urines.
The experimental planification is summarized in Table 5.15.

Table 5.15. Experimental planification for the disinfection of polymicrobial urines.

Anode Current

E,il(? " Technology Reactor / density / Bacterial strains
Cathode intensity
1 E. faecalis ATCC 51299
+ K. pneumoniae ATCC BAA-1705

,  Electrolysis m}‘\flr_‘t’r‘:'r‘é'g'f‘ M')"O 50 E. coli ATCC 35218

g Am? + E. faecalis ATCC 51299

reactor SS

3 K. pneumoniae ATCC BAA-1705

+ E. coli ATCC 35218
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Table 5.15. (Cont.) Experimental planification for the disinfection of polymicrobial urines.

Anode Current

EKI(E " Technology Reactor / density / Bacterial strains
Cathode intensity
4 E. faecalis ATCC 51299
+ K. pneumoniae ATCC BAA-1705

5 Electrolysis MIKROZON® B?D 1A E. coli ATCC 35218

cell + E. faecalis ATCC 51299

BDD

6 K. pneumoniae ATCC BAA-1705

+ E. coli ATCC 35218

To simulate real polymicrobial hospital urines, synthetic urine is intensified
with combinations of different ARB. Complex urine 1 (CU1) was intensified with E.
faecalis and K. pneumoniae, complex urine 2 (CU2) was intensified with E. coli and E.
faecalis and, finally, complex urine 3 (CU3) was intensified with K. pneumoniae and E.
coli. To carried out the electrodisinfection experiments, both electrochemical cells are
tested under the most suitable operating conditions previously reported in literature
[154, 198, 199]. Table 5.16 shows the main design and operational parameters of both
reactors tested, considering manufacturer's limitations. The microfluidic flow-through
reactor promotes the electrochemical production of chlorine-based disinfectants (mainly
chloramines) whereas the MIKROZON® cell is especially designed to produce large

amounts of ozone in water with low salinity.

Table 5.16. Design and operational parameters of both reactors tested.

Microfluidic flow-through MIKROZON®
I Effluent volume I 2dm’ I 1dm’ |
| Flow rate | 160dm’h" | 30dm’h" |
I Current intensity I 0.25A I 1A I
I Operation time I 180 min I 180 min I
I Electric charge I 0.42 Ahdm” I 3.87 Ahdm” I
' Anode " 70B0I0/Ta0, BDD '
I Cathode I SS I BDD I
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Bacteria counts were performed by an indirect impedance method using a p-
Trac® 4200 system as described in section 4.4.6.2. (i), using a selective nutrient media
for each bacterium. However, there is no selective nutrient media for K. pneumoniae in
which the growth of E. coli and E. faecalis is prevented. For this reason, the count of K.
pneumoniae ATCC BAA-1705 is carried out using the membrane filtration technique
described in section 4.4.6.2. (ii).

5.5.1. Occurrence of pairs of pathogens in real hospital urines from CHUA

The occurrence of pathogens in a real environment has been firstly analysed
based on data supplied by the Microbiology and Parasitology Service from the
University Hospital Complex of Albacete, Spain (CHUA) as model of sanitary facility.
A previous study about the prevalence of a unique pathogen causing UTIs has been
previously commented in section 5.1 to describe the influence of hospital units, patients’
gender and kind of pathogens, including UTIs caused by carbapenem-resistant
Enterobacteriaceae and methicillin-resistant S. aureus [200]. Additionally, 581 (13.05
%) were positive urines within two or more pathogens from the total 4453 positive
urines registered. Hence, Figure 5.41 shows the most representative pairs among
bacteria and/or bacteria and yeasts found in the monitored positive urines since the
presence of two pathogens at the same time represented the 96.73 % within the total
13.05 %.

As can be observed, the most prevalent pairs of pathogens contained the
gram-negative, facultative anaerobic, uropathogenic Escherichia coli (E. coli) since this
bacterium has been widely reported in literature to cause UTIs [22, 31]. The highest
presence of pairs corresponds to E. coli and Enterococcus faecalis (E. faecalis) found
in 57 of the total 581 real hospital urines with a prevalence percentage of 9.8 %, E. coli
and Klebsiella pneumoniae (K. pneumoniae) found in 41 complex positive urines (7.1
%), and E. coli and Proteus mirabilis (P. mirabilis), positive in 24 complex urines,
which represent a prevalence percentage of 4.1 %. Regarding other important pairs of

pathogens, Pseudomonas aeruginosa (P. aeruginosa) and E. faecalis are observed to
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represent a prevalence percentage of 3.1 %. Likewise, not only E. faecalis but also K.
pneumoniae are also recognized for causing UTIs although in a lesser presence ratio
than E. coli and their combination with other bacteria are observed in prevalence
percentages ranging from 0.3-0.5 % [32]. Finally, the combination of different yeasts
from genus of unicellular fungi as Candida with other gram-positive bacteria from
genus of lactic acid bacteria (LAB) as Enterococcus are also common causes of UTIs,

with prevalence presence percentages in the range of 0.3-0.9 %.

i i P. aeruginosa + E. faecalis

E. COI':OED'/COH 31% E. faecium + C. albicans
3 (] .

09% E. coli + P. aeruginosa

0.9 %

E. coli + E. faecium

E. coli + P. mirabilis 0.7%

41% E. faecalis + C. krusei

0.5%

P. aeruginosa + K. pneumoniae (ESBL)
0.5%

E. cloacae + A. baumannii
0.3%

E. faecium + C. tropicalis

. . 0.3%
E. coli + K. pneumoniae
71% E. coli + K. oxytoca
0.3%

K. pneumoniae + E. faecalis
0.3%

E. coli + E. faecalis
9.8%

Figure 5.41. Most prevalent pairs of microorganisms presented in patients suffering from urinary
tract infections at CHUA within the period 2014-2018.

5.5.2. Electrochemical disinfection of complex synthetic hospital urines

The most prevalent pairs of bacteria depicted from Figure 5.41, E. coli and E.
faecalis and K. pneumoniae and E. coli were selected as models of pairs of pathogens,
including E. faecalis and K. pneumoniae due to their high environmental and sanitary
risks [20, 201, 202]. The electrochemical disinfection of synthetic urines intensified

with the previous mentioned models of bacteria pairs was studied. A microfluidic flow-
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through reactor and a MIKROZON® cell were tested in this study, and their operational
characteristics were properly detailed in Table 5.16. The evolution of ARB as function
of the experimental time and the applied electric charge during the electrochemical
disinfection of complex synthetic urines is shown in Figure 5.42. Different grey
background colours are shown, corresponding to the different disinfection kinetic zones

(1, 11, and I1) which will be discussed below.

Results show that it was possible to attain removal ratios higher than 99.99 %
(4-logs) after the 180 min treatment process using the microfluidic flow-through reactor
by applying 50 A m (Figure 5.42a). Specifically, the treatment of CU1 showed a K.
pneumoniae removal of almost 5-logs while the process reached 6.5-logs ARB removal
for E. faecalis. The combination of E. coli and E. faecalis is represented by CU2. E. coli
concentration was decreased in almost 6-logs whereas E. faecalis showed a similar
profile than the one observed in CU1, reducing its concentration in 6.4-logs. Finally,
CU3 comprises the intensification of synthetic urine with K. pneumoniae and E. coli.
These both ARB showed a similar behaviour, achieving 5.7 and 5.4-logs reductions for
K. pneumoniae and E. coli, respectively. Hence, the treatment of complex urines led to
ARB depletion logarithmic ranges from 6.4 to 6.5, 4.8 to 5.7 and 5.4 to 5.8 for E.
faecalis, K. pneumoniae and E. coli, respectively. Conversely, a complete disinfection
(7-logs) was reached for every ARB pair tested within the different matrixes studied
when working with the MIKROZON® cell at 1 A (Figure 5.42b). Although a complete
disinfection was attained for every ARB tested, different trends can be observed at an
initial stage of the experiments up to 30 min. At this time, the processes reached removal
ratios in the range of 1.4 to 2.2 logs for E. faecalis, while E. coli and K. pneumoniae
exhibited smaller decreases, ranging from 1.1 to 0.6 logs for E. coli and 0.5-logs for K.

pneumoniae.
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Figure 5.42. Evolution of ARB as function of the experimental time and the applied electric
charge during the electrochemical disinfection of complex synthetic hospital urines. (a)
microfluidic flow-through reactor; (b) MIKROZON® cell. () E. faecalis; (m) K. pneumoniae;
(A) E. coli; green symbols: CUZ1; red symbols: CU2; blue symbols: CU3. No: 107 CFU mL™,
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Nevertheless, disinfection efficiencies were observed to significantly vary
depending on the electrochemical reactor used due to the individual operating
conditions tested. MIKROZON® cell exhibited a complete disinfection after passing an
applied electric charge of 1 Ah dm whereas an almost complete disinfection (6-logs)
was only attained during the treatment of CU2 using the microfluidic flow-through
reactor for 0.4 Ah dm. These results reveal that the use of microfluidic flow-through
reactor leads to higher disinfection efficiencies since the removal of microorganisms
with the MIKROZON® reactor at applied electric charges around 0.4 Ah dm™ is
negligible. Nonetheless, it is important to bear in mind that the operating conditions
tested (current intensity and electrode material) are different for each device.

A more efficient electrochemical disinfection process does not necessarily mean
that it is faster because there can exist mass transfer limitations of the microorganisms
to the electrode surfaces [67]. Regarding the disinfection kinetics of the process,
different grey background-colored zones can be appreciated in Figure 5.42 using both
reactors. Experiments carried out with the microfluidic flow-through reactor exhibited
three different zones: 1) an initial phase (Zone 1), from 0 to 20 min, where the
concentration of ARB did not undergo significant changes; 2) a subsequent intermediate
step (Zone I1), from 20 to 120 min, where the decrease in the concentration of ARB was
noteworthy; 3) a final zone (Zone I1), from 120 to 180 min, where the concentration of
ARB decreased with a marked smoother velocity. On the other hand, only two zones
can be observed when working with the MIKROZON® cell: 1) Zone I from 0 to 30 min,
where ARB concentration barely varied or slightly decreased, 2) Zone Il from 30 to 60
min, where the disinfection rate for every ARB tested increased drastically. For
comparison purposes, experimental data were fitted to a first order kinetic model and
the resulting kinetic constants of every ARB tested in the different zones observed are
presented in Table 5.17.

As can be observed, the same ARB showed quite similar kinetics constants
using the same electrochemical reactor despite the complex urine treated (CU1, CU2,
or CU3). Results showed mean values for E. faecalis of 0.0340 min’ (Zone 1), 0.1060

min? (Zone 1) and 0.0433 min* (Zone 111) with the microfluidic flow-through reactor
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whereas these values significantly increased up to 0.1212 min* (Zone 1) and 0.4066
min (Zone I1) when using the MIKROZON® cell. On the other hand, K. pneumoniae
and E. coli showed similar kinetics constants under the same operational conditions
which could be due to these ARB are gram-negative bacteria and are classified within
the same bacterial family (Enterobacteriaceae). Overall, both reactors exhibit the
highest disinfection kinetics for E. faecalis in Zone I, which corresponds with the
highest disinfection rate of this ARB in the entire disinfection process. This could be
justified by the differences of gram-positive (E. faecalis) and gram-negative (K.
pneumoniae and E. coli) bacteria related to the structure and organo-chemical
composition of their cell membranes [203]. Particularly, gram-positive bacteria are
more affected by chemical treatments, while gram-negative bacteria are more
susceptible to physical disinfection technologies [204, 205]. These results suggest that
the disinfectant species electrogenerated could have a significant influence on the
removal of ARB during the electrochemical processes.

Table 5.17. Kinetic constants for the disinfection tests with the microfluidic flow-through reactor
and the MIKROZON® cell.

Kzone 1 Kzone 1 Kzone n
ARE mn F O R R
(min‘t) (mint) (min‘t)

' E. faecalis (CU1) 0.0348  0.9014 0.1076 0.9159 0.0443 1
§ g E. faecalis (CU2) 0.0332 0.8741 0.1043 0.9056 0.0423 1
2 ©  K.pneumoniae (CU1) 00092 09963 00985 09655  0.0254 1
2 S K. pneumoniae (CU3) 00182 09645 01044 09810  0.0337 1
S = E. coli (CU2) 0.0087 09935  0.1132  0.9299  0.0370 1
=" E. coli (CU3) 0.0163 0.9229 0.1042 0.9958 0.0265 1

Kzone 1 Kzone 11
ARB 0-30 min R? 30-60 min R?
(mint) (min-t)

— E. faecalis (CUL) 0.0915 0.9918 0.4392 1

@8 E. faecalis (CU2) 0.1508 0.9864 0.3739 1

% K. pneumoniae (CU1) 0.0337 0.9943 0.5034 1

§ K. pneumoniae (CU3) 0.0272 0.9853 0.5073 1

4 E. coli (CU2) 0.0713 0.9702 0.4547 1

2 E. coli (CU3) 0.0338 0.9748 0.4987 1

258



Results and discussion

Previous works have demonstrated the generation of hypochlorite and inorganic
chloramines as the main disinfectant species during the electrochemical disinfection of
synthetic hospital urines with the microfluidic flow-through reactor at 50 A m2 [199].
This work demonstrated that the microfluidic flow-through reactor enhanced the
generation of chloramines over hypochlorite under the conditions tested. Likewise, the
MIKROZON® cell is a commercial solid-electrolyte electrolyzer which has been
specially designed for promoting the production of ozone during water electrolysis [62].
Our previous works reported to maximize the generation of ozone during the
electrochemical disinfection of synthetic hospital urines at 1 A [198].

In this context, Figure 5.43 shows the evolution of the main disinfectant species
(hypochlorite, chloramines and ozone) electrogenerated with the operation time using a
microfluidic flow-through reactor (Figure 5.43a) and a MIKROZON® cell (Figure
5.43b).

0.7 )
(@) .
N 06 |
: @
2 Eost
E : ?
IS 04 : | |
: 2
- c 03
© 2 //
= : B )
° N @) 0.2 . B
/// /,A///
) ‘ ::: £ 01 /D/ - .
P R - o
LeZZOT
O 0 SEEOA=E- ‘ ‘
0 50 100 150 200 0 50 100 150 200
Time / min Time / min

Figure 5.43. Time course of the molar concentration of disinfectant species electrogenerated
during the electrochemical disinfection of complex synthetic hospital urines, using a microfluidic
flow-through reactor (a) or a MIKROZON® cell (b). (m, o) Cl-Hypochlorite; (A, A) Cl-
Chloramines; (e, o) Ozone.

It is important to highlight that the monitored concentration of oxidants is
referred to those that have not reacted yet since higher amounts of these species are

expected to have been generated during the electrochemical disinfection [99, 138].

As can be observed, the remained concentration in the bulk of hypochlorite

increased sharply to 0.07 mmol dm-from the beginning of the experiment until 20 min
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(0.04 Ah dm?), using the microfluidic flow-through reactor. After this time,
hypochlorite concentration started to decrease gently towards its non-detection from
120 min (0.28 Ah dm) until the end of the experiment. Hence, hypochlorite showed a
typical profile of an intermediate compound that has been generated and consumed
along the experiments. Opposite, the monitored hypochlorite concentration was lower
than 0.1 mmol dm= below 60 min (1.21 Ah dm) when the complete disinfection
process was achieved (Figure 5.42b) and after that experimental time, hypochlorite
concentration continuously increased up to 0.46 mmol dm at 180 min (3.87 Ah dm)
when working with the MIKROZON® cell. The maximum values of hypochlorite were
about 6.5 times higher than those reached with the microfluidic flow-through reactor.
Hypochlorite is a very reactive species that can compete for the Kkilling of
microorganisms, the degradation of urine natural organic compounds or the evolution
of other chlorine-based species, such as chloramines [186]. Chloramines are well known
to be generated from the chemical reaction between hypochlorite and ammonium ions
which are naturally contained in the urine matrix and/or coming from the
electrochemical oxidation of urine natural organic compounds [154]. Hence, the
remained concentration of chloramines was almost negligible during the beginning of
the treatment (30 min (0.07 Ah dm)) using the microfluidic flow-through reactor and
after that, their concentration increased smoothly to a constant value of 0.06 mmol dm-
% from 120 min (0.28 Ah dm=). This fact supports the decrease in the hypochlorite
concentration from 20 min (0.04 Ah dm), promoting the generation of chloramines
with the microfluidic flow-through reactor [199]. Likewise, the same profile was
observed for chloramines using the MIKROZON® cell although the concentration of
chloramines did not remain constant but increased from 60 min (1.21 Ah dm?)
(complete disinfection) up to 3.5 times higher (0.21 mmol dm= at 180 min (3.87 Ah dm-
%)) than with the microfluidic flow-through reactor. Regarding the monitorization of
ozone in the bulk solution, null concentrations were detected when working with the
microfluidic flow-through reactor. Likewise, the concentration of ozone was almost
negligible when working with the MIKROZON® cell at an early stage of 30 min.

However, the concentration of ozone monitored increases from 30 to 180 min, reaching
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maximum values of 0.069 mmol dm=. Furthermore, it is important to remark that ozone
is a very reactive species (E% 2.07 V), and the measured concentration is not referred to
total ozone electrogenerated but to free ozone that has not reacted in the effluent yet.
Additionally, the composition and pH of the supporting electrolyte has a paramount
importance on the efficiency of ozone production. Acidic media favours ozone
production, but the presence of species which can become scavengers decreases the
overall efficiency of the process. Hence, it is expected that higher concentrations of
ozone had been generated and wasted in the disinfection process [206, 207].

5.5.3. Electrochemical denaturation of DNA and ARGs

The production of disinfectant species such as hypochlorite, chloramines or
0zone may contribute to the removal of ARB by different mechanisms such as damages
to membrane cells and DNA, inhibition of enzyme activity essential for the growth or
injuries to membrane transport capacity [208, 209]. To shed light about the disinfection
mechanisms that may take place depending on the electrochemical reactor configuration
and operational conditions tested, the logarithmic reduction values of DNA were
calculated using the Equation 5.24. DNAunitiai corresponds to the total amount of DNA
measured in ng pL* for total ARB present in each experiment before the treatment,
whereas DNAsina is the total amount of DNA after the treatment (180 min). The closer
the results of Equation 5.24 are to 0, the lower the DNA reduction. Results of the
logarithmic reduction of DNA for each complex urine tested are summarized in Table
5.18.

Log reduction of DNA = log (mﬂ) (5.24)
final

Results of the microfluidic flow-through reactor showed a high variability in
the calculated values of DNA reduction, ranging from 0.65 for the CU2 (E. coli + E.
faecalis) to 0.15 for the CU3 (K. pneumoniae + E. coli). This fact may reflect that the
DNA from K. pneumoniae is less easy to be degraded than DNA from E. faecalis or E.
coli. Conversely, the MIKROZON® cell exhibited the highest DNA depletion capacity
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with a mean DNA reduction of 0.79-logs for the three experiments. Likewise, this cell
offered a similar behaviour in the removal of DNA with an average error rate with
respect to the mean value of 7.1 %. Specifically, 0.85, 0.82 and 0.70-logs were obtained
for CU2 (E. coli + E. faecalis), CUL1 (E. faecalis + K. pneumoniae) and CU3 (K.
pneumoniae + E. coli), respectively. Previous studies have investigated the effects of
different disinfectant species (based on chlorine or ozone) on the removal of DNA,
proving the major capacity of the combination of ozone and chlorine derived species
[198]. This fact may explain the differences observed in the DNA reduction between
both electrochemical reactors which can be attributed to the distinct disinfectant species
involved (Figure 5.43). These results agree the previous findings reported by Long et
al. [162] during the electrochemical disinfection of synthetic solutions with BDD
anodes where the DNA remained constant during the elimination of E. coli.

Table 5.18. Logarithmic reduction of DNA in the electrochemical disinfection of complex
synthetic hospital urines, using a microfluidic flow-through reactor or a MIKROZON® cell.

i ot e T MikgozoN”a
cu1 E. faecalis + K. pneumoniae 0.41 0.82
Cu2 E. coli + E. faecalis 0.65 0.85
Cus K. pneumoniae + E. coli 0.15 0.70

Furthermore, the analysis of ARGs is necessary to control the antibiotic
resistance spread into the aquatic environment. Infections caused by E. faecalis strains
are alternatively treated with erythromycin, from the class of macrolide antibiotics
[210]. The gene ermB, contained in the E. faecalis ATCC 51299 strain, encodes a
ribosomal methylase that confers resistance to macrolides [211]. Conversely, K.
pneumoniae isolates producing carbapenemase are able to hydrolyze carbapenems and
represent the most common cause of carbapenem resistance in Enterobacteriaceae
[212, 213]. The blakpc gene, harbored in the K. pneumoniae ATCC BAA-1705 strain,
plays a crucial role in the dissemination of antibiotic resistant strains [214]. Similarly,
one of the most common producers of extended spectrum beta lactamases (ESBLS) is
E. coli [215]. There are several types of ESBL such as TEM, SHV or CTX genes that
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encodes resistance against beta lactam antibiotics [216]. Specifically, blarem gene is
presentin the E. coli ATCC 35218 strain. Hence, the performance of the electrochemical
reactors on the removal of ermB, blakec and blatem genes will be studied during the

disinfection process.

Standard curves of the ARGs tested were determined based on the methodology
reported by Polo-Lépez et al. to correlate the cycle threshold (Cy) with the
concentration of ARGs [217]. These standard curves were calculated by relating the
cycle thresholds (Cr) obtained in the gPCR with the ARGs concentration used. The
different concentration points were prepared through 10-fold serial dilutions of the
corresponding genes. Figure 5.44 shows the linear standard curves for ermB, blakec and

blarem genes.
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Figure 5.44. Standard curves of the relationship between cycle threshold (Ct) and the
concentration of ermB, blakpc and blatem genes for gPCR.
As can be observed, the Ct values can be related to the relative logarithmic
reduction of ARGs. Results show linear profiles for every ARG tested. Specifically, the
standard curves y = 3.3125-x + 17.828, y = 3.1061-x + 14.079 and y = 2.9523:x +
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12.884, with high correlation coefficients, 0.9971, 0.9956 and 0.9969 were obtained for
ermB, blaxec and blatem genes, respectively. This implies that every increment in the
cycle threshold of 3.3125, 3.1061 and 2.9523 correspond to one logarithmic reduction

in the concentration of ermB, blaxec and blatem genes, respectively.

In this context, Figure 5.45 plots the initial (0 min) and final (180 min) cycle
threshold (Cr) values obtained for each ARG analyzed depending on the experimental
test carried out and the electrochemical reactor used. Consequently, two ARGs were
analyzed in each experiment related to the ARB pairs tested: CU1 (ermB and blakec
genes), CU2 (blatem and ermB genes) and CU3 (blakec and blarem genes). It is
important to remark that the gPCR was employed to quantify the removal efficiency of
ARGs in complex synthetic hospital urines. The qPCR assay measures the number of
cycles required for the fluorescent signal to cross the selected threshold, although the
amount of the target ARG is inversely proportional to the cycle threshold (Cy).

Results show that the degradation of ARGs was not influenced by the ARB
pairs studied since for the ermB, blakec and blatem genes their cycles varied below 1.52,
3.27 and 4.05, respectively. However, it is observed that the configuration and
operational conditions of the electrochemical reactors employed have a significant
influence on the degradation of ARGs. The amount of ermB, blakec and blarem genes
was mostly increased using the microfluidic flow-through reactor since the mean
number of cycles slightly decreased from 23.09 to 21.77, from 20.53 to 19.37 and from
14.02 to 13.39, respectively. Conversely, the use of the MIKROZON® cell clearly
increased the cycle threshold values of the final samples (180 min) for each gene tested,
which implies a decrease in the amount of ARGs. Specifically, mean cycle threshold
increments of 10.70, 12.96 and 11.68 were obtained for ermB, blaxec and blarem genes,

respectively.
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Figure 5.45. Cycle threshold detection of ARGs during the disinfection of complex synthetic
hospital urines, using a microfluidic flow-through reactor or a MIKROZON® cell. ARGs: ermB
gene (a); blakpc gene (b); blatem gene (c). (m) CU1: E. faecalis + K. pneumoniae; (m) CU2: E.
coli + E. faecalis; (o) CU3: K. pneumoniae + E. coli.

To correlate the Cr values obtained in Figure 5.45 with the logarithmic removal
of ARGs, it was proposed the Equation 5.25. Cr fina and Cr, iniia represents the final and
initial Cy values (cycles) of every ARG tested, respectively, and the Gradientstandard curve
is the slope (cycles/log) that has been previously determined for every ARG in Figure
5.43. Negative values obtained from Equation 5.25 would correspond to an increment
in the concentration of ARGs, meanwhile, the further the positive values move away

from zero, the greater the reduction in ARGs concentration.

Cr, final - CT, initial (5.25)
Gradientgtandard curve '

Log removal of ARGs=
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According to Equation 5.25, Table 5.19 summarizes the results obtained for
ARGs abatement after the electrochemical disinfection at 180 min, depending on the

electrochemical reactor tested.

Table 5.19. Logarithmic removal of ARGs after 180 min of electrochemical disinfection of
complex synthetic hospital urines.

Electrochemical
Complex hospital urines reactor ermB blakec  blatem
configuration

CUL1: E. Faecalis + K. pneumoniae ) o -0.17 -0.41 -
CU2: E. coli + E. faecalis Microfluidic flow- —_, &5 - 0.11
through
CU3: K. pneumoniae + E. coli - -0.33 -0.53
CUL1: E. Faecalis + K. pneumoniae 3.07 4.70
CU2: E. coli + E. faecalis MIKROZON® 3.39 - 4.64
CU3: K. pneumoniae + E. coli - 3.65 3.27

Despite the experiment tested, the microfluidic flow-through reactor showed a
mean increase in the ARGs concentration in the following order: ermB (-0.40-log) >
blakpc (-0.37-log) > blarem (-0.21-log), promoting a mean increment of -0.33-log for all
ARGs tested. This fact may be supported by previous studies that have demonstrated
that an insufficient chlorine dosage can increase the amount of ARGs [218, 219].
Specifically, Wang et al. studied the effects of chlorine in bacterial inactivation and
ARGs removal on phosphate buffer saline (PBS) [220]. They concluded that low
chlorine dosages (< 0.0141 mmol dm®) could enhance the conjugation transfer
frequency, promoting the increment in the amount of ARGs. Hence, it was previously
described in Figure 5.42a that the maximum chlorine concentration that remained in the
bulk solution were below 0.1 mmol dm-3, using the microfluidic flow-through reactor.
Conversely, the MIKROZON® cell reached a mean decrease ranked as follows: blakec
(4.18-logs) > blarem (3.96-logs) > ermB (3.23-logs), offering a mean depletion of 3.77-
logs for all ARGs tested. In literature, chlorine has been reported that may lead to
initially attack proteins and peptidoglycan bound to the cell wall and the cell membrane
and, subsequently, penetrate into the cell wall to reach cytoplasm and react with nucleic

acids [221, 222]. Additionally, not only chlorine but also ozone has been recently
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reported for its ability to destroy ARGs [223-225]. Ozone reacts with bacterial
functional groups, such as amines or amino acids, and also attacks proteins,
peptidoglycan and liposaccharides in the cell envelope [226, 227]. Stange et al. studied
a comparative removal of ARB (E. coli and Enterococcus faecium) and ARGs (tetA,
ampC, vanA and ermB) during chlorination and ozonation [222]. They observed similar
inactivation rates for ARB (5-logs) and ARGs (4.3-4.6 logs) when using 0.02 mmol dm"
% of ozone for 5 min. However, dosages of 0.014 mmol dm of chorine for a contact
time of 30 min resulted in an ARB depletion in the range of 3.8-5.6 logs and an
incomplete degradation of ARGs (0.8-2.8 logs). Hence, the cocktail of oxidants not only
of chlorine species (with maximum remained concentrations of 0.46 mmol dm- CI-CIO
and 0.21 mmol dm® CI-NH,Cl,) but also ozone (with maximum remained
concentrations of 0.08 mmol dm) generated when using the MIKROZON® cell as
detailed in Figure 5.42b, may contribute to the significant ARGs depletion.

To gain insight into the mechanisms for ARB and ARGs destruction during the
disinfection of complex urines with different electrochemical reactors, the evolution of
microorganisms’ morphology was examined by scanning electron micrographs (SEM).
Figure 5.46 shows images of the bacteria studied at the beginning and the end of the

electrochemical treatment of complex urines with the different reactors employed.

Initial samples images (Figures 5.46a, 5.46b, 5.46¢) exhibited smooth and intact
cell membranes of the three bacteria. As can be observed, E. coli and K. pneumoniae
are rod-shaped bacteria, while E. faecalis presents a coccus-shaped morphology. Final
samples images obtained after the treatment with the microfluidic flow-through reactor
(Figures 5.46d, 5.46e, 5.46f) showed that cell walls wrinkled with small pits and bulges
since this reactor did not achieve a complete disinfection in any of the three ARB
combinations studied. Furthermore, it could be seen some intracellular materials that
may come from the release of cell lysis, although, there was apparently no cell

membrane rupture observed.
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Initial samples Microfluidic flow-through reactor MIKROZON® cell

CUL: E. faecalis + K. pneumoniae

CU2: E. coli + E. faecalis

CU3: K. pneumoniae + E. coli

Figure 5.46. Scanning electron micrographs of ARB presented in the disinfection tests carried
out with different electrochemical reactors.

Opposite to that, the MIKROZON® cell induced more severe damages in the
cell walls, resulting in the integrity loss of bacterial structures. Subsequently, it affected
the membrane permeability, intracellular chemical environment and the physiological
function, leading to the leakage of cytoplasm [228]. The leakage of cytoplasm may lead
to bond cells as it was previously reported by Li et al., where they explained the
morphological changes observed in cell structures after ozonation, chlorination and
monochloramination disinfection [155]. This fact may be observed in figures 5.46g,
5.46h, 5.46i where cells were bonded to each other after the treatment using the
MIKROZON® cell. Thereby, the SEM analyses demonstrate that the treatment of
complex hospital urines with the MIKROZON® cell under the operation conditions
recommended by the manufacturer has a major capacity than the microfluidic flow-
through reactor to cause the cell membrane rupture, resulting in faster killing of ARB
and higher both DNA damage and ARGs abatement. This can be directly attributed to
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the nature and amount of the electrogenerated disinfectants during the treatment since
the microfluidic flow-through reactor promotes the generation of chlorine-based species
whereas the MIKROZON® also favours the electrochemical production of large

amounts of ozone [198].

5.5.4. Conclusions

The following conclusions can be drawn from this work:

o The most prevalent pairs of bacteria which causes complex Urinary Tract
Infections in patients from the University Hospital Complex of Albacete
(Spain) were E. coli and E. faecalis within a 9.8 %, followed by E. coli and
K. pneumoniae with 7.1 %.

o During the disinfection of complex hospital urines, the microfluidic flow-
through reactor achieved removal rates between 5 and 6 logs after 180 min
whereas the MIKROZON® cell reached the total disinfection (7 logs) after
60 min. However, the microfluidic flow-through reactor could be said to
achieve up to one order of magnitude higher disinfection efficiencies than
the MIKROZON® cell, attending to the applied electric charge needed to
reach a similar disinfection removal.

o The electrogeneration of hypochlorite and chloramines as the main
disinfectant species was observed when working with the microfluidic
flow-through reactor, reaching maximum values in the bulk solution of 0.07
mmol dm= and 0.06 mmol dm, respectively. The MIKROZON® cell,
which was designed to promote the generation of ozone, achieved
maximum concentrations remained in the solution of 0.46 mmol dm, 0.21
mmol dm= and 0.07 mmol dm= for hypochlorite, chloramines and ozone,
respectively.

o The microfluidic flow-through reactor showed a slight increment in the
quantity of all ARGs tested which could be explained by the lowest chlorine

dosages remained in solution. Further research should be done to study the
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efficiency of the microfluidic flow-through reactor on the removal of ARB
and ARGs using harsher operational conditions. Conversely, the
MIKROZON® cell reached a mean decrease in ARGs ranked as follows:
blakpc (4.18-1ogs) > blatem (3.96-logs) > ermB (3.23-logs), offering a mean
depletion of 3.77-logs for all ARGs tested.

o SEM images confirmed the complete disinfection attained using the
MIKROZON® cell, where severe damages were induced in the cell walls,
resulting in the integrity loss of bacterial structures. Hence, this electro-
ozonizer could be consider as a promising cell to attain significant
reductions in the concentration of ARB and ARGs, avoiding HTPs in
sanitary effluents.
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Conclusions and perspectives

From the results detailed and discussed in this PhD Thesis, the following most

important conclusions for each partial objective are established:

1) The prospective study of pathogens causing UTIs based on data provided by
the Microbiology and Parasitology Service from CHUA showed, as expected, that E.
coli was the most significant bacteria found in PUs. Additionally, other more specific

conclusions were extracted:

o Gram-negative bacteria (E. coli, K. pneumoniae, P. aeruginosa and P.
mirabilis) predominate over gram-positive bacteria (E. faecalis) and yeasts
(C. albicans). However, K. pneumoniae showed the highest percentages of
ARBesg and ARBcee.

o The importance given to K. pneumoniae as ARB from a sanitary viewpoint
does not correspond to the research carried out on the disinfection of ARB
by the scientific community.

2) The evaluation of electrolysis for the treatment of hospital urines showed the
advantages of treating isolated hospital urines before its merge with other hospital
effluents or even with municipal wastewater and its technical feasibility to reduce the
biological and chemical risk of hospital urines. The following conclusions were

depicted from this study:

o The bacterial removal efficiency was lower in hospital urines compared to
urban wastewater due to the existence of other competitive oxidation
reactions during electrolysis. Nevertheless, the occurrence of hazardous
disinfection by-product was avoided when the removal of bacteria was
carried out in hospital urines.

o A complete removal of CAP at 12.5 A m (below 8 Ah dm) was achieved
during electrolysis with BDD anodes, allowing to decrease the
hazardousness of hospital urines. The acute toxicity evolution towards
Vibrio fischeri luminescence inhibition showed ECso percentages up to 23

%. Likewise, the rapid biodegradability percentage increased in a range
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from 22 to 36 % and the final standard biodegradability (Zahn-Wellens
method) was higher than 40 %.

3) The study of the contribution of disinfectant species showed that the
electrochemical disinfection of hospital urines infected with K. pneumoniae was
significantly influenced by the reactor layout due to the different promotion of
electrogenerated oxidants. A microfluidic flow-through reactor with MMO anodes
promotes the formation of chloramines which allows to avoid the production of
chlorine-based disinfection by-products such as THMs, whereas a solid-electrolyte
electro-ozonizer (MIKROZON®) boost the production of ozone which leads the
degradation of bacterial DNA. Likewise, the following specific conclusions has been
also highlighted:

o A complete disinfection (7 log) was attained before 120 min using a
microfluidic flow-through reactor with MMO anode at 50 A m and almost
6 log reduction was achieved using a parallel flow cell under the same
experimental conditions. The presence of chlorides in hospital urines
contributed to the generation of hypochlorite, which may oxidize the
organics and/or may react with ammonium ions to form chloramines. The
formation of chloramines was enhanced when using the microfluidic flow-
through reactor due to its slightly higher hydraulic retention time.
Additionally, chemical disinfection tests proved the stronger bactericidal
effect of hypochlorite than chloramines. However, chloramines played a
key role in the electrochemical disinfection process since they contribute
not only as disinfectants but avoiding the production of chlorine
disinfection by-products.

o Asolid-electrolyte electro-ozonizer allowed to disinfect urines from current
intensities higher than 0.5 A. The crystal violet assay showed that the
combined effect of all disinfectants promoted higher cell damages,
increasing the cell wall permeability. Likewise, DNA and proteins were
degraded during the electrochemical disinfection of urines under the

combined effect of ozone and chlorine disinfectants. However, single
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electrogenerated ozone seemed to attack the DNA to a greater extent than
chlorine disinfectants. On the other hand, diluted (1:10) urines (low
conductivity water) promoted the production of large amounts of ozone

which led to higher disinfection rates than undiluted urines.

4) The evaluation of the synergies and/or antagonisms when coupling
electrochemical oxidation to UV disinfection for the removal of ARB in hospital urines
allowed to gain insight into the most suitable operating conditions for an efficient
photoelectrolytic disinfection process. From this study, the following conclusion has
been highlighted:

o The photoelectrolysis enhanced single UV disinfection and electrolysis
performances with a marked synergistic effect when working at 5 A m
with BDD and MMO anodes using a microfluidic flow-through reactor. A
more remarkable contribution of UV disinfection was observed at the
beginning of the process, until 30 min (Q < 0.1 Ah dm), whereas the
electrochemical process had more influence at the end of the treatment. The
specific electric energy required for photoelectrolysis at low current

densities was lower than that for UV disinfection.

5) The electrochemical technology validated to disinfect monomicrobial
hospital urines was tested to check its robustness in the treatment of polymicrobial
hospital urines intensified with pairs of ARB. The polymicrobial hospital urines
simulate real hospital urines since the pandemic caused by the coronavirus SARS-CoV-
2 did not allow us to validate the electrochemical technology in a real environment due
to the sanitary restrictions. The tested combinations of bacteria were: 1) E. faecalis and
K. pneumoniae, 2) E. coli and E. faecalis, and 3) K. pneumoniae and E. coli. From this

study, the following conclusions has been highlighted:

o In polymicrobial hospital urines, the most prevalent pairs of bacteria
causing complex UTlIs in patients were E. coli and E. faecalis (9.8 %)

followed by E. coli and K. pneumoniae (7.1 %).
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o The microfluidic flow-through reactor achieved removal rates between 5
and 6 logs after 180 min, whereas the MIKROZON® cell reached the total
disinfection (7 logs) after 60 min under their most suitable operational
conditions for each electrochemical cell. The microfluidic flow-through
reactor promoted the generation of hypochlorite and chloramines as the
main disinfectant species and the MIKROZON® cell promoted the
additional electrogeneration of ozone as disinfectant. SEM images
confirmed the complete disinfection attained using the MIKROZON® cell
where severe damages were induced in the cell walls, resulting in the
integrity loss of bacterial structures.

o The MIKROZON® cell reached a mean decrease in ARGs ranked as
follows: blakec (4.18-logs) > blarem (3.96-logs) > ermB (3.23-logs),
offering a mean depletion of 3.77-logs for all ARGs tested. However,
further research should be done to attain the removal of ARGs when
working with the microfluidic flow-through reactor.

Unfortunately, due to causes supervening by the COVID-19 pandemic, the
CHUA has not been able to supply real urine for the verification of the technology, as
was initially proposed. Nevertheless, considering these conclusions, it is clear that the
electrochemical technology may be a promising technological alternative to be tested in
the disinfection of real hospital urines to contribute to minimising the spread of ARB
and ARGs into other water bodies. Bearing in mind the whole experimental results, it
could be particularly exciting the building of a compact design of an electrochemical
set-up to be coupled to a toilet where just hospital urines were collected inside. This
coupled electrochemical system allows to disinfect hospital urines before their merge
with other hospital effluents which would decrease not only the environmental but also
the sanitary risk of hospital urines. These actions would increase the technology
readiness levels (TRLs) from TRL 4 — Technology validated in lab to even TRL 6 —
Technology demonstrated in relevant environment (industrially relevant environment in

the case of key enabling technologies).

302



CAPITULO 6:

CONCLUSIONES Y
PERSPECTIVAS FUTURAS






Conclusiones y perspectivas futuras

A continuacidn, se establecen las conclusiones mas relevantes de cada objetivo

parcial a partir de los resultados obtenidos en esta Tesis Doctoral:

1) El estudio de prevalencia de los patdégenos causantes de infecciones del tracto

urinario (ITUs) a partir de los datos aportados por el Servicio de Microbiologia y

Parasitologia del CHUA en el periodo 2014 - 2018 mostrd, como era de esperar, que E.

coli era la bacteria més significativa encontrada en las orinas positivas. Ademas, se

extrajeron otras conclusiones mas especificas:

O

Las bacterias gram-negativas (E. coli, K. pneumoniae, P. aeruginosa y P.
mirabilis) predominan sobre las gram-positivas (E. faecalis) y los hongos
(C. albicans). Sin embargo, K. pneumoniae mostré los mayores porcentajes
de resistencia antibiotica a betalactamicos y carbapenémicos.

La importancia dada a K. pneumoniae como bacteria resistente a los
antibioticos desde el punto de vista sanitario, no se corresponde con las
investigaciones realizadas sobre la desinfeccion de estas super-bacterias por

la comunidad cientifica.

2) La evaluacién de la electrolisis para el tratamiento de desinfeccion de orinas

hospitalarias mostré las ventajas de tratar estas orinas directamente en el punto de

generacién, antes incluso de su contacto con otros efluentes hospitalarios o municipales,

asi como su viabilidad técnica para reducir el riesgo biol6gico y quimico de estas orinas.

O

La eficiencia en la eliminacion de bacterias fue menor en las orinas
hospitalarias en comparacion con las aguas residuales urbanas, debido a las
reacciones de oxidacion competitivas durante la electrélisis. Sin embargo,
se evita la aparicion de subproductos de desinfeccion peligrosos cuando la
eliminacion de las bacterias se lleva a cabo directamente en orinas
hospitalarias.

La completa eliminacion de cloranfenicol (antibiético modelo) se alcanzé
a 12,5 A m? (por debajo de 8 Ah dm) durante la electrélisis con anodos
BDD, lo que permiti6 disminuir la peligrosidad de las orinas hospitalarias.

La evolucion de la toxicidad teniendo en cuenta la inhibicién de la
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luminiscencia en Vibrio fischeri mostré porcentajes de ECso de hasta el 23
%. Asimismo, el porcentaje de biodegradabilidad rapida aument6 en el
intervalo del 22 al 36 % Yy la biodegradabilidad estandar final a través del

método Zahn-Wellens fue superior al 40 %.

3) La desinfeccion electroquimica de las orinas hospitalarias infectadas con K.

pneumoniae esta significativamente influenciada por el disefio del reactor, puesto que

repercute en la generacion de diferentes especies oxidantes. El reactor microfluidico de

flujo a través de los electrodos utilizando &nodos de mezcla de déxidos metalicos

promueve la formacion de cloraminas, lo que permite evitar la produccién de

subproductos de desinfeccién basados en el cloro como los THMs. Por otro lado, el

electroozonizador de electrolito sélido denominado MIKROZON® potencia la

produccion de ozono, que conduce a la degradacion del ADN bacteriano.

O
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El reactor microfluidico de flujo a través de los electrodos con un anodo de
mezcla de éxidos metalicos a 50 A m alcanz6 una desinfeccion completa
(7 log) antes de 120 min y se logr6 una reduccion de casi 6 log con un
reactor convencional de flujo paralelo, bajo las mismas condiciones
experimentales. La presencia de cloruros en las orinas de los hospitales
contribuyd a la generacion de hipoclorito, que puede oxidar los compuestos
organicos y/o reaccionar con los iones de amonio para formar cloraminas.
La formacién de cloraminas fue mayor cuando se utiliz6 el reactor
microfluidico de flujo a través de los electrodos gracias a su mayor tiempo
de retencion hidraulica. Ademas, las pruebas de desinfeccion quimica
demostraron el mayor efecto bactericida del hipoclorito con respecto a las
cloraminas. Sin embargo, las cloraminas desempefian un papel clave en el
proceso de desinfeccidn electroquimica, ya que contribuyen no s6lo como
agentes desinfectantes sino también evitando la produccion de
subproductos de desinfeccion clorados.

La celda MIKROZON® permitié desinfectar las orinas a partir de
intensidades de corriente superiores a 0,5 A. El ensayo de cristal violeta

mostré que el efecto combinado de todos los desinfectantes promovio
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mayores dafios celulares, aumentando la permeabilidad de la pared celular.
Asimismo, el ADN vy las proteinas se degradaron durante la desinfeccion
electroquimica de las orinas bajo el efecto combinado de los desinfectantes
ozono y cloro. Sin embargo, el ozono electrogenerado ataca el ADN en
mayor medida que los desinfectantes basados en cloro. Por otro lado, las
orinas diluidas (1:10) (efluente de baja conductividad) promovieron la
produccion de grandes cantidades de ozono, lo que condujo a tasas de

desinfeccion mas altas que las orinas sin diluir.

4) La evaluacion las sinergias y/o antagonismos que surgen del acoplamiento

de la oxidacion electroquimica y la desinfeccion UV para la eliminacion de bacterias en

orinas hospitalarias permitié conocer las condiciones de operacion mas adecuadas para

lograr un proceso de desinfeccion fotoelectrolitica eficiente.

O

La fotoelectrolisis mejor6 el rendimiento de la desinfeccion UV y de la
electrdlisis con un marcado efecto sinérgico cuando se trabajaa 5 A m?con
anodos BDD y MMO utilizando un reactor microfluidico de flujo a través
de los electrodos. Se observo una contribucion més notable de la
desinfeccion UV al principio del proceso, hasta los 30 minutos (Q < 0,1 Ah
dm3), mientras que el proceso electroquimico tuvo mas influencia al final
del tratamiento. La energia eléctrica especifica requerida para la
fotoelectrolisis a bajas densidades de corriente fue menor que la de la

desinfeccion UV.

5) La tecnologia electroquimica validada para la desinfeccion de orinas

hospitalarias monomicrobianas se prob6 para comprobar la robustez de la tecnologia en

el tratamiento de orinas hospitalarias polimicrobianas intensificadas con pares de ARB.

Las orinas hospitalarias polimicrobianas simulan las orinas hospitalarias reales ya que

la pandemia causada por el coronavirus SARS-CoV-2 no nos permitié validar la

tecnologia electroquimica en un entorno real, debido a las restricciones sanitarias. Las

combinaciones de bacterias probadas fueron 1) E. faecalis y K. pneumoniae, 2) E. coli

y E. faecalis, y 3) K. pneumoniae y E. coli.
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o Enlas orinas hospitalarias polimicrobianas, los pares de bacterias causantes
de ITUs complejas méas frecuentes en los pacientes fueron E. coli y E.
faecalis (9,8 %), seguidos de E. coli y K. pneumoniae (7,1 %).

o El reactor microfluidico de flujo a través de los electrodos alcanz6 tasas de
eliminacion de entre 5y 6 logs después de 180 minutos, mientras que la
celda MIKROZON® alcanz6 la desinfeccion total (7 logs) después de 60
minutos. El reactor microfluidico de flujo a través promueve la generacion
de hipoclorito y cloraminas como principales especies desinfectantes,
mientras que la celda MIKROZON® favorece la electrogeneracion de
ozono como desinfectante. Las imagenes SEM confirmaron la completa
desinfeccion lograda con la celda MIKROZON®, donde se indujeron graves
dafios en las paredes celulares que provocan la pérdida de integridad de las
estructuras bacterianas.

o Lacelda MIKROZON® alcanz6 una disminucién de genes resistentes a los
antibidticos segun el orden: blakpc (4,18-logs) > blarem (3,96-logs) > ermB
(3,23-logs), ofreciendo una disminucion media de 3,77-logs para todos los
genes estudiados. Sin embargo, seria necesario seguir investigando para
lograr la eliminacion de genes de resistencia bacteriana cuando se trabaja

con el reactor microfluidico de flujo a través de los electrodos.

Desafortunadamente, por causas sobrevenidas por la pandemia por COVID-19
el CHUA no ha podido suministrar orinas reales para la verificacion de la tecnologia,
tal y como estaba inicialmente planteado. No obstante, teniendo en cuenta estas
conclusiones, la tecnologia electroquimica se postula como una alternativa tecnoldgica
prometedora para ser probada en la desinfeccion de orinas hospitalarias reales,
contribuyendo a minimizar la propagacion tanto de bacterias resistentes a los

antibidticos como sus genes de resistencia hacia otros medios acuaticos.

Teniendo en cuenta todos los resultados experimentales, podria ser
particularmente interesante la construccion de un prototipo de disefio compacto de un
sistema electroquimico que fuese acoplado a un inodoro donde sélo se recogiesen las

orinas hospitalarias. Este sistema electroquimico acoplado al inodoro permitiria
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desinfectar las orinas del hospital antes de que se mezclen con otros efluentes, lo que
disminuiria no sélo el riesgo ambiental sino también el sanitario de las orinas
hospitalarias. Estas acciones aumentarian los niveles de preparacion de la tecnologia
(TRLs) desde TRL 4 - Tecnologia validada en laboratorio hasta incluso TRL 6 -
Tecnologia demostrada en un entorno relevante (entorno industrial relevante en el caso

de las tecnologias facilitadoras clave).
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