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Resumen

Espaina es el segundo pais de Europa con mayor consumo de carne y el cuarto
productor mundial de porcino, con alrededor de 30 millones de cabezas y una generacion
de cerca de 44 Mt de purin al afio (223 Mt en la Union Europea). Los purines presentan
concentraciones de materia organica, nitrégeno y fosforo muy elevadas que los hacen
altamente contaminantes. La contaminacion por nitratos de los acuiferos debido a las
actividades agricolas y ganaderas es una de las principales preocupaciones ambientales
en la UE. Asimismo, los purines contienen antibidticos veterinarios que debido a la
inadecuada gestion de estos residuos pueden ser liberados e ingresar al entono circundante
a través de multiples vias, como plantas de tratamiento de aguas residuales, escorrentia
de los campos a las aguas superficiales, percolacion a aguas subterraneas, entre otras.
Distintos estudios en los ultimos afios han demostrado que el uso de microalgas para el
tratamiento de aguas residuales puede depurar aguas contaminadas con purines,
reduciendo la concentracion de antibidticos y disminuyendo su efecto. Ademads, la
biomasa de microalgas producida contiene proteinas, carbohidratos, lipidos y algunos
productos minoritarios de alto valor afiadido, lo que puede contribuir a la creacién de una
economia sostenible, utilizando recursos renovables. En este sentido, esta tesis se centra
en el estudio de los mecanismos involucrados en la eliminacion de antibidticos presentes
en purines porcinos al ser tratados mediante un tratamiento bioldgico con un consorcio
de microalgas-bacterias. Por otra parte, se propone un tratamiento alterativo mediante un
proceso de oxidacion avanzada (POA), como es la fotocatalisis, para reducir, y si es

posible eliminar, la presencia de antibidticos.



El estado del arte de las tecnologias de tratamiento de antibidticos veterinarios se
presenta en la seccion de Introduction. Los objetivos, estrategias y desarrollo seguidos

en esta tesis se resumen en la seccion Aims and Scope.

En el Capitulo 3 se estudiaron los mecanismos (hidroélisis, fotolisis, biosorcion y
biodegradacion) implicados en la eliminacién de una mezcla de cuatro antibidticos
veterinarios (AV) — tetraciclina (TET), ciprofloxacina (CIP), sulfadiazina (SDZ) y
sulfametoxazol (SMX) — en aguas residuales sintéticas utilizando consorcios de
microalgas-bacterias (MBC) dominados por Scenedesmus almeriensis a diferentes
concentraciones iniciales de 1000, 500, 100 y 20 pg/L de cada antibidtico. Se utilizd
cromatografia liquida de ultra alta resolucidon y espectrometria de masas en tandem
(UHPLC-MS/MS) para determinar la eliminacion de antibioticos veterinarios para cada
mecanismo. Para un tiempo de retencion hidraulica de 4 dias, la eliminacion de
antibioticos por parte del consorcios de microalgas-bacterias fue del 99,9 % para
tetraciclina, 78,0 % para ciprofloxacina, 52,6 % para sulfadiazina y 5,0 % para
sulfametoxazol. Se aplicé un modelo de cinética irreversible de pseudo primer orden para
ajustar mejor los datos experimentales. Las constantes de degradacion fueron 0,136 h'!
para tetraciclina, 0,012 h'! para ciprofloxacina, 0,010 h'! para sulfadiazina y 0,0007 h'!
para sulfametoxazol. Bajo todas las condiciones evaluadas, ciprofloxacina y tetraciclina
exhibieron la mayor eficiencia de remocion. La biosorcion fue el principal mecanismo
para los cuatro antibiodticos, seguida de la biodegradacion en los casos de tetraciclina y
sulfadiazina. La ciprofloxacina no mostr6 eliminacion por biodegradacion, mientras que
la sulfametoxazol no mostré eliminacion por hidrdlisis o fotdlisis. Este estudio 1) integrd
y evalu6 individualmente los mecanismos involucrados en la remocion de antibioticos
veterinarios utilizando un consorcios de microalgas-bacterias; ii) determiné la constante

cinética de la tasa de eliminacion en el intervalo de concentraciones 0 — 1000 pg/L de



tetraciclina, ciprofloxacina, sulfadiazina y sulfametoxazol; y iii) demostr6 la alta
capacidad de eliminacién, y por tanto, el potencial uso de las tecnologias basadas en

microalgas den el tratamiento de aguas residuales.

En el Capitulo 4 se estudi6 la adsorcién de los antibidticos veterinarios
tetraciclina, ciprofloxacino, sulfadiazina y sulfametoxazol en un consorcio liofilizado de
bacterias y microalgas, principalmente constituido por Scenedesmus almeriensis, a varias
concentraciones (20, 100, 500 y 1000 pg/L). Se realizaron andlisis de microscopia
electronica de barrido (SEM), y espectroscopia infrarroja transformada de Fourier (FTIR)
para investigar la morfologia de la superficie del consorcio microalgas/bacterias e
identificar el efecto de los grupos funcionales de los antibidticos en la superficie de este
consorcio. Se utilizd cromatografia liquida de ultra alta resolucion acoplada a
espectrometria de masas para determinar la viabilidad de este consorcio para la
eliminacion de antibidticos mediante biosorcion. Se utilizaron modelos de adsorcion de
Freundlich y Langmuir para la descripcion matematica del equilibrio de adsorcion. Se
aplicaron modelos cinéticos de pseudo-primer orden y pseudo-segundo orden para ajustar
los datos experimentales de biosorcion. La eliminacion relativa del antibidtico fue mayor
a bajas concentraciones de equilibrio. En el rango de la concentracion inicial de
antibidticos veterinarios estudiada, la ciprofloxacina y la tetraciclina exhibieron la mayor
eficacia de eliminacion, del 43 al 100 % y del 75 al 82 %, respectivamente. Asimismo,
ciprofloxacina y tetraciclina presentaron las mayores tasas de adsorcion, de 0,11 a 26,66
y de 1,78 a 27,09 mg-pg!-h’!, respectivamente. Este estudio reveld que el consorcio S.
almeriensis-bacteria tiene un alto poder de biosorcion y demostrd que la biosorcion es un
mecanismo importante en la eliminacion de ciprofloxacina y tetraciclina mediante un
proceso de tratamiento de agua basado en microalgas. Sin embargo, las eficacias de

eliminacion para la sulfadiazina y el sulfametoxazol no superaron el 32 %.



En el Capitulo 5 se investigd la eliminacion de una mezcla de los cuatro
antibioticos veterinarios referidos en el Capitulo 4 —tetraciclina, ciprofloxacina,
sulfadiazina y sulfametoxazol— mediante fotodegradacion (UVC) y fotocatélisis con TiO2
(UVC/Ti0,) en un reactor discontinuo, bajo diferentes concentraciones iniciales de los
farmacos (20, 100, 500 y 1000 pg/L por antibiotico). Se utilizé cromatografia liquida de
ultra alta resolucion acoplada a espectrometria de masas para determinar la eliminacion
de estos antibioticos veterinarios, observandose que las eficacias de eliminacion de todos
los antibidticos por fotdlisis fue de alrededor del 98 - 99 % después de 100 horas para
tetraciclina, 122 horas para ciprofloxacina, 212 horas para sulfadiazina y 240 horas para
sulfametoxazol. Sin embargo, la eliminacion de todos los antibidticos por fotocatalisis
fue de alrededor del 99 - 100 % después de 4,2 horas para tetraciclina, 3,5 horas para
ciprofloxacina, 7,1 horas para sulfadiazina y 16,5 horas para sulfametoxazol. La cinética
de fotolisis de los cuatro antibidticos veterinarios siguié preferentemente un modelo
irreversible de primer orden. En cambio, la fotocatalisis de tetraciclina, ciprofloxacina y
sulfadiazina sigui6é un modelo cinético de Langmuir-Hinshelwood en el que la adsorcion
reveld ser el paso limitante, mientras que el sulfametoxazol siguié un modelo cinético
irreversible de primer orden. La constante de velocidad de degradacion fotolitica (ki) fue
de 7,3-10* min™! para la tetraciclina, 5,5-10* min™! para la ciprofloxacina, 3,1-10"* min'!
para la sulfadiazina y 2,7-10* min™! para el sulfametoxazol. Sin embargo, la constante
cinética de fotocatalisis (ki) del sulfametoxazol fue de 4,4-10° min’'; las constantes de
adsorcion (ki-u) fueron 2,8:102 min™' para la tetraciclina, 3,79:102 min"! para la
ciprofloxacina y 1,41-10"2 min™! para la sulfadiazina. La degradacion de los antibioticos
veterinarios mejord mediante el uso de un catalizador. El catalizador ofrece sitios activos
y la formacién de huecos de electrones que conducen a una mayor produccion de radicales

hidroxilo y superoxidos, que facilitan la degradacion de antibidticos veterinarios.



Adicionalmente, se evalu6 la energia eléctrica por orden (Ego) para estimar la eficiencia
energética de cada proceso. Ero se define como la energia eléctrica requerida para reducir
la concentracion de un contaminante en un orden de magnitud (90%) en un volumen fijo
de agua contaminada. Los valores de Ego para fotolisis fueron 339,06 kWh/m?3/orden para
la tetraciclina, 449,84 kWh/m?/orden para la ciprofloxacina, 795,31 kWh/m?3/orden para
la sulfadiazina y 897,71 kWh/m?/orden para el sulfametoxazol. Por otro lado, los valores
de Ero para fotocatalisis fueron sensiblemente menores, 14,96 kWh/m?/orden para la
tetraciclina, 12,07 kWh/m?/orden para la ciprofloxacina, 20,39 kWh/m3/orden para la
sulfadiazina y 62,10 kWh/m?*/orden para el sulfametoxazol. Por tanto, el consumo de
energia requerido para la fotocatalisis resultd ser considerablemente menor que para la
fotolisis. En este estudio se determinaron las constantes de velocidad de degradacion para
un amplio intervalo de concentraciones de tetraciclina, ciprofloxacina, sulfadiazina y
sulfametoxazol. Ademads, al trabajar con un pH de 8 (pH tipico de aguas residuales de
explotaciones ganaderas) y una mezcla de antibioticos veterinarios cuyas concentraciones
se asemejan a las caracteristicas de muestras de agua reales, este estudio demostré que
fotolisis y fotocatdlisis son procesos potenciales para el tratamiento de aguas residuales

con bajo consumo energético.

En el Capitulo 6 se evaluo la eliminacion de una mezcla de tetraciclina,
ciprofloxacina y sulfadiazina operando con alimentaciones reales correspondientes a la
fraccion liquida de purin de cerdo, mediante un consorcio microalgas Scenedesmus
almeriensis y bacterias, en un fotobiorreactor a escala piloto. Después de 15 dias de
operacion, el reactor se dopo con una mezcla de 100 pg/L de cada antibidtico. Una vez
dopado el reactor, se operd por 20 dias adicionales. Los pardmetros analizados antes y
después de la adicion de antibidticos mostraron que los antibidticos no tuvieron un efecto

negativo sobre la biomasa del reactor. Los antibioticos presentes en las fases liquida y



solida se determinaron mediante cromatografia liquida de ultra alta resolucion y
espectrometria de masas en tdndem. En la fase liquida del efluente, la remocion de
antibioticos fue de 77 £ 5 %, 90 £ 14 % y 60 £ 27 % para tetraciclina, ciprofloxacina y
sulfadiazina, respectivamente. En la fase solida del efluente, no se encontraron
antibidticos antes de dopar el reactor; al final de la operacion del reactor los antibidticos
encontrados fueron 979 + 382 ng/g para la tetraciclina y 192 + 69 ng/g para la
sulfadiazina; en cambio, no se detect6 ciprofloxacina en la biomasa. Ademas, se evalud
el desempefio del fotobiorreactor, encontrandose las siguientes eficacias de remocion de
los parametros analizados: 64,6 £ 0,6 % para TOC, 56,9 + 0,6 % para CI, 63,9 £ 0,6 %
para NT, 88,6 + 0,9 % para N-NH4*, 64,9 + 0,6 % para N-NOs" y 30,1 + 0,3 % para P-
PO4* . Este estudio demostro el buen desempefio de la tecnologia basada en microalgas
para el tratamiento de aguas residuales de purin porcino, no solo en términos de
eliminacion de materia orgdnica y nutrientes, sino también en cuanto a la eliminacion de

antibioticos.

También se simuld el balance de materia de todo el proceso introduciendo las
diferentes constantes cinéticas de degradacion y adsorcién encontradas en los ensayos
batch previamente descritos, con el objeto de validar estos valores en un sistema que

operaba en modo quasi-continuo.

Los resultados obtenidos en la presente tesis confirmaron el potencial del
tratamiento de aguas residuales generadas en explotaciones porcinas mediante consorcios
de algas-bacterias. Asi pues, esta tecnologia basada en microalgas se revela como una
herramienta sostenible y eficiente para la remocion de antibidticos de uso veterinario.
Esta tesis doctoral proporcion6 un mejor entendimiento de los mecanismos que

intervienen en la remocion de los antibidticos investigados, gracias al estudio de las

\



respetivas cinéticas de eliminacion involucradas. Ademas, aportd una comparacion con

un proceso de oxidacion avanzada, como es la fotocatélisis heterogénea con TiO2, que

podria ser usado complementariamente con tratamiento bioldgico para mejorar la eficacia

de remocion de los antibidticos de uso veterinario.

Capitulo 4
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Abstract

Spain is the second country in Europe with the highest consumption of meat and
the fourth largest producer of pigs in the world, with around 30 million heads and a
generation of around 44 Mt of pig manure per year (223 Mt in the European Union).
Manure has very high concentrations of organic matter, nitrogen and phosphorus that
make it highly polluting. Nitrate contamination of aquifers due to agricultural and
livestock activities is one of the main environmental concerns in the EU. In addition, pig
manure contains antibiotics that due to its improper management can be released and
enter the environment through multiple routes, such as wastewater treatment plants,
runoff from fields to surface water, percolation to groundwater, among others. In recent
years, different studies have shown that the use of microalgae for wastewater treatment
can purify water contaminated with pig manure, reducing antibiotics concentration and
reducing their effect. Additionally, the microalgae biomass contains proteins,
carbohydrates, lipids and some minor products with high added value, which can
contribute to the creation of a sustainable economy, using renewable resources. In this
sense, this thesis focuses on the study of the mechanisms involved in the removal of
antibiotics present in pig manure when treated by biological treatment with microalgae-
bacteria consortium. Furthermore, an alternative treatment is proposed through an
advanced oxidation process (AOP), such as photocatalysis, to reduce, and if possible

eliminate, the presence of antibiotics.

The state-of-the-art of veterinary antibiotic treatment technologies is presented in
the Introduction section. The objectives, approach and strategies followed in this thesis

are summarized in the Aims and Scope section.
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In Chapter 3, the mechanisms (hydrolysis, photolysis, biosorption and
biodegradation) involved in the removal of a mixture of four veterinary antibiotics (VA)
— tetracycline (TET), ciprofloxacin (CIP), sulfadiazine (SDZ) and sulfamethoxazole
(SMX) — in synthetic wastewater using microalgae-bacteria consortia (MBC) dominated
by Scenedesmus almeriensis was studied at different initial concentrations of 1000, 500,
100 and 20 pg/L of each antibiotic. Ultra-high performance liquid chromatography and
tandem mass spectrometry (UHPLC-MS/MS) were used to determine the removal of the
veterinary antibiotics for each mechanism. For a hydraulic retention time of 4 days, the
overall removal of antibiotics by the microalgae-bacteria consortia was 99.9% for
tetracycline, 78.0% for ciprofloxacin, 52.6% for sulfadiazine and 5.0% for
sulfamethoxazole. A pseudo-first order irreversible model was applied to best fit the
experimental data. The degradation constant rates were 0.136 h'! for tetracycline, 0.012
h'! for ciprofloxacin, 0.010 h! for sulfadiazine and 0.0007 h! for sulfamethoxazole.
Under all the evaluated conditions, ciprofloxacin and tetracycline exhibited the highest
removal efficiency. Biosorption was the main mechanism for all four antibiotics,
followed by biodegradation in the cases of tetracycline and sulfadiazine. Ciprofloxacin
did not show removal via biodegradation, while sulfamethoxazole did not show removal
via hydrolysis or photolysis. This study i) integrates and evaluates individually the
mechanisms involved in veterinary antibiotics removal using an microalgae-bacteria
consortia; ii) determines an overall removal rate constant in the concentration range of 0
to 1000 pg/L for tetracycline, ciprofloxacin, sulfadiazine and sulfamethoxazole; and iii)
demonstrates the high removal capacity and therefore, the potential use of microalgae-

based technologies in wastewater treatment process.

In Chapter 4, the adsorption of the veterinary antibiotics tetracycline,

ciprofloxacin, sulfadiazine and sulfamethoxazole onto a dried Scenedesmus almeriensis



microalgae-bacteria consortium was studied at several concentrations (20 to 1000 pg/L).
Scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy
(FTIR) analysis were performed to investigate the surface morphology of the microalgae-
bacteria consortia and to identify the effect of the antibiotics” functional groups on the
surface of this consortia. Ultra-high performance liquid chromatography tandem mass
spectrometry was used to determine the feasibility of this consortium for the removal of
antibiotics via biosorption. Freundlich and Langmuir adsorption models were used for
the mathematical description of the adsorption equilibrium. Pseudo-first order and
pseudo-second order kinetic models were applied to fit the biosorption experimental data.
Relative antibiotic removal was higher at low equilibrium concentrations. In the range of
the initial veterinary antibiotics concentration studied, ciprofloxacin and tetracycline
exhibited the highest removal efficiency of 43-100% and 75-82%, respectively. Likewise,
ciprofloxacin and tetracycline presented the highest adsorption rates of 0.11 to 26.66 and
1.78 to 27.09 mg-ug!-hl, respectively. This study revealed that the S. almeriensis-
bacteria consortium has a high biosorption power and proved that biosorption is an
important mechanism in the removal of ciprofloxacin and tetracycline using a
microalgae-based water treatment process. However, the removal efficiencies of

sulfadiazine and sulfamethoxazole did not exceed 32%.

In Chapter 5, the removal of a mixture of four veterinary antibiotics referred to
in Chapter 4 — tetracycline, ciprofloxacin, sulfadiazine and sulfamethoxazole — via photo-
degradation (UVC) and photocatalysis with TiO> (UVC/Ti0.) was investigated in a batch
reactor under different initial antibiotics concentrations (20, 100, 500 and 1000 pg/L per
antibiotic). Ultra-high performance liquid chromatography coupled to a mass
spectrometry was used to determine the removal of these veterinary antibiotics. The

removal of all antibiotics via photolysis was around 98 - 99% after 100 hours for



tetracycline, 122 hours for ciprofloxacin, 212 hours for sulfadiazine and 240 hours for
sulfamethoxazole. Nevertheless, the removal of all antibiotics via photocatalysis was
around 99 - 100% after 4.2 hours for tetracycline, 3.5 hours for ciprofloxacin, 7.1 hours
for sulfadiazine and 16.5 hours for sulfamethoxazole. The photolysis kinetics for the four
veterinary antibiotics preferably followed a first-order irreversible kinetic model. Instead,
the photocatalysis of tetracycline, ciprofloxacin and sulfadiazine followed a Langmuir-
Hinshelwood kinetic model in which adsorption was revealed to be the limiting step,
while sulfamethoxazole followed a first-order irreversible kinetic model. The photolytic
degradation rate constant (ki) was 0.00073 min™!' for tetracycline, 0.00055 min! for
ciprofloxacin, 0.00031 min™! for sulfadiazine and 0.00027 min™!' for sulfamethoxazole.
While, the photocatalytic rate constant (ki) for sulfamethoxazole was 0.0044 min™!; the
adsorption constants (ki-u) were 0.0284 min! for tetracycline, 0.0379 min™! for
ciprofloxacin and 0.0141 min™! for sulfadiazine. The veterinary antibiotics degradation
was enhanced by the use of a catalyst. The catalyst offers active sites and electron-hole
formation leading to boosted hydroxyl and superoxide radicals production, which
facilitate the degradation of veterinary antibiotics. Additionally, electrical energy per
order (Ego) was assessed to estimate the electrical energy efficiency of each process. Ero
is defined as the electrical energy required to reduce the concentration of a pollutant by
one order of magnitude (90%) in a fixed volume of polluted water. Ego values for
photolysis were 339.06 kWh/m?/order for tetracycline, 449.84 kWh/m3/order for
ciprofloxacin, 795.31 kWh/m?*/order for sulfadiazine and 897.71 kWh/m3/order for
sulfamethoxazole. On the other hand, Ego values for photocatalysis were significantly
lower, 14.96 kWh/m?3/order for tetracycline, 12.07 kWh/m?/order for ciprofloxacin, 20.39
kWh/m?/order for sulfadiazine and 62.10 kWh/m?>/order for sulfamethoxazole. Therefore,

the energy consumption required for photocatalysis was found to be considerably lower
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than for photolysis. This study determined an overall degradation rate constant for a wide
range of tetracycline, ciprofloxacin, sulfadiazine and sulfamethoxazole concentrations.
Furthermore, when working with a pH of 8 (a typical pH from wastewater from livestock
farms) and a veterinary antibiotics mixture whose concentrations resemble the
characteristics of real water samples, that photolysis and photocatalysis are potential

processes for wastewater treatment with low energy consumption.

In Chapter 6, the removal of a mixture of tetracycline, ciprofloxacin and
sulfadiazine was evaluated operating with real samples corresponding to the liquid
fraction of pig slurry, using Scenedesmus almeriensis microalgae-bacteria consortia in a
pilot scale photobioreactor. After 15 days of operation the reactor was spiked with a
mixture of 100 pg/L of each antibiotic. The experiment run for 20 additional days. The
parameters analyzed before and after the antibiotics addition showed that the antibiotics
did not have a negative effect on the reactor biomass. Antibiotics present in the liquid and
solid phase were determined by ultra-high performance liquid chromatography and
tandem mass spectrometry. In the liquid phase of the effluent, the antibiotics removal
were 77 £ 5 %, 90 £ 14 % and 60 £ 27 % for tetracycline, ciprofloxacin and sulfadiazine,
respectively. In the solid phase of the effluent, no antibiotics were found before doping
the reactor; at the end of the reactor operation the antibiotics were 979 + 382 ng/g for
tetracycline and 192 + 69 ng/g for sulfadiazine; instead, ciprofloxacin was not detected
in the biomass. Additionally, the performance of the photobioreactor was evaluated,
finding the following removal efficiencies of the analyzed parameters: 64.6 + 0.6 % for
TOC, 56.9 + 0.6 % for IC, 63.9 £ 0.6 % for TN, 88.6 + 0.9 % for N-NH4", 64.9 £ 0.6 %
for N-NOj3 and 30.1 £ 0.3 % for P-PO4* . This study demonstrated the good performance

of microalgae-based technology for swine manure wastewater treatment, not only in
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terms of organic matter and nutrient removal, but also regarding the removal of

antibiotics.

The mass balance analysis of the entire process was also simulated by introducing
the different kinetic constants of degradation and adsorption found in the previously
described batch tests, to validate these values in a system that operated in quasi-

continuous mode.

The results obtained in the present thesis confirmed the potential of treating
wastewater generated in pig farms by algae-bacteria consortia. Thus, this microalgae-
based technology is revealed as a sustainable and efficient tool for the removal of
antibiotics for veterinary use. This doctoral thesis provided a better understanding of the
mechanisms involved in the removal of the investigated antibiotics, thanks to the study
of the respective removal kinetics involved. In addition, it provided a comparison with an
advanced oxidation process, such as heterogeneous photocatalysis with TiO», which

could be used in addition to biological treatment to improve the removal efficiency of

veterinary antibiotics.
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Chapter 1. Introduction

1. Emerging contaminants

Water scarcity is nowadays one of the major global concerns. Attempts have been
done to convert wastewater into water that can be reused for other purposes. However,
traditional methods are not suitable for water reclamation as not all contaminants present
in wastewater are easily removed. A group of contaminants that have raise researchers’
attention are emerging contaminants (ECs). ECs are synthetic or naturally occurring
chemicals, and their transformation products, or any microorganisms (virus as SARS-
CoV-2 could be included) which are not commonly monitored in the environment but
have a high potential to enter the environment causing known or suspected harmful
effects on human health and ecosystems (Kumar et al., 2022; Tong et al., 2022; Yap et

al., 2019).

ECs are typically present in trace amounts, ranging from ng/L to mg/L. These
contaminants encompass a range of substances such as pharmaceuticals and personal care
products (PPCPs), endocrine disrupting chemicals (EDCs), perfluorinated compounds
(PFCs), surfactants, pesticides, flame retardants, industrial additives, and viruses,
including human polyomaviruses, hepatitis E virus, and human adenoviruses (Priya et al.,

2022; Puri et al., 2023; Zhao et al., 2018).

ECs are biologically active compounds that pose significant risks to both human
health and natural ecosystems due to their recalcitrance, low biodegradability and short-
and long-term toxicities. These compounds can cause ecological risk such as interfering
with the normal endocrine functions of living organisms, microbiological resistance, and

bioaccumulation. Additionally, ECs tend to accumulate in lipid-rich tissues and can be



active across the food chain (Abdel-Maksoud et al., 2018; Samal et al., 2022; Sanganyado

and Kajau, 2022).

Endocrine disrupting compounds (EDCs) are particularly concerning, as they can
cause abnormal physiological processes, reproductive damage and increase the incidence
of cancer. Even at low concentrations detected in environmental samples, EDCs can have
biological effects (Gogoi et al., 2018; Wilkinson et al., 2017). Despite these risks, there
is still a lack of knowledge regarding the occurrence, proliferation, impacts and fate of
these compounds. Few ECs have been inventoried or regulated as contaminants (Puri et
al., 2023; Wilkinson et al., 2017). Overall, there is a pressing need to further understand
and address the risks posed by ECs and EDCs to safeguard human health and natural

ecosystems.

Emerging contaminants (ECs) are commonly found in various water sources, such
as wastewater, surface water, ground water, and drinking water, and arise from numerous
sources, including personal care products, pharmaceuticals, and improper disposal of
unused medications (Fig.1). ECs can come from point sources, such as industrial and
agricultural activities, or diffuse sources, such as stormwater runoff from highways and
agricultural land. Wastewater treatment plants are a primary point source of ECs, with
processed wastewater containing pharmaceuticals, natural hormones, and synthetic
steroids. Landfill sites can also contribute ECs to groundwater due to their toxicity.
Biosolids from wastewater treatment plants can affect groundwater sources when utilized
for land applications, while pesticides are a major contributor to agricultural
contamination. Finally, livestock farms are a significant source of veterinary antibiotics
(Kumar et al., 2022; Tong et al., 2022; Zhou et al., 2023). The present study will

specifically focus on these contaminants.
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Figure 1. Potential sources and pathways of emerging compounds in the environment.

Source: Own elaboration using information from (Grassi et al., 2012)

1.1. Veterinary antibiotics

Antibiotics are a class of organic molecule that specifically interact with bacterial
targets, inhibiting or killing microbes (Michael et al., 2012; Samal et al., 2022). However,
the widespread and intensive use of antibiotics in human, veterinary, and agriculture
settings has resulted in their emergence as a new class of water contaminant of emerging
concern. Worldwide, the total use of antibiotics is estimated to be in the range of 100,000—
200,000 tons per year (Fig.2) with approximately 70% used for animal husbandry (Bloem

et al., 2017; Rocha et al., 2021).
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Figure 2. Estimated increase in antimicrobial use by continent in 2017 (white columns)
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In 2016, global consumption of veterinary antibiotics (VA) was 97,784 tons, with
61,170 tons consumed in Asia, the Far East, and Oceania, and 24,035 tons consumed in
America (Michelon et al., 2022). This highlights the significant impact of veterinary
antibiotic use on the global antibiotic load and the potential for VA to enter the
environment as a water contaminant. Overall, the widespread use and subsequent release
of antibiotics into the environment underscores the importance of effective monitoring

and management strategies to mitigate their impact on the environment and public health.

The main groups of antibiotics used in various settings include aminoglycosides,
B-lactams, ionophores, peptides, peptidomimetics, cephalosporines, fluorochinolones,
lincosamides, macrolides, sulphonamides and tetracyclines (Kuppusamy et al., 2018). In

swine production specifically, Cheng et al. (2020), reported that sulfonamides and



tetracyclines were the most commonly used VA (Tiseo et al., 2020). Similarly, another
study found that sulfonamides and tetracyclines accounted for the largest amounts of VA
sales in European countries in 2018 (European Medicines Agency, 2019). Studies
conducted in China demonstrated that fluoroquinolones, sulfonamides and tetracyclines

were widely used as veterinary medicines (Li et al., 2022; Tong et al., 2009).

The majority of VA are not completely metabolized by animals and are excreted
unchanged or as their metabolites in feces and urine, which are commonly used as
fertilizers (Kuppusamy et al., 2018; Li et al., 2022; Rocha et al., 2021). Moreover, water
bodies contaminated by VA runoff from agricultural soils are often used for crop
irrigation, raising concerns about the potential impacts of VA on agro-ecosystems
(Kuppusamy et al., 2018; Rocha et al., 2021). The increasing use of swine manure in
agriculture is becoming a major environment threat as it can lead to antibiotic resistance
(Chaturvedi etal., 2021; Rocha et al., 2021). In 2019, antibiotic resistance has been linked
to 5 million human deaths by The Food and Agriculture Organization of the United
Nations (FAO), and it is projected to increase to 10 million by 2050 (Chaturvedi et al.,

2021; Gundran et al., 2019).

To address this issue, responsible and sustainable use of antibiotics in animal
husbandry and agriculture is crucial to minimize the release of VA into the environment
and to prevent the development of antibiotic resistance in bacteria. Proper manure
management practices, such as composting and treatment, can reduce the release of VA
into the environment while also producing nutrient-rich fertilizers. Moreover, improved
wastewater treatment and regulation of agricultural practices can help to reduce the

potential environmental and health impacts of VA.



2. Treatment technologies for VA removal

Treatment technologies for VA include physical, chemical, biological, and
advanced oxidation processes. Physical methods involve the use of naturally occurring
forces, such as van der Waals forces, electrical attraction, and gravity, or physical barriers
to remove the pollutants. Chemical methods rely on the properties of the pollutant, such
as volatility or solubility, or the tendency to react between treated chemicals and
contaminants. Biological methods involve breaking down organic pollutants using
normal cellular processes (Phoon et al., 2020). Advanced oxidation processes (AOPs) are
based on generating reactive oxygen species (ROS), particularly hydroxyl radicals (OHe),
which are highly reactive and non-selective. These ROS can oxidize pollutants into less
harmful and more biodegradable compounds, and some organic compounds can be fully
oxidized into carbon dioxide (CO.) and water (H>O) (Fast et al., 2017). The effectiveness
of VA removal will depend on their physicochemical properties, biological persistency,

and operational conditions (Zambrano et al., 2022).

2.1. Physical processes

Physical processes including sedimentation, coagulation, membrane treatment,
distillation, adsorption, filtration and reverse osmosis, have been used to treat VA. Saucier
et al. (2015) used cocoa shell to produce activated carbon for treating simulated hospital
effluents and achieved a 95.58% removal efficiency for a mixture of different organic
compounds, including diclofenac and nimesulide. Ben et al. (2014) studied the adsorption
behaviour of sulfamethazine using activated sludge to treat swine wastewater and
obtained a removal efficiency of around 40% after 6 hours, when the adsorption of
sulfamethazine to the activated sludge reached equilibrium. Taheran et al. (2016)
demonstrated that reverse osmosis can remove 75% of pharmaceutically active

compounds while membrane bioreactors showed diverse removal efficiencies from 0 to



90%. Although these processes are technologically simple and flexible, physical
processes have been shown to be unable to break down ECs and only transfer the
pollutants from one phase to another. Adsorption onto activated carbons is one of the
most widely used methods as it gives the best results in terms of efficiency and technical

feasibility at the industrial scale (Ahmed et al., 2021; Crini and Lichtfouse, 2019).

2.2. Chemical processes

Chemical processes include catalysis, electrolysis, ion exchange, neutralization,
ozonation, Fenton oxidation, among others. Lopez-Ortiz et al. (2018) used anion
exchange resins and achieved removals of 66% for bisphenol A and lower than 15 % for
carbamazepine (CBZ), atrazine, simazine and estrone. lakovides et al. (2019) obtained
over 99% removal of a mixture of eight antibiotics (ampicillin, azithromycin,
erythromycin, clarithromycin, ofloxacin, sulfamethoxazole, trimethoprim and
tetracycline) by ozonation with low ozone doses applied for 40 min. De Souza Santos et
al. (2015) used Fenton oxidation and UV/H>O» for the removal of norfloxacin, obtaining
degradation rates of 100% and 60%, respectively, and mineralization rates of 55% and
32%. Chemical processes are simple, rapid and efficient processes that have been well-
established and widely tested. However, their requirement of pretreatment, the addition
of chemicals, sludge production or the generation of unknown intermediates are some of

their disadvantages (Ahmed et al., 2021; Crini and Lichtfouse, 2019).

2.3. Biological processes
Biological processes used for wastewater treatment include anaerobic digestion,
aerated lagoons, activated sludge, fungal treatment, trickling filters, stabilization, among
others. In a study by Feng et al. (2017), the removal of sulfonamides (sulfadiazine,

sulfamethizole, sulfamethoxazole), macrolides (clarithromycin, erythromycin) and



trimethoprim during the anaerobic digestion of pig manure was investigated. The study
found no biodegradation of sulfadiazine and sulfamethizole, while sulfamethoxazole,
erythromycin and trimethoprim were degraded rapidly. In another study, Lucas et al.
(2016) treated veterinary hospital effluent containing forty-seven antibiotics from seven
different groups (PB-lactams, fluoroquinolones, macrolides, metronidazoles,
sulfonamides, tetracyclines, and trimethoprim) in a fungal bioreactor. The study found
that 77% of antibiotics were removed. A et al. (2021) evaluated the removal efficiency of
sulfonamides, quinolones, tetracyclines, and macrolides antibiotics from sewage
treatment plant effluent in a hybrid constructed wetland (HCW) and a layered biological
filter (LBF). The study showed that the removal efficiencies of antibiotics were 70-95%
by HCW and 62-64% by LBF for quinolones; 58—77% by HCW and 13-25% by LBF for
macrolides; 59-67% of tetracyclines in both systems; and 0% of sulfonamides in both
systems. Biological treatment is a more cost-effective well-accepted method for
wastewater treatment than chemical or physical treatments (Ahmed et al., 2021; Crini and
Lichtfouse, 2019). However, even though biological oxidation is one of the most widely
used technologies for ECs removal and is highly advantageous for wastewater
remediation, some ECs can inhibit biodegradation due to their toxicity and resistance to

microbial growth (Ahmed et al., 2017; Mirzaei et al., 2016; Zhao et al., 2018).

2.3.1. Microalgae based technology

Microalgae-based technology has gained the attention of researchers as an eco-
friendly wastewater treatment process. It has lower operational and capital costs, provides
natural disinfection, and is more efficient in removing nutrients compared to traditional
wastewater treatment processes (Ahmed et al., 2022; Sutherland and Ralph, 2019; Zhou
etal., 2023). Algae-bacteria consortium can fix CO,, reducing the emission of greenhouse

gases, and assimilate nutrients from wastewater for their growth. Additionally, the algae



biomass can be harvested to produce algae-derived products such as biofuel, biofertilizer,
proteins, carbohydrates, pigments, and vitamins (Abdelfattah et al., 2023; Leng et al.,

2020; Xiong et al., 2021).

Microalgae-based technology has been proven to be efficient for the removal of
heavy metals through surface sorption, bioaccumulation, and precipitation mechanisms.
Yang et al. (2015) investigated the removal of Zn, Mn, Cd and Cu by Chlorella
minutissima UTEX2341 and obtained removal rates of 62.05%, 83.68%, 74.34% and
83.60%, respectively. The oleaginous microalgae efficiently removed these metals
mainly through intracellular accumulation and partly through extracellular
immobilization. Additionally, Balaji et al. (2015) found that the removal of heavy metals
by microalgal biomass involves bio-reduction and bio-sorption mechanisms. They used
microalgal species, namely Anabaena, Oscillatoria, Phormidium, and Spirogyra, for
Cr(VI) removal and obtained removal rates of 70.96%, 80.64%, 76.12%, and 74.83% for
bio-reduction, respectively; and 75.48%, 80.64%, 79.35%, and 77.41% for bio-sorption,

respectively.

Additionally, microalgae-based technology has demonstrated its effectiveness in
the removal of ECs. Ferrando and Matamoros, (2020) obtained 50 and 65% removal of
antibiotics (sulfacetamide, sulfamethazine, and sulfamethoxazole) and pesticides
(bromacil, atrazine, diuron, bentazone, and mecoprop) in batch mode and continuous
feeding, respectively. Villar-Navarro et al. (2018) detected 64 pharmaceuticals in the
influent of a wastewater treatment plant (WWTP) with an average concentration of 223
pg/L and treated it in a high-rate algae pond (HRAP), obtaining 94% removal. Through

a literature review, Liu et al. (2021) evaluated 114 micropollutants and 16 microalgae



species and determined that 94 were removed by = 50%. Moreover, macrolides, hormone

active substances and cephalosporins presented removals higher than 80%.

2.3.1.1.  Removal mechanisms in ECs removal by microalgae

The main mechanisms involved in the removal of VA by microalgae include
hydrolysis, photodegradation, biosorption and biodegradation (Fig. 3). The efficacy of an
algal treatment system in removing antibiotics was evaluated by de Wilt et al. (2016),
who obtained removal rates of 60-100% for diclofenac, ibuprofen, paracetamol and
metoprolol. However, the removal rates for carbamazepine and trimethoprim were only
around 30% and 60%, respectively. De Wilt et al. (2016) determined that the
biodegradation and photolysis were the main mechanisms involved in the removal of
these antibiotics, while sorption to algal biomass accounted for less than 20% of their
removal. In a study by Yu et al. (2017), C. pyrenoidosa was used to remove ceftazidime
and 7-aminocephalosporanic acid, with removal rates of 92.70% and 96.07%,
respectively. Yu et al. (2017) identified a three-step mechanism involved in the algal
removal of these antibiotics: first, a rapid adsorption; second, slow cell wall-transmission;

and finally biodegradation.
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Figure 3. Mechanisms involved in the removal of VA by microalgae-bacteria

consortium. Source: own elaboration based on (Leng et al., 2020; Wang et al., 2017).

Diverse literature exists on the mechanisms involved in VA removal (Table 1).
However, most of these studies focus on the presence or absence of microalgae in the
media or if the experiments were performed in darkness, without distinguishing between
mechanisms. For instance, biodegradation, bioaccumulation and biosorption are consider
biotic factors/alga-mediate processes, while hydrolysis and photolysis are considered
abiotic factors. Xiong et al. (2017b) used by C. mexicana, C. pitchmannii, C. vulgaris and
O. multisporus to remove ciprofloxacin and obtained removal rates of 13%, 1.6%, 0%
and 2% removal, respectively. The authors found that the removal was due to
biodegradation, bioaccumulation and biosorption. Xiong et al. (2019) studied the
elimination of sulfamethoxazole by S. obliqguus and achieved 15.7 — 17.3% removal by

biotic factors and less than 2% removal by abiotic factors. Bai and Acharya (2016)
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investigated the removal of sulfamethoxazole and triclosan by Nannochloris sp. The
algae mediated processes resulted in 32-37% removal of sulfamethoxazole, while
photolysis and biosorption led to complete removal of triclosan. Bai and Acharya (2019)
used Nannochloris sp. to remove of 17B-estradiol, 17a-ethinylestradiol, and salicylic acid
and achieved 60% removal by photodegradation and biodegradation, and 63-100%
removal of triclosan by photodegradation, biosorption and bioaccumulation. Guo et al.
(2016)  studied the removal of 7-amino cephalosporanie acid by
Chlorella sp., Chlamydomonas sp. and Mychonastes sp and obtained 75% removal by

hydrolysis, biosorption and photolysis.

Table 1. Mechanisms involved in the removal of emerging contaminants by microalgae.

Operation Degradation Degradation
Antibiotic Microalgae pel Efficiency g . References
Time (%) mechanism
. Algae-bacteria consortia . . (Norvill et al.,
Tetracycline from a HRAP 14h 97 Biosorption 2017)
. . 81 Photolysis (de Godos et al.,
Tetracycline C. vulgaris 43 h 50-71 Biosorption 2012)
C. mexicana 13.0+1.3 Biodeeradation
Ciprofloxacin C. pitchmannii 11d 16203 bioaccﬁmulatior; (Xiong et al,,
P C. vulgaris Not observed biosorption ’ 2017b)
O. multisporus 2.0£0.2 P
Ciprofloxacin Nannochloris s 7d 100 Photolysis (Bai and
Sulfamethoxazole 5 5p- 14d 11 Biosorption Acharya, 2017)
. . Algae-bacteria consortia 11h >2.88 Blosorptlgn (Hom-Diaz et
Ciprofloxacin from a HRAP 48 h 97.25 Photolysis al., 2017)
48 h 83.78 Biodegradation ’
2.38 Hydrolysis
. . 27.07 Photolysis .
Ciprofloxacin Chlamydomonas sp. 9d 5 50 Biosorption (Xie et al., 2020)
65.05 Biodegradation
1.34 Hydrolysis
. 35.60 Photolysis .
Sulfadiazine Chlamydomonas sp. 9d 052 Biosorption (Xie et al., 2020)
17.05 Biodegradation
. 15.7-17.3 Biotic factors (Xiong et al.,
Sulfamethoxazole S. obliquus 12d 0-2 Abiotic factors 2019)
Climbazole Scenedesmus obliquus 12d 88 Biodegradation (Pan et al., 2018)
Algae - mediated
Sulfamethoxazole . 32-37 process (Bai and
Triclosan Nannochloris sp. 14d 100 Photolysis and Acharya, 2016)
biosorption
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17B-estradiol,

170- . Photodegradation and (Bai and
ethinylestradiol, Nannochloris sp. 7d 60 biodegradation Acharya, 2019)
and salicylic acid
Photodegradation (Bai and
Triclosan Nannochloris sp. 7d 63-100 Biosorption
. . Acharya, 2019)
Bioaccumulation
7-amino Biosorption,
cephalosporanie Chlorsella Asf ; hC(') }ZZ::Z Sd;)monas 24 h 75 hydrolysis, (Glzlg 1e g)al.,
acid P Y P photolysis
. Chlamydomonas mexicana 23 . . .
Bisphenol A Chlorella vulgaris 10d 24 Biodegradation (Jietal, 2014)
Carbamazepine 10-30 Biosorption
Diclofenac 40-60 Photolysis
Ibuprofen .. 100 Photolysis (de Wiltet al.,
Metoprolol Chlorella sorokiniana 30d 100 Biodegradation 2016)
Paracetamol 100 Biodegradation,
photolysis
. . . . (Xiong et al.,
Levofloxacin Chlorella vulgaris 11d 12-90 Biodegradation 2017a)
S. obliquus . . (Peng et al.,
Progesterone C. pyrenoidosa 5d 95 Biodegradation 2014)
Scenedesmus obliquus (Ali et al
Tramadol modified using alkaline 45 min 91 Biosorption ”
. 2018a)
solution
. . . . (Wang et al.,
Triclosan Chlorella pyrenoidosa 96 h 77.2 Biosorption 2013)
2.3.1.1.1. Hydrolysis

Hydrolysis plays an important role in predicting the environmental persistence of
antibiotics. For amides and esters, hydrolysis can be a significant degradation pathway
(Zhou et al., 2022). Therefore, antibiotics containing these functional groups may
bioaccumulate less than the parent compound due to their high polarity, resulting in low

octanol-water partition coefficients and highwater solubility (Phoon et al., 2020).

Hydrolysis can breakdown some ionic antibiotics, and its efficacy will depend on
the pH and temperature of the aquatic system. Additionally, hydrolysis can be induced
by algal metabolites such as enzymes. In a microalgae-based technology, hydrolysis can
increase the polarity and hydrophilicity of antibiotics, facilitating their solubilization and

biodegradation by microalgae (Leng et al., 2020).
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Xie et al. (2020) used Chlamydomonas sp. and achieved a 100% and 54.53%
removal of ciprofloxacin and sulfadiazine, respectively. The results showed that
hydrolysis only represented 2.38% and 1.34% of the total removal, respectively.
Additionally, Norvill et al. (2017) and de Godos et al. (2012) investigated the removal of

tetracycline by microalgae and determined that hydrolysis was not significant.

2.3.1.1.2. Photodegradation

Photodegradation of antibiotics can occur through two pathways: direct photolysis
and indirect photolysis. Direct photolysis involves the direct breakdown of the target
compound by absorbing incident light. Indirect photolysis, on the other hand, is induced
by reactive components produced by algae, such as hydroxyl radicals, peroxyl radicals,

and singlet oxygen, in the presence of light (Leng et al., 2020; Zhou et al., 2022).

In natural waters and wastewater, indirect photolysis is more important for the
removal of antibiotics due to the presence of photosensitizer such as chromophoric
dissolved organic matters, NO3", carbonate, and certain metal ions that promote the

generation of free radicals (Leng et al., 2020; Wang et al., 2017).

Bai and Acharya (2017) and Hom-Diaz et al. (2017) achieved complete removal
of ciprofloxacin while using microalgae. In both cases, the results showed that the main
removal mechanism was photolysis. Wilt et al. (2016) achieved complete removal of
ibuprofen and 40-60% removal of diclofenac by photolysis using Chlorella sorokiniana.
De Godos et al. (2012) investigated the removal of tetracycline by C. vulgaris, reaching

81% removal by photolysis after 43 hours.
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2.3.1.1.3. Biosorption

Biosorption occurs when antibiotics are adsorbed onto the cell wall of algae and
bacteria. Polysaccharides such as cellulose, chitin, alginate, and glycan are present in the
cell wall of algae, while peptidoglycan, teichoic acids and lipoteichoic acids are found on
the surface of bacteria. Additionally, adsorption can be accomplished by organic
substances excreted by algae and bacteria, known as extracellular polymeric substances
(EPS), which include polysaccharides, proteins, nucleic acids, and lipids (Leng et al.,

2020; Xiong et al., 2021; Zhou et al., 2023).

The process of biosorption occurs through hydrogen bonds, electrostatic
attraction, partitioning, and the hydrophobic effect. The effectiveness of this process
varies significantly depending on the physical and chemical properties of the biomass,
such as surface chemistry and surface area, as well as the hydrophobicity, structure and
functional groups of the antibiotics. Moreover, environmental conditions also play a

crucial role (Leng et al., 2020; Wang et al., 2017; Xiong et al., 2021).

Biosorption processes transfer antibiotics residues from wastewater to biomass
instead of breaking them down. Therefore, antibiotics residues should be considered if
biomass from algae-based treatment technology is used to produce other valuable

products, as they can still be hazardous (Abdelfattah et al., 2023; Wang et al., 2017).

Norvill et al. (2017) studied the biosorption of tetracycline using an algae-bacteria
consortium from a HRAP and obtained 97% removal after 14 hours. Ali et al. (2018b)
obtained 91% removal of tramadol by biosorption using modified Scenedesmus obliquus
in just 45 minutes. Wang et al. (2013) achieved 77.2% removal of triclosan by biosorption

onto Chlorella pyrenoidosa after 96 hours.
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2.3.1.14. Biodegradation

Biodegradation is the process by which organic compounds are broken down
through biotransformation, leading to the generation of metabolic intermediates or
complete mineralization to CO; and H>O. Microalgae-bacteria consortia contain enzymes
that are capable of metabolizing a variety of pollutants, including antibiotics. Antibiotic
degradation can occur through metabolic degradation, in which antibiotics are used as the
sole carbon and energy source, or co-metabolic degradation, in which the degradation of
antibiotics depends on the presence of non-specific enzymes catalyzing the metabolism

of other substrates (Leng et al., 2020; Wang et al., 2017; Xiong et al., 2021).

The photosynthesis of algae releases O2, which supports the aerobic degradation
of antibiotics by bacteria. In turn, bacterial respiration produces CO- that is used by algae
for photosynthesis. Additionally, algae produce organic compounds like amino acids and
carbohydrates, which can support the heterotrophic metabolism and provide substrates
for the co-metabolism of antibiotics. Bacteria also accelerate the regeneration of nutrients
and trace elements, and release phytohormones that stimulate algae growth (Abdelfattah

et al., 2023; Wang et al., 2017).

There is a wide range of results reported in the literature regarding the ability of
microalgae to biodegrade antibiotics. For instance, Pan et al. (2018) investigated the
biodegradation of climbazole by Scenedesmus obliquus and achieved an efficiency of
88% after 12 days. Ji et al. (2014) studied the removal of Bisphenol A by Chlamydomonas
Mexicana and Chlorella vulgaris, achieving a biodegradation of 23% and 24%,
respectively, after 10 days. Xiong et al. (2017a) reported biodegradations rates between

12% and 90% for the microalgae treatment of levofloxacin by Chlorella vulgaris after 11
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days. Peng et al. (2014) reached a 95% biodegradation of progesterone after 5 days using

S. obliquus and C. pyrenoidosa.

2.4. Advanced oxidation processes (AOPs)

Advanced oxidation processes (AOPs) such as photo-Fenton oxidation,
electrochemical degradation and photocatalytic processes can effectively eliminate ECs,
avoiding the production of secondary waste in the environment (Zambrano et al.,
2022). Fiorentino et al. (2019) studied the removal of ten different antibiotics
(azithromycin, ciprofloxacin, clarithromycin, erythromycin, lincomycin, levofloxacin,
enrofloxacin, doxycycline, clindamycin and metronidazole) by solar photo-Fenton
process and found that 7 out of 10 antibiotics were efficiently removed (60—-100%), after
3 hours. Ormeno-Cano and Radjenovic (2022) studied the removal of antibiotics using a
flow-through electrochemical system equipped with a boron-doped reduced graphene
oxide sponge anode and a nitrogen-doped RGO sponge cathode, and achieved removal
efficiencies of 82% for sulfamethoxazole, 85% for ofloxacin, 74.7% for erythromycin
and 46% for trimethoprim. Kanakaraju et al. (2015) demonstrated high degradation
efficiency (99%) in different water matrices using photocatalysis with TiO>, with an
enhacement of photocatalytic degradation in the presence of chloride. Although AOPs
can remove significant quantities of ECs from wastewater, they are not yet applied at an
industrial scale due to high energy consumption, high materials costs, and the use of

additional chemicals (Dong et al., 2022; Xiong et al., 2021).

2.4.1. Photocatalysis

Photocatalysis involves the interaction between a semiconductor and a light
source to generate reactive oxygen species (ROS) capable of deactivating

microorganisms and transforming pollutants. The process of photocatalytic oxidation is
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triggered by UV illumination of a semiconductor catalyst. However, utilizing sunlight
radiation as the light source would considerably decrease the amount of electric power
required, thus lowering water treatment expenses. Catalyst fouling and recovery are the
primary drawbacks of photocatalysis, which can be mitigated through doping or
immobilization techniques. The most commonly used photocatalysts are single metal
oxides, including titanium dioxide (Ti0.), zinc oxide (ZnO), zirconia (ZrO>), iron (III)
oxide (Fe»03), vanadium (V) oxide (V20s), and tungsten trioxide (WO3) , either alone or
in combination with graphene oxide (GO) or carbon nanotubes (CNT) (Aoudj et al.,

2019; Fast et al., 2017; Gomes et al., 2019).

Photocatalytic reactions are initiated by exciting a semiconductor photocatalyst
(SP) through irradiation with photons that have an equal or greater amount of energy than

its band gap (Fig. 4). Photo-generated electrons in the conduction band excite electrons

from the valence band to the conduction band, producing holes (h™) in the valence band

(Eq.1). The electron holes produced can directly oxidize organic matter or react with

either water or hydroxyl ions to generate hydroxyl radicals (OH®) which are strong, highly
reactive, and non-selective oxidants (Eq.2-3). The conduction band electron can reduce
dissolved oxygen species to form superoxide radical anions (Eq.4). Superoxide radical
anions can then react with water to produce hydrogen peroxide and hydroxyl ions (Eq.5).
In addition, further hydroxyl radicals and hydroxyl ions are generated by the cleavage of

hydrogen peroxide (Eq.6) (Arora et al., 2022; Lofrano et al., 2017; Nguyen et al., 2020).

SP+ hv - SP(e” + h') (D
SP (h*) + H,0 —» H* + OH* )
SP (h*) + OH™ — OH* 3)
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SP(e7)+0, - 0, 4)
0;- +H,0+H* - H,0, + OH™ (5)
H,0, +e~ - OH*+ OH™ (6)

The photocatalytic degradation of organic substances, such as EC, can be achieved
through direct electron transfer between the pollutant and the positive holes or indirectly

through the generation of oxidizing species. In real wastewater, other species, such as

Cl™, HCO;™, CO3*" and/or SO4>~ are present, which can be reduced and produce
radicals, thereby improving the degradation of pollutants. In addition, several authors
have described the recombination of photo-generated electrons and holes, which can
cause a pre-adsorption of substrate onto the photocatalyst, thereby enhancing the
photocatalytic degradation (Aoudj et al., 2019; Gomes et al., 2019; Lofrano et al., 2017,

Nguyen et al., 2020).
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Figure 4. Photocatalysis mechanism for emerging contaminants removal. Source: own

elaboration based on (Nguyen et al., 2020)
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TiO; is the most widely investigated photocatalysts due to its cost effectiveness,
abundance in earth, photo stability, low-toxicity, and good performance. TiO: is
considered the most efficient photocatalyst for the removal of bacteria and organic
contaminants, and it can operate at natural pH, ambient temperature and pressure (Ahmed
et al., 2017; Ahmed and Haider, 2018; Arfanis et al., 2017; Davididou et al., 2017;
Philippe et al., 2016). Since the 1970s, TiO; has been used for environmental purposes.
However, the application of TiO; in the photodegradation of emerging contaminants
dates form 2000s (Belver et al., 2020). For instance, Cai and Hu (2017) obtained a 90%
removal of sulfamethoxazole and trimethoprim within 20 min with the initial
concentration of 400 ppb for both antibiotics. Ounnar et al. (2016) achieved a 98%
removal of the spiramycin macrolide antibiotic by determining its optimum conditions at
low UV power, small SPM concentrations, natural pH and a catalyst dose of 1g/L.
Eskandarian et al. (2016a) analyzed the photolytic decomposition of acetaminophen,
diclofenac, ibuprofen, and sulfamethoxazole and determined that the decomposition
kinetics followed the order sulfamethoxazole > diclofenac > ibuprofen > acetaminophen
with removals from 26% to 58% in three hours of operation. However, more research
remains to be done as some discordant results have been observed between authors (Table
2). For example, N-TiO; was used for the removal of methylene blue, and Than et al.
(2017) obtained 99.4% within 90 min, while Liu et al. (2016) achieved only 71.1%
removal after 180 min, even though N-TiO2 was coupled with graphene to improve its
performance. Similarly, for the removal of bisphenol A, Lopez-Serna et al. (2017)

obtained only 50% using visible light after 3 hours.

One of the major drawbacks of TiO: is that it can only utilize the UV spectrum,
limiting its efficiency in wastewater treatment processes. Moreover, the higher

concentration of contaminants, the presence of other ions and oxidants can cause catalyst
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deactivation, slow kinetics, and low photo-efficiencies. However, these disadvantages
can be overcome by coupling TiO2 with other semiconductors oxides or by doping the
catalyst (Arora et al., 2022; Fast et al., 2017; Kanakaraju and Chandrasekaran, 2023).
Ioannidou et al. (2017) found that WO; modifies the properties of TiO, and enhances its
photocatalytic activity towards the degradation of sulfamethoxazole. Ananpattarachai et
al. (2016) showed that co-doping TiO, with carbon and nitrogen leads to a higher
formation rate of OH" and photocatalytic activity than those only doped with carbon or
nitrogen. C,N co-doped TiO> achieved 95% of 2-chlorophenol degradation compared to
80% for C-doped TiO> and 70% for N-doped TiO,. Petala et al. (2015) demonstrated the
efficiency of N-doped TiO; by obtaining up to 100% removal of ethyl paraben in different
water matrices, including ultrapure water, water spiked with humic acids or bicarbonates,

drinking water and secondary treated wastewater.

The increasing concern on ECs in the environment has raised researcher’s
attention on environmentally friendly process which can be cost effective for the removal
of these organic pollutants. Among AOPs, photocatalytic processes has shown to be a
suitable choice since catalysts can present good activity under sunlight radiation, reducing

operational costs.
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Table 2. Comparative review of TiO> application for the removal of emerging

contaminans.
. .. Degradation
Catalyst Contaminant Water Matrix Light Irrad.latlo Efficiency pH References
source n Time
(%)
1¢g/L
N-TiO: 100 mg/L Deionized water Visible 30 min 70 7 (1211112111 gta gf‘ra
C- TiO: 2-chlorophenol light 80 2016) ?
C,N TiO: 95
Ultrapure water,
water spiked
with humic
0.land1g/L 150 and 900 [g/L acids or Solar and (Petala et al
) N- TiOg Ethvl arabeﬁ bicarbonates, visible 120 min Up to 100 3-9 2015) "
: yip drinking water light
and secondary
treated
wastewater
2 g/LL .. UV and .
Sm-TiO, 4—Ace§[2rrrlril§(/)Lhenol Doubi:a?;itllled visible 180 min 60 6.8 a:laj 02r(1)}g)et
N-TiO2 P light 63 ”
1¢g/L
Graphene 100 mg/L Synthetic UV/Vis 60 min 92-94 ) (Pedrosa et
oxide- TiO2 Diphenhydramine solution radiation al., 2018)
composites
5mg/L
0.5 g/LL Clopyralid, o1 . . (Solis et al.,
N-TiO, riclopyr and Milli-Q water ~ Black light 180 min 95 4 2016)
picloram
400 ug/L .
0.05 g/L. Sulfamethoxazole ~ Milli-Q water ~ UVA/LED 20 min 90 s (CaiandHu,
TiO: . ) 2017)
and trimethoprim
0.8 g/LL 20 mg/L Synthetic uv . (Mugunthan
Ti02/Sn0: Diclofenac solution irradiation 00 ™in 20 > etal., 2019)
10 mg 10 mg/L Synthetic uv 15 min 100 (Yuan et al.,
TiO2/Sn0: Rhodamine B solution irradiation 2015)
10 mg/L .
1¢g/L . . Synthetic uv . (Ounnar et
TiO: Sp ramyem - solution irradiation 300 min o8 0.68 al., 2016)
macrolide antibiotic
20 mg/L
Acetaminophen 26 .
0-5 /L Diclofenac Milli-Q water ~ UV-LED 3h 50 natural  (Eskandarian
TiO: pH et al., 2016a)
Ibuprofen 35
Sulfamethoxazole 58
150 mg 10 mg/L Synthetic Visible . (Than et al.,
N-TiO; Methylene blue solution light 90 min 9.4 - 2017)
80 mg
TiO2/G 10 mg/L Synthetic Visible 180 min 59.8 (Liuetal.,
N- TiO2/G Methylene blue solution light 71.1 2016)
N-TiO2/NG 87.9
. .. (Lopez-
100 {ng .30 mg/L Synth.etlc V1'51ble 3 50 55 Serna et al.,
N-TiO: Bisphenol A solution light 2017)
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01g

3x10°M Synthetic Visible (Reda et al.,
Cu,N c.o-doped Methyl orange solution light 6h 2 6 2020)
TiO:
TiO 15 mg/L
§ Caffeine Synthetic uv . Natural  (Arfanis et
nanotubular . . - 240 min 50
17.3 mg/L solution irradiation pH al., 2017)
films Lo
Salicylic acid
5 mg/L . .o
2 Bisphenol-A solutio © 99 64 S
1.5g/LL 10 mg/L Synthetic Visible 4h 100 56 (Guo et al.,
N,F-TiOz Acidred B solution light ) 2017)
300 mg/L 5 mg/L Synthetic White- (Oseghe .and
carbon Tetracycline solution LED licht 2h 74 7 Ofomaja,
modified TiO: hydrochloride & 2018)
100 mg 20 mg/L Synthetic Sunlight . (Barkul et
NeTiO: Rhodamine B dye solution irradiation 300 min 97:36 7 al., 2016)
. . (Pefias-
;?ng/cLl Acetsarrrrllign% hen Ss}(])rllltftlfot;lc Sslflr;l;ila;d 6h 100 6.9 Garzén et
2 P & al., 2019)
1¢g/L 20 mg/L Visible . (Wang et al.,
Bi-TiO:/PAC>  Sulfamethazine O 0ePUre Water o 300 min 81.18 6 2019)
20 mg/L
Reactive black 5 . .
043¢ . . > Synthetic . (Eskandarian
ZeoliteTio,  SCPmetribvdrate: solution UV-LED 40 min 60 T etal, 2016b)
phenazopyridine
0.5 mg/L 10 mg/1 Simulated . (Liao et al.,
TiO:-RGO? Bisphenol A wastewater uv 45 min 8.4 ) 2016)
'AC: Activated carbon; 2PAC: Powder activated carbon; >RGO: Reduced graphene oxide
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Chapter 2. Aims and Scope

1. Justification

In recent years, improper management of agro-industrial waste, particularly
slurry, has become a serious threat to the environment due to it its high organic matter,
nitrogen, and phosphorus content. The use of microalgae and bacteria consortia for water
treatment has emerged as a potential solution to this issue, as it has demonstrated
significant potential for nutrient recovery. As well, high concentrations of emerging
contaminants, particularly antibiotics, have been detected in slurry, and their behavior in
microalgae-based treatment technologies is not well understood. A thorough analysis is
necessary to quantify the removal of these contaminants and determine the extent to
which they remain in the treated water or accumulate in the biomass. The composition
and concentration of the antibiotics can significantly affect the species present and the
composition of the algal biomass, which may determine their feasibility for various

applications.

Although biological treatment is widely used for the removal of emerging
contaminants and is one of the most advantageous technologies for wastewater
remediation, some emerging contaminants can inhibit biodegradation due to their toxicity
and resistance to microbial growth. In this context, advanced oxidation processes such as
photolysis and photocatalysis can effectively eliminate emerging contaminants and avoid
the production of secondary waste in the environment. Photocatalysis has been widely
used for water and wastewater purification. It has been proven effective in treating various
types of emerging contaminants in wastewater, and even for the treatment of seawater in

case of oil spills, for their removal from water-soluble fractions of crude oil.
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Photocatalysis proved to be a suitable option for the removal of emerging contaminants

from water, safeguarding ecosystems and human health.

2. Main Objectives

The overall objective of the present thesis was to determine the removal and fate
of veterinary antibiotics in a biological wastewater treatment process based on the use of
microalgae-bacteria consortium (lab and pilot scale) and to compare its effectiveness with
an advanced oxidation process (AOP). This goal will be addressed using
multidisciplinary approach involving both biological (microalgae-bacteria consortium)
and advanced oxidation process (heterogeneous photocatalysis with TiO,). More

specifically, the individual goals to achieve this overall objective were:

1. To determine the efficiency and kinetics of the process for removing
veterinary antibiotics using a microalgae-bacteria consortium at the lab
scale.

2. To study the mechanisms involved in the removal of veterinary antibiotics
by the microalgae-bacteria consortium and determine the kinetics of each
mechanism at the lab scale.

3. To study the biosorption capacity of the microalgae-bacteria consortium
for veterinary antibiotics and determine the adsorption isotherms at the lab
scale.

4. To study the photolytic removal of veterinary antibiotics and its kinetics
at the lab scale.

5. To determine the feasibility of using heterogeneous photocatalysis with
TiO2 as an alternative for veterinary antibiotics removal and study its

kinetics at the lab scale.
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6. To verify the removal efficiency of veterinary antibiotics by the
microalgae-bacteria consortium at a pilot scale to validate the results

obtained at the lab scale.

3. Development of the thesis

To achieve the specific objectives mentioned above, six sets of experiments were

conducted over the course of this four-year thesis. More specifically:

First, at the lab scale, three types of reactors were used to distinguish between
biosorption (Reactor A), hydrolysis (Reactor B), and photolysis (Reactor C). Reactor A
(biosorption) contained a lyophilized microalgae-bacteria consortium (dead biomass) and
was not exposed to light. Reactor B (hydrolysis) did not contain a microalgae-bacteria
consortium or light exposure. Reactor C (photolysis) was exposed to light but did not

contain a microalgae-bacteria consortium.

The process of removing antibiotics using a microalgae-bacteria consortium was
then studied in batch experiments at the lab scale, using active biomass. To determine the
biodegradation efficiency of veterinary antibiotics by the microalgae-bacteria
consortium, the results obtained from hydrolysis, photolysis and biosorption were

subtracted from the results obtained for the whole process.

Photolytic and photocatalytic degradation experiments were conducted in a
photoreactor system at the lab scale, using the same antibiotics and initial concentrations

as those used in the microalgae-bacteria experiments.

Finally, a pilot-scale two-channel thin-layer cascade reactor, operating in
continuous mode, was inoculated with a microalgae-bacteria consortium and fed with pig

slurry spiked with a mixture of antibiotics.
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The first objective was achieved in Chapter 3, where the removal efficiency of
veterinary antibiotics by a microalgae-bacteria consortium was calculated and the process
kinetics over a wide range of concentrations was determined. The second objective was
also accomplished in Chapter 3, which analyzed each removal mechanism, determined
its efficiency and kinetics, and studied biosorption and photolysis as the most important
mechanisms for the removal of veterinary antibiotics. Biosorption was studied in

Chapter 4, while photolysis was studied in Chapter 5.

Chapter 4 addressed the third objective by evaluating the adsorption capacity of
microalga-bacteria consortia for the removal of veterinary antibiotics and determining the
adsorption isotherms of four compounds from the three families of antibiotics most

commonly found in water samples.

The fourth and fifth objective were accomplished in Chapter 5, where a
comparison between photolysis and photocatalysis was performed, and the removal

efficiency and kinetics of both processes were determined.

Finally, Chapter 6 focuses in the sixth objective by corroborating batch
experiments performed at lab scale regarding veterinary antibiotics removal efficiencies
and validating the proposed kinetic model of pseudo-first order irreversible kinetics.
Additionally, this chapter determines the antibiotics elimination in both the aqueous and

solid phase by microalgae-bacteria consortium at a pilot scale using real wastewater.
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Chapter 3. Kinetics of the removal mechanisms of veterinary antibiotics in synthetic
wastewater using microalgae-bacteria consortia
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Chapter 4. Removal of a mixture of veterinary medicinal products by adsorption
into a Scenedesmus almeriensis microalgae-bacteria consortium
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Chapter 5. Photolytic and photocatalytic removal of a mixture of four veterinary
antibiotics
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Chapter 6. Removal of veterinary antibiotics in swine manure wastewater using
microalgae-bacteria consortia in a pilot scale photobioreactor
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Chapter 7. Conclusion and Future Work

The potential use of a microalgae-bacteria consortium for the removal of
veterinary antibiotics was evaluated in this thesis, as well as the description of the
mechanisms involved in the process. Additionally, photocatalysis was analyzed as an

alternative process for the removal of veterinary antibiotics.

In Chapter 3, the mechanisms involved in the removal of TET, CIP, SDZ, and
SMX using a Scenedesmus almeriensis microalgae-bacteria consortium were analyzed,
as well as the determination of their rate constants by fitting experimental data over a
wide range of concentrations to a single general equation. The microalgae-bacteria
consortium proved to be highly efficient in the removal of a mixture of VA, working with
a pH of 8 and a mixture of low concentrations of four VA that resemble the characteristics
of real water samples. The overall removal of the four veterinary antibiotics followed a
pseudo-first order irreversible kinetic. Biosorption was the most important removal
process for the four antibiotics, while hydrolysis was insignificant. Hydrolysis and
photolysis occurred in the removal of the VA except for SMX. Biodegradation was an

essential mechanism for TET, SDZ, and SMX, but it was not present in CIP removal.

In Chapter 4, the biosorption capacity of the Scenedesmus almeriensis microalgae-
bacteria consortium was analyzed and proven to be highly efficient in the removal of a
mixture of four widely used VMP. Fluoroquinolones and tetracyclines showed a better
affinity to the S. almeriensis microalgae-bacteria consortium, demonstrating high
adsorption removal rates. Sulfonamides, on the other hand, presented limited biosorption
in the range of 20 to 1000 pug/L. The adsorption process of tetracycline, ciprofloxacin,
sulfadiazine and sulfamethoxazole was better described by the Langmuir isotherm,

defining a monolayer adsorption with no interaction between adsorbed species.
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In Chapter 5, the removal efficiencies, kinetics, and energy consumption of a
mixture of four antibiotics were evaluated for photo-degradation (UVC) and
photocatalytic-degradation with TiO> (UVC/TiOz) at different initial concentrations.
TET, CIP, SDZ, and SMX were found to be photosensitive and capable of being removed
by either photolysis or photocatalysis, with photocatalysis achieving higher degradation
percentages. The photolysis for the four veterinary antibiotics followed a first-order
irreversible kinetic model, while the photocatalysis of TET, CIP, and SDZ followed a
Langmuir-Hinshelwood kinetic model, with adsorption being considered as the limiting
step. SMX followed a first-order irreversible kinetic model. The calculation of the
electrical energy consumed by both processes showed that photocatalysis is more energy-
efficient compared to other systems. These findings provide helpful insights into the
extent of degradation of VAs in water treatment processes using photolysis and
photocatalysis, with UVC photocatalysis with TiO> proving to be efficient and cost-

effective in the removal of VAs.

In Chapter 6, the effectiveness of microalgae-based technology as an alternative
for wastewater treatment process was evaluated. A thin-layer cascade reactor inoculated
with a microalgae-bacteria consortium, mainly composed of Scenedesmus almeriensis,
was tested for the treatment of real liquid fraction of pig slurry and the removal of
antibiotics. This treatment process was highly efficient in the removal of organic matter,
nutrients, and antibiotics. Additionally, the antibiotics did not have a negative effect on
the Scenedesmus almeriensis microalgae-bacteria consortium. These results agreed with
previous research, supporting the findings of laboratory-scale batch experiments and
confirming the proposed irreversible pseudo-first-order kinetics for the removal of
veterinary antibiotics. The use of photobioreactors containing microalgae-bacteria

consortia proved to be a highly effective and promising approach for treating swine
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manure wastewater and removing antibiotics. This technology was able to remove up to
77% of TET, 90% of CIP, and 60% of SDZ without the need for additional chemicals,

which helps prevent the generation of further waste.

While this thesis has provided valuable insights into the fate of antibiotics in algal-
bacterial photobioreactors and the potential of photocatalysis for their removal, further

research is needed to advance in this field. Specifically, future studies should focus on:

1. Optimizing operating parameters to enhance the efficiency of photolysis
and biodegradation for increased veterinary antibiotic degradation.

2. Investigating the formation of byproducts in order to facilitate the
implementation of microalgae-based technology for veterinary antibiotic
removal at an industrial scale.

3. Exploring potential uses of the harvested biomass to maximize its value
and contribute to a circular economy.

4. Developing a combined approach using both biological processes and
advanced oxidation processes (AOPs) to improve the removal of

veterinary antibiotics.
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