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Resumen

Resumen

Antecedentes

En el gran desafio de la contaminacion del agua, la presencia de contaminantes de preocupacion
emergente (Contaminants of Emerging Concern, CECs) en el agua tratada representa un riesgo
para la seguridad del medio ambiente y la salud humana. Se ha demostrado que las plantas de
tratamiento existentes no son adecuadas para eliminar estos CECs. Su deteccion en aguas
residuales, entornos acuéticos y agua potable requiere la implementacion de medidas adecuadas
y procesos de eliminacion para evitar su impacto en los seres humanos y los ecosistemas.
Ademas, el aumento de la contaminacién humana y los desastres naturales debido al cambio
climético afectaran negativamente el agua disponible. La peculiaridad de estos contaminantes
también radica en que no estan sujetos a regulaciones especificas en agua potable y no estan
controlados por legislacion actual; por lo tanto, se necesita mas esfuerzo para prevenir y reducir
su aparicion. Por consiguiente, es crucial aumentar la resiliencia de los sistemas de produccion
de agua potable, ya sea en las plantas centralizadas de tratamiento, o directamente en los puntos
de consumo. Para ello, es necesario considerar las diversas vias de entrada de estos
contaminantes en los recursos hidricos, desarrollando estrategias especificas y optimizadas para
la eliminacién, entre otros CECs, de microplasticos (MPs) y compuestos organicos como
productos farmacéuticos y de cuidado personal.

Los MPs se definen como particulas plésticas de menos de 5 mm y han generado gran
preocupacion debido a su presencia ubicua y abundante en el agua. También existe evidencia
de que los MPs actlan como vectores de varios contaminantes debido a sus aditivos y su
capacidad de absorber y acumular contaminantes toxicos organicos e inorganicos en su
superficie. Ademas, debido a su naturaleza plastica, tardan mucho tiempo en biodegradarse vy,
debido a su pequefio tamafio, son facilmente ingeridos. Entre las tecnologias desarrolladas para
la eliminacion de MPs, las membranas han recibido considerable atencion gracias a su
implementacién sencilla y la calidad estable de su efluente. Dependiendo de las caracteristicas
de la membrana y la configuracion, la tecnologia puede ser rentable y facilmente
implementable. Entre los procesos de membrana, la tecnologia de microfiltracion (MF) ha
ganado interés por la implementacién sencilla y los costos energéticos operativos mas bajos en

comparacion con los otros. Sin embargo, la obstruccion de la membrana debido al
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ensuciamiento es una de sus principales limitaciones, y representa un problema critico para el
disefio y la operacion del sistema.

Por otro lado, dentro de los CECs, los microcontaminantes organicos también estan ganando
cada vez mas atencién debido al riesgo asociado, hasta el punto en que la Comisién Europea
decidio introducir una lista de observacion de sustancias en los cuerpos de agua para comenzar
a monitorear su presencia y desarrollar estrategias. Entre los CECs de la lista de observacion,
el diclofenaco (DCF), un antiinflamatorio no esteroideo comunmente utilizado para el alivio
del dolor, ha despertado interés debido a su conocida toxicidad hacia la vida silvestre y los
posibles efectos en general en los ecosistemas acuaticos, donde se ha detectado en
concentraciones de hasta pug L. Sin embargo, DCF y en general los compuestos organicos,
tienen tamafios mas pequefios y comportamientos diferentes en comparacion con los MPs, por
lo que la microfiltracidén no es adecuada para su eliminacion y solo los sistemas de membrana
de alta presion serian efectivos. Alternativamente, la irradiacion UV-B y UV-C ha demostrado
ser un tratamiento efectivo para su degradacion, ademas de ser efectivo para la desinfeccién del
agua. La integracion de procesos avanzados de oxidacion (Advanced Oxidation Processes,
AOPs) basados en UV permite lograr una mayor calidad del agua frente a una variedad de
amenazas. Ademas, el uso de diodos emisores de luz (Light-Emitting Diodes, LEDs) en lugar
de lamparas de mercurio podria llevar a avances interesantes en la eliminacion de los
contaminantes. Aparte de ser soluciones sin mercurio, los LEDs presentan como ventajas una
longitud de onda variable, encendido y apagado instantaneo (sin tiempo de calentamiento) y
una intensidad ajustable. Estas propiedades tienen un potencial increible en la aplicacion de
AOPs basados en UV-B y UV-C, ya que el rendimiento general del proceso depende de la
longitud de onda y la intensidad de UV. Adicionalmente, su pequefio tamafio permite una alta
flexibilidad de disefio y la perspectiva de su crecimiento exponencial, de manera similar a los
LEDs en el rango visible o UV-A, lo hace muy atractivos para el tratamiento de aguas. Sin
embargo, de cara a su aplicacion y para evaluar la competitividad del tratamiento contra las
lamparas de mercurio convencionales, es importante realizar un analisis ambiental
comparativas. Por lo tanto, la evaluacion del ciclo de vida ambiental (Life Cycle Assessment,
LCA) fue llevado a cabo en cuanto es el método preferido gracias a su reconocimiento
internacional y uso generalizado. Al examinar los impactos ambientales potenciales durante

todo el ciclo de vida y comparar vias alternativas, LCA proporciona informacion valiosa para
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optimizar el proceso, destacando los puntos criticos y recomendando medidas adicionales para
reducir la huella ambiental general.

Objetivos

Los sistemas de agua deben actualizarse mediante el empleo de tratamientos avanzados
especificos y optimizados para la eliminacion de los CECs. Por tanto, el objetivo de esta Tesis
Doctoral es el disefio y la evaluacion de tecnologias para sus eliminacion, con un enfoque
particular en los MPs y DCF.

Con respecto a la eliminacién de MPs, se eligié la membrana de MF en configuracién sin salida
en cuanto es un sistema de facil implementacion en salidas de grifo y punto de uso y que no
necesita ningun otro tratamiento. Para optimizar el sistema, el primer paso fue evaluar la
eficiencia de varias membranas comerciales con diferentes caracteristicas. En seguida, dado
que el ensuciamiento de la membrana por los MPs tiene una significativa brecha de
conocimiento y es clave para desarrollar apropiados procedimientos de filtracion y limpieza, se
investigd profundamente en la membrana que logroé el mejor rendimiento general.

Por otro lado, la eliminacion de DCF se explord con tratamiento UV y UV-AOPs mediante
innovadoras lamparas LED en el rango UV-B y UV-C (265, 285 y 310 nm) fabricadas por la
empresa ProPhotonix IRL. Se investigd la degradacion a diferentes intensidades de ldmpara y
la fotolisis debido a doble longitud de ondas. En seguida, se modelé mecanicamente la cinética
de degradacion de DCF en funcion de la longitud de onda y el proceso de oxidacién, lo cual es
muy til para disefiar sistemas de tratamiento y optimizar las condiciones de operacion.
Finalmente, LCA se emple6 para una evaluacion integral de los impactos ambientales de los
tratamientos empleados. Se compard la innovadora lampara LED con la lampara de mercurio
convencional para la eliminacion de DCF en tratamiento de agua. Luego, se analizaron los
impactos ambientales relativos al proceso de oxidacion para evaluar los impactos de los
oxidantes. Por ultimo, se evalud una situacion que emplea una fuente de energia mas limpia

para explorar posibles mejoras.

Metodologia
Para el estudio de la remocion de MPs, se trabajo con particulas de poliamida (PA) y

poliestireno (PS) en el rango 20-300 pum. En el caso de PA, todas las particulas estaban por
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debajo de 300 um, mientras que las particulas de PS mayores de 300 um se redujeron primero
mediante un molino criogénico. En cuanto a las membranas, se evaluaron tres materiales
comercialmente disponibles: policarbonato (PC), acetato de celulosa (CA) vy
politetrafluoroetileno (PTFE), todas con tamafio de poro nominal de 5 um. Los MPs se
analizaron primero con un microscopio acoplado a uno espectrofotometro de rayos infrarrojos.
También se evaluaron su distribucion del tamafio de particulas dentro del rango tamizado, su
potencial zeta en agua variando el pH y su morfologia a través de microscopio electronico de
barrido (Scanning Electron Microscope, SEM). Por otro lado, las membranas fueron
caracterizadas con imagenes SEM y medidas de angulo de contacto, de dureza Shore tipo Ay
de rugosidad superficial. Se desarrollé en el laboratorio un sistema de filtracién, al que se afiadid
un microcontrolador Arduino para los estudios a presion constante del modelo de obstruccion.
Para ello se consideraron los cuatros mecanismos principales: filtracion de torta, obstruccion
completa de poros, obstruccion intermedia o parcial de poros y obstruccion estandar o interna
de poros, cuya expresién matematica se basan en la ecuacion de la ley de potencia de Hermia.
Para la degradacion del DCF, se construyé un fotorreactor en recirculacion que trabaja a flujo
constante. Primero el sistema se evalu6 mediante actinometria quimica para determinar la
irradiacion recibida por la solucion, mientras que la deteccion y cuantificacion de DCF se
realiz6 mediante cromatografia liquida de alta resolucion. Entre los AOPs, se seleccion6
aquellos basados en el uso de peroxido de hidrégeno y cloro libre (Free Chlorine, FC) como
oxidantes. El primero porque en previos estudios ambientales resultdé mas respetuoso con el
medio ambiente en comparacion al peroximonosulfato y el persulfato, mientras que el FC se ha
vuelto cada vez méas popular debido a su bajo costo y porque ya se usa en agua como agente
desinfectante residual contra la recontaminacion. EI modelo cinético mecanistico propuesto
para los procesos UV/H20, y UV/FC se implementé en GNU Octave para resolver la
optimizacion no lineal minimizando la funcién de error objetivo y evaluar respectivamente la
cinética de segundo orden de HO" y CI° con DCF. La efectividad del tratamiento también se
evalué con estudios de mineralizacion, a través de analisis de carbono organico disuelto, y de
fitotoxicidad en semillas de tomate y rabano para asegurar la eliminacion completa de los
subproductos DCF mas dafiinos e inestables. Por ultimo, para el analisis de LCA se siguid la
metodologia estandarizada por las normas 1SO 14040 y 14044. Se us6 ecoinvent v3.0 como
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fuente de datos secundaria para el inventario, mientras que se emple6 SimaPro 9.4 para

compilar el inventario y cuantificar los resultados.

Resultados

Como primera parte del estudio, se evalu6 la membrana con mejor rendimiento en términos de
eficiencia de eliminacion de los MPs y costes operativos. Las membranas de CA lograron altas
eficiencias de eliminacion (por encima del 94%) en todos los casos, necesitando la menor
presion transmembrana (Transmembrane Pressure, TMP) para trabajar y proporcionando el
mayor flujo de agua, reduciendo asi los costes de tratamiento. Ademas, la membrana de CA,
debido a su menor dureza, indujo una menor descomposicion de las particulas, aunque era
potencialmente mas propensa a la abrasion. Entonces, se investigdé mas a fondo la obstruccion
de la membrana de CA inducida por las particulas de MPs. Los mecanismos de obstruccion se
modelaron secuencialmente en obstruccion completa de poros seguida de la formacion de una
capa de torta. A continuacion, se extrapolaron las cinéticas mediante las ecuaciones del modelo
de Hermia, estudiandolas en funcién de la concentracion de particulas en la entrada y la TMP
de trabajo. Las constantes cinéticas se correlacionaron positivamente con la concentracion de
MPs, mientras que la comparacion de los valores a diferentes TMP condujo a la determinacion
de las condiciones dptimas de trabajo, un compromiso entre los costes operativos y la reduccion
de la obstruccioén. Las particulas de PA indujeron una obstruccion mas elevada debido a su
mayor hidrofobicidad y su tamafio mas pequefio. En contraste, las particulas de PS, con sus
mayores irregularidades y fuerzas electrostaticas repulsivas, indujeron una obstruccion menor
pero con una abrasion visible de la membrana. Estos resultados destacan las principales
interacciones entre los MPs y las membranas y ayudan a predecir el rendimiento de la
membrana en presencia de otros MPs (con diferentes tamarfios, formas y fuerzas electrostaticas)
y diferentes condiciones operativas, con el fin Gltimo de desarrollar procedimientos de limpieza
o0 predecir la sustitucion de la membrana para mejorar la eliminacion de las particulas de MPs.
Ademas, dado que no se puede ignorar la abrasion de la membrana al filtrar particulas altamente
irregulares y con punta, se recomienda su sustitucion en lugar de implementar otras estrategias
antiincrustantes que puedan aumentar el riesgo de contaminacion secundaria por MPs.

En cuanto a la degradacion de DCF, el proceso sigue una cinética de pseudo primer orden y su
tendencia reflejo el patron de los coeficientes de extincion molar del DCF y de los oxidantes.
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Se encontrd un factor sinérgico positivo para los AOPs basados en UV-LED en casi todos los
casos, pero a pesar de las tasas de degradacion més altas, la demanda total de electricidad
calculada como energia eléctrica por orden (Electic Energy per Order, EE/O) fue similar a la
de UV solo, debido al costo energético de los oxidantes que influye bastante cuando se
considera solo el tiempo de contacto en el fotorreactor. Para los dos procesos, UV/H2O> y
UV/FC, se propusieron mecanismos rigurosos de degradacion cinética a diferentes longitudes
de onda donde los valores calculados para las constantes cinéticas fueron respectivamente de
ko = 9,12-10° Mt sty kei = 1,30-10%° M s, No se encontré una sinergia estadisticamente
significativa (p>0,05) para el sistema de doble longitud de onda (265 + 285 nm), y las constantes
basadas en el tiempo en todos los casos cambiaron linealmente con la intensidad de la lampara.
Por altimo, el analisis de carbono organico disuelto revelé una baja mineralizacion (alrededor
del 20-30%) asociada con la formacion de dimeros estables, mientras que los ensayos de
fitotoxicidad mostraron una disminucion de la toxicidad. En general, los resultados muestran el
gran potencial de la implementacion de LEDs con longitudes de onda especificas en
tratamientos de agua para aumentar la eficiencia de la degradacién de CECs mediante el control
de la intensidad aplicada para lograr la velocidad de reaccion requeridas.

Finalmente, se ha realizado la comparacion del sistema basado en LED con un sistema
equivalente basado en lamparas de mercurio de baja presion mediante el anélisis de ciclo de
vida. La unidad funcional se definié como "El tratamiento de 1 L de agua contaminada con 20
mg L de diclofenaco para lograr una eliminacion del 90% del contaminante”. Para la
valoracidn se exploraron varios casos y se pudo concluir que la aplicabilidad de la lampara LED
UV-C es muy prometedora, mostrando menos impactos que las de mercurio, y considerando
también que se espera un aumento significativo en la eficiencia energética en los proximos
afios, en particular, se pronostica un aumento del 20% para 2030. También se evalué una
comparacion entre UV-C, UV-C/H202 y UV-C/FC utilizando la ldmpara de LED UV-C de 265
nm, ya que anteriormente no se habian realizado estudios sobre la sostenibilidad del cloro como
oxidante en el tratamiento de agua. Para el mismo tiempo de tratamiento, UV-C/H20, fue mas
sostenible que UV-C/FC. Sin embargo, en general se prefiere el tratamiento que requiere un
tiempo mas corto, siendo la electricidad de todos los sistemas la principal fuente de impacto.
Por eso, el uso de fuentes de energia mas limpias, como la energia fotovoltaica o la edlica,

mejoraria en gran medida los impactos generales.
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Resumen

Conclusiones

Las membranas de CA lograron el mejor rendimiento considerando los valores de TMP, flujo,
y retencion de los MPs; por lo tanto, se eligieron entre las tres membranas testadas. Gracias al
modelo de obstruccion de la membrana, se identificaron la correlacion entre la concentracion
de MPy el grado de obstruccion, las condiciones operativas 6ptimas de TMP, y las principales
interacciones entre las particulas y la membrana. Todo eso, ayuda a predecir los ciclos de
reemplazo de la membrana, que se recomienda para evitar una contaminacion secundaria por
MP.

Los resultados de degradacion del DCF proporcionaron evidencia de la aplicacion de las
lamparas LED UV-B y UV-C para el tratamiento de agua, donde se puede aprovechar de las
ventajas de los LEDs, su longitud de onda e intensidad ajustable y el encendido y apagado
instantaneo, para el disefio del reactor en la escala y aplicacion final deseada. También segln
la evaluacion ambiental, la aplicacion de la ldmpara LED UV-C para el tratamiento de agua es
muy prometedora. Pero dado que la electricidad es el principal punto de contaminacién
ambiental, es recomendado reducir el tiempo de tratamiento mediante la adicion de oxidantes

como H202 y FC y optar por fuentes de energia mas limpias.
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1 Summary

In the big challenge of water contamination, the presence of contaminants of emerging
concern (CECs) in treated water poses a risk to the safety of the environment and the health
of the human being. Existing treatment plants have been proven inadequate in removing
these CECs, which are being introduced into the environment, nonetheless. Their detection
in wastewater, aquatic environments, and drinking water requires implementing adequate
measures and elimination processes to avoid their impact on humans and ecosystems.
Additionally, the increase in human pollution and natural disasters due to climate change is
negatively affecting the water available. The peculiarity of these contaminants is also that
they are not subjected to specific regulations in drinking water and are not controlled by
standard legislation; thus, more effort is needed to prevent and reduce their occurrence. As
a result, it is crucial to increase water resilience, and it is important to act at drinking water
treatment plants, if not directly at tap water, considering the several routes of these
contaminants into the environment. It is also essential to develop specific and optimised
strategies to remove CECs, including, among others, microplastics (MPs) and organic
compounds such as pharmaceuticals and personal care products.

MPs are defined as plastic particles smaller than 5 mm and gained great concern due to their
ubiquitous and abundant presence in the water. There is also evidence that MPs act as vectors
of various contaminants due to their additives and ability to sorb and accumulate toxic
organic and inorganic pollutants on their surface. Moreover, because of their plastic nature,
they take a very long time to biodegrade, and their small size makes them easily ingested.
Among the engineered technologies explored for removing MPs, membranes have received
considerable attention thanks to their simple implementation and stable effluent quality. The
technology can be cost-effective and easily implemented depending on the membrane
characteristics and the configuration. In this work, microfiltration was selected due to its
simple implementation and the lowest operational energy costs compared to the other
membrane processes. However, membrane fouling is a representative problem, and its
mechanism and kinetic should be evaluated to help develop appropriate filtration and
cleaning procedures and increase the efficiency of MPs removal. Filling the gap would
encourage and allow the safe implementation of the system in our daily water treatments,

including in household systems.
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On the other hand, among the CECs, organic micropollutants are also gaining increasing
attention due to their associated risk, to the point that the European Commission decided to
introduce a watch list of substances in water bodies to start monitoring their occurrence and
develop strategies. Among the watch list, diclofenac (DCF), a nonsteroidal anti-
inflammatory drug commonly used for pain relief, has captured the interest for the known
toxicity towards wildlife and the potential ecosystems effects in water bodies, where it was
detected up to pug L. However, DCF, and in general organic compounds, have smaller sizes
and different behaviours compared to MPs, and therefore microfiltration is unsuitable for
their removal, where only high-pressure membrane systems would be effective.
Alternatively, UV-B and UV-C irradiation has proven to be an effective treatment for their
degradation, other than being effective in water disinfection. By integrating a UV-based
advanced oxidation processes (AOPs) system, higher water quality can be achieved on a
variety of threats. Furthermore, using light-emitting diodes (LEDs) instead of mercury lamps
could lead to interesting breakthroughs in removing contaminants. Among the major
advantages of the LEDSs, besides being mercury-free solutions, they have a tuneable
wavelength, instant on-off (no warm-up time), and adjustable intensity. These characteristics
have incredible potential in UV-B and UV-C-based AOPs since the overall performance of
the process depends on UV wavelength and intensity. In addition, their small size allows for
high design flexibility and the perspective of their exponential growth, similar to the LEDs
in the visible or UV-A range, makes them very attractive for the design of any water
treatment. Finally, in support of the achievements, environmental analyses were conducted
to study the overall impacts. Thanks to these studies, the aim is to increase the perspective
of increasing water quality from CECs and cope with water scarcity, anthropogenic disasters,
and natural calamities that could prevent or damage safe water supply.

In the first part of the study, the MPs particles (polyamide (PA) and polystyrene (PS) in the
range of 20-300 um) and the membranes selected (polycarbonate (PC), cellulose acetate
(CA), and polytetrafluoroethylene (PTFE) having the same nominal pore size of 5 um) were
characterised. Next, the best performing membrane in terms of MPs removal efficiencies
and operational costs was evaluated. While high removal efficiencies (above 94%) were
achieved for all cases, CA membranes needed the lowest transmembrane pressure (TMP)
and allowed the highest water flux, decreasing overall treatment costs. Furthermore, given

its lowest hardness, the CA membrane induced less breaking down of the particles, although
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it was potentially more prone to abrasion. Membrane fouling induced by the PA and the PS
particles was further investigated for the CA membrane. The studies were conducted at
constant pressure, and the kinetics were extrapolated using Hermia’s model equations and
studied as a function of the particle concentration in the inlet and working TMP. The fouling
mechanisms were sequentially modelled into complete pore blocking followed by cake layer
formation. The kinetic constants were positively correlated with the MPs loading, whereas
comparing the values at different TMP led to an optimum working condition, a compromise
between operational costs and fouling alleviation. PA particles induced higher fouling due
to the higher hydrophobicity and the smaller particles’ size. In contrast, PS particles’ higher
irregularities and repulsive electrostatic forces induced less fouling but visible membrane
abrasion. These results highlight the main MPs-membrane interactions and help to predict
the membrane performance under the presence of other MPs (with different sizes, shapes,
and electrostatic forces) and different operating conditions, with the final scope to develop
cleaning procedures or predict the membrane replacement to enhance MPs removal.
Furthermore, since membrane abrasion cannot be neglected when filtering highly irregular
and spiky particles, the replacement is recommended over implementing other antifouling
strategies that can increase the risk of secondary MPs pollutions.

Regarding the degradation of DCF, the application of UV-B and UV-C (265, 285, and 310
nm) LEDs alone and in combination with hydrogen peroxide (UV/H20) and free chlorine
(UV/FC) was evaluated. Where H202 was chosen for being more environmentally friendly
than peroxymonosulfate, and persulfate, while FC has become increasingly popular since
low-cost and is already used in water as a residual disinfection agent against re-
contamination. The degradation of DCF followed a pseudo first-order kinetic, and their trend
reflected the pattern of the molar absorption coefficients of the DCF and the oxidants. A
positive synergistic factor was found for the UV-LED driven AOPs in almost all cases, but
despite the higher degradation rates, the overall electricity demand was similar to UV alone
due to the oxidants’ energy cost when only the photoreactor contact time is considered. The
rigorous kinetic degradation mechanisms at different wavelengths were proposed for the two
processes, UV/H;0, and UV/FC, where the predicted values for the kinetic constants were
respectively kno = 9.12-10° Mt s and ke = 1.30-10%° M2 s, No statistically significant
synergy (p>0.05) was found for the dual-wavelength system (265 + 285 nm), and the time-

based constants in all cases changed linearly with lamp intensity. Finally, dissolved organic
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carbon analysis revealed low mineralisation (around 20-30%) associated with the formation
of stable dimers. In contrast, phytotoxicity assays on tomato and radish seeds showed a
decrease in toxicity. In the main, the results show the great potential of implementing
wavelength-specific LEDs in water treatments to increase the efficiency of the selected
contaminant degradation and flexibility in controlling intensities and kinetic degradation
rates.

Finally, the photoreactor employed was compared with a similar system using UV-C low-
pressure mercury lamps through the Life Cycle Assessment (LCA) analysis. The functional
unit was defined as “The treatment of 1 L of polluted water with 20 mg L™ of diclofenac to
achieve a 90% removal of the contaminant”. Several cases were explored, and overall, the
applicability of the UV-C LED lamp looks very promising, showing less or similar potential
impacts than the mercury lamps in the 16 environmental categories selected from the
Environmental Footprint method. A comparison between UV-C, UV-C/H20>, and UV-C/FC
while employing the 265 nm UV-C LEDs lamp was also assessed since no studies were
previously conducted on the sustainability of FC as oxidant in water treatment. For the same
treatment time, UV-C/H20, was more sustainable than UV-C/FC; however, the treatment
requiring a shorter time is generally preferred because electricity was the main source of
impact. In this regard, employing cleaner energy sources such as photovoltaic or wind energy

would greatly improve the overall impacts; and, therefore, highly encouraged.
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2 Introduction

2.1 ‘White gold’

Water is an essential resource for life and health, and providing safe drinking water is
important in both industrialised and developing countries. "There is no life without water. It
IS a treasure indispensable to all human activity”. This sentence opens the European Water
Charter, approved in 1968 [1]. Water is the main chemical, together with oxygen, that
humankind uses to live. It forms most of the Earth’s surface and represents approximately
60% of the human body weight. Despite its abundance, clean and safe water is a precious
and limited resource, and access to it is becoming increasingly difficult in many parts of the
world. It is often defined as ‘white gold’ because of its value and importance.

Water scarcity is caused by several factors, such as population growth, urbanisation,
increased demand for water for agriculture and industry, and progressive desertification of
the planet caused by climate change. The latter is strongly correlated to the water crisis [2].
Extreme weather, such as severe floods, long droughts, and rising sea levels, are indeed
making water scarcer and the quality more unpredictable.

Water contamination is also a growing concern, as water is increasingly polluted by a variety
of sources, including agricultural runoff, industrial discharge, and an increase in human
activity and human waste. These harmful substances in surface water, such as chemical
contaminants and microorganisms, can cause gastrointestinal illness, skin infections,
developmental problems in children, and chronic health problems after prolonged exposure.
In addition, they can accumulate in the ecosystem, causing loss of habitats and biodiversity.
All these concerns materialised in stricter regulations for the treatment of urban and
industrial aqueous effluent (Directive 91/271/EEC) [3] and the need to increase the quality
of water intended for human consumption (Directive 98/83/EC) [4]. Furthermore, in 2000,
the European Union (EU) implemented the Water Framework Directive (WFD) 2000/60/EC
[5] with the goal of promoting sustainable water management and protection of water
resources across the EU. The WFD presents a breakthrough in water policy, and it requires

the EU Member States to achieve a good ecological and chemical status in all inland and
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coastal water bodies, surface and groundwater, by 2027 at the latest. Yet in 2018, the
European Environmental Agency (EEA) reported that only 38% of surface water bodies
across Europe were in “good chemical status”, where the limit was defined by the
concentration of a few priority substances found across the EU, among others mercury,
cadmium, brominated diphenyl ethers, and polycyclic aromatic hydrocarbons [6]. Therefore,
although efforts to address water scarcity and contamination are globally underway, much

work remains to be done.

2.2 Contaminants of emerging concern: CECs

Contaminants of emerging concern (CECs) represent a group of chemicals that are not
commonly monitored or regulated but are of growing concern due to their potential impact
on human health and the ecosystem’s lives. Their presence in the environment is not
necessarily new, but the worries about their possible consequences are. Often, they are also
referred to as “emerging contaminants” (ECs), “unregulated contaminants”, or simply
“contaminants of concern”. They include pharmaceuticals, personal care products (PCPs),
flame retardants, pesticides, endocrine disruptors, microplastics, and nanomaterials, among
others, and are summarised in Table 2.1, together with the potential health effect and their
occurrence in the environment. Scientists are still evaluating their associated risks, but a
broad range of adverse effects have already been identified, including cancer, cardiovascular

and neurological diseases [7].

Table 2.1 Overview of different categories of CECs, the associated health effects, and occurrence

in the environment.

CECs group

Examples

Potential health
effects

Occurrence in the
environment

Pharmaceuticals

Antibiotics, painkillers,
antidepressants,
metformin, synthetic
progestin

Bioaccumulation in
tissues, genotoxicity,
altered feeding and
reproductive behaviour,
organ damage, antibiotic
resistance

Organisms, surface
waters, treated
wastewater,
groundwater, drinking
(tap) water

Personal care
products

Chemicals in soaps,
cosmetics, sunscreens,
lotions, fragrances

Cytotoxicity,
genotoxicity, reduced
reproduction, growth
rates, and survival,
bioaccumulation in
tissues

Organisms, surface
waters, treated
wastewater,
groundwater, drinking
(tap) water, biosolids,
sediment

10
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Micro- and
nanoplastics

Plastic particles with size
smaller than 5 mm, found
in several forms: film,
fragments, foam, fibre,
beads

Reduced feeding ability,
growth, reproduction,
and survival, endocrine
disruption

Organisms, surface
waters, treated
wastewater,
groundwater, drinking
(tap and bottled) water,
beer, seas salt,
sediments, air

Pesticides

Chemical substances that
kill, incapacitate, or
prevent pests from
causing damage

Reduce survival and
reproduction,

immunosuppression,
endocrine disruption

Organisms, surface
waters, treated
wastewater,
groundwater, drinking
water, precipitation,
sediment

Flame retardants

Classes of materials that
inhibit or resist the spread
of fire, such as
polybrominated diphenyl
ethers (PBDESs)

Bioaccumulation in
tissues, decreased
reproductive success,
neurobehavioural
effects, endocrine
disruption

Organisms, surface
water, sediment

Plasticisers

Chemical additives to
increase plasticity, such
as phthalates and
bisphenol A

Bioaccumulation in
tissues, cytotoxicity,
genotoxicity, endocrine
disruption, metabolic
disruption, altered
general behaviour

Organisms, surface
water, treated
wastewater, biosolids,
sediment

Disinfection by-
products (DBPs)

Chemical substances
resulting from the
interaction of organic
matter with disinfection
agents such as chlorine
during the water
treatment process

Cytotoxicity,
genotoxicity,
carcinogenesis

Treated wastewater,
drinking water

Nanomaterials

Materials in the
nanoscale with unique
optical, electronic,
thermo-physical or
mechanical properties,
such as titanium dioxide,
zinc oxide, or carbon
nanotubes

Cytotoxicity, altered
diversity, impaired
feeding ability, reduced
survival, growth rate and
reproductive failure

Organisms, surface
water, treated
wastewater, sediments

On the one hand, the increase in population and the disasters caused by climate change have
helped the presence and abundance of these CECs in water bodies. On the other hand, the
improvements in analytic techniques with greater sensitivity allowed their detection and
quantification even at trace levels, permitting the identification of these compounds in many
more matrices, including drinking water. Even if their concentration is relatively low, in the
range of ng L™ to pg L, long-term exposure can still cause broad detrimental effects on
human bodies and aquatic ecosystems. Notwithstanding, they are not subjected to specific

regulations or controlled by standardised legislation [8]. The extensive presence of these
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contaminants in surface water, groundwater, and drinking water also confirms that
conventional treatments in wastewater treatment plants (WWTPs), as well as drinking water
treatment plants (DWTPS), are not suitable for their complete removal, and there is the need
of innovative strategies to prevent, reduce, or remove the CECs presence in water bodies.

Among CECs contamination, microplastics and organic compounds received significant
attention in recent years due to their abundance and potential impacts on the environment
and human health. However, these two categories of contaminants present different
challenges for their removal strategy due to their differences in size and behaviour in water

environments.

2.3 Microplastics contamination

2.3.1 Microplastics: definition, analysis, and occurrence

Plastic has become an integral part of modern society, with its usage increasing
exponentially in recent years. It is lightweight, versatile, and durable, making it an ideal
material for a wide range of applications, from packaging to construction to medical devices.
Worldwide, plastic production has almost reached 370 million tonnes [9], with around 55
million tonnes produced in Europe, where of the total plastic waste, only one third is
recycled, around 40% is sent to energy recovery operations and over 23% is still to date sent
to landfill. Therefore, the growing demand for plastic and its poor management have led to
its accumulation in the environment, including oceans, rivers, and soils [10]. Furthermore,
plastic items can take time to decompose, from 20 to 500 years, depending on the material’s
structure and the degrading conditions, making this type of contamination quite persisting in
the environment. As a consequence, microplastics (MPs), defined as plastic particles smaller
than 5 mm, were found ubiquitously and abundantly in many water bodies and became a
widespread environmental challenge. They have recently gained a lot of interest since the
situation is expected to worsen in the near future and entered into the list of contaminants of
emerging concern [11], even if they are bigger in size compared to the rest of the pollutants.
Indeed, MPs are usually considered particles above the micrometre size where the

nanoplastics (NPs) range begins [12], even if the exact definition is still controversial [13].
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Although they are very much correlated, MPs and NPs differ in the number of studies
available, their possibility of being detected, and the technology to employ for their removal.
Therefore, for the scope of this work, MPs are primarily discussed due to their greater
detectability, as well as the availability of more research studies conducted to investigate
their impacts.

Among MPs, an important categorisation is between primary and secondary [14]. Primary
MPs are originally manufactured to have a size less than 5 mm; they are found in textiles,
medicines, and PCPs, such as skin exfoliators and shower gels, while secondary MPs are
derived from the fragmentation of larger plastic items due to mechanical and photo-
degradation generated by the natural wave action and UV irradiation [15]. The shape is also
an important factor that can influence their elimination efficiency and potential
environmental health risks [16]. They can be the direct results of the manufacturing or
degradation process and be in the form of fragments, fibres, microbeads, films and sheets,

among others (Figure 2.1).

) (D (D G

Fragments Fibres Microbeads Films and Sheets

Figure 2.1. Microplastic morphology types.

Plastic particles can also have various colours if coming from textile fibres and PCPs, which
can be released, for instance, through industrial discharges or domestic washing machines.
It might also be transparent from the degradation of packaging products like plastic bottles,
cups, and bags. Finally, to identify the source but also an efficient removal technology, it is
important to identify the polymer composition. Among the main polymers detected in water
bodies were polystyrene (PS), polyethylene (PE), polyethylene terephthalate (PET),
polypropylene (PP) and polyamide (PA) [13,14]. To summarise, a physical characterisation,
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with size, colour, and shape, and a chemical characterisation, with a clear assignment of the
polymer, are usually reported when describing the occurrence of microplastic in water
bodies. However, one of the main challenges in MPs and even more in NPs reports is the
lack of a standardised way to identify and quantify them, which results in a large variation
in concentration and particle size in the different studies. Common analytical methods are
shown in Table 2.2. For quantification, the visual method and scanning electron
spectroscopy (SEM) are mainly employed, while qualification is mainly done with Fourier-
Transform Infrared Spectroscopy (FTIR) or Raman spectroscopy, pyrolysis coupled with
gas chromatography (GC) or mass spectroscopy (MS) and finally, high-performance liquid
chromatography (HPLC) [17]. When only quantification is applied, the final estimation can
be greatly biased by the expertise of the observer, as plastic particles can be easily confused
with other materials [18]. All methods have particle size limitations other than advantages
and disadvantages. For this reason, identifying and quantifying NPs is even more

challenging.

Table 2.2. Summary of the main analytical techniques for MPs analysis. Adapted from [17].

Method Particle size Advantages Limitations

Depends on the Provide an overall

Visual Microscopic expertise of the picture of MPs The nature of the sample
Method counting P abundance, and it is cannot be determined
observer
low cost
. Sometimes can present
Down to 20 pm Non-destructive, well- difficulty in data
FTIR established, fast and . . o
can be analysed X interpretation, and it is
reliable ;
expensive
Spectroscopic Low sensitivity _ Interference due to
Method Raman >1um towards water, and it fluorescence. Very
analyses smaller MPs expensive technique

Down to micro- Samples need to be
SEM High-resolution image coated, and there is no
scale . R .
identification information

Samples analysed

Pvrolvsis Samole sizes together with Pyrolysis database
yroy P additives, no solvents, available for selected
GC/MS over 500 pm e
Chromato- method sensitive and polymers
graphic reliable
Method Several mg of No physical characteristics
sample for Recovery of selected or size information.
HPLC ; o .
chemical polymer is high Analyse only specific
extraction polymers

14



2. Introduction

Recently micro-FTIR has gained much more attention as an ideal method for quantification
and qualification together [19,20]. It combines FTIR spectroscopy with microscopy,
allowing the identification of the plastic particles visually and by the determination of their
chemical structure. Furthermore, micro-FTIR is highly attractive since it has shown great
reliability and with minimal need for sample preparation as it can be used to measure directly
on the membrane filter by performing a “chemical mapping” [21]. However, limitations
regarding refractive errors in the spectra of irregularly shaped particle surfaces might limit
the use of the technique since the results might be hard to interpret [21]. Also, not all the
filter materials are suitable for performing the chemical map, and a study should be
conducted beforehand to ensure that the IR window of the filter doesn’t cover the polymers’
signals and that the IR spectra are clear without leading to high diffractive errors that
compromise MPs identification. A further limitation is the detection limit down to 20 um;
therefore, other techniques, such as Raman spectroscopy, should be employed to examine
smaller particles.

The concern about MPs captured great attention because of their associated health impacts
on the human body and the ecosystems. So far, the threats towards marine fauna have been
widely reported [22-25]. Since plastics are relatively stable, they accumulate in the body
and can cause long-term damage. Among the symptoms mainly reported in aquatic animals
are malnutrition, inflammation, chemical poisoning, oesophagus blockage, abnormal
growth, and decreased fecundity. The threat is not only connected to the plastic itself, but
higher toxicity may be given by plastic additives, such as flame retardants, endocrine

disruptors, and other compounds shown in Table 2.3.
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Table 2.3. A list of plastic additives associated with their application.

Additive compound Function

Plasticisers Improve flexibility

Flame retardants Prevent polymer ignition

Surfactants Modify surface properties and allow
emulsion with incompatible substances

Inorganic fillers Increase stiffness and surface hardness
and improve impact resistance

Pigments Add colours to the polymer

Heat and UV resistance Delay, slow down or stop oxidation of
the polymer when heated or under
prolonged sunlight exposure.

Cross-linking additives Link together polymer chains

Some of these additives can have very strong negative effects on the human body and aquatic
organisms. For example, Bisphenol A, BPA, is an endocrine-disrupting chemical that can
adversely affect the entire hormones’ normal operation and might have a carcinogenic,
teratogenic and mutagenic effect [26].

Other than additives, MPs can carry on their surface other contaminants, also favourited by
the large surface-to-volume ratio that supports chemical accumulation. For instance, due to
their hydrophobic nature, they can attract on their surface other hydrophobic pollutants, such
as hydrophobic persistent organic pollutants (POPs), among interaction with
dichlorodiphenyltrichloroethane (DDT), polychlorinated biphenyls (PCBs), and other
dioxin-like chemicals were reported [26-28]. Finally, they act as a vector of
pharmaceuticals, promoting their bioaccumulation and biomagnification through the food
chain [29,30], and pathogens, which can colonise the plastic particles forming successional
biofilms and can infect the organisms they come in touch with [17]. Recent results have also
shown that MPs in WWTPs could act as protective substrates for the microorganisms,
shielding and protecting them from the disinfection treatments [15], increasing the chance
of diverse contamination of drinking water. Other studies have also revealed that MPs
presence might favour certain microbial communities and favour horizontal genes transfer

and the increase of antibiotic-resistant bacteria [31].
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To understand why the problem is so widespread, it is important to identify the main MPs’

routes into the environment, which are schematically represented in Figure 2.2.
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Figure 2.2. Schematic representation of the sources of MPs and plastic waste pathways.

The routes of MPs into the environment are many, and the most common is the fragmentation
of macroplastic into microplastic [11]. Macroplastic are mainly in the environment due to
land littering and bad waste management practices, such as poorly maintained waste
collection and disposal facilities. Once in the environment, they are exposed to photo,
mechanical, and biological degradation; they become brittle and easy to break into smaller
particles, which are then easily transported by ocean and wind currents [18]. Washing
machine effluents were also found as an important MPs contamination source, where the
MPs are mainly in the form of synthetic fibres deriving from the mechanical stress of
cleansing and centrifugate clothes [32]. Finally, car tyre debris, resulting from the wear and
tear of the tyres as they are used on roads, are also an important point source of secondary
MPs [14]. Among primary MPs, consumers’ cosmetics and PCPs are probably the most
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important, but accidental and operational losses from industrial manufacturing and industrial
products should also be addressed [11].

A part of the MPs that enter the WWTP is successfully removed; however, WWTPs are also
seen to play an important role in their release into nature, reported in several effluents with
variable range size and quantities between 108 to 10%° particles per day [14]. Indeed, MPs
undergo more mechanical stresses that induce further fragmentation before being discharged
into water bodies or in the form of sewage sludge, which is then utilised as biofertilizers,
incrementing soil pollution [14,33].

Once in the environment, microparticles can travel long distances as they can be transported
by wind and water currents. This can lead to their widespread distribution throughout
different ecosystems, such as oceans, rivers, lakes, and soil, and considering their role as
chemicals and pathogens vectors can lead to catastrophic dispersion of species in new
ecosystems [34]. In aquatic environments, MPs can be ingested by a variety of organisms,
from plankton to fish and other aquatic species, causing their death and disease. Due to the
accumulation of the MPs in their body, they pass them on to their predators, and so they
enter the food chain and transfer bottom up along all the levels. The presence of MPs in food
and beverages has been observed worldwide. Most published studies have identified
drinking water, bottled water, beer, salt, honey, seafood, and even air as relevant dietary

sources of MPs for humans [35-38].

2.3.2 Main technologies for microplastic removal

Despite the abundant detection and potential threat, to date, no legislation is in place to limit
their presence in WWTPs effluents and the MPs content in drinking water [39]. However,
some attention has been given to their fate, and some engineered technologies have been
explored for their removal [13,40-44]. Figure 2.3 depicts the main processes explored for

MPs removal for water treatment and the corresponding pros and cons.
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Figure 2.3. Main engineered technologies for MPs separation and degradation in water treatments.
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Among them, coagulation and flocculation followed by membrane separation have been
investigated by Ma et al. [45,46] in a couple of studies. They showed it has a high potential
to remove small particles of MPs since the coagulants enable them to bind together, creating
larger aggregates which are easier to separate; however, the chemicals added would
negatively influence the following indispensable membrane process, by increasing the
pressure needed for the flux to pass through. Electrocoagulation [47], magnetic extraction
[48,49], and electrostatic separation [50] are interesting options recently explored for MPs
removal. The former consists of the addition of the coagulants, which this time is followed
by applying an electric charge to water to separate the agglomerations. Magnetic extraction
is based on the addition of hydrophobic iron nanoparticles, which bind to plastic and allow
their recovery by applying a magnetic field. Finally, electrostatic separation takes advantage
of the different electrostatic behaviour of the plastic particles and separates MPs by type, but
in dried and unconsolidated samples.

Photodegradation has also been explored for MPs degradation, mainly by direct sunlight
exposure; however, it was very slow and inefficient, depending on the MPs’ size [51,52].
Recently, advanced oxidation processes (AOPS) are receiving increasing attention thanks to
their potential to degrade many water pollutants [53]. They refer to a set of chemical
treatments consisting of highly reactive species used for the oxidative degradation of target
pollutants. Among the AOPs, the combination of UV radiation with oxidants [53], ozonation
[54-56], Fenton-like reactions [40,57], and wet oxidation [40] were investigated for MPs
degradation. The first two processes were found to decompose some types of MPs
successfully, but the decomposition mostly only occurred on the surface of the particles. The
treatments’ cost was variable but ranged from medium to high since also long treatment
times were needed for MPs removal. Wet oxidation is a form of hydrothermal treatment
consisting of oxidising suspended components in water using oxygen; however, the critical
points were the high temperature and pressure necessary for the reaction. MP degradation
was also studied through biological digestion [58,59], but very variable MPs structure
modification was observed. The greatest efficiency was observed when engineered bacterial
strains were employed, but the risk of accidental uncontrol release of genetically modified
organisms (GMOs) into the environment is a potentially significant drawback [40].
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Both photo-oxidation and biological degradation treatments simulate and accelerate the
natural degradation processes, inducing fracture and crack on the plastic surface and
increasing the decomposition rate. Therefore, the risk is that these processes only lead to
higher fragmentation of larger MPs into smaller ones, which are more easily transported by
wind and water and can enter more easily into the organisms. However, the potential of these
treatments can be seen in the overall reduction of MPs and NPs when complete removal is
achieved, especially for the latter, since other methods might fail and the treatment time
required to complete the degradation is smaller.

Finally, sol-gel (alkoxy-silyl) induced cluster reactions, similar to coagulation and
flocculation, have also been studied as a potential method for MPs removal [60]. In this
process, the particles form larger agglomerates which can be more easily separated since
they float on the water’s surface. However, a separation system must be coupled with the
treatment, and typically, driven-pressure membrane filtration is employed. The latter has
captured significant attention combined or not with aggregation substances, thanks to the
simple operation, high efficiency, and high treating volumes. However, the treatment costs
can vary significantly depending on the membrane properties and the transmembrane

pressure (TMP) necessary for the flow to pass [61].

2.3.3 Membrane filtration

Among the main engineering technology explored, membranes generated considerable
interest and can play a fundamental role in tackling the problem of MPs [62]. They have
already been extensively used for advanced drinking water treatments, and, depending on
the membrane and feed suspension properties, they can be specific to intercept different
pollutants. By now, several membrane processes have been explored for microplastic
removals, such as micro (MF), ultra (UF) and nano-filtration (NF), reverse osmosis (RO),
and dynamic membrane (DM) [63,64]. Figure 2.4 shows the main pressure-driven
membrane processes. The pressure is imposed on the feed side to separate water into the
permeate, the purified water, and the retentate, which is the concentrated solution with the
removed pollutants to be discarded. Depending on the suspended size of the particles, and

the membrane pore size and material, the costs and the applied pressures can differ.
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Figure 2.4. Schematic of the main pressure-driven membrane processes for water treatment
technologies. Adapted from [65,66].

MF permits to obtain good water quality economically thanks to low energy consumption,
high separation efficiency and compact plant size. MF is a low-pressure process, in the range
of 0.1-5 bar, and membranes with pore size in the 0.1-10 um range. UF has smaller pore
sizes (10-100 nm), in which the liquid is forced through the membrane by applying a higher
TMP. UF membranes are usually used in WWTPs for removing bacteria, colloids, and
viruses. NF takes the lower end of UF and the upper end of RO. NF membranes are usually
employed to remove colour, taste, odour and trace organic contaminants; however, they
require higher operations costs. RO is able to separate up to ions and works by applying
TMP in the range of 10-150 bar. It is currently mainly applied to desalination or where high
purity of water is needed, such as in biopharmaceutical manufacturing. Finally, DM is an
emerging filtration mechanism based on the formation of a cake layer which acts as the
barrier for the pollutant if it is not too dense. Among the advantages are low TMP required
for the operation, compact systems with higher permeation flux, relatively low-cost filtration
materials, and no extra chemicals need; however, the removal efficiency is not high, and it
mainly relies on the cake layer formation. Membrane bioreactor (MBR), disk filters (DF),
and zeolites/carbon or nanomaterial are among other membrane technologies recently
explored for MPs removal. MBR consists of a separation process (usually UF and MF

membrane) promoted by biological catalysts, which help decrease the solution complexity
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by biodegradation of the organic matter in the MPs solution. Although it is a promising
technology for reducing MPs in WWTP effluent, it is not optimised for that scope, and the
cost of operation and maintenance can be prohibitive in some applications due to the regular
replacement of membranes needed and intensive energy inputs for aeration and pumping.
DF include several woven filters meshed, which help reduce the MPs occurrence, used
mainly as a final polishing step in WWTPs. However, studies showed that DF’s main
drawback is secondary microplastic contamination, which refers to MPs re-entering water
streams due to membrane breakage. Furthermore, pore-clogging makes it necessary to
operate frequent backwashes, which increases the MPs leakage. Finally, filtration with
zeolites, carbon, or nanomaterials was mainly developed for other purposes but has also been
explored for MPs. However, they are expensive operations and show technical problems
such as low-flow water, limited sample volume capacity, and frequent clogging that limit
the use of these technologies in real scenarios [67].

Overall, a literature review has shown the need for ad hoc designed microplastic separation
solutions. Among the membrane processes, MF could be a good compromise between the
operational costs and the removal efficiency if the target is mainly MPs with a size above
the nanometre range. The main factors influencing the performance of membrane processes

for MPs removal are summarised in Table 2.4 and depend on both the membrane and MP

properties.
Table 2.4. Factors affecting the MPs removal by membrane processes.
Influencing factors Filtration process parameters
Material
Membrane Pore size Filtration mode
Surface properties Flux
Shape Transmembrane pressure
Size Filtration time
Mass Mass removal
Microplastics Chemical composition Particle number removal
Concentration Fouling mechanisms
Surface properties Fouling degrees
Source of polluted water

23



2. Introduction

It is important to point out the inexistence of standardised protocols to measure the final
removal since it has led to information not being directly comparable. For instance, the MPs
removal was often reported in different units, such as mass and particle number removal
efficiency [68]. Therefore, the importance to define both in the filtration process parameters.
Another important distinction to make is the filtration mode, which can be in dead-end and
cross-flow. In the former, the fluid flow direction is the same as the filtering direction, while
for cross-flow processes, the flow is tangential to the membrane surface. Usually, in cross-
flow configuration, the liquid that does not pass through the membrane is directed back into
the system to increase the overall efficiency. Dead-end MF has been mostly used for small-
scale operations; it has a simpler operation compared to a cross-flow configuration, needs a
lower capital cost and allows an easier recovery of the highly concentrated feed which
accumulates on the membrane surface. In contrast, cross-flow MF has the advantage of
working with higher flow rates, therefore suitable for larger scale applications, and it has a
reduced risk of fouling and membrane clogging; however, the capital costs are higher, and
the operation and maintenance are more complex [69].

Since there is a need to implement a relatively low-cost and efficient strategy to limit MPs
occurrence at the drinking water level, the dead-end configuration is an interesting option
that can also be easily implemented for household system applications. This would also
allow recollection of the MPs removed and further proper disposal. However, the major
challenge in membrane processes, particularly in dead-end configuration, is the reduction of
filtration capacity over time due to fouling given by the accumulation of suspended particles
on the membrane surface or within the pores. Fouling can impose economic and operational
issues if not appropriately controlled, and by knowing the mechanisms and the kinetics, it is
possible to develop efficient strategies for minimising it and optimising MP removal.
However, even if membrane technologies captured significant attention for MP remediation
and fouling represents a critical problem for the design and operation of the system, there is
a considerable knowledge gap on membrane fouling by MPs and the impacts and interactions
between them [64]. In this regard, only five studies were found and listed in Table 2.5, where
the membranes under investigation, the filtration mode, the particle type and size, and the
MPs inlet concentration were reported.
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Table 2.5. Literature review on membrane fouling by MPs.

Membrane Eiltration mode Particles Particles Initial MPs Ref
employed type size concentration
Polysulfone (PSF) cross-flow range of
UF membrane with | configuration at PE particles 13—680 am 10mg L? [70]
MWCO of 30 kDa | constant pressure
UF polyvinylidene
fluoride (PVDF) cross-flow varying from
m(:lrﬁlt:?;xgltzrk?es configurationata | PS particles Oriljfse o1r‘n 0.01mgL*to | [71]
. .’ | constant flow rate ' K 1mglL?
with mean pore size
of 0.03 um
UF and MF PVDF dead-end PE particles concentration
membranes confiquration at directly range of varying from [72]
(respectively 0.03 consta?nt ressure synthesised | 1-100 um | 0.1 mgL*to
and 0.2 um) P for the study 10mg L?
UF PVDF dead-end range of 1mglL?
membrane with configuration at PE particles 40- 498 m (~18,000 [73]
MWCO of 100 kDa | constant flow-rate H particles L?)
PS particle 1
Alumina both in cross-flow shape size below %?(_)zg-g]c?wl_anlg
membranes of 0.2 and dead-end (sphere, 5 um 5 mg Lbin [74]
um pores configuration peag:;,r)and dead-end

*where the molecular weight cutoff (MWCO) is the size of the smallest particle or molecule that can pass

through the membrane

Only three different membrane materials (PSF, PVDF, and alumina) were investigated,
while the MPs studied were PE and PS particles. Enfrin et al. [70] modelled the fouling
mechanisms for UF PSF membrane due to PE particles in cross-flow configuration and at
constant pressure. Li et al. [71] mainly looked for anti-fouling strategies for UF PVDF to
filtrate PS particles by adding aluminium-based flocs or introducing module rotation. LaRue
et al. [72] worked with real solution matrixes and found that the presence of PE particles
greatly increased the magnitude of the flux decline in both MF and UF PVDF membranes;
however, MF showed higher flux recovery when backwash was employed. Xiong et al. [73]

investigated more closely the PE influence in stimulating microbial activity, which increases
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the production of extracellular polymeric substances, found to affect UF PVDF membrane
biofouling strongly. Finally, Tanis-Kanbur et al. [74] focused on the impact of PS particles
with different shapes and surface charges on alumina membranes and found that the
unmodified PS particles had the highest interaction with the membrane, hence the highest
fouling performance.

As a result of the review, a significant knowledge gap is still present in understanding the
main fouling mechanisms occurring with different MPs and membranes, the kinetics trend
of the fouling depending on operating conditions, such as initial MPs load and the working
TMP, and identify the main interactions between MPs and membrane fouling. Filling the
gap is essential for the correct implementation of membrane technologies in daily water

treatments, including in households, hence, the interest in its investigation.

2.4 Organic micropollutants contamination

Organic micropollutants are a broad category of contaminants that can include, among
others, pharmaceuticals, pesticides, and PCPs. They are single chemical compounds, and
their size makes the removal with microfiltration membrane treatment unviable.

The occurrence of these compounds in the environment is also reported in many publications
during the last decades [75,76]. Like MPs, these micropollutants can follow many pathways

to nature, as shown in Figure 2.5.

26



2. Introduction

~.

,-@ﬁj /Y
y F
Surface water
u?n —" [
m I | .HH ‘ ' Groundwater
Households Hospitals Industries  Agriculture and
livestock
|
=D %
S <>
" D
1l @) P
N
Septic tank Sewage systems WWTP DWTP

Figure 2.5. Representative sources and paths of organic micropollutants in the environment.

They can enter the environment through industrial wastewater discharge, runoff from
landfills and agricultural lands, hospitals and veterinary effluents, as well as domestic
wastewater discharges [77]. Other ways could be due to the leaching of septic tanks, a direct
release to open waters via washing, bathing, or swimming, or contaminated discharge of
industrial waste during their production or if employed in the plant. Finally, also irrigation
and soil amendment with biosolids from WWTPs could help their spread in the environment
[78]. A great concern is due to the consequences to humans and biota. In some
pharmaceutical cases, some direct toxicity was found in aquatic organisms [79]; however,
the main issues concern the recalcination of these pollutants and, therefore, the long-term
exposition that can lead to serious chronic effects [80].

To date, there are no legal discharge limits also for these pollutants into the environment,
but with the Decision 2015/495/EU [81], the European Commission established a watch list
of substances for Union-wide monitoring, including 10 substances or groups of substances,

for a total of 17 organic compounds listed in Table 2.6.
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Table 2.6. List of 10 substances/groups of substances (total of 17 organic compounds) included in
the first EU watch list.

Name of the substance CAS number Classification
17-Alpha-ethinylestradiol (EE2) 57-63-6 Pharmaceutical
17-Beta-estradiol (E2) 50-28-2 Natural hormone
Estrone (E1) 53-16-7 Natural hormone
Diclofenac 15307- 86-5 Pharmaceutical
2,6-di-tert-butyl-4- methylphenol 128-37-0 Antioxidant
2-ethylhexyl-4- methoxycinnamate 5466- 77-3 UV filter
Azithromycin 83905- 01-5 Antibiotic
Clarithromycin 81103- 11-9 Antibiotic
Erythromycin 114-07- 8 Antibiotic
Methiocarb 2032- 65-7 Pesticide
Imidacloprid 138261- 41-3 Pesticide
Thiacloprid 111988- 49-9 Pesticide
Thiamethoxam 153719- 23-4 Pesticide
Clothianidin 210880- 92-5 Pesticide
Acetamiprid 135410- 20-7 Pesticide
Oxadiazon 19666- 30-9 Herbicides
Tri-allate 2303- 17-5 Herbicides

The substances were chosen for their high persistence in the environment, potential for
bioaccumulation, toxicity, potential for widespread exposure, and lack of current regulation
[81]. The aim of the watch list is to monitor them and generate high-quality data on their
concentration in the aquatic environment to determine appropriate strategies and address

their risk and occurrence.

2.4.1 Diclofenac contamination

Among the organic compounds reported in the first watch list developed according to
Directive 2013/39/EU in regard to priority substances in the field of water policy [82],
diclofenac (DCF) captured significant attention. It is a non-steroidal anti-inflammatory drug
(NSAID) and is considered harmful to several species at environmental concentrations. In
reviewed studies, DCF was reported to be ubiquitous in municipal wastewater treatment
plants and aquatic environments at concentrations up to several pg L™ [76,83-85]. In Figure

2.6, it is presented its chemical formula and structure.
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Figure 2.6. Diclofenac chemical formula and structure.

DCEF is principally known for the dramatic decline in the population of vultures in South
Asia and was recently reported to have caused death to a European vulture [86]. Among
other threats, DCF has been shown to bioaccumulate in mussels and fish in relevant
concentrations [84], and to be toxic to various aquatic species, causing reduced feeding
activity, impaired growth, and increasing mortality rates [83].

Due to the considerable interest in both MPs and DCF, studies have also been conducted to
investigate the potential adsorption of the latter onto plastic surfaces. While there are several
factors affecting sorption, including environmental pH, ionic strength, salinity, the presence
of other competing sorbents, as well as the type of MPs, their weathering degree, particle
size, and available surface area, DCF has been found to be generally absorbed on the surface
of MPs up to some mg g [87-89]. Therefore MPs can be another source of DCF carriers in

the aquatic food chain.

2.4.2 Main technologies for diclofenac removal

Traditional WWTPs and conventional DWTPs are ineffective at removing DCF. Therefore,
considering the widespread presence of DCF and its associated risk, there is a need to
develop new treatment strategies that can effectively remove it together with other organic

contaminants.
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Various new treatment technologies have been explored and tested in recent years for
removing DCF from water and wastewater [85]. These include adsorption using activated
carbon, membrane processes, biological treatment, photolysis, and AOPs [90]. The former
employs the use of activated carbon, which is a highly porous material with a large surface
area. It has been found to be quite effective for DCF removal, with an efficiency of around
90% [91]. However, the major challenge of its practical application is the environmental and
economic aspects of the regeneration of the adsorbent material. Membrane separation was
investigated but mainly employing high-pressure systems, which are the most suitable for
the rejection of these small organic micropollutants. Indeed, MF is not appropriate in this
scenario as it can only remove contaminants above 1 um. NF and RO were the most effective
for removing pharmaceuticals, reaching efficiencies > 90% [91,92], but greatly increasing
the overall treatment cost, also considering the need for membrane surface modifications or
additional strategies to reduce fouling. Biological processes, such as activated sludge
systems, involve the use of microorganisms to degrade DCF, which can be aerobic and
anaerobic. They have achieved efficiencies up to 90% in the best case [90]; however, the
main drawback is the toxicity of this contaminant towards the microorganisms involved.
Finally, photolysis and AOPs have also received great attention for the removal of DCF and
in general, pharmaceutical and other organic compounds, achieving efficiencies above 70%
in all the reviewed studies [85], even if some attention should be posed to the potential
presence of harmful and unstable by-products occurring when the treatment time is
incomplete [92,93].

Figure 2.7 shows a summary of the AOPs adopted for the removal of DCF. Yet, they can be
categorised based on different criteria, such as the source of the hydroxyl radicals [85], non-
photochemical or photochemical methods [94], and homogenous or heterogeneous phases
[95]. As mentioned for the MPs removal, the term AOPs refer to a group of chemical
treatment methods that generate reactive species such as hydroxyl radicals (HO"), which are
capable of breaking down and removing organic pollutants from wastewater, oxidising and
mineralising them into carbon dioxide, water and inorganic ions [94]. Although photolysis
involves the use of light to break down the molecules and is sometimes included within
AOPs, the inclusion is sometimes debated as the mechanisms of action are different from
the other AOPs.
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Figure 2.7. Photolysis and AOPs explored for the removal of DCF, adapted from [85]. Photolysis
and Photolysis + Oxidants are boxed since chosen in this study.

During photolysis, the molecules absorb the radiation in the form of photons, which gives
the energy necessary to excite specific electrons and form free radicals, which start a series
of chain reactions to give the reaction products [96]. Each photon has an energy associated

with it, E;, depending on the wavelength () according to Eq. (2.1).
h-c
Ey= =~ Eq.(2.1)

Where h is Planck’s constant and c is the speed of light.

Among the main factors influencing the performance of the photolysis, the most important
ones are the intensity and wavelength of the radiation and the quantum yield of the
compound to be eliminated. Photolysis alone has many advantages, like the absence of
chemical products and low maintenance and operation costs. However, only certain
pollutants are removed and to a limited extent. Moreover, the presence of turbidity can
compromise the effectiveness.

To increase the effectiveness, UV radiation is often applied with oxidants to enhance the
production of radicals. Together they increase the degradation rates of the parental pollutants
and the potential by-products [96]. When used alone, the oxidants do not show high
oxidising abilities, but the UV/oxidant system takes advantage of the synergy action given

by the photolysis, the oxidant, and the photolysis of the oxidant, which help generate the
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reactive species. The treatment cost should then consider the oxidants’ price, offset by the
typically shorter degradation times.

Fenton processes use a combination of iron catalysts and hydrogen peroxide to generate
hydroxyl radicals. They are effective for a wide range of organic pollutants, have fast
reaction Kkinetics, and can combine with other treatments; however, they have limitations,
such as the presence of iron in the sludge, which causes secondary pollution and the need
for an additional treatment stage, in addition to requiring acidic conditions for the reaction,
which raises costs due to pH correction [97].

Sonochemical oxidation involves the use of ultrasound waves in the range of 20-500 kHz to
generate reactive species, such as hydroxyl radicals, which can degrade organic pollutants.
The ultrasound wave creates cavitation bubbles in the liquid, which then collapse, producing
high temperatures (>5000 K) and pressures (>1000 bar), where the formation of the H* and
HO" occurs. Its advantages include its ability to degrade a wide range of pollutants and its
compatibility with other treatment methods. However, alone it has low efficiency; therefore,
it is often used in combination with UV, Os, H20> or a catalyst [85]; also, it has some
limitations, including the potential for reactor scaling.

Electrochemical oxidation involves the use of an electric current to generate reactive species
and degrade organic pollutants. Electrochemical oxidation has several advantages, such as
low energy requirements and its ability to operate at ambient temperature and pressure.
Nonetheless, among the limitations are the potential for electrode fouling and the need to
carefully select electrode materials and process parameters [85].

Heterogeneous photocatalysis consists of a solid phase (the semiconductor material) and a
liquid phase (the contaminated water); the reactions occur on the catalyst surface, where the
most used one is titanium dioxide (TiO2). A UV source irradiates the catalyst and is typically
used in combination with an oxidant to generate more reactive species. Among the
advantages is the potential to selectively target specific pollutants and be low-cost, but the
main difficulties faced are catalyst deactivation and recovery. Furthermore, applications on
a large scale are challenging due to the ununiform distribution of radiation [85].

Among the different AOP technologies explored, Miklos et al. [98] evaluated the most
efficient ones based on energy consumption, where the unit of comparison chosen was the
electrical energy consumption (EE/O) first defined by Bolton et al. [99]. The EE/O describes

the electric energy required to degrade the contaminant by one order of magnitude in
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contaminated water, and it was chosen since electricity often represents a major fraction of
the total AOP cost [98]. From the comparison, it was found that AOPs can be divided into
three main groups: the first group having EE/O values below 1 kwh m=order, where there
are the UV-based treatments; a second group with EE/O values ranging from 1-100 kWh
m= order?, among others photo-Fenton and electrochemical oxidation, and the third group
with EE/O values above 100 kWh m order? such as ultrasound and photocatalysis.
Therefore for this study, the UV-based treatment and photolysis alone were selected for
removing DCF in water, given their affordability and a high potential for different scale
reactors and water applications. Furthermore, UV treatments, particularly with UV-C,
already have broad applicability and effectiveness for disinfection purposes at the drinking
water level and directly at the point-of-use, making it a very suitable technology to be
explored for decontamination [100].

Among the most explored oxidants, hydrogen peroxide has commonly been employed since
safe, abundant, and easy to use. It is considered one of the most viable AOPs [96], and it is
already applied for full-scale application for potable water reuse integrated with other
systems [98]. Other typical radical promoters are ozone, peroxymonosulfate (PMS),
persulfate, and free chlorine (FC) [98]. UV-Os treatment covers a wide range of pollutants;
however, it is not very energy efficient due to the large amount of electricity needed for both
the UV lamp and the ozone generator. PMS and persulfate received great attention thanks to
their high efficiency in removing a wide range of persistent pollutants [101]. Other than
hydroxyl radicals, they generate sulfate radicals (SO4 "), which have strong oxidising power
and are more selective than HO". Finally, FC, which refers to the sum of HOCI and OCI" by
a correlation strongly dependent on the pH [102], is a recently promising AOP, where it
forms together with HO" reactive chlorine species (RCS) such as CI°, which are more
selective in oxidising the organic compounds.

However, while ozone is highly energy-expensive, PMS and persulfate were found to be less
environmentally friendly than H2O.. Indeed a recent study conducted by Pesqueira et al.
[103] examined the life cycle assessment of UV-C combined with H20O., PMS, and persulfate
by evaluating the potential impact in several environmental categories. They found that PMS
and persulfate production were contributing more to the environmental footprint than the
electricity employed during the process. Therefore, even if the process was effective, from

the environmental perspective, their use was not recommended, while the use of H>O> was
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preferred to reduce the degradation times. On the other hand, UV/FC was chosen since it is
an emerging AOP that has become increasingly popular since chlorine is low-cost and is

already used in water as a disinfection agent against re-contamination [104,105].

2.4.3 Light-emitting diodes (LEDS)

In all the photolysis and UV-based AOPs, the irradiation source is a significant drawback of
the treatment. Usually, it consists of a low-pressure (LP) mercury lamp which emits a narrow
spectrum at 254 nm, and in some cases, a medium-pressure (MP) mercury lamp with a
polychromatic emission spectrum in the range of 200-400 nm [96,98]. Even though MP
lamps emit higher output energy than LP, the broadened wavelengths emitted from the
former reduce their germicidal efficiency; therefore, most of the studies focused on LP
mercury lamps. Other UV-C sources explored were excimer lamps and quasi-
monochromatic light sources operating below 222 nm. In particular, excimer lamps studied
were Xenon (Xe2) and Krypton (KrCl), emitting respectively at 172 nm and 222 nm [106].
However, the mercury lamp based received greater attention so far thanks to their higher
radiant power and longer lifetime [106,107].

Over the last decade, ultraviolet light-emitting diodes (UV LEDsS) in the UV-B (280-315nm)
and UV-C (200-280nm) range have gained attention as an alternative mercury-free UV
source, which can give a major contribution to UV treatments. While also UV-A LEDs have
gained interest and are widely used in water treatment [108], UV-B and UV-C bands have
the potential to be more effective as they correspond to the absorption spectra of the DNA
and many persistent pollutants, enhancing their elimination and degradation. LEDs are
semiconductor p-n junction devices producing photons when current flows through them.
The energy gap of the semiconductor determines the LED wavelengths, which corresponds
to the energy of the photons when required to cross the band gap to recombine with the
electron holes. The overall operating efficiency depends on several factors: the
semiconductor crystal growth fabrication process, the operation design of the LED device,
the packaging assembly, and finally, the full system integration. However, the three main
problems currently facing are low wall-plug efficiencies, ageing of the packaging material,

and thermal management issues [109].
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Table 2.7 summarises the different UV sources explored for water disinfection and

purification with their main characteristics.

Table 2.7. Comparisons of the UV sources for water disinfection and purification.

UV sources UV range (nm) Radiant power Lifetime (h)  Reference
efficiency (%0)
LP-Hg 253.7 30-35 7000-12000
MP-Hg 200-400 30-35 7000-12000 [106]
Xez 172 10 5000
KrCl 222 5-8 3000-5000
UV-C LED 265-280 5-10 >6000 [110]
UV-B LED 280-315 4-9.6 10000 [110,111]

The development since the first UV-LED shows that improvements far beyond the current
state can be achieved. Furthermore, UV-B and UV-C LED are becoming increasingly
relevant, especially after the outbreaks of the coronavirus disease 2019 (COVID-19)[112],
for the need to sterilise and disinfect material rapidly. Therefore, a lot of attention is being
posed to improving the efficiency of each step of the LED production and reducing the
overall cost, with a UV market in exponential growth, hitting $144 million in 2019 and
expected to reach $991 million by the end of 2023 [113]. The LED’s efficiency is then
expected to follow a similar trend, while the price is likely to follow a mirrored trend,
decreasing as supplies and products increase.

LEDs offer numerous advantages, one of which is their environmental sustainability due to
their mercury-free nature. Mercury is, in fact, a hazardous material, easily absorbed by the
skin, respiratory tract, and digestive tract of organisms and also dangerous for the
environment. Then, if the lamps are broken during installation, maintenance, or disposal,
mercury vapour may enter the drinking water supply or may expose people to danger [114].
For this reason, in 2013, 127 countries signed the Minamata Convention on Mercury, named
after the disaster that happened in the mid-20" century in the homonym bay in Japan, where
thousands of people died of mercury-poisoned wastewater. The objective of the Convention
is to reduce the overall mercury level in the environment over time [115]. In contrast, UV
LEDs only contain a tiny amount of metals held within a crystalline structure and cannot
leach in case of breakage or disposal [116].
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Other advantages are that they allow an instant on and off, with no impact on the lamp
lifetime, enhancing energy savings during the different applications, and they are compact
and robust, allowing for high design flexibility. Another great advantage is that the
irradiation intensities of the UV LEDs can be modulated depending on the specific
application. With proper water monitoring, the voltage of the LEDs can be adjusted to reach
the desired disinfection or chemical degradation with the lowest energy consumption.
Finally, key aspects of UV LEDs in comparison to mercury lamps are wavelength selection
that can activate the oxidants of interest and tackle specific contaminants. Indeed, the last
two points have incredible potential in UV-based AOPs since the overall performance of the
process is remarkably dependent on UV wavelength and intensity [96].

A comparison of the main advantages and disadvantages of the UV mercury lamps with the

UV LED:s is represented in Figure 2.8.
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Figure 2.8. Main advantages and disadvantages of UV mercury lamps and UV-B and UV-C LEDs.

Several review papers have already identified and summarised the advances in UV-C LEDs
for water disinfection purposes [117-119]. While for removing contaminants, much higher
doses (>200 mJ cm™) are needed [98], and therefore fewer studies have been conducted so
far. However, given the need to reduce water contamination from these organic

micropollutants and increase the resilience of centralised and decentralised water systems,
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from large-scale to small-scale applications, LEDs can play a fundamental role with their
high design flexibility. Nonetheless, more studies are needed to investigate tuneable
wavelengths, intensities regulations, and dual-wavelength systems to increase the overall

performance of photolysis alone or coupled with the oxidants.

2.4.4 Environmental impact of UV treatments in water systems

To assess the relative environmental impacts between UV-C LEDs and conventional UV-C
mercury lamps during water purification, environmental Life Cycle Assessment (LCA) is
the preferred method thanks to its international recognition and widespread use [120]. LCA
considers all aspects of the life cycle, including manufacturing, distribution, use, reuse,
recycling and end-of-life. In this regard, there are three main approaches: cradle-to-gate,
cradle-to-grave, and cradle-to-cradle [121]. The cradle-to-gate approach considers the
environmental impacts of a product or process from the extraction of raw materials to the
point of leaving the factory gate, not taking into account the use phase or end-of-life impacts.
Cradle-to-grave considers the environmental impacts of a product or process from the
extraction of raw materials to the end of its useful life, including disposal or recycling.
Finally, cradle-to-cradle is more associated with the circular economy concept; it is a closed-
loop system that aims to eliminate waste by designing products and materials that can be
perpetually reused or recycled without losing quality or value. By examining the potential
environmental impacts over the entire life cycle and comparing alternative pathways, LCA
provides valuable insights for optimising the process, highlighting the hotspots, and
recommending further measures to reduce the overall environmental footprint.

LCA has been widely used in assessing the environmental impact of established
technologies, but it is increasingly being applied to emerging technologies. In this context,
ex-ante LCA can be used to evaluate the environmental impact of a technology in its early
development stages, in an experimental proof of concept, or validation in the lab or pilot
plant [122]. In relation to this, technologies are commonly characterised by the technology
readiness level (TRL) indicator, a method for estimating their maturity. It was first developed

by NASA but was adopted by the European Commission in 2010 and canonised by the
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International Organisation for Standardisation (ISO) with the publication of 1ISO 16290:2013

[123]. A schematic representation of the TRL system can be found in Figure 2.9.
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Figure 2.9. Technology readiness levels adopted by the European Commission [124].

While traditional, ex-post LCA studies usually perform assessments at the deployment stage
(TRL7-TRL9), ex-ante LCA studies can be beneficial for identifying potential
environmental hotspots or trade-offs associated with the new technology and opportunities
to reduce its environmental impact. Ex-ante LCA consists of exploring and assessing a range
of possible scenarios that define the space in which the emerging technology may operate,
often compared to incumbent technologies. Contrary to ex-post LCA studies, it serves as a
proactive approach to integrate environmental considerations into decision-making
processes when important decisions can still be made without major disruptions, helping
prevent avoidable environmental burdens and regrettable investments [122]. However, one
of the main challenges of conducting LCA for emerging technologies is the availability of

comprehensive data at the early stage of product development or for a novel process and

38



2. Introduction

uncertainties associated with the data quality completeness, which may affect the accuracy
of the assessment. Furthermore, ex-ante LCA involves making predictions based on
assumptions, models, and estimation, which can affect the results once the technology is
implemented, depending on the validity of the assumptions. Nevertheless, these challenges
can be addressed by transparency and robustness of the assessment methodology and by
acknowledging the inherent uncertainties.

Within the frame of LCA application on emerging technologies, a small review of the LCA
status for UV water treatment focused on removing CECs was conducted. The SCOPUS
database was employed, selecting as keywords: “life cycle assessment” and “photolysis™ or
“UV radiation” and “water”. Only 4 papers were selected among 9 studies on UV water

treatments since the UV source was clearly specified and included in the life cycle inventory

(Table 2.8).

Table 2.8. LCA studies on UV water treatments where the UV source was clearly specified in the

inventory.
Year Advanced Treatment Functional Unit TRL Ref
UV-A, UV-C, UV-C + H;0;
UV-A source: Compact fluorescent .
. “The effective removal of 1 ug of | Lab scale
2018 | 'amp (Rad'”mgg'ﬁ:ﬁ;’ 9WIT8,350- | 17, ethynylestradiol (EE2) per | (TRL2- | [125]
UV-C source: 11W LP mercury lamp litre of treated wastewater TRL3)
(Phillips, TUV PL- S)
UV-C- HZOZ'eLrJ;SI_]g:{ZMS’ UV-C- “The treatment of 1 m® of urban UWWTP
2022 UV source: F.’)LG LP mercury lamps secondary wastewater containing (TRL5- [103]
(WEDECO ELR-30-1; 330 W) several micropollutants TRL6)
UV-BL/TiO; versus UV-LEDs/TiO;
Sources: UV LP blacklight (BL) “Treatment of 1 L of polluted Lab scale
2022 fluorescent lamp (UV-BL 354-400 water to remove 90% of BPA (TRL2- [126]
nm, PLS G23, Casell Lighting) with an initial concentration of TRL3)
versus UV-LEDs (365 nm, LZ4- 7.5mg LY
00U600, LED Engin)
“The abatement by an order of MWWTP
UV-C, UV-C + H,0; e UV-C + TiO magnitude (log 10) of all blrjmgige
et 2~z 2| persistent pollutants present in P
2023 | UV source: LP mercury vapour lamp 1m? of wastewater to be treated in reactor [127]
with a power of 280 W the UV-C laborator was lab
. y scale
photoreactor (TRL 3)

*Where UWWTP is urban wastewater treatment plant, and MWWTP municipal wastewater treatment plant.
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Foteinis et al. [125] found that water treatment through UV-C mercury lamps was about 3
times more environmentally friendly than employing UV-A from a compact fluorescence
lamp. Furthermore, the addition of H.O: to the treatment decreased the total environmental
impact by about 88%, calculated as a single score. As energy consumption was the main
environmental hotspot, the process sustainability was inversely proportional to the treatment
time and directly proportional to the treatment efficiency. By introducing renewable energy
sources, they found a reduction of the single score by up to 87.5%. Pesqueira et al. [103]
focused on the environmental impacts of the oxidants while using LP mercury lamps, finding
that PMS and persulfate contributed more to the single score than the electricity use, unlike
H20,. With the latter, electricity was the main parameter, and by opting for cleaner energy
sources, the impacts were highly reduced; however, the lamps heavily affected the terrestrial
ecotoxicity category due to the presence of mercury, where the worst waste treatment
scenario, where the mercury inside the lamps is released to the atmosphere, was considered.
A direct comparison between two types of UV-A sources, the blacklight fluorescent lamp
(BL), which also contains mercury, and UV-A LEDs, were investigated by McKee et al.
[126] for the removal of bisphenol A, using titanium dioxide as a catalyst in a lab-scale
reactor. The UV-A LED/TIO, treatment had a 61% lower total environmental impact,
evaluated as a single score, compared to UV-A BL/TiO2, showing great potential for the
LEDs technology. In this case, the environmental hotspots were the energy consumption and
the photocatalytic reactor. However, while a mix of recycled materials did not bring a
significant overall impact reduction, the use of a renewable electricity mix showed a decrease
of 41.5% in the case of the UV-A LEDs. Finally, Notarnicola et al. [127] compared different
LP mercury lamp systems in a lab-scale reactor (UV-C, UV-C/H202, and UV-C/TiO3). The
main hotspots were the electric power consumption of the centrifugal pump for recirculation
(63-64%) and the UV-C lamp (32-33%). They also confirmed that adding H20> reduced the
environmental impact by 75%, while using titanium dioxide only reduced the impact by 30%
compared to UV-C alone.

Considering the advantages of UV-A LEDs over BLs and the presence of mercury in
conventional UV-C sources, which can also affect their implementation from full-scale
reactors to household applications, it is of interest to analyse and evaluate the environmental
benefits and hotspots of the innovative UV-C LED lamp, in regard of water purification

treatments.
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It should be considered that in all the studies mentioned, the LCA method was employed in
the early development stages (TRL2-TRL6) since the application of UV photolysis and UV-
driven AOPs is still under investigation for large-scale application. Also, it should be noted
that UV-C LEDs are still in the research stage, and great improvements are expected in the
following years. Indeed, while UV-A LED is nowadays an established technology and has
seen considerable growth in the past years, and more growth is even expected as research
and development in this field continue to progress, UV-C LED is a more recent technology,
which is expected to follow the same growing trend [119], even if to now still has relatively

low efficiency (Figure 2.10).
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Figure 2.10. Efficiency trend and projections for LP mercury lamps, UV-A and UV-C LEDs [119].

While it is hard to draw clear conclusions for deployment-level recommendations since
many factors are involved during the scale-up, studies on the novel UV-C LED lamp at an
early development stage may help to identify the hotspots and strengths of the growing
technology compared to the incumbent technology. With this aim, the present thesis
conducts an ex-ante LCA study comparing the conventional LP mercury lamps with a UV-
C LED lamp in a lab-scale reactor for water treatment purification purposes, using the
degradation of diclofenac as a case study. Furthermore, the papers listed in Table 2.8 have
demonstrated the efficacy of adding H2O: to reduce the energy burden while revealing the

inadequacy of PMS and persulfate, significantly contributing to the overall environmental
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footprint even more than electricity. Therefore, this finding has sparked interest in assessing
and comparing the environmental impacts attributed to the FC oxidant against H.O> in water

purification systems.

2.5 Objective and aim of the investigation

The previous sections have highlighted the importance of developing new strategies for
removing CECs. Their abundant presence and the potential health and environmental risks
associated pose serious concerns about drinking water quality, which is also affected by the
increase in human pollution and general climate uncertainty. Water systems need to upgrade
by employing specific and targeted advanced treatments optimised for the removal of these
emerging pollutants. Therefore, the main objectives of this Doctoral Thesis are the design
and evaluation of technologies for removing CECs, with a particular focus on MPs given
their increasing prevalence, and DCF added to the first EU watch list due to the harmful

effects on wildlife.

Regarding MPs removal, many technologies have been explored; however, they mainly rely
on expensive operations since first developed for other purposes. Therefore, in this work to
tackle the problem of MPs in drinking water, MF membrane in dead-end configuration was
chosen as a simple and low-cost system that can be easily implemented to higher drinking
water quality, also at point-of-use tap water locations, without any further treatments. To
optimise the system, the first step was evaluating the performance of several commercial
membranes with different characteristics, taking into account operational costs together with
the MPs removal efficiency. Since membrane fouling by MPs has a significant knowledge
gap and is key to developing appropriate filtration and cleaning procedures, it was deeply
investigated on the membrane that achieved the best overall performance. Membrane fouling
mechanisms were first identified, and the kinetic constants for each mechanism were studied
under different working conditions, varying TMPs and MPs load in the feed. The results
were finally evaluated to assess the influence of the MPs characteristics on the membrane
fouling and gather insights on the best working conditions and strategies to increase MPs

removal efficiency and reduce secondary MP-based pollution.
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On the other hand, DCF removal was explored through UV alone, UV/H>0, and UV/FC
treatment by means of innovative UV-B and UV-C (265, 285 and 310 nm) LED lamps
manufactured by the company ProPhotonix IRL. The photolysis of the contaminants,
hydrogen peroxide, and chlorine is wavelength dependent, and therefore the interest in
assessing the impact of the working wavelength, where a compromise to optimise the
absorption of the DCF and the oxidant should be found. Furthermore, considering the unique
characteristics of the LEDs, the two most efficient lamps were studied under different lamp
intensities and combined to evaluate the effectiveness of dual-wavelength UV photolysis.
Indeed, the latter has only been investigated in two other studies, showing divergent results
[128,129]. The experimental data were also used to mechanistically model the DCF
degradation kinetics based on the wavelength and the oxidation process. Developing the
kinetic model is important to understand the main reactions involved and predict the
degradation rates under different conditions, which is very useful in designing treatment
systems and optimising operating conditions. In addition, the effectiveness of the treatment
was also evaluated through mineralisation and phytotoxicity to ensure that the treatment was
achieving the complete removal of the more harmful and unstable DCF by-products.

Finally, LCA was employed for a comprehensive evaluation of the environmental impacts
of the treatments employed and to give key information to guide decision-making towards
more sustainable choices. First, the comparison between the innovative UV-C LED lamp
emitting at 265 nm and the conventional LP mercury lamp for the removal of DCF in a lab-
scale reactor (TRL2-TRL3) was investigated, including a favourable and unfavourable case.
Then the relative environmental impacts between UV alone, UV/H202 and UV/FC treatment
for the UV-C LED lamp at 265 nm were analysed to evaluate the impacts of the oxidants on
the process. Lastly, a situation employing a cleaner energy source was assessed to explore

possible improvements.

A promising strategy for an overall increase of resilience towards CECs is a hybrid system
coupling efficient processes optimised to remove targeted classes of pollutants. Given the
complementary of the membrane processes with the UV-based AOPs, together they can
tackle a wide variety of contaminants present in drinking water, and their integration has

great potential. Thanks to the design flexibility of the LEDs, and the easy implementation of
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membrane filtration systems, they are ideal treatments for small-scale applications, such as

household water treatments, but also adaptable to larger scales.

The relation between the objectives and the results is schematised in Figure 2.11.
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Figure 2.11. Relation between the objectives and the results.
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3 Methodology

3.1 Microplastics removal

3.1.1 Materials

PA and PS particles were acquired from Goodfellow. The working particle size range was
selected between 20 and 300 pum to be representative of MPs water bodies size, considering
that in the literature, MPs in WWTPs effluents were on average smaller than 500 um [14],
while the smaller size was dictated by the detection limit of the analysis method [39], down
to 20 um for the micro-FTIR equipment [17]. In the case of PA, all the particles were
manufactured below 300 pm, while the PS particles bigger than 300 pm were first reduced
by cryogenic milling (ZM 100, Retsch) with stainless steel mortar material at a speed of
14000 rpm, and the temperature cooled down with liquid nitrogen, Figure 3.1a. Then both
particles were sieved between 20-300 pm, using sieves with 300 um, 20 um, and a sieve pan

purchased from Scharlab, Figure 3.1b.
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Figure 3.1. PS particles bigger than 300 pm reduced by cryogenic milling (a), PA and PS particles
sieved between 20-300 um before being employed.
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Commercially available polycarbonate (PC), cellulose acetate (CA), and
polytetrafluoroethylene (PTFE) membranes were purchased from Filter-Lab. All
membranes had a nominal pore size of 5 um with a diameter of 47 mm to enhance the

advantages of MF while ensuring optimal removal efficiency in the MPs range selected.

3.1.2 Characterisation techniques

3.1.2.1 Reflectance micro-FTIR and attenuate total reflection-FTIR

The chemical structure of PA and PS particles on the membranes’ surfaces was analysed
through FTIR. The spectra were obtained in reflectance mode from a PerkinElmer Spotlight
200i microscope coupled to the FTIR Frontier Spectrometer, working at room temperature,
in the wavelength range of 4000-600 cm™, with 8 cm™ resolution and 30 scans. Attenuated
total reflection (ATR)-FTIR spectra were obtained in the same wavelength range, resolution,

and scans, with a diamond crystal as the internal reflection element.

3.1.2.2 Microplastics particle size distribution

After sieving the particles, it was still necessary to determine the particle size distribution
within the selected range and identify whether particles bigger and smaller were present in
the MPs feed. Indeed, smaller particles could have aggregated with others and been retained
by the 20 um sieve. On the other hand, larger irregular particles could have passed the 300
pum sieve, having one of the sizes below the value.

The particle size distribution of MP suspensions was analysed using microscopic counting
and focused beam laser reflectance measurement (FBRM). Microscopic counting involved
capturing images of the particles through an optical microscope (B3 Series, Motic) with an
objective lens magnification of 10x and a camera (Moticam3 3.0 MP, Motic) attached to the
lens. The pictures were processed with Image)J Software, and an estimation of the
distribution size of the particles was made by the results given on around 500 randomly
selected particles. On the other hand, FBRM was performed using the M500LF Lasentec
equipment manufactured by Mettler Toledo. The instrument scans a laser beam at a fixed
speed across the particles in suspension, and the particle crossing the beam reflects part of

the light [130]. The backscattered light duration is used to measure the chord length
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distribution, which is the raw outcome [131]. Then, the Hukkanen and Braatz model [132]
was used to convert the chord length distribution (CLD) into the particle size distribution
(PSD), where the particles are assumed to be spherically shaped. The model is based on
probability functions constructed for each particle size vector, f, and the corresponding chord

length vector, c, as shown in Eq. (3.1).

The elements of the matrix Pij are described by Eq. (3.2) when considering a midpoint

distribution within the range Dj and Dj+1.
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Eq.(3.2)

Where the j column represents the chords distribution and the i column the particle size
distribution. Consequently, the inverse matrix Pij"* allows the estimation of the particle size
vector from the chord length vector. Finally, the Minitab Statistical Software was employed

to identify the distribution fitting and its main parameters.

3.1.2.3 Microplastics zeta potential

In the context of membrane filtration, zeta potential ({) plays a critical role since it
determines the surface charge of the particles and the membranes, which affects the
interactions among them. Zeta potential is indeed a measure of the electrostatic potential
difference between the surface of a particle or membrane and the surrounding fluid.

The NanoPlus HD sensor from Micromeritics was utilised to measure the zeta potential of
PA and PS particles. A concentration of 500 mg L™ was used for both plastics, suspended in
deionised water obtained from a Millipore Milli-Q system. Since the (-value of the particles

is affected by the pH of the surrounding medium, the zeta potential was evaluated by varying
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the pH of the suspensions, adjusting the amount of HCI and NaOH, respectively, for acid
and basic solutions. In this way, the pH-dependent {-value measurements provide insights
into the particles’ stability and potential aggregation behaviour in different environmental

conditions.

3.1.2.4 Scanning electron microscope

Scanning electron microscope (SEM) has been used to investigate the MPs particle
morphology and the membrane topography. Finally, it was also employed to study the effect
of the MPs fouling on the membrane surface, the possible interactions, and potential
membrane abrasion. MPs’ photomicrographs were obtained using SEM, XL 30 ESEM,
Philips, operating in the potential range of 5 kV at 5.8 and 5.4 mm working distance for PA
and PS, respectively. Membrane surface and cross-section were also analysed with the same
equipment at a working distance varying from 4.5 to 6.3 mm. Finally, images after MPs
filtration were obtained using a JEOL JSM 7600F Field Emission SEM at an accelerating

voltage of 5kV and 8-9 mm working distance.

3.1.2.5 Water contact angle

Water contact angle (WCA) measurements were performed to evaluate the wettability and
hydrophobicity on the membrane surface before and after the MPs filtration. It was carried
out by the sessile drop techniques, employing the Ramé-Hart Model 200-F1 instrument. In
this technique, a small droplet of distilled water is placed on the surface of the membrane,
and macrographs are taken at 10, 30, and 60 s after the deposition to allow the drop to settle
and ensure that it has reached an equilibrium state. Subsequently, the shape of the drop is
analysed by an image analysis software using the goniometer function to determine the
contact angle between the drop and the surface. At least three drops were measured for each
sample.

3.1.2.6 Shore hardness, type A

The Shore hardness of the membranes was measured with a durometer (P. G. 812, Amsler
W Testor), type A. The Shore hardness measures the material’s resistance to indentation or
deformation and is commonly used to determine the hardness of polymers. There are several

scales, Shore A being the most common one. The primary distinction among the scales is
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the shape of the indenter, conical in the case of type A, that is pressed into the surface of the

membrane with a defined amount of force.

3.1.2.7 Membrane roughness

The roughness of a membrane surface can also influence the overall membrane’s
performance in many applications. It can influence permeability, selectivity, fouling
behaviour, and mechanical properties. Therefore, the membranes’ roughness was evaluated
through a 3D optical profilometer (Zeta-20 Desktop Optical Profiler). The latter is a non-
contact, non-destructive technique, which works by taking different pictures at different
heights, which are used to create a 3D representation of the surface. Roughness values were
evaluated before and after MPs filtration. The results show an average of ten measures for

each position, where at least three sites for each membrane were evaluated.

3.1.3 Filtration system

The filtration setup system employed a glass container with a bottom exit of 5 L, where the
MPs suspended in water were continuously homogenised with a magnetic stirrer at 500 rpm
(Agimatic-E, J.P. Selecta). The container was connected to a centrifugal pump (model TP
78/A, Calpeda) through a needle valve, and it was constantly filled with fresh MPs solution
throughout the entire run. The centrifugal pump was connected to a variable frequency drive
(VFD, RS510, RS Pro) to regulate its power, and it was chosen to be able to provide a flow
rate of at least 9 L min™ and reach a pressure of 5 bar according to the requirements of a
household system in Spain [133]. Temperature, pressure, and flow rate sensors were placed
before the membrane filtration system and were monitored with online sensors coupled with
a data logger (PMS-90R, Aplisens). Finally, the membranes were held in a stainless-steel
filter holder of 47 mm diameter (16254, Sartorius). For the evaluation of the three
membranes’ performance, the initial TMP was chosen but without keeping it constant during
the entire filtration. On the other hand, while studying the kinetics and mechanisms of the
membrane fouling by MPs, the study was conducted at constant pressure by implementing
a controller acting directly on the VFD. An Arduino Mega 2560 board was therefore
integrated into the system with a keypad, an LCD monitor, and current-to-voltage converters
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3. Methodology

to read the values of the sensors from the data logger and used as input to work at constant
TMP.
The filtration setup system already integrating the microcontroller is schematised in Figure

3.2 and presented in Figure 3.3 as built in the laboratory.

L

Controller
| ———"
Data Logger
Variable
Water Frequency
+ Driver
Known
MPs load Ii .ﬂ I
Needle Temp. Pressure Flow 1
valve - Transmitter Transmitter Indicator ~Membrane
Pump

Figure 3.2. Schematic filtration setup system.

~  Temperature
transmittye
Flow
C J indicator
s & '. ~ 3 L -
Arduino \k | - 3 &
microcontroller ,_n - ressure o
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container Pump

Variable
frequency
driver (VFD)

Figure 3.3. Laboratory implementation of the MPs filtration system.
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The electronic sketch of the microcontroller is shown in Figure 3.4, and the Arduino code

can be found in the GitHub repository?.

]
Data ! 1 Pressure

Logger = Transmitter
-\ )

Current to Voltage
. Module

Variable
Frequency
Drive

LCD 16x2 (12C)

Figure 3.4. Electronic scheme to work at constant pressure using Arduino.

The microcontroller gains the information “Pressure target” directly from the user through
the keypad, and it displays it on the LCD screen together with the instant pressure value,
which is taken from the data logger by converting the current value into an analogue voltage
input. Finally, Arduino measures the difference between the instant pressure and the user-
defined “Pressure target” to act on the variable frequency drive and increase or decrease the

pump outlet, as shown by the implemented logical flowchart diagram in Figure 3.5.

1 https://github.com/PhotonersURJC/PumpConstantPressure
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Figure 3.5 Logical flowchart diagram used in the Arduino code for the filtration system.

All the experiments were carried out at room temperature. Distilled water from Milli-Q
Direct-Q® 8 UV (Merck Millipore), with a neutral pH of around 6.5, was used in all the
experiments to avoid other fouling agents affecting the performance of the membrane and
the fouling kinetic. It is known that other water constituents play a significant role in severe
membrane fouling [72,134,135]; however, taking them into account could lead to confusing
and unreliable results on the MPs’ contribution since the quality of water can change
substantially with time and space. Therefore, distilled water was employed to have
reproducible results, identify the main MPs-membrane interactions, and address
experimental variables such as particle size and shape, hydrophobicity, membrane-MPs

charges, and membrane roughness.
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3.1.4 Analysis of the removal efficiency

Glass microfibre filters (GFs) of 0.70 um provided by Filter-Lab were employed to quantify
the mass removal efficiency of the different membranes tested, where the 0.70 um pore size
was selected to ensure the complete retention of the MPs in the defined range of 20-300 pm.
A volume of 1.5 L was gathered from the in-line filtration and successively filtered through

vacuum filtration with the GF, as represented in Figure 3.6.

@ Biichner funnel
|
— ~i Glass microfibre filters |
| |

0.7 um of pore size

Variable Data Logger

Frequency
Drive

Water
+

Known
concentration
of MPs

FAVAYAY,

-~

g X3
ae—' i
%

Membrane (5pm)

\/

Temp. Pressure Flow

Transmitter Transmitter meter

Pump Polycarbonate (PC)
Cellulose acetate (CA)
Polytetrafluoroethylene (PTFE)

Figure 3.6. Scheme of the experimental setup coupled with the vacuum filtrations with the GFs to

analyse the removal efficiencies.

An optical microscope (B3 Series, Motic) with an objective lens magnification of 10x was
used to study the MPs retention of the GF. With a camera attached to the lens (Moticam3
3.0 MP, Motic), pictures of the filter were obtained and then processed with the ImageJ
software to identify and measure the number and the size of the MPs particles, similarly to
the microscopic counting for the particles size distribution measurements. Figure 3.7 shows
a schematic representation of the GF recovered after vacuum filtration of water gathered

from the experiments.
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Figure 3.7. Schematic GF after vacuum filtration of the water gathered from each membrane’s

filtration.

A few millimetres of the filters are lost as they were used to fit the vacuum filtration system.
The rest of the filter was divided into four quadrants. For each quadrant, an image of the
most representative number and size of unremoved MPs was taken. From the image, MPs
were counted and measured, and an average of residual particle number per litre and particle
size was evaluated for the entire filter assuming homogeneous conditions. Each particle’s
volume was calculated from its diameter length, assuming it was spherical and considering
a conservative perspective. Each particle’s mass was then evaluated from the densities taken
from the technical information of the producers of 1.13 g cm™ and 1.05 g cm™ for PA and
PS, respectively. Finally, the sum of the particles’ mass was used to estimate the total
residual mass on the filter, Fmwps, and calculate the mass removal efficiency, MRE%, as
shown in Eq. (3.3).

Mpyps

F
MRE% = <1 —

100 Eq.(3.3)
mMPs)
Where the initial mass of the MPs entering the system, Imwps, was known and calculated
from the initial concentration of MPs in water (100 mg L) and the total volume of water
filtered in the experiment.
The same procedure was used to calculate the number of particles removal efficiency,

NpRE%, Eg. (3.4). This time, the number of particles in the feed, Inpwmps, corresponded to
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how many particles were present in 100 mg L™ of PA and 100 mg L or PS particles,

evaluated to be 1,982,000 particles L and 143,000 particles L, respectively.

Fnpyps

NPpumps

NpRE% = (1 - ) -100 Eq.(3.4)

Where Fnpwmps corresponds to the number of particles that had not been removed during the

filtration process.

3.1.5 Modelling of the membrane fouling

Four mechanistic models are commonly used to describe fouling phenomena; cake filtration,
complete pore blocking, intermediate or partial pore blocking, and standard or internal pore
blocking, as represented in Figure 3.8 with the corresponding physical meanings. Cake
filtration occurs when particles accumulate at the membrane surface, forming a permeable
cake that thickens over time, thereby increasing the hydraulic resistance to filtration.
Complete pore blocking, on the other hand, involves the sealing of pore entrances, thereby
preventing any flow through them. Intermediate or partial pore blocking results from the
sealing of pore entrances by a fraction of particles, with additional particles deposited on top
of the seal. Finally, standard or internal pore blocking occurs when particles accumulate on

the pore walls within the membrane, ultimately reducing its permeability.

Four mechanist models to describe membrane fouling

Mmomn My

Cake filtration Complete pore Intermediate or Standard or internal
blocking partial pore blocking pore blocking

Formation of a
surface deposit Pore blocking Pore blocking + surface deposit Pore constriction

Figure 3.8. Fouling mechanisms and their corresponding physical meaning. Adapted from [136].
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For dead-end filtration working at constant pressure, fouling mechanistic models have been
mathematically described by Hermia’s equation, Eq. (3.5) [137,138]. Hermia’s blocking law
defines the changing rate in the filtration resistance, d(dt/dv)/dv, proportional to the filtration
resistance, dt/dv, raised to a power n, which depends on the filtration mechanism involved
[139].

dzt_K (dt)” o, (3.5
dvz " \dv q-(3:5)

Where v is the volume of filtrate per effective membrane area collected in time t, and Kj is
the specific constant for the mechanism n.

Since analyses of membrane filtration are normally performed in terms of flux decline over
time instead of filtration resistance, Eq. (3.5) can be rewritten in a physically more
meaningful form where the filtration rate “J=dv/dt” is used to represent the blocking
filtration law, and the volume of filtrate depends on time and not vice versa [140], as shown
in Eg. (3.6).

— = —K,J3™" Eq.(3.6)

Therefore, each fouling mechanism can be described mathematically using the general
equation, with the specific expression depending on the n mechanism. In particular, the
model for complete pore blocking is represented when n equals 2, the internal pore blocking
by n equals 1.5, the intermediate pore blocking by n equals 1, and the cake filtration

mechanism when n equals 0.
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When n # 2, Eq. (3.6) can then be rewritten into Eq. (3.7).

1
J=Jo 1+ @2-n) Ky Jo" " t) 72 Eq.(3.7)

Whereas for n = 2, Eq. (3.6) is exponential with respect to the time.

The mathematical expressions for the four fouling mechanisms are finally summarised in
Table 3.1.

Table 3.1. Fouling mechanisms for constant pressure filtrations.

Fouling mechanism n | K, Flux equation Eq. (#)
Complete pore blocking 2 | K, ] = Joe Ko (3.8)
-2
Internal or Standard pore K, J%° ¢t
blocking L5 Ks J=Jo- <1 t— (3.9)
Partial or Intermediate pore g 1
blocking 1 Ki ] —]0 (1 + Ki]o t) (3-10)
. . 1
Cake filtration 0| Ke | J =7, (1+2 K, J,? t) 2 (3.11)

Previous studies have highlighted that a combination of the four mechanisms usually occurs,
with one of them prevailing in each filtration stage [70,136,141,142]. It has also been
reported that the main fouling mechanism depends on the size of the membrane pores (dpore)
and the particles (dparticie), as described in Table 3.2.

Table 3.2. Effect of particle diameter versus membrane pore diameter.

Case Main fouling mechanisms occurring
Internal pore blocking, followed by the other mechanisms once
the pores reduce in size
Pore blocking (complete and intermediate), followed by cake
filtration
dpore << dparticle Cake filtration

dpore > dparticle

<

dpore dparticle
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Once the dominant mechanism is identified for each filtration stage, the corresponding
kinetic constants can be analysed as a function of operating factors, where other important
parameters must be defined.

According to Grenier et al. [136], the kinetic constants of complete pore blocking and cake
filtration are correlated respectively with the parameters #g, blocked surface area by unit of
time and surface of the membrane, and ¢, the specific resistance of the cake. The correlation
between these parameters with the kinetic constants was modelled starting with the Darcy

law equation, Eq. (3.12).

AP AP Eq.(312)

HR ~ Ry + R a1
Where Rn is the hydraulic resistance of the membrane, Rc is the hydraulic resistance of the
cake, 4P is the pressure drop and p the dynamic viscosity of the fluid.

Rm,z depends, in turn, on the complete pore blocking mechanism, accordingly to Eq. (3.13).

R
Ryp=—22 — Eq.(3.13)

1 —ng (ALO)

Where Rm, is the clean membrane hydraulic resistance, and #g is the mentioned parameter
correlated to the kinetic constant Ky, as described by Eq. (3.14).

Ky
N = ——

_ Eq.(3.14
A q-(3.14)

On the other hand, the Rc depends on 7c in agreement with Eq. (3.15), and the correlation to
the kinetic constant K. is described by Eq. (3.16).

R, = 1 .y Eq.(3.15)
Ay
AP-K,

e == Eq.(3.16)
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3.2 Diclofenac removal

3.2.1 Chemical and materials

Sodium diclofenac (>99%), acetonitrile (HPLC grade), sodium hypochlorite solution (6-
14% active chlorine), sodium thiosulfate reagent plus 99%, hydrogen peroxide solution 30%
(w/w), titanyl sulfate solution, sodium sulfate, sulfuric acid 96%, sodium acetate, ferric
sulfate pentahydrate, iron (II) sulfate heptahydrate, oxalic acid dihydrate, and 1,10
phenanthroline were all purchased by Merck, Sigma Aldrich. Finally, a Milli-Q water system

supplied distilled water and deionised water employed during the study.

3.2.2 Photoreactor setup

The experiments were performed in a recirculating photoreactor system, shown in Figure
3.9. The photoreactor included a resistant plastic container of 4 L (Nalgene® round carboy
with spigot, Merck), a pressure transmitter (DRTR-ED-20MA, Automation24), a flow rate
sensor (YF-S201, Botnroll), and a centrifugal pump (NDP14/2, Xylem Flojet) to recirculate
the content, connected to a VFD (AC10, Parker) to regulate its power. One litre of 20 mg
L of DCF solution was prepared directly in distilled water for each experiment in order to
avoid the organic solvent, which is found to possibly affect the degradation rate constants

by UV-based AOPs by concurrently reacting with the oxidant radicals [143].
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Figure 3.9. UV-B and UV-C LED photoreactor working in recirculation to evaluate DCF
degradation through LED-driven AOPs. Schematic representation (a) and a picture of the

photoreactor realised in the laboratory (b).

The photoreactor consisted of a quartz tube of 20 mm in inner diameter and 270 mm in
length, where the LED lamps (COBRA Clean FX1, ProPhotonix IRL) were positioned at
around 2 mm from the outer diameter of the quartz tube. Three lamps were employed during
the study, emitting according to their data sheets at 265, 285 and 310 nm. They consisted of
eight LEDs built into compact and fan-cooled devices that provide a stable light emission
over time without significant changes in the temperature. Figure 3.10 shows the heads of the
lamps employed during the study.

265 nm , 285 nm 310 nm

Figure 3.10. Heads of the LED lamps.
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The VFD was controlled through an Arduino microcontroller. The sensors were directly
connected to an Arduino Mega 2560 board, together with a keypad, an LCD monitor, and
an SD memory card to read and save the data instantaneously. The electronic sketch is shown

in Figure 3.11, and the implemented code is also available in the GitHub repository?.

Power Supply
-— [y

Resistor pressure
transmitter: 2400 ° ¥
-

¥ Resistor flow
meter: 1.4 kQ

Variable Frequency
Drive (VFD)

RTC Clock module
Arduino Mega 2560

SD Card
Slot Module

7
ﬁ or VFD:
( 2x 980Q

Centrifugal Pump

Breadboard

All electrolytic capacitors: 1000 pF, 10 V

LCD 16x4

Figure 3.11. Electronic circuit implemented through Arduino Mega 2560 to work at a constant flow

rate in recirculation or in the presence of external variation.

The controller gains the flow rate target value directly from the user through the keypad, and
it displays it on the LCD screen, where the instant pressure value and averaged flow rate
value are also reported directly from the respective sensors. Finally, a PID (Proportional-
Integral-Derivative) controller was implemented in the Arduino code to reach the desired

flow rate. It calculates the error value e(t) as the difference between the desired target value

2 https://github.com/PhotonersURJC/PumpConstantFlowRate
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and the averaged flow rate, applying a correction based on a proportional, integral, and
derivative term, reaching the desired setpoint with a minimal delay and overshoot through a
feedback loop. The tuning constants “K” were derived experimentally and were,
respectively, K,, the proportional gain factor, which controls the output based on the error,
Ki, the integral gain factor, which accounts for the past values and is able to remove the
steady-state error, and Kq, the derivative gain factor, which estimates the future trend and
has the effect of increasing the stability of the system, reducing the overshoot and improving
the transient response. During recirculation, the flow rate chosen was 1 L min™ to ensure a
laminar flow rate throughout the experiments. Before uploading the final code in Arduino,
the real-time clock (RTC) module was initialised to keep track of the time while saving the
data as a .csv (comma-separated values) file in the SD memory card. Finally, the

implemented logical flowchart is shown in Figure 3.12.

Initialise serial
communication

Initialise LCD screen, keypad, and all
the variables (K,=10; K=0.15; K;=2)
1
[ Read RTC clock, initialise SD memory }

card, create and open .csv file
] loop

Delete the last input in
padText

yes Save “Flowrate Target”
=7.5 L/min

Save padText =“Flowrate
no Target”

If
padText
>7.5

analogRead pressure sensor
and flowrate sensor, report
averaged values

If
“Flowrate
Target” =0

> QuputVFD = 0;
. Write all data

Calculat ="Fl t
alculate error=rowrate }_‘[ QuputVFD = QuputVFD + Ky *error ]

target”-"Flowrate averaged”,
. ! + K*cumError + K *rateError;
cumulative error, and rate error

Figure 3.12. Logical flowchart diagram used in the Arduino code for the filtration system.
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3.2.3 Ferrioxalate actinometry

Chemical ferrioxalate actinometry experiments were carried out to determine the total
irradiation received by the medium in recirculation exposed to the lamps in the system [144].
Ferrioxalate actinometry was chosen over other characterisations for its high reproducibility
and the economic and environmental sustainability of the materials compared to potassium
iodide-iodate and uridine actinometry [144,145]. The absorption of photons by the medium
solution results in the reduction of Fe** to Fe?*, where the latter can be quantified using a
colourimetric method based on the formation of a reaction complex with 1,10-
phenanthroline, which absorbs at 510 nm, evaluated through a spectrophotometer working
in the visible light, range 400-800 nm (V-3000PC, VWR). Knowing the quantum yield
value, which corresponds to 1.38 in the UV-C range, and the reaction rate, by taking samples
at time intervals, it is possible to calculate the number of incident photons in the reactor.
First of all, all solutions were prepared accordingly to the literature [144]. A buffer solution
was made of 54.18 g of sodium acetate, 5 mL of H2SO4 96% and milli-Q water to achieve a
final volume of 500 mL. A 1,10 phenanthroline solution was made by adding 0.1 g of the
compound to 100 mL of deionised water. A 0.1 N H2SO4 solution was made by adding 0.7
mL of sulfuric acid 96% in 250 mL of deionised water. Lastly, a 0.4 mM of Fe?* solution
was made by adding 27.8 mg of Fe''SO4-7H,0 and 0.7 mL of H,SO4 96 % in a 250 mL flask,
then filled with deionised water.

A calibration line was initially measured to obtain the relation between the absorption value
and known concentration of Fe?* solutions prepared as presented in Table 3.3 and shown in

Figure 3.13, where the data are the average of two sets of measurements.
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Table 3.3. Solutions of known concentration of Fe?* to obtain the calibration line.
[Fe'"] Fe' solution 0.1 N H2SOs Phenanthroline  Buffer H20

(mM) (mL) (mL) (mL) (mL)
0 0 5 1 25 1.5
0.01 0.25 4.75 1 25 15
0.02 0.5 4.5 1 25 15
0.03 0.75 4.25 1 25 15
0.04 1 4 1 25 15
0.05 1.25 3.75 1 25 15
0.06 15 35 1 25 15
0.07 1.75 3.25 1 25 15
0.08 2 3 1 25 15
0.09 2.25 2.75 1 25 1.5
0.1 25 25 1 25 15

Calibration line

0.10 A ,®
4‘.' ’
0.08 - o’
= *
= ] K3
£ o061 a
+ -
) .
L 0.044 K3
" 2+
. ® Fe
0.02 1 R4 - = = Linear regression
) ¥ y = 0.0946x-0.0003 (R?=0.9996)
000 '.' T T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Absorbance

Figure 3.13. Calibration line to obtain the relation between the absorption and the concentration
of Fe?".

For the photoreactor, 1 L of the actinometric solution was prepared by adding 1.47 g of Fe,'"
(SO4)3-5H20, 2.27 g of Oxalic Acid H2C204 -2H20, and 2.72 mL of H2SO4 96 % in
deionised water. The reactor was covered from other light sources, the solution was left
recirculating at a constant flow rate, and the samples were taken at 0, 1, 2, 4, 6, 8, and 10
min. 0.25 mL of each sample was taken and added to 2.5 mL of buffer solution, 6.25 mL of
H-0O and 1 mL of 1,10-phenanthroline solution and kept in the darkness for 30 min. The
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absorbance at 510 nm was taken through a spectrophotometer, and through the calibration
line, the absorbance value was converted into the Fe?* concentration (mM). Since each
sample was diluted 40 times, the resulting value was multiplied by 40 and then transformed
into mEinstein (mE), divided by the quantum yield, and multiplied by the total solution
volume. The representation of the incident photon flow as a function of the operation time
leads to a straight line. The slope of this line corresponds to the photon-incident radiation

power (mE) per unit of time (Figure 3.14).

Actinometry
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0.1 L R?=0.9938
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Figure 3.14. Actinometry sample, 1 L solutions irradiated by 265 nm lamp at 100% intensity.

Finally, the radiation emitted in the photoreactor by the UV LEDs lamps, | (W m2), was
calculated through Eq. 3.17, where the photon energy Ep (J photon™) was calculated by
multiplying the Planck constant, h (J s), by the speed of light ¢ (m s™) and dividing by the
wavelength 4 (m) of the photons.

IR‘Ep Ny

I = Eq.(3.17)

Airradiated

Where I is the radiation flow (E s™), Airradiated the emission area (m?), and Na the Avogadro
constant expressed in number of photons per Einstein, considering that one Einstein is, by

definition, one mole of photons.
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The intensity and the spectra of the UV-LED lamps were also measured by an ILT
spectroradiometer (2003357U1, ILT), which proved to work well in the UV range
considered [146]. It is worth mentioning that the area considered in the chemical actinometry
corresponds to the part of the plane crossing the middle of the quartz tube irradiated from
the lamps (108 mm - 20 mm). On the other hand, the radiometer was measured at 13.5 mm

away, which was the distance from the mentioned plate to the light source, as shown in

T -

Figure 3.15.
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Figure 3.15. Details of the experimental setup for the chemical actinometry measurement.

3.2.4 Analytical methods

The detection and quantification of sodium diclofenac were conducted through HPLC with
a reverse C18 column and equipped with a diode array detector (1200 Series, Agilent
Technology). The optimised mobile phase was acetonitrile and 25 mM phosphate acetate
buffer (pH 3) in a ratio of 80:20 v/v. The flow was set to 1 mL min™* and the injection volume
to 5 pL. Finally, the pressure was constant at 45 bar, the thermostat was at 25 °C, and the

detection wavelength was set at 210 nm. The samples for the calibration were prepared in
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half water and half mobile phase to best represent the sample from the experiments, which
were diluted 1:1 in mobile phase before quantification. DCF calibration is shown in Figure
3.16, and the method was validated in terms of specificity (no interference was observed
with the peaks of interest), linearity (the calibration curve had a linear correlation coefficient
R?>0.99), precision and accuracy (determined by intra-day and inter-day repeatability). The
limit of detection (LOD) and quantification (LOQ) were defined by the signal/noise ratio, at
least 3:1 for LOD and 10:1 for LOQ and were found to be 0.25 and 1 mg L, respectively.

500 -
R 4
400 ¢
—~ >
= 300 -
s .
> :
Q 200- *
< ’
100 - \\‘4 ¢ DCF
’«0‘ -+ + Linear regression
0 y=21.499x (R*=0.999)
o 5 10 15 20

Concentration (mg L™)

Figure 3.16. Diclofenac calibration line.

To evaluate the concentration of hydrogen peroxide in the UV-LED/H20, experiments, a
titanyl sulfate solution was employed [147]. The latter forms yellowish complexes with H20-
due to the formation of pertitanic acid, detectable at 410 nm and quantifiable through the
spectrophotometer. Firstly, a calibration line (Figure 3.17) was measured to obtain the

relation between the absorption value and the concentration of H2Ox.
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Figure 3.17. Calibration line for the quantification of H2O.

Each analysis was prepared with 0.5 mL of sample, 4.5 mL of deionised water, and 0.5 mL
of titanyl sulfate. A blank consisting of 5 mL of deionised water and 0.5 mL of titanyl sulfate
was also prepared for each experiment. A control check was finally performed through H20:

quantification strips ranging from 0 to 100 ppm.

The concentrations of FC in the sample from UV-LED/FC experiments were determined
using the Hanna Instrument kit with the portable photometer (HI97734, Hanna Instrument)
and the corresponding reagents (H193734, Hanna Instrument). Because of the upper limit of
10 mg L1, the sample was diluted before the measurement with deionised water when higher
concentrations were expected. When sodium hypochlorite is added to water, hypochlorous
acid (HCIO) is formed, which is one of the species with the greatest disinfectant power.
Depending on the pH of the water [102], this compound dissociates, forming hydrogen ions
(H") and hypochlorite ions (CIO"). FC includes hypochlorous acid and hypochlorite ion,
while total chlorine is the sum of FC and combined chlorine, which is produced when FC

reacts with ammonia dissolved in the water, forming chloramines: monochloramines,
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dichloramines, and trichloramines. In this case, distilled water was used in all the
experiments, and only FC was evaluated since chloramines were not expected to form during

the experiments.

Dissolved organic carbon (DOC) was measured with a TOC-VCPH analyser (Shimadzu),
where the method described in the TOC-V CPH/CPN Total Organic Carbon Analyzer User’s

Manual was carefully followed.

Finally, studies of the molar absorption coefficient of the pollutant and the oxidants were
evaluated through the Lambert-Beer law, Eqg. (3.18), using gradient concentration solutions,
measured with a UV-Vis spectrophotometer (8453, Agilent) in the UV range 200-400 nm.

A=e bC Eq.(3.18)

Where A is the absorbance measured through the spectrophotometer, C is the molar

concentration (M), and b is the path lengths of the quartz cuvette (1 cm).

3.2.5 Phytotoxicity test

As described in the work of Ghanbari et al. [148], the germination index was used to evaluate
the phytotoxicity of the treated and untreated DCF samples. Fifteen seeds of each plant,
Raphanus sativus (radish) and Solanum Lycopersicum (tomato), were distributed
homogenously in the Petri dish containing one filter paper of 110 mm at the bottom and one
filter paper of 70 mm on top of the wet seeds (Whatman, GE Healthcare Life Sciences). 10
mL of sample was used in each test, and afterwards, all Petri dishes were incubated for 72 h
at 25°C. The number of germinated seeds was measured (Gs), as well as the length of the
roots (Ls), and then compared to the germinated seeds in the control condition (Gc, and Lc,
respectively), where distilled water was employed. Finally, the germination index (GI) was
calculated following Eqg. (3.19). Each condition was performed in triplicates; therefore, the

results show the average and standard deviation of three repetitions.
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s Lg

Gl (%) = 2
C [

-100 Eq.(3.19)

3.2.6 Calculations of the degradation kinetic parameters

A rigorous kinetic description of the model UV/H.O, and UV/FC was investigated
considering the wavelength dependency of the photoactivated reactions. The Kinetic
constants for the DCF photolysis at the wavelengths of interest were obtained from the
experimental data of the present investigation, as well as the dark reactions constants. On
the other hand, the rates of the elementary photo reactions for H>O,, HOCI, and OCI" were
expressed as the product of the quantum yield (®,, expressed in mol Einstein) and the
volumetric rate of photon absorption, VRPA (e?, expressed in Einstein L™ s). Where the
latter can also be written as the molar absorption coefficient of the reactant (4, Mt cm™)
multiplied by the concentration of the reactant and the irradiance (G, W m), as shown in
Eqg. (3.20) [149].

hv
A —>B Tar = Pap-e%r=Pay " €42 [Al- Gy = ko [A] -G, Eq.(3.20)

Where k; is the kinetic constant (J"* m?) with respect to the concentration of the reactant and
the irradiance. Each value is wavelength dependent and therefore evaluated for each lamp.

The mechanisms proposals were chosen to find the best compromise between the number of
reactions considered and the robustness of the results. For the selected mechanisms, the
kinetic model was derived by resolving the mass balance of the different species and by
applying the kinetic micro steady state approximation (MSSA) for the concentration of
radicals. The second-order rate constants for the main radicals with DCF were finally
estimated by minimising the normal root mean squared error (NRMSE) between the
experimental and predicted concentration of DCF, H20,, and FC. The sequential quadratic
programming (SQP) function was implemented in GNU Octave to solve the nonlinear
optimisation by minimising the objective error function, whereas the system of differential

equations was solved using Euler explicit method.
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3.3 Life cycle assessment methodology

The methodology standardised by the ISO was followed for the LCA analysis. The method
involves four main interrelated stages, defined by ISO 14040 and 14044 series [120,150]

and shown in Figure 3.18.
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Figure 3.18. Life Cycle Assessment Framework according to 1SO 14040 and 14044.
Adapted from [121].

Goal and scope

The goal and scope phase is the key step where the reasons and limitations for carrying out
the study as well as the intended audience are indicated. The choices made in this step are
fundamental for the rest of the study. In the first place, the functional unit (FU) is defined,
which provides the reference unit and can strongly influence the conclusions. In this step,
the identification of the system boundaries is also carried out, which defines the unit
processes that are part of the system. Furthermore, in this phase, there are also included
allocation procedures, if any, and the identification of the impact assessment method and the
impact categories of interest.

Life cycle inventory

The life cycle inventory (LCI) phase involves the data collection of the inputs and outputs

concerning raw material and energy, product and co-products, waste, emissions and other
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environmental aspects (Figure 3.19) within the system boundaries identified in the previous
phase. After the data are validated, they need to refer to the FU. Data might concern
foreground processes, under the control of the decision-maker for which an LCA is carried
out, and background processes, all of the indirect processes necessary to support the

foreground processes but not directly part of the product or system being analysed.

Input Life Cycle Stages Output

Raw material acquisition Product,
Coproducts

‘ Raw material ‘ Manufacturing

Atmospheric
‘ Energy ‘ Distribution and Transportation emission,
Waterborne waste,
Solid waste, Other
environmental
releases

Use / Reuse / Maintenance

Recycle / Waste Management

Figure 3.19. Input, output, and system boundaries of a generic product system [151].

Life cycle impact assessment

The life cycle impact assessment (LCIA) phase involves the quantification and classification
of the substances of the inventory into impact categories and common units to allow
comparisons. Impact methods involve results at the “midpoint level” and “endpoint level”.
The former is calculated at the place where a common impacting mechanism occurs, which
is associated with a high number of categories, while the endpoint is associated with three
main areas of protection, which are normally “human health”, “ecosystems”, and
“resources”. Optionally, the results can be normalised with respect to a reference value
which provides the measure of the relative magnitude, or weighted, which refers to using
numerical factors and aggregating indicators across impact categories. Weighting translates
LCA results in a single score, easy to compare, but it implies subjectivity on the choice of

the weighting factors.
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Interpretation
The final stage of the LCA is interpretation, which involves summarising and discussing the

results of the analysis. Both LCI and LCIA results are interpreted in the context of the goal
and scope of the study to draw meaningful conclusions and recommendations. This phase
also includes completeness, sensitivity analysis, and consistency checks. Data quality and
uncertainty analysis can also be performed. As mentioned, the four stages are interrelated
because LCA is an iterative procedure which leads to continuous improvements of the LCI

modelling until reaching a robust conclusion and recommendation.

Although LCA is a standardised methodology, the choices on methodological aspects are
quite open; therefore, to ensure that the LCA results are comparable, it is important to follow
the 1SO recommendations and to harmonise the methodological assumptions used in the
analysis [120,150]. Methodological assumptions refer to the choices made in the LCA
process, such as the functional unit, system boundaries, data sources and quality, allocation
procedures, impact assessment methods, and sensitivity analysis. Small differences in these
choices can significantly affect the results of the LCA and, therefore, the need to be

harmonised to ensure the right comparison [152].

In this study, to compare the UV-C LEDs with an LP mercury lamps photoreactor and the
sustainability of the oxidant addition (H202 or FC) in the UV-C LEDs treatments during the
degradation of DCF in water, the ecoinvent v3.0 was used as a secondary data source to
compile the inventory [153], while SimaPro 9.4 was employed to compile the inventory and
quantify the LCA results [154].
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4 Results and discussion

4.1 Microplastic and membrane characterisation results

PA and PS particles were characterised to define the differences in shape, particle size
distribution, and surface charge. FTIR analyses were also performed to evaluate their
chemical structure directly on the membrane surface, where the best filter for the
quantification step was selected. Finally, the chosen membranes for the filtration system
were also characterised by evaluating the roughness, the Shore hardness, and the water

contact angle, other than the surface morphology.

4.1.1 Microplastics detection and analysis

As mentioned, the analysis of MPs pollution in water is still one of the main challenges
related to their occurrence since the microparticles can be easily confused with other
materials. Within the microplastic characterisation techniques, micro-FTIR has gained a lot
of attention as suitable for both quantification and qualification. However, previous studies
have shown that refractive error represents a source of uncertainty when interpreting the
spectra of irregularly shaped materials [19]. Consequently, ATR-FTIR measurements were
performed to analyse the specific regions to identify them and identify the key characteristic
peaks [155]. In the case of performing a chemical map of the MPs directly on the filter, the
latter should behave as a window in the regions where the MPs characteristics peaks fall.

Therefore, a study on the best choice for the filter material was also carried out.

Figure 4.1 shows the ATR-FTIR spectra of the MPs and the membranes under study. The
main regions for PA and PS particles were identified as 3300-2700 cm™, corresponding to
N-H and C-H stretches, and 1800-1300 cm®, which reflects the C=0 stretch, N-H bend, and
C-C stretch [156].
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Figure 4.1. ATR-FTIR spectra of the two MPs (PA and PS) and the four membranes (CA, PC,
PTFE, GF) under study.

On the other hand, the reflectance micro-FTIR spectra of the particles and the membranes
are shown in Figure 4.2. As expected, the micro-FTIR spectra exhibit some distortions and
baseline fluctuations attributed to refractive errors in comparison to their corresponding ATR
spectra. Nevertheless, both MPs and membranes show distinctive absorbance regions related
to their main stretching and bending bonds, contrary to a previous study where the spectrum

of polyamide nylon-6 was unattainable in reflectance micro-FTIR [155].
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Figure 4.2. Reflectance micro-FTIR spectra of the MPs (PA and PS) and the membranes (CA, PC,
PTFE, and GF).

Within the four membranes tested, GF demonstrated the highest suitability in reflectance
mode since it showed a better IR window in the first region, 3300-2700 cm™, despite
exhibiting some diffractive errors and high absorbance in the second region, 1800-1300
cm*, which could complicate MPs identification. Following in order of suitability were CA,
PC, and PTFE membranes; however, all of them displayed peaks in the regions of interest
that could also be problematic for identification purposes. Therefore, GFs were selected for
the quantification step, while the other three membranes were explored for the removal of

MPs during MF in dead-end configuration.

Prior to the removal technology study, this work was instrumental in characterising and
identifying the microplastic particles of interest. The results demonstrate that micro-FTIR is
suitable for identifying MPs through their main peaks directly on the membranes; however,
refractive errors pose challenges, especially in more complex matrices. Additionally, a major
drawback is the detection limit, which is limited to particle sizes down to 20 um, thus

neglecting the identification of NPs, which are becoming increasingly prevalent.
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4.1.2 Particles size distribution

Figure 4.3 and Figure 4.4 depict the particle size distribution of PA and PS particles,
respectively, after being milled and sieved in the range of 20-300 um, where the histograms
represent the microscopic counting results, while the solid grey line the particle size
distribution from FBRM technology. The results from the two techniques were comparable
in both cases, indicating the suitability of the two measurements for quantifying the MPs

size.

| PA - Microscopic Counting
= PA - FBRM
== 1 Log-Normal Distribution

Relative number of particles
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b
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Particle size (um)

Figure 4.3. Particle size distribution of PA particles measured by microscopic counting and FBRM
technology. The short-dash dot curve in green represents the log-normal distribution fitting the
histogram data.

The average particle size for PA was around 40 pm, as determined by both techniques (41 +
16 pum and 39 £ 29 um from microscopic and FBRM, respectively), while for PS particles,
it was around 110 pm (109 = 74 pum and 109 £ 70 um from microscopic and FBRM,

respectively).
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Figure 4.4. Particle size distribution of PS particles measured by microscopic counting and FBRM
technology (the grey curve). The short-dash dot curve in green represents the log-normal

distribution fitting the histogram data.

Since the particle size distributions of both MPs were right-skewed, to describe them, a log-
normal distribution was fitted to the histogram data, represented in the figures by the short-
dash dot curves in green. The log-normal distribution main parameters, which are location
and scale, were 3.65 and 0.39 for PA, and 4.60 and 0.81 for PS, respectively. Finally, the
mean values of the log-normal distributions were 41 um for PA and 138 pum for PS.

It should be noted that after sieving the particles, MPs smaller and bigger than the selected
range were detected, therefore confirming that they could agglomerate with each other or
pass through the sieve due to their irregular shape.
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4.1.3 Zeta potential analysis

The zeta potential was experimentally evaluated for the two particle types in milli-Q water
and shown in Figure 4.5. In general, a positive {-value indicates that the surface of the
material has a net positive charge, a negative value indicates a net negative charge, whereas
zero means a neutral surface charge. Most plastics have a relatively low zeta potential in
water due to their hydrophobic nature and lack of surface charges; however, they can be
modified by various functionalisation depending on the final scope of the plastic or the
environmental route followed by the particles into the water. Furthermore, { depends on the
particles’ size since smaller particles have a higher surface area-to-volume ratio, increasing
the available surface charges and affecting the behaviour and stability of the particles in

suspension, as well as their interaction with the membrane surface [15].
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Figure 4.5. Zeta potential curves as a function of pH of 500 mg L™ of PA (black squares) and PS
(red triangles) particles with sizes between 20-300 um.

For PA and PS particles, the zeta potential changed from negative to positive when changing
from basic to acid conditions. The points of zero charge for these particles were observed to
be at pH 6.5 and pH 4, respectively. Hence, PA particles under neutral water conditions

(considered to be at pH 6.5) displayed a high degree of aggregation and hydrophobic
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behaviour. In contrast, PS particles exhibited a slightly negative {-value of 20 mV of
magnitude, indicating incipient instability and negative surface charge.

Therefore, PA and PS, with their low (-value, their density (1.13 g cm™ and 1.05 g cm,
respectively), and their small size, were forming unstable dispersed colloidal suspensions.
Figure 4.6 shows the suspensions of 100 mg L of PA and PS particles over time. The
particles were slowly settling at the bottom of the container or on the water’s surface, and
for this reason, the magnetic stirrer was needed to keep the suspensions as homogeneous as

possible.

f f
0 1h 6h 24 h
Figure 4.6. Picture of the microplastic suspensions in water over time.

The experiment also proved that using MF instead of simple decantation to separate MPs is
an advantage considering a faster separation time and a higher removal efficiency; indeed,
even after 24 h, some particles were still fluctuating halfway. Additionally, MF, compared
to other membrane processes, only requires a small TMP (below 5 bar) to drive the flow

across the membrane; therefore, it does not involve high energy costs.
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Similarly, the zeta potential of the membranes plays an important role, affecting mainly the
surface fouling degree and the filtration efficiency. The (-values of the membranes of interest
were sourced in the literature. They were all negatively charged, with polycarbonate having
a zeta potential of -11.5 mV at pH ~ 7.4 [157], cellulose acetate displaying a zeta potential
of -35 mV at pH ~ 6 [158], and PTFE exhibiting a zeta potential of -60 mV at pH ~ 7 [159].
It is worth noting that the majority of commercially available membranes in the market
possess negative charges [160]. The sole exception includes positively charged nylon
membranes which were not suitable in this study as they could potentially influence the

removal of the targeted MPs.

4.1.4 SEM images

MPs in the environment have diverse morphologies depending on their purpose or route of
entry into water bodies. The SEM images of the MPs help identify the differences in
morphology and shape irregularities between the two types employed, the synthesised PA
particles and the milled PS fragments. The images are shown in Figure 4.7 and were taken
at different magnifications to allow a similar representation of the particles, 2400x and 8000x
in Figure 4.7a and b for PA and 300x and 1200x in Figure 4.7c and d for PS.
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Figure 4.7. SEM images of the particles of PA (a and b, with unit distance of 50 and 10 um) and PS
(c and d, with unit distance of 400 and 100 pm).

The shape of PA particles is much more regular due to the manufacturing process, whereas
the PS particles are highly irregular in size and shape as they were previously milled to attain
the desired size range. Thus, it can be argued that these differences represent the disparity
between primary MPs, which are directly produced as microbeads, and secondary MPs

formed due to macroplastic fragmentation.

Since the morphology and structures of the membranes selected could also significantly
impact MPs removal, SEM images of their surfaces were performed and shown in Figure
4.8.
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A 650x 94mm 52 500KV 319um WD

M 650x 92mm 44 500KV 319um LVD f 5000x 94mm 38 500KV 414um LVD

Figure 4.8. Surface morphology of the three membranes: PC (a and b), CA (c and d), and PTFE (e
and f) under SEM with unit distance of 100 and 10 pum, respectively.

The membrane pore sizes were all 5 um; however, differences in the manufacturing
processes led to different pore sizes and shapes, which can affect the MPs removal, as
highlighted in the study conducted by Cai et al. [16].
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4.1.5 Other membrane characterisations results

From the WCA measurements emerged a super hydrophilicity behaviour for the CA and PC
membrane, where the drop was completely absorbed as soon as it touched the surface. While
for the PTFE membrane, three measures were taken at different times, but no difference was
reported. Figure 4.9 shows the water drop on the PTFE membrane stable after 60 seconds,
where the contact angle was measured on both sides through the goniometer function in
AutoCAD®.

Figure 4.9. Water contact angle measured after 60 s on the PTFE membrane.

Hardness values were measured with the Shore A durometer, and the results showed that the
membranes from the softest to the hardest were CA, PC, and PTFE, respectively, with 62.7,
71.0, and 76.3 in dimensionless unit of measurements in the Shore A scale.

Finally, profilometry analyses were performed. The roughness values were quite similar for
the three membranes within the experimental error, ranging from 1.28 to 1.69 pum. Assessing
the roughness of the membrane surface was important, as rough surfaces with irregularities
and bumps could result in additional physical interactions between the MPs and the
membrane. Generally, higher roughness values induce a higher fouling rate, and the main

processes implied are foulant-membrane interactions, steric effects, hydrodynamic
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conditions, and permeation flux [161]. However, the role of surface roughness becomes
significantly more pronounced when the particles’ size and shape match the membrane’s
valleys. Therefore, roughness is not expected to play a critical role for the three membranes
since particles are substantially bigger than 10 um. Nonetheless, the surface roughness might
increase due to the formation of the cake layer, which can lead to higher fouling during the

process.

In Table 4.1 all the information measured for the three membranes are summarised: WCA,

Shore hardness, roughness and microscope pictures taken by the optical profilometer.

Table 4.1. Water contact angle and roughness measurement.

Membrane PS CA PTFE
WCA <5 <5 130.83+1.33
(degree) highly hydrophilic highly hydrophilic hydrophobic
Shore
Hardness 71.0+27 62.7 £ 0.6 76.3+3.2
(Type A)
1.407 £ 0.183 1.2824 + 0.307 1.691 + 0.424
Roughness
(Hm)
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4.2 Membranes performance for microplastic removal

In this section, the evaluation of the selected membranes’ performance in removing MPs
within a simple dead-end filtration system was conducted, and the optimal membrane

material in terms of water flux, TMP, and MPs removal efficiency was identified.

4.2.1 TMP and flux results

The membranes’ performances were studied as a function of time and with a known
concentration of initial MPs (100 mg L™). At the beginning of each experiment, the pump
was manually set to start at 0.5 bar of TMP. However, for the PTFE membranes, the initial
working pressure was set to 1.5 bar due to their high hydrophobicity; indeed, at 0.5 bar, the
flux was negligible. The filtration data were taken for 10 min, and for each membrane, at
least five replicates of the filtration experiments were performed to evaluate the experimental
errors. A representative curve of TMP and flow rate trend during PA and PS filtration for
the three membranes is shown in Figure 4.10, and for each experiment, the membrane flow
rate when filtering distilled water without any particles was also shown at the set TMP.

The temperature was also monitored during the experiments; however, it is not shown as it

was constant at room temperature the whole time.
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Figure 4.10. Results of TMP and flow rate for PC (a and b), CA (c and d), and PTFE (e and f)
during the filtration of PA and PS, respectively. The black dash-dash curve for TMP and the red
dash-dot curve for the flow rate represent the behaviour of the membranes when filtering distilled
water. On the other hand, the blue dot-dot and green straight-line curves represent the membrane's

TMP and flow rate when filtering water containing 100 mg L of PA and PS, respectively.
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Without any MPs, the membranes” TMP and the flow rate are constant during the entire 10
min, also indicating that at the pressures employed, no membrane compaction occurs when
only water passes. Indeed, while it was found to affect the UF membranes’ performance
[70], MF seems to be less affected. When adding 100 mg L of PA or PS particles without
controlling any operating variable, the fouling induces an increase in TMP and a decrease in
flow rate. Both are important to be considered for the overall performance of the membranes
since TMP leads to higher energy consumption due to the pump costs, while a fast decrease
in flow rate means a more frequent membrane replacement or implementation of more robust
strategies to reduce the fouling, which can increase the overall energy costs.

To be able to represent the experimental error, Table 4.2 shows the average value of TMP
drop and the average value of the flux with the corresponding standard deviation after 10
min of the filtration. To calculate the filtration flux, the area of the membrane was taken
without the part lost due to the filter holder.

Table 4.2. Average transmembrane pressure increase (ATMP) and flux (J) after 10 min of 100 mg
L of MPs filtration of the membranes under study.

PA filtration PS filtration

ATMP1omin (0ar) — Jaomin (L STm2)  ATMPiomin (bar) = Jiomin (L s m?)

PC 0.54 +£0.09 470 £0.75 0.69 £ 0.05 1.73 +0.63
CA 0.51+0.24 4.66 + 1.00 0.59 +0.05 9.67+£0.20
PTFE 0.13 +0.07 3.17+0.72 0.11 +0.05 1.61+0.34

Clearly, the concentration of 100 mg L™ was much more than the average concentration
depicted in the drinking water environments; however, it was chosen to decrease the
filtration time of the experiments. According to LaRue et al. [72], the worst-case scenario of
MPs concentration detected in drinking water to date was around 10 ug L. Therefore, in a
more realistic scenario and assuming a linear correlation, 10 min of operation with 100 mg
L1 of MPs would correspond to around 1666 h or 69 days of continuous operation with 10
ng Lt of MPs.
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According to Table 4.2, the smallest increase in TMP was recorded for the PTFE membrane;
however, the starting TMP was higher to allow the flux to move, and the flux decreased from
7.30 = 1.67 L st m without MPs t0 3.17 + 0.72 L s*m for PA and 1.61 + 0.34 L st m™
for PS. Therefore, regarding the operation, PTFE membranes were undoubtedly the worst
performing; however, they were chosen for their hydrophobicity and the potential of
achieving higher removal efficiency for the hydrophobic interaction MPs-membrane

surface, even if at the cost of higher fouling.

For completeness, Figure 4.11 shows graphically the final TMP and flux reached after 10

mins of the filtration.
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Figure 4.11. Average TMP (a) and flux (b) after 10 minutes of 100 mg L™ of PA and PS filtration

with the three membranes.

Among PC and CA membranes, PC suffered higher fouling with PS particles than PA
particles. Whereas, in the presence of PS, the CA membrane performed much better, with
the flux remaining relatively high after 10 min, around 9.67 +0.20 L s m2, where the curve
had not yet reached a constant value. On the other hand, the performance of the two

membranes was very similar when filtering PA particles.
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4.2.2 MPs removal efficiency

Simon et al. [68] pointed out the inaccuracy of reporting the MP measurements based only
on particle number removal efficiency. They explained that particle number is not a
conserved base quantity since they can break down during the filtration due to the
mechanical impact with the membrane, and this would lead to a potential overestimation of
their final amount. Indeed, several studies reported a considerable variation in treatment
removal efficiencies, which could have been the direct result of the reported values other
than sample collection and the analytical method for the quantification [17,162]. Mass, on
the other hand, is more suited to compare independent studies on MPs, and it should be
included. However, both are important considering the increasing worries of NPs in the
environment. Therefore, both values, MRE% and NpRE%, evaluating the mass and the
particle number removal efficiency, were calculated to compare the effectiveness of the three
membranes in the MPs removal with the aim to provide comparable results with other
independent studies. Also, for the removal analyses, at least five replicates of the
measurements were evaluated. Table 4.3 shows MRE%, NpRE%, together with the estimated
total number of particles per litre that had not been removed by the membranes (NTwp) and
the particles’ average diameter (Dmp). Whereas the number of particles (1,982,000 and
143,000 particles L for PA and PS, respectively) and the average diameter size (40 and 110
um for PA and PS, respectively) in the suspension feed were considered the same in all

filtrations.

Table 4.3. Total number of unremoved microplastic particles per litre (NTwp), average size of
unremoved MPs (Dwmp), mass removal efficiency (MRE%) and particle number removal efficiency
(NpRE%) of each membrane when filtering water with 100 mg L of PA and PS.

Membrane  MPs (par':'izl“e”; L5 8“4; MRE% NPRE%
o PA 127,000 1566  996+04  936+6.3
PS 33,000 3740  968+45  76.9+215
oA PA 27,000 2058  998+01 98707
PS 8,000 7551  943+51  945+30
TEE PA 46,000 2172 996+03  97.7+13
PS 47,000 2049  960+46  66.9+232
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The results in Table 4.3 demonstrate that part of the particles could still pass through the
membranes’ nominal pore size even if they are bigger. A reason for this can be addressed to
the membrane surface’s abrasion caused by the solid particles in the flow. This phenomenon
has been found to be particularly enhanced in dead-end filtration when high pressures are
applied and when MPs have irregular shapes since they can more easily damage the selective
layer of the membranes [11]. In this study, PS particles have higher shape irregularity than
PA, but another factor that can influence the membrane abrasion degree is the hardness of
the membrane, being the CA the most affected, followed in order by PS and PTFE.

On the other hand, PS particles could present internal cracks due to cryogenic fragmentation
[163]. However, SEM images of the two particles, shown in Figure 4.7, revealed that even
if PS particles showed some weak spots, in general, they looked more compact than PA
particles. Indeed, the latter presented some smaller nanoparticles aggregated on top of bigger
particles, which could disaggregate due to the impact with the membrane.

Overall, membrane abrasion and particles breaking down, shown in Figure 4.12, can be
highlighted as the main phenomena potentially occurring during MF in dead-end

configuration.

Dead-end filtration

raw water

i

MF membrane

treated water

“mg Membrane
® abrasion
m* Particles

| \ o breaking down

Figure 4.12. Phenomena potentially occurring during the filtration in dead-end configuration.

The water gathered from the PC membrane filtration has a substantial presence of PA
particles estimated to be around 127,000 particles L™ but with an average size smaller than

the defined range employed, 15.66 pm with a size between 2-50 um. Therefore, while some
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smaller particles were part of the particle size distribution in the PA suspension feed, others
have been produced due to the impact with the PC membrane. It was also the case that some
PA particles bigger than the nominal pore size of the membrane could pass intact. Similarly,
with the PS particles, where around 33,000 particles L™ were not retained during the process,
with an average diameter of around 37.40 um, with particles in the range of 10-100 um. In
the case of PS, even bigger particles were able to pass through the membranes’ pores,
probably caused by a higher degree of membrane abrasion.

For CA filtrations, 27,000 PA particles L™ were estimated unremoved, almost one-fifth of
the amount of the PC membrane, with an average diameter of 20.58 pm, varying in the range
7-70 um. Therefore, slightly bigger in size than the ones from PC filtration. Also, for PS, the
smallest number of particles compared to the other membranes were found, 8,000 particles
L1, but the filter did catch the biggest particles in comparison to the other membranes, with
an average diameter of 75.51 um, varying in the entire range of 10-300 um. As mentioned,
from the Shore hardness measure, CA membranes showed the lowest hardness value in a
dry environment, which is further amplified in wet environments, making the membrane
more prone to abrasion. Hence, the impact with the particles induced less breaking down of
the particle but a higher degree of abrasion; therefore, the total unremoved MPs were bigger
in size but less in number.

Finally, for PTFE membranes, the unremoved number of particles L™ is similar for both
types of MPs, and the sizes were 21.72 pum (7-90 um) and 29.49 pum (8-220 um) for PA and
PS, respectively. As three times the initial pressure of the one used during PC and CA
filtration was employed, the higher TMP was mainly responsible for both membrane
abrasion and particles’ breaking down in both cases, and the hydrophobicity of the PTFE did
not lead to a particular higher mass removal efficiency, and instead, it also showed the worst
NpRE%. Figure 4.13 shows the MRE% and NpRE% of the tree membranes graphically.
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PC CA PTFE _ PC CA PTFE
Membranes Membranes

Figure 4.13. Mass removal efficiency (MRE%) and particle number removal efficiency (NpRE%)

of each membrane when filtering water with 100 mg L* of PA and PS.

Overall, the MRE% results are quite comparable within the experimental error, showing that,
in general, MF is a suitable low-cost process to employ for MPs removal. The NpRE% results
showed higher differences, although the experimental error was quite big due to the
estimation of the particles both in the inlet and the outlet of the filtration, especially for the
PS removal due to the larger and irregular size of the particles, which led to an estimation
less precise. Considering only the average values, the particle removal was overall lower
than the mass removal, which is the direct result of the breaking down of the particles,

according to Simon et al. [68].

4.2.3 Overall performance evaluation

Although high mass removal efficiencies were reached with all membranes for both types
of MPs (above 94% for all cases), variable performances were observed as a result of
differences in the MPs-membrane interaction, membrane abrasion and breaking down of the
particles. PTFE, due to its hydrophobicity, requires a high working pressure, negatively
affecting the pumping costs, without a tangible advantage for MPs removal. The PC and CA
membranes showed a similar operating condition during PA filtration concerning TMP and
flow rate. While during PS filtration, CA allowed much higher water flux. Other than higher
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membrane abrasion, a second explanation could be that between the surface of CA and PS
particles, higher electrostatic repulsion forces, given by a more negative CA surface
compared to PC, helped create a looser cake layer, hence, allowing more flux to pass
through.

Figure 4.14 shows the morphologies of the cake layer formed on the membranes after 10

min of filtration with PA and PS particles.

PC — PA filtration

CA — PA filtration

PTFE — PA filtration

a |

b ]

<]

i

PC — PS filtration

CA — PS filtration

PTFE — PS filtration

d |

f

Figure 4.14. Morphology of the cake layer on PC (a and d), CA (b and ), and PTFE (c and f) after
PA and PS filtration, respectively. The pictures were captured with a phone camera.

A

As a direct result of the zeta potential, the cake formed after PA filtration is more compact
than the PS one. It is also possible to notice a minor yellowish colour after PS filtration due
to small impurities coming from the grinding of the particles. However, no visible difference

is shown for the PS filtration with PC and CA membranes.

99



4. Results and discussion

The choice of membrane properties needs to compromise the risk of producing a higher
amount of NPs or allowing the passage of bigger MPs particles. As the increase of NPs is of
great concern, CA was evaluated as the optimal membrane material for MPs removal in this
system, where the overall performance of TMP, water flux, MRE% and NpRE% were the
best, or among the best, for both particles. Also, CA membranes have both negative surface
charge and high hydrophilicity, which are good membrane properties to reduce fouling by
MPs and increase the water flux allowed [164]. Finally, CA can be considered more
sustainable and environmentally friendly compared to PC and PTFE membranes, which are
synthetic polymers that can lead to further plastic contamination when breaking during
filtration. In contrast, CA is a bio-based polymer derived from cellulose through acetylation
of some of the hydroxyl groups. Although it may take up to 10 years to decompose, it can
break down in the natural environment without causing adverse impacts. The bio-
decomposition of CA depends on environmental conditions, such as temperature, moisture
level, and the degree of acetyl substitution [165,166]. It offers the advantage of avoiding
contamination from membrane embrittlement. However, the physical and chemical cleaning
of CA membranes requires extra attention as it could speed up membrane material
degradation, leading to breakage and the release of micro and nano plastics, i.e., secondary
pollution of MPs [64,167]. Also, cleaning procedures may increase the dimensions of the
membrane's pore size through mechanical stresses and physical flushing, and chemical
cleaning may introduce by-products that can be adsorbed onto the hydrophobic surface of

the MPs before their release, increasing their hazard [167].

4.3 Membrane fouling by microplastics

Filling the knowledge gap on membrane fouling by MPs can encourage the use of membrane
systems and implement the correct and optimised strategy for an efficient and safe operation.
Since CA showed the best overall performance, it was chosen for the investigation of the
fouling degree under different working conditions. The following section aims to analyse
the main successive fouling mechanisms occurring during the filtration of MPs with CA
membrane, find a correlation between the fouling kinetics and the operational parameters to

evaluate optimal filtration settings and be able to predict membrane fouling degree in other
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scenarios, other than assessing the influence of the MPs characteristics on the membrane
fouling. It is also worth mentioning that due to the several difference between the two MPs
employed, this study could not assess the predominant fouling factor among the MPs’

variables, but the valuable results help identify the impact of each variable on the fouling
behaviour.

4.3.1 Main successive fouling mechanisms

Filtrations of pure water through the membrane up to 1 bar were first performed as a control
experiment to observe if it was implying changes in the permeate flux over the entire
filtration run when higher pressures are employed. However, several pressures up to 1 bar
were tried, and no compaction occurred (Figure 4.15).
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Figure 4.15. Studies on membrane compaction. No significant changes in water flux were observed

after 1 h of distilled water filtration. The figure represents the filtration at 0.3 bar.

To achieve the first objective, identifying the successive prevailing mechanisms occurring
during the filtration runs, V(t) was evaluated from the flow meter data set. Post-processing
methods have been used to attenuate the noise of the experimental data in agreement with
the procedure followed by Grenier et al. [59], and the finite difference method was employed
to derive the parameters d?t/dv? and dt/dV. Finally, n was evaluated to identify the main
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controlling fouling mechanisms as described by Hermia’s model in Eq. (3.5), while the
kinetic constants were assessed by the corresponding equations in Table 3.1. Figure 4.16
shows the plot of cumulative permeate volume versus time and the d?t/dV? versus dt/dV plot

for the evaluation of the n-mechanism for PA and PS filtrations.
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Figure 4.16. Plot of V (L) versus t (s) in black dash-dotted line for PA and in red straight line for PS
(a). Plot of d2t/dV? versus dt/dV for the determination of n-mechanism, black squares for PA and

red dots for PS (b). Both curves refer to a representative curve at 10 mg L and 0.3 bar.

From the d?/dV? versus dt/dV plot, considering the correlation given from Hermia’s
equation, it was possible to evaluate n directly. In Figure 4.16b only some experimental
values are shown to highlight the two trends and facilitate the identification of the main
fouling mechanisms. According to the results, the leading mechanisms were complete pore
blocking (corresponding to n~2) followed by cake formation (n=0).

The findings are in agreement with the case where dpore < dparticte in Table 3.2, where the
effect of complete pore coverage probably obscured the intermediate pore blocking. The
internal pore blocking was not expected to occur since the membrane pore diameter was
smaller than the particles size. However, since the case dpore << dpartictle COuld also represent
the working conditions, comparison studies with only cake formation as the controlling
mechanism were also performed. Figure 4.17 represents the experimental data by fitting
model 1, only cake formation considered through the entire run, or model 2, the combination
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of complete pore blocking followed by cake formation. The experimental curves shown

correspond to the averaged value when 10 mg L™ at 0.3 bar of MPs are filtered.
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Figure 4.17. Comparison between model 1 (when only cake formation occurs) and model 2
(complete pore blocking followed by cake formation). The experimental curve represents the
averaged value for PA filtrations (a) and PS filtration (b) at 10 mg L* and 0.3 bar.
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In both cases, model 2 fitted the data better and led to a higher coefficient of determination,
R?. However, it was possible to notice that the difference between the models was more
pronounced when higher fouling occurred; therefore, in Figure 4.17, the differences are more
pronounced for PA filtration.

For the kinetic analysis, the corresponding kinetic constants for complete pore blocking and
cake layer formation Ky and K¢ were evaluated by fitting the equations in Table 3.1 and by
minimising the sum of squared errors (SSEs) between the predicted and experimental curves
using Microsoft Excel solver tool. Finally, an extra equation was added to ensure continuity
passing from one mechanism to the other. Ky and K¢ were studied for the two types of MPs,
PA and PS, varying MPs load and operating TMP. The results are shown as an averaged
value with the standard deviation error corresponding to at least five repetitions obtained for

each condition.

4.3.2 Kinetic analysis varying MPs load

Figure 4.18 shows the permeate flux decline during constant pressure filtrations at different
MPs loads.
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Figure 4.18. Permeate flux decline after 1 h of PA (a) and PS (b) filtrations at different MPs loads.
The solid line corresponds to the average of the replicates, while the colour band around it indicates

the error experienced under that operating condition.

The experimental curves were then fitted with model 2, which gives the results of Ky and K¢

for PA and PS filtration at different MPs loads, shown in Table 4.4. To study the goodness
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of the model, the coefficient of determination, R?, was also evaluated. Since, in all cases, R?
was greater than 0.98, we can consider that the selected model (complete pore blocking

followed by cake formation) satisfactorily represented the experimental dataset.

Table 4.4. Averaged values for complete pore blocking, Ky, cake formation, K¢, and the coefficient
of determination, R? applied between the model and the experimental data for PA and PS filtration

at different feed concentrations.

Concentration Kb (s1) Ke (s m?) R? Kb (s%) Ke (s m?) R?
(mg L) PA PA PS PS
1 (5.1+2.3)-10* 2812 0.982£0.016 | (7.1+3.8)-10* 16+£05 0.984 +0.011
5 (1.1+04)-10° 127+6.8 0.990+0.008 | (5.2+1.2)-10* 1604 0.992 + 0.005
10 (15+04)-10° 30.1+14 0.988+0.008 | (7.9+15)-10* 3.0+0.7 0.990 + 0.006
20 (3.6+0.9)-10° 80.7+21.7 0.990+0.005 | (2.1+0.3)-10° 85+14 0.992 +0.003

Figure 4.19 shows the correlation between the kinetic constants for complete pore blocking

and the blocked surface area parameter with the suspension MPs type and dosage in water.
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Figure 4.19. K, (2) and #g (b) for PA (black squares) and PS (red dots) at variable MPs load, both

reported on the same scale.
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The blocking parameter #g was chosen for discussion since it also considered the initial flux,
according to Eq. (3.14). On the other hand, Figure 4.20 shows the kinetic constants for cake
formation in the same scale and in two scales as a function of the suspension MPs type and
the dosage. Since 7c is a function of two constants, TMP fixed at 0.3 bar and the fluid

viscosity, the pattern was the same as K. and, therefore, not reported.

100{ W K_- PA filtration {1004 m K.PA L 10
® K, - PSfiltration ; ey =0, +dy X147 (REZ 1)
_ 804 | & 751 @ K.PS oty
"t 60 . E — -y =c, +d, X ¥ (R?=0.99) 7 £
: ] . S »
@ - H o 50 —."'/' 6 —
- VY P L
<10 . P A P
v : - e Y
20 . o 2 ;’ o
o] &l o) B
T T T T T i T T T T T O
0 5 10 15 20 : 0 5 10 15 20
MPs load (mg L) MPs load (mg L")

Figure 4.20. K. as a function of MPs load for PA (black squares) and PS (red dots) in the same

scale (a) and a magnification of the two trends on two scales (b).

The blocking parameter #g and the kinetic constant K are strongly correlated with the MPs
load. The results showed a power-law relationship between fouling and MPs concentration,
with a stronger correlation observed for PS (C %) compared to PA (C™*4). At low MPs
dosages (1-5 mg L), fouling induced by PS did not change significantly but increased
critically at higher MPs load, whereas PA-induced fouling showed noticeable differences at
low dosages and increased less critically than PS at higher dosages.

Therefore, the overall increase in MPs concentration induces higher fouling than a linear
correlation between the two. The power-law relationship can be attributed to an increase in
steric obstacles at the pore entrance and to an intensification of interactions in the presence
of a higher number of particles. This also explains the higher dependence on MPs load in
the case of PS particles since they have a greater averaged diameter compared to PA

particles.

106



4. Results and discussion

Besides the trend, the values of s and K¢ are much higher after PA filtration than PS,
indicating a higher level of fouling in the former. This suggests that there is a greater level
of interaction between the MPs particles and the membrane in the case of PA, which lead to
higher fouling. Indeed, a denser cake layer was formed due to the hydrophobic interaction
among the PA particles. In contrast, PS particles are charged, which could lead to
intermolecular repulsion between the particles and the membrane, both of which are
negatively charged. This repulsion may increase the cake layer's porosity and prevent the
formation of a thick and compact layer.

Figure 4.21 shows the cake appearance only for the chosen CA membrane after 1 h of MPs

filtration with an initial concentration of 10 mg L™ and working at 0.3 bar.

Pristine CA CA — PA filtration CA — PS filtration

 a |

Figure 4.21. Images of the CA pristine membrane (a) and after 1 h filtration of 10 mg L™ of PA (b)
and PS (c) particles at 0.3 bar.

In the case of PA filtration, the cake layer formed a cohesive and dense structure on the
membrane surface, while for PS filtration, the particles showed a tendency to detach more
readily from the membrane.

Additionally, the size distribution and shape of the particles might also play a significant role
in the extent of fouling. Two previous studies by Li et al. [71,168] found that MPs in the
range size of 1.0-2.7 um caused more fouling due to their ability to act as binders and form
a denser layer. It has also been reported that non-spherical particles induce less fouling as
they allow for the formation of a looser cake layer due to the varied particle orientations [74].
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Therefore, the smaller size distribution of PA particles may have contributed to the
compactness of the cake layer, while the irregular shapes of PS particles have helped its
looseness. Furthermore, as already discussed, the sharp-cornered PS particles coming from
cryogenic milling could have also caused a higher degree of membrane abrasion. Although
membrane abrasion is undesirable not to favour MPs secondary contamination, it leads to
larger pore diameters and higher membrane porosity, allowing more flux to pass through.
Finally, the major interactions discussed at the interface MPs-CA membrane are summarised

in Figure 4.22.

Repulsive polar forces *  Repulsive polar forces

Elow (hydrophobic particles / Flow (hydrophobic particles /
hydrophilic membrane) hydrophilic membrane)
No electrostatic *  Electrostatic repulsion
repulsion (both negatively charged)
Smaller particles act as *  Higher particle steric
binder in the cake layer hindrances

Particle shape-irregularity

Cake formation Cake formation causes a looser cake layer

Complete pore v

Complete pore N
blocking P

blocking

Hydrophilic Membrane Hydrophilic Membrane

Low roughness,
low impact on fouling

Membrane abrasion due to

sharp-cornered PS particles

Permeate Permeate

Figure 4.22. Main interactions occurring between MPs and MPs-membrane and affecting the
fouling kinetic.

4.3.3 Kinetic analysis varying the working pressure

Figure 4.23 shows the permeate flux decline at different transmembrane working pressure

which was kept constant during the entire filtration.
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Figure 4.23. Permeate flux decline after 1 h of PA (a) and PS (b) filtrations at different working
TMP. The solid line corresponds to the average of the replicates, while the colour band around it

indicates the error experienced under that operating condition.

The experimental curves were then analysed and fitted with model 2. The resulting Ky and

K¢ for PA and PS filtration varying TMP from 0.1 bar up to 0.7 bar are shown in Table 4.5.

Table 4.5. Averaged values for complete pore blocking, Ky, cake formation, K¢, and the coefficient
of determination, R? applied between the model and the experimental data for PA and PS filtration
at different TMP.

TMP Kb (s1) Kc (s m?) R? Kb (s1) Kc (s m?)

2
(bar) PA PA PS PS R

0.1 (21+£05)-10° 100.8+17.2 0.985+0.014 | (1.1+0.2) 108 104+15 0.980 +0.011

0.3 (15+04)-10° 30.1+14 0.988+0.008 | (7.9+15)-10* 3.0+07 0.990 + 0.006

0.5 (25+1.0)-10° 169+7.1 0.994 +£0.004 | (1.5+0.1)-10% 3.0+04 0.991 + 0.006

0.7 (33+1.2)-10° 16.7+59  0.997+0.001 | (2.1+0.5) 108 2.8+0.6 0.995 +0.003

Also in this case, R? was greater than 0.98 under all circumstances, and Figure 4.24 and
Figure 4.25 show the correlation between the kinetic constants and the parameter #g and 7c
with the MPs type and the working TMP. This time, the cake specific resistance 7c, which
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is dependent on the pressure drop as per Eqg. (3.16), was also reported as it shows a distinct

pattern compared to K.
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Figure 4.24. Ky (2) and 7s (b) for PA (black squares) and PS (red dots) as a function of TMP,

represented on the same scale.
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Figure 4.25. K. (a) and ¢ (b) for PA (black squares) and PS (red dots) as a function of TMP,

represented on two different scales to appreciate the trends.

PS-ng(m?)

By increasing the TMP, the K. values decreased until they reached a constant value within

the experimental error. This occurred at a threshold pressure that corresponded to a value

between 0.3 and 0.5 bar for PA and 0.3 bar for PS filtration.
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Similarly, Kby, ¢, and #s showed a minimum in correspondence of the same TMP value.

At lower pressures, the particles have a higher tendency to stick to the membrane. However,
as the pressure increases to the threshold value, the shear stress at the pore entrance becomes
sufficient to dislodge the particles captured at the membrane surface pore or the cake layer.
This process leads to the liberation of some previously obstructed pores and results in a
decrease in the cake’s density, ultimately resulting in weaker fouling [136]. The shear stress
is an important factor in the fouling of membranes, as it influences the three main resistances:
Rm,0, Rmg, and Rc, and is mathematically linked to the lift force that can displace the particle
from the membrane surface [169]. It is often manipulated to regulate and mitigate membrane
fouling, although the properties of the foulants play a crucial role in this potential mitigation.
Li et al. [71] have demonstrated in their study that increasing the wall shear stresses by
applying rotation or helical rotation is an effective fouling alleviator for PS particles.
Alternatively, Enfrin et al. [170,171] showed the efficacy of periodic gas scouring, which
generates higher shear forces with the gas bubbles, in reducing the fouling by PE
nano/microparticles and PET nanofibers on hydrophobic PSF membranes.

Nevertheless, working at higher TMP and higher shear stresses is not always optimal as it
would lead to increased operational costs and energy consumption without any significant
advantages for membrane fouling. In theory, for rigid foulants, the stronger the shear stress,
the weaker the fouling [169]. However, MPs cannot be considered rigid foulants since they
are susceptible to mechanical impacts during filtration [163], which causes their breakage.
Also, an increase in TMP leads to higher membrane abrasion and particle breakup. The
former results in larger membrane pores and reduced MPs removal, whereas the latter leads
to higher NPs contamination and can cause more severe fouling due to their interstitial
effects [169,172]. As a result, the best working conditions are those corresponding to the
threshold pressure value, where kinetic constants reach their minimum or constant value.
To evaluate the differences among the MPs types, the wall shear stress occurring during the
filtrations at the beginning of complete pore blocking, zwo, and at the transition from

complete pore blocking to cake formation zwp>c. were evaluated according to Eq. (4.1).

Eq.(4.1)
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Where u is the flux velocity and r is the radius of the membrane pore.
Furthermore, also the Reynolds number, Eq. (4.2), within the pores was calculated to
determine whether the flow was in the laminar (Re < 2300), transient (2300 <Re < 4000) or

turbulent (Re > 4000) range.

pubD
U

Re = Eq.(4.2)

Where D is the hydraulic diameter, in this case corresponding to the pore size of the
membrane where the flow channels (dpore = 5um =5 x 10° m), & is the mean velocity of the
fluid in m s, p is the density of the fluid (water density = 997 kg m), and p is the dynamic
viscosity of the fluid (water viscosity = 0.00089 kg m™ s?),

Table 4.6 and Table 4.7 show the permeate flux, the flow velocity, the Reynolds number,
and the wall shear stress at the beginning of the filtration (0) and at the transition from

complete pore blocking to cake formation (b—>c) for PA and PS, respectively.

Table 4.6. Permeate flux, flow velocity, Reynolds number, and wall shear stress after PA filtration
at the beginning of the run, Jo, Uo, Reo, 70, and at the transition from complete pore blocking to cake

formation Jy>c, Up=c, R€boc, Twbc.

TMP Jo Uo Jb--sc Up-->c Reo Reb->c | Two | Twb->c
(bar) (Ls'm?) |(ms?)| (Ls'm?) | (ms?) (Pa) | (Pa)

0.1 11.35+2.67 | 0.011 | 2.67+0.49 | 0.003 0.064 0.015 |16.16 | 3.81

0.3 16.72+3.60 | 0.017 | 432+065 | 0.004 | 0.094 | 0024 |2381| 6.15

0.5 26.33+0.50 | 0.026 | 7.91+127 | 0008 | 0.147 | 0044 |37.50| 11.26

0.7 25.97+253 | 0.026 | 9.47+0.79 | 0.009 0.145 0.053 | 36.98 | 13.49

112



4. Results and discussion

Table 4.7. Permeate flux, flow velocity, Reynolds number, and wall shear stress after PS filtration
at the beginning of the run, Jo, Uo, Reo, 70, and at the transition from complete pore blocking to cake

formation Jyc, Ub ¢, R€bc, Twb c.

TMP Jo Uo Jp-->c Ub-->c Reo Rep-->c Tw,0 Tw,b-->c
(bar) (Ls'm?) |(ms?Y) | (Lstm?) | (ms? (Pa) (Pa)

0.1 13.06+1.79 | 0.013 | 835+1.18 | 0.008 | 0.073 0.047 |18.60 | 11.88

0.3 20.42+1.66 | 0.020 | 13.62+1.93 | 0.014 | 0.114 0.076 |29.08 | 19.39

0.5 3220+ 235 | 0.032 | 18.34+3.10 | 0.018 | 0.180 0.103 |45.85| 26.11

0.7 39.55+6.95 | 0.040 | 21.54+4.08 | 0.022 0.222 0.121 |56.32 | 30.67

In Table 4.6, it is noted that Jo at 0.7 bar was curiously similar to the value at 0.5 bar. This
observation can be justified by the fact that when the pressure approached 0.7 bar, the high
fouling rate had already started to lower the flux allowed to pass through the membrane.

As the flux is higher during PS filtration, higher shear stress values are typically observed
for PS particles compared to PA particles. Additionally, the differences between the shear
stress values are greater when comparing the values at the transition of the mechanisms
(zw,b>c) relative to the beginning of the filtration (zwo). This phenomenon is responsible for
the fact that Ky and #s could be represented on the same scale, while K and #¢ values differed
by one order of magnitude between the two MPs and thus represented on two scales. These
observations suggest that cake formation is the mechanism that is most strongly influenced

by the type of particle suspension.

Finally, Figure 4.26 summarises the main forces acting on the particles at the pore entrance
during the filtration run.
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Figure 4.26. Schematic forces acting on an MP particle fouling during dead-end filtration.

4.3.4 Impact of MPs on the membrane fouling

The impact of MPs on the membrane surface was evaluated by conducting water contact
angle and profilometry analysis after the MPs filtration to investigate changes in the
membrane surface properties during fouling.

In the case of a pristine CA membrane, the water drop was found to spread during the contact
moment, indicating complete wetting. However, after PA and PS filtration, the water contact
angle greatly increased above 90°, as shown in Figure 4.27, with a spherical shape on top of

the MPs cake layer, indicating incomplete wetting.
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Figure 4.27. WCA measured before and after the filtration of MPs (10 mg L* at 0.3 bar).

As shown in Figure 4.28, profilometry also underwent a significant increase after 1 h of
filtration. Notably, the increase was more pronounced after PA particles, which exhibited
higher fouling tendencies. It is plausible that the gradual increase in hydrophobicity and
roughness of the fouled membrane surface during the filtration process could have

intensified the MPs-membrane surface interactions, thus contributing to further fouling.
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Figure 4.28. Profilometry measured before and after the filtration of MPs (10 mg L* at 0.3 bar).

However, it should be noted that the locations where large PS particles were present in the
cake layer were excluded from the final roughness value calculation, as shown in Figure
4.29, due to their considerable contribution to the local roughness, which was substantially

greater than the representative value.
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local roughness
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Figure 4.29. SEM image of the CA membrane after PS filtration: details of mean roughness
evaluation. Unit distance of 100 pm.

While the membrane's limited roughness alone did not generate ridges and valleys to capture
particles, the roughness of the cake layer plausibly created favourable voids for other

particles to settle into.

Finally, SEM images were captured before and after the filtrations to investigate the abrasion
degree of the CA membrane surface resulting from the exposure to regular-shaped PA
particles and irregular-shaped PS particles.

First of all, Figure 4.30 shows the pristine CA membrane. There are small pellets on the
surface, which probably come from the manufacturing process and can be easily
distinguished, while from the cross-section image, the membrane reveals a thin dense layer
of smaller pore size which makes the material selective, and under it, a highly porous

structure with open channels to increase the filtration surface area and the permeate flux.
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Figure 4.30. SEM images of the CA membrane surface (a) with unit distance of 40 um and cross-

section (b) with unit distance of 50 pm.

Figure 4.31 depicts SEM images after PA and PS filtration, where Figure 4.31a and ¢ exhibit
an identical magnification of 1000x, while Figure 4.31b and d differ slightly in magnification

to provide an optimal representation of the cross-section, at 600x and 500x, respectively.
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Figure 4.31. SEM images of the membrane surface (a and c after PA and PS filtration) and cross-
section (b and d after PA and PS filtration). All images display a unit distance of 10 pum.

In the case of PS filtration, the sharp-cornered particles caused damage to the thin selective
layer of the pristine membrane, thereby reducing the blockage of particles above the
membrane’s nominal pore size. On the contrary, the abrasion that occurred after PA particle
filtration was significantly less severe, as the selective layer remained easily identifiable in
all images. Thus, membrane abrasion cannot be neglected when filtering highly irregular and
spiky particles and should be considered when implementing these membranes.

However, cross-sectional images in both cases revealed the presence of trapped MPs in the
porous structure of the membrane. On the one hand, this is an indicator that MPs are capable

of passing through the selective layer. On the other hand, it suggests that the porous
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structures beneath the selective layer are capable of retaining MPs, which explains the high

removal efficiency even in the case of PS filtration, where the selective layer is mostly gone.

Some final reflections are made regarding strategies for reducing fouling but at the same
time limiting secondary MPs contamination and loss in removal efficiencies. It has been
reported that backwash and other physical and chemical cleaning processes are a good
solution to reduce fouling [164,170]; however, they dilute and reintroduce the MPs back into
the water, not reducing the overall problem. They can also weaken the membrane surface
allowing secondary MPs contamination, as observed by LaRue et al. [52], who reported
visible cracks in the cake layer of backwashed membranes, which could have also caused
damage to the membrane underneath. Furthermore, the use of chemical agents in conjunction
with these processes may cause further abrasion or weakening of the membrane, leading to
the release of MPs/NPs contaminated with these chemicals into the water. Therefore, direct
membrane replacement should be considered when the membrane is cost-effective,
available, and does not cause further environmental pollution. By replacing the membrane,
secondary MPs contamination is limited since the membrane is not further damaged by
physical and chemical stresses, but also MPs are not diluted or reintroduced into the
environment. From the membrane replaced, MPs could then be recovered, recycled, and
reused for further purposes. For instance, a possible approach is reheating and extruding
them into new garments or degrading them into carbon dioxide and water for carbon
extraction [173]. Nevertheless, replacing the membrane may only be a feasible solution for
small-scale drinking water treatment plants or households where the treated water does not
create excessive fouling, thus reducing the need for frequent membrane replacement. A more
realistic scenario of CA membrane working time shows that every hour of 10 mg L™ of MPs
filtration corresponds to an underestimated time of 42 days of operation in water
contaminated with 10 pg L™ that can be considered acceptable for membrane replacement.
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4.4 UV-B and UV-C LEDs driven advanced oxidation processes

While from one side, it was important to find an efficient and low-cost solution for MPs
removal, other CECs, together with microbiological contamination, would remain mostly
untreated with the methodology proposed for the MPs. Therefore, other solutions must be
coupled to the membrane system to ensure a higher quality of treated water from different
pollutants. UV-C photolysis alone or coupled with oxidation processes was chosen, as it has
proven to be an emerging effective technology for many CECs, and it could potentially also
help the removal of unremoved NPs. However, the major drawback of these processes is the
use of LP mercury lamps. UV-B and UV-C LEDs have the potential to overcome the limits
of mercury lamps, allowing design flexibility, together with instant on-off, intensity
regulation, and wavelength selection.

DCF was selected as a model CEC, given the worry for this compound and inclusion in the
first EU watch list. The study was focused on the evaluation of its removal under different
wavelengths and lamps intensity. Dual wavelength was also investigated since it has not
been significantly examined for the degradation of the contaminants, and it is argued whether
it leads to synergy or not. Given the worries of possible by-products due to incomplete
treatment, mineralisation and phytotoxicity analyses were also carried out. On the other
hand, this work did not assess the effects of varying initial DCF concentration, pH,
scavengers and other organic matter presence, or increase of the oxidant dosage, as these
factors have already been covered in other studies [93,174-176].

This part of the work was conducted in ProPhotonix, the manufacturer of the LED lamps, in

collaboration with University College Cork.

4.4.1 UV-B and UV-C LED lamps characterisation

First of all, each lamp was characterised by a horizontal and vertical profile through the ILT

radiometer, as shown in Figure 4.32.

120



4. Results and discussion

]

Horizontal
centre line (X)

Vertical
centre line

b]

40

w
o
L

Irradiance mW cm™
> 8

i

Horizontal centre line

o

¥ N
8

265
—m—285
—e—2310

0 5

10 15 20 25 30 35 40
X (mm)

Irradiance mW cm™

IS
<3

w
o
L

S}
o
L

o
1

o
L

[l

Vertical centre line

0 20 40 60 80 100 120

Y (mm)

Figure 4.32. Lamps characterisation (a), horizontal (b) and vertical (c) profile.

Table 4.8 shows the values of the maximum irradiance measured by the radiometer in

comparison with the chemical actinometry value for the three lamps.

Table 4.8. Lamps’ characterisation through the chemical actinometry and the ILT radiometer.

Lamp Irradiance from Max. Irradiance Total
. Current .
wavelength actinometry from ILT (A) Electric
(nm) (mW cm??) (mMW cm?) Power (W)
265 21.98+0.43 26.07 0.75 36.14
285 31.18 £ 0.06 39.44 0.97 46.56
310 27.62 £ 0.61 29.59 0.64 30.72

While the radiometer measured the value in the air, actinometry is affected by the refraction

occurring in water and the losses in the quartz tube; therefore, the values from chemical
actinometry were considered for the rest of the study.

Each lamp was also characterised at different intensities by regulating the voltage through a

power supply. A linear relationship was confirmed with the current and the irradiation versus
lamp intensity (Figure 4.33)
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Figure 4.33. Linear correlation among the current values (a) and maximum irradiance values

measured by the ILT radiometer (b) at different lamp intensities.

4.4.2 Molar absorption coefficient

The pH conditions were measured for the solutions with 20 mg L™ of DCF, 20 mg L of
H20,, and 20 mg L™ of FC. They were respectively 7.2, 6.5, and 8.5, and no further
adjustment was made. The absorption spectra of the compound and the oxidants compared

to the lamp’s emission spectra are shown in Figure 4.34.
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Figure 4.34. Absorbance of DCF (pH 7.2) (a), HOCI/OCI (pH 8.5), and H.0, (pH 6.5) (b).

Finally, the values at the specific wavelengths of interest are reported in Table 4.9.
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Table 4.9. Molar absorption coefficient for DCF (pH 7.2), HOCI/OCI" (pH 8.5), and H,0; (pH 6.5)

measured in this study at the wavelengths of interest.

Compound/Oxidant g, Mtcem?

254 nm 265 nm 285 nm 310 nm
Sodium diclofenac 4740.14 7126.11 7157.93 1113.46
Hypochlorous acid and hypochlorite ion 71.49 173.86 388.75 300.52
Hydrogen peroxide 20.76 8.58 4.24 0.62

For H20., the shortest wavelength has the highest degradation efficiency and photon
absorption. In contrast, FC has its peak at 292 nm, which is the maximum absorption of OCI
,the specie mostly present at the working pH of 8.5 [177]. Finally, the DCF absorption peak

was found to be at 275 nm.

4.4.3 Degradation studies at different wavelengths

For a first approximation, the DCF degradation was described by a pseudo first-order kinetic,
which is a second-order reaction that is made to behave like a first-order. This happens when
one of the reactants is present in great excess, and its concentration can be considered
constant compared with the other substance. Given the reaction:

A+ B - products

The rate of disappearance of A follows Eq. (4.3).

Eq.(4.3)

And when [B], = [B], the reaction rate constant k™ can be rewritten, including the constant
concentration of B, where k=k"[B]. Therefore, the degradation of DCF can be expressed as

a function of time, solving Eqg. (4.3), which turns into Eq. (4.4).
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ln(£)= —k-t -E Eq.(4.4)
Co Vr

Where Co is the initial concentration of DCF in the system, C is the concentration at a specific
time t (min) during the operation, and k is the time-based kinetic constant (min™). Vg and Vr
are, respectively, the active volume and the total volume of the reactor and were used to
evaluate the photoreactor contact time of the solution to have comparable values with other
studies since it is system independent. Figure 4.35 illustrates the degradation of DCF via
direct photolysis, dark oxidation, UV/H,0, and UV/FC with respect to the total operation
time, where 60 min represents around 2 min of photoreactor contact time. Each experiment
was performed in triplicates; therefore, the average value was reported, and error bars

represented the standard deviation.
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Figure 4.35. The degradation of DCF (20 mg L) versus the total operation time through photolysis
alone (a), UV/H,0; oxidation with 20 mg L* of H,0; (b), and UV/FC oxidation with 20 mg L* of

FC (c), where k is the time-based kinetic constant (expressed in min?).
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The high correlation coefficient, R?, greater than 0.99 during the UV-LED processes, shows
a strong linear relationship between In(C/Co) and the time, which was used to evaluate the
kinetic constant k. Therefore, the pseudo first-order assumption reasonably approximates the

DCF degradation through these processes.

Since each UV-LED lamp had a different irradiation value, it is of interest to also compare

the degradation rates as a function of the UV fluence, as shown in Eq. (4.5).

C
In (C_o) ==k’ UVfpence Eq.(4.5)
Where & is the UV fluence-based kinetic constant (mJ* cm?). Similar to Figure 4.35, Figure

4.36 illustrates the degradation of DCF via direct photolysis, dark oxidation, UV/H,0, and
UV/FC with respect to the UV fluence in the active reactor.
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Figure 4.36. DCF degradation (20 mg L) versus UV fluence through photolysis alone (a),
UV/H;0; oxidation with 20 mg L of H,O; (b), and UV/FC oxidation with 20 mg L™ of FC (c),
where k”is the UV fluence-based kinetic constant (expressed in mJ* cm?).

A removal dependency on the wavelength was found in agreement with the absorption
coefficient of the DCF and the oxidant employed. The UV fluence-based constants for 265
and 285 nm have similar values during UV photolysis alone, but it is lower for 310 nm. On
the other hand, a higher £’ value can be observed for 265 nm/H20>, while 285 nm had the
highest £ value in combination with FC. This follows the wavelength dependency of the
oxidant’s activation; H2O has a higher absorption at lower wavelengths, while hypochlorite
ion (prevalent at pH 8.5) has a higher molar absorption coefficient at 285 nm. In all cases,
the lamp at 310 nm had the lowest degradation efficiency in agreement with the DCF
absorption. However, the best result with the latter was achieved with chlorine since a good
activation of the oxidant was possible.

126



4. Results and discussion

To quantify the synergistic effect of the UV-driven AOPs given by the formation of radical
species through the photolysis of the oxidants, a synergy factor (Fs) was calculated according
to Eq. (4.6).

kUV/oxidant

Eq. (4.6
kUV + koxidant 1 ( )

When the value is equal to 1.0 means that the combination leads exactly to the sum of each
individual contribution. On the other hand, a value greater than 1.0 means a synergistic effect
when combining the two processes, whereas a factor inferior to 1.0 indicates an antagonistic
effect. The values obtained are plotted against the respective process in Figure 4.37b, where
the dashed line corresponds to Fs equal to 1.0, and the time-based constants shown in Figure

4.37a were considered for the calculations.
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Figure 4.37. Comparison among the time-based constant k by direct photolysis, dark oxidation and

UV-driven AOPs (a), and values of the synergist factor (b).

In all cases, except for the 310 nm/H.Oz, a synergistic effect was reached when coupling the
UV treatment with the oxidants. By adding H20:, 265 followed by 285 nm were the
wavelengths with the highest synergistic factor, while the highest synergy for the UV/FC
process was reached by the 285 and 310 nm lamp, in agreement with the wavelength-

dependent absorption of the species discussed earlier.
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4.4.4 Rigorous kinetic modelling

In order to explain and describe rigorously the synergy during UV/H.O, and UV/FC, a
mechanistic kinetic model was developed, investigating the main elementary reactions of
the oxidising radicals acting during the degradation of DCF. The novelty of the model is to
consider the effect of the different wavelengths explored during the study. By estimating the
second-order kinetic constants between DCF and the main radicals, it is possible to predict
its degradation as a function of the operational conditions. The mechanisms proposed were
the best compromise between simplicity and robustness of the fitting of the experimental
data.

Table 4.10 shows the kinetic model proposed for UV/H20:..

Table 4.10. Proposed mechanism for the UV/H,0; treatment.

# Reaction Rate Kinetic constant Unit Ref

Kpaes = 1.73-107*
(R1a) DCF + hv - products ktotolisisAlDCF1Gy  kpags = 1.64-107* Jt-m? This work
Kp 310 = 940 - 1075

(R2a) DCF + H,0, — products kperox[DCF][H,0; kperox = 0.061 M~1.s71  Thiswork
Kfr202,265 = 952 - 1077 ®,, from
(R3a) H,0, +hv - 2HO- k¢ 1202[H202]G; Kfh202,285 = 5.06 - 1077 J1-m? [178]
&), from this
kfu202310 = 8.08 - 1078 work
Determined
(R4a) DCF + HO - - products kyo[DCF][HO -] To estimate M~t.s71
in this work
(R5a) 2HO-- H,0, krecompHO *1? krecomp = 5.5+ 10° M™1.s71 [178]
(R6a) H,0, + HO-—> HO,- +H,0 ki[H,0,][HO *] ky =2.7-107 M~1.s71 [179]
(R7a)  H,0, + HO,-—> HO-+H,0+ 0, ky[H,0,][HO; ] k, =37 M~1.s71 [179]

The kinetic constants for the DCF photolysis at different wavelengths (R1a) and the dark
reaction (R2a) were obtained experimentally from the experimental data. kr; represents the
UV fluence-based kinetic constant shown in Figure 4.36, while Kperox iS the time-based
kinetic constant during the dark reaction with H20. divided by its initial concentration.
Finally, both constants were converted into the units shown in the table, which were used in

the code. The kinetic constants k20 Of reaction R3a were obtained from the H>O> molar
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absorption coefficient, ¢;, calculated in this study and shown in Table 4.9, and the primary

quantum yield, @,, 0.5 according to the literature [178].

k m?\ mol L E\ 10% fcm 1 (m3
fH202 (T) = Pu202 (T) €1,H202 (mol-cm). X2 (7) 1_(?) ' E(T)

Where x; is the parameter to convert the energy units to photonic units, shown in Eq. (4.7)

1 (E) - %(ph(}ton) .NiA(phfton) Eq.(4.7)

Finally, the model was derived by resolving the mass balance of the different species and by

applying the kinetic MSSA for the concentration of radicals.
THo- = T.] = 2kf1-1202[1'1202](;,1 — 2kgecomp [HO ']2 — kyo[DCF][HO -] — k1[H,0,][HO - ] + k,[H,0,][HO, -]~ 0

Since HO" depends on HO>" and vice versa, to simplify the derivation, the concentration of
HO," was neglected while solving HO" as the relative amount is expected to be quite low
[179].

2kgecomp[HO *1* 4 (kuo[DCF] + k1[H,0;1)[HO - | = 2kfy202[H20,]Gy = 0

—(kno[DCF]+ k1[H,0,]) = \/(RHO[DCFH k1[H2021)2— 4 2kRecomb - =2 KfH202[H202]G,

[HO -] =

2:2kRecomb

Where the positive root is the only one that has physical meaning:

—(knol[DCF]+ k1[H202]) + J(kHo[DCF]+ k1[H2021)%+ 4- 2KRecomb * 2 kfH202[H202]G2
[H0 -] =

2:2KkRecomb

d[HO,]
THo,» = dtz = k1[H,0;][HO * ] = k3[H,0,][HO; -] = 0
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k1[H,0,][HO- ] k.[HO-]

[HO, -] = k2[H20,] - ks

Tzoz = 2% = ey o [DCFI[H202) = Kfnzo2[H;051G3 + kiecomp [HO 17 = ks [HO [H;05] = ky[HO, - 1[H,0,]
d|DCF

Tpcr = % = _kfotolysis,)L[DCF]G)L - kperox [DCF][H,0,] — kro [DCF][HO -]

The radicals’ concentration expression, together with the differential equations, were
inserted in the Octave code, where the only incognito was kno, the second-order rate constant
for HO® with DCF of reaction R4a. This constant was calculated by minimising the error
between the experimental data for DCF and H2O: at the three wavelengths with the model
described. The value obtained for kno was 9.12-10° Mts™, which is in agreement with other
values and range reported in the literature, 7.6-9.1-10° [176], 9.29-10° [180], and 1.36-10%
[181] M1s™. The model prediction based on the mechanism shown in Table 4.10 and with
the estimated constant kno is shown in Figure 4.38, which satisfactorily fits the experimental

data. In the latter, the x-axis represents the photoreactor contact time.
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Figure 4.38. Correlation between the experimental data (red triangles, black squares, and green dots
at 265, 285 and 310 nm) and model predictions (red dashed-dotted, black solid, and green dotted
lines at 265, 285 and 310 nm) for DCF (a) and H2O: (b).

Similarly, Table 4.11 shows the kinetic model proposed for UV/FC.
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Table 4.11. Proposed mechanism for the UV/FC treatment.

# Reaction Rate Kinetic constant Unit Ref
R1 2 T+ pKa* =75 [102]
(R1b) HOCl2 0Cl~ + H*
kroci268 = 7.60 - 10°¢
(R2b) HOCl+hv > HO- +Cl- kroc 2 [HOCI)G, Knoci2e2 = 6.25 1076 J7tem? [178]
kyociz01 = 6.29 - 107°
koci- 265 = 3.75 - 107° . from
Ar
(R3b) oCl"+hv -0~ - +Cl- koci-2[0CI71G, koci— 285 = 7.61 - 1075 J7tem? %178]“
&, Trom this
koci-310 = 6.01 - 1075 work
k Iculated from UV/H,0,
(R4b) DCF + HO - - products kiuo[DCF1[HO -] Ho cATIARATIOM ZVIRD2  M=1.61  Thiswork
kinetic
(R5b) HO- +HOCl - ClO -+ H,0 ko alHO -][HOCI] koya = 2.0-10° M™t.st [93]
(R6b) HO- +0Cl™ - ClO -+ OH™ kyos[HO -][OCI7] kons = 88-10° M.t [93]
Determined
(R7b) DCF + Cl- - products ke [DCF][CL-] To estimate M~t.s71 in this
work
(R8b) DCF + HOC! - products kanoci[DCF][HOCI] kanoc = 0.0077 M~t.s71 This work
(R9b) Cl'+HOCl - Cl~ + ClO- +H* gxcess.alCL- 1[HOCI] Kgxcess.a = 3.0 -10° M™t.st [93]
Kpxcessy = 8.2 -10°
(R10b)  Cl+0Cl~ > Cl~ + Clo- Kgcess s [CL-1[0CL7] fveess Mt.st [93]
(R11b) DCF + 0Cl™ - products kqoc-[DCF[OCIT] kaoci— = 0.0772 M.t This work
kg 265 = 1.73-107*
(R12b) DCF + hv — products kfotouisis, [DCF1Gy kp g5 = 1.64-107* Jt-m? This work

kp310 = 9.40 - 1075

As mentioned, FC refers to hypochlorous acid (HOCI) and hypochlorite ion (OCI).

Hypochlorous acid is a weak acid that dissociates into hypochlorite ions and protons

depending on the equilibrium of the reaction R1b. Therefore, their concentrations are not

independent but are conditioned by the pH of the medium. The lower the pH, the higher the

percentage of hypochlorous acid and vice versa. From pH 5 and below, 100% of the FC is

considered to be in the form of HOCI, while from pH 10, it is considered to be in the form
of OCI"[102]. In this study, the degradation with FC was conducted at pH 8.5; therefore, as

a consequence of the equilibrium reaction, the initial amount of HOCI and OCI™ was

evaluated as follows:
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10-vka — loCIIH")
" [Hoc]
-pKa
[0cl], = X 1Hocto _ 10PH-PKa[OCl],

10-PH

[HOCl] _ 1

frocr = [HOCU+[0Cl—] _ 1+ 10PH-PKa — 0.09

[HOCUly = fuoct [FClo = 0.0354 mM

[0CI7], = 0.3536 mM

Both species are capable of absorbing ultraviolet radiation, although to a different extent, as
described by reactions R2b and R3b, generating hydroxyl radicals, chlorine radicals and
superoxide radicals.

Their kinetic constants, Kuocr; and koci-;, were calculated from the molar absorption
coefficient, &;, and the primary quantum yield, &,, for HOCI and OCI", respectively (Table
4.12). The values for the quantum yield were taken from the literature at a similar wavelength
[177]. Also, the molar absorption coefficients for HOCI were taken from the same source;
on the other hand, the molar absorption coefficient for OCI- was taken from Table 4.9.
Indeed, the spectra of the FC at pH 8.5 matched the spectra of OCI- shown by Yin et al.
[177].

Table 4.12. Apparent quantum yields and the molar absorption coefficients for HOCI and OCI- at

the wavelengths of interest.

Wavelength Dyoct” Docr-" ehoct” ocr-* Wavelength cocr-"*
(nm) (mol E71) (molE™Y) | (M~ tem™) | (M~tem™) (nm) (M~tcm™)
268 1.11 0.97 30.82 175.47 265 173.86
282.3 0.98 0.82 26.69 305.21 285 388.75
301.2 0.96 0.77 25.21 316.15 310 300.52

*From literature [177], **From this study
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Kroci, and koci-z, were finally calculated as follows:

fnoes (1) = Puoa(22) exsons () 1 (5) () - (1)

Koa-s () = e (%) es0a () - %0 (7)1 (3) - 55(5)

The kinetic constants for the DCF photolysis at different wavelengths (R12b) were the same
as the previous model, from which it was also taken the value of kno in reaction R4b. On the
other hand, the kinetic constants from the dark reactions (R8b and R11b), kg,Hoci and kq,oci,
were calculated from the percentage of HOCI and OCI" in the solution at pH 8.5 and the
known kqark,Fc Value, which was measured experimentally adding FC in the dark with DCF,

similarly to Kperox during the UV/H20> treatment.
kd,HOCl = fHOCl . kdark,FC = 00077 M71 571
kaoci- = (1= fupe) * Kaaripe = 0.0772 M7t s

Finally, the differential equations and the expression for the radicals’ concentration were
derived by resolving the mass balances of the different species and by applying the kinetic
MSSA for the radicals.

d[HO]

Tho- = 9o = kuoc[HOCUG, = ko [DCFITHO 1 = kizo A[HOCUTHO -] = ko p[0CII[HO -] = 0
[HO -] = kuocia[HOCUG
knolDcFl+kpo alHOC+kyo gloci]
dlcl-]
Ter === kuocialHOCH Gy + koc— 2[0CI1G, — ki [DCFI[CL- ] = kgxcess.alCL- IIHOCI] — kgyeess 5[CL-1[0CI7] = 0
[Cl-] = krocia[HOCUG+koci— 2[0C1716G,,

kci[DCFl+kEgxcess, AlHOCU+KkExcess[0CL]
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d[DCF]

Tocr = =~ = — kno[DCFI[HO -] — ki [DCF][CL -] = kg uoci[DCFIHOCI] = k01— [DCFI[OCI] = keforotysisa[DCFIG,
THoct = % = —kpociA/[HOCN)Gy — kg noci[DCFI[HOCI] = kyo a[HO -][HOCI] = Kgycess a/[HOCI][CL - ]

dloci—] _ _ _ _
Toci- = = _koa—,A[OCl 1G, — kd,oa—[DCF][OCl 1- kHO,B [HO '][OCZ 1= kExcess,B[Cl -][ocl]

dt

Trc = THoct T Toci-

The resulting equations were used to evaluate the unknown kinetic constant ke for CI* with
DCF of reaction R7b, which is the result of minimising the error among the experimental
data for DCF and FC at the three wavelengths with the model described.

The reactivity of O™ was omitted since it is known that it has low reactivity with the organic
matter [93].

On the other hand, while it is well established that the role of Cl,™ is also negligible in the
UV/FC treatment [182], in some cases, the role of ClIO" can be relevant since the reactions
of CI' and HO" with HOCI/OCI- produce a significant amount of this radical [182]. However,
in this case, the CIO" concentration is balanced out by the recombination mechanism and the
reaction with OH", which amount is more relevant at the alkaline working pH as shown by

the following reaction:

2ClO- +0H™ - 0Cl” +H*+ClO,”

Furthermore, in any case, the second-order reaction rate constant for CIO® with DCF is
expected to be two or three orders of magnitude smaller than the one for CI' [182] and
therefore omitted in this case. The second-order rate constant kci was estimated to be
1.30-10%° Ms? which is also in agreement with the value in literature of 3.77-10° M?
st [183] and in the range of other similar contaminants such as carbamazepine 5.6-10%°
M1 st [184] and N,N-diethyl-m-toluamide (DEET), 6.4-10° M s [185]. The model
predictions based on the mechanism shown in Table 4.11 and with the estimated constants
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kro and kci are shown in Figure 4.39, where the curves adequately fit the experimental data.

To note that the x-axis represents the photoreactor contact time, similarly to Figure 4.38.
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= Model - 285 nm/FC
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Figure 4.39. Correlation between the experimental data (red triangles, black squares, and green dots
at 265, 285 and 310 nm) and model predictions (red dashed-dotted, black solid, and green dotted
lines at 265, 285 and 310 nm) for DCF (a) and FC (b).

445

Varying intensity

Since another unique characteristic of the LEDs over mercury lamps is the possibility of

regulating their intensity and consequently decreasing the total electric power, it is important

to study the behaviour of the pollutant degradation as a function of the intensity. The results

allow for choosing the best operational conditions once the photoreactor is designed. The

study was performed only for the 265 and 285 nm lamps since they exhibited the best DCF

degradation results, and they were evaluated working at 25%, 50% and 75% of the total

intensity. Table 4.13 lists the values of current, irradiance measured through the ILT

radiometer, and the resulting total electric power at different intensities.
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Table 4.13. Current, irradiance, and total electric power at different intensities of the lamp at 265

and 285 nm.
Lamp Lamp intensity ~ Current Max. Irradiance Total Electric
wavelength (%) (A) from ILT Power (W)
(nm) (mW cm?)
25 0.20 7.31 9.36
265 50 0.38 13.72 18.22
75 0.54 20.80 25.94
100 0.75 26.07 36.14
25 0.25 9.60 11.76
285 50 0.48 20.86 23.76
75 0.74 30.08 35.28
100 0.97 39.44 46.56

Figure 4.40 shows the time-based and UV fluence-based constants resulting from the two
lamps at different light intensities alone or coupled with the oxidants. At least two repetitions

were performed for each case, where the value reported represents the average, and the error

bars the standard deviation.
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Figure 4.40. Time-based constants (a, ¢) and UV fluence-based constants (b, d) alone or coupled

with H,O; or FC at different lamp intensities.

136
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At the selected wavelengths, the UV fluence-based constants displayed similar values for
each treatment, indicating that the required UV fluence for the degradation of the compound
would be consistent, irrespective of the lamp intensity. Hence, time-based constants showed
a decreasing trend with a reduction in lamp intensity, as a longer time is required to attain
the same UV fluence and degradation percentage. The time-based constants for both lamps
were plotted against lamp intensity in Figure 4.41, and all cases exhibited a linear correlation

with a high correlation coefficient of R?,

4.0 6.0
B 265 nm (R3=0.94) B 285 nm (R?=0.86)
® 265 nm/H,0, (R?=0.94) 504 ® 285nm/H,0, (R*=0.95)
304 A 265nm/FC (R*=0.98) A 285 nm/FC (R%=0.89) $
p= -h e * P
E 201 : € 30
~ ~
2.0
1.0
1.0
0.0 |? 0.04 |F
0 25 50 75 100 0 25 50 75 100

Lamp Intensity (%) Lamp Intensity (%)

Figure 4.41. Linear correlation between the time-based constants and the lamp intensity for UV
alone (brown squares), UV/H,0- (blue dots), and UV/FC (green triangles) for the two lamps: 265
nm (a) and 285 nm (b).

4.4.6 Dual-wavelength system

Dual-wavelength ultraviolet irradiation is particularly interesting in LED systems thanks to
the option of having several wavelengths available. The potential synergistic effect of dual-
wavelength UV photolysis on the degradation of the contaminant and the oxidant was
evaluated for the 265 nm and 285 nm wavelengths. To this end, lamp 2 was incorporated

into the experimental setup, as shown in Figure 4.42.
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285 nm g 265 nm
lamp lamp

Figure 4.42. Incorporation of lamp 2 into the experimental setup, schematic representation (a) and
laboratory image (b).

The total irradiance of the two lamps irradiating in parallel was measured using chemical
actinometry and compared to the sum of photons when each lamp was emitting singularly.
All cases were performed at 100% intensity. Table 4.14 shows the irradiance values, together

with the total current and the total electric power for the two lamps working at the same time.

Table 4.14. Dual-wavelength irradiation.

Lamp wavelength Current Irrad!ance from Irradmpcias the sum Total Electric
(nm) (A) actinometry of photons Power (W)
(mW cm?) (mW cm?)
265 0.75 21.98 £0.43 - 36.14
285 0.97 31.18 £ 0.06 - 46.56
265 + 285 1.72 55.42 +1.60 53.16 + 0.43 82.56

The small difference between the measured value of 55.42 + 1.60 mW cm™ and 53.16 + 0.43
mW cm-2 from the sum of the photons demonstrated that the lamps at the positions did not
cause any extra refractions due to the opposite lamp reflectors.

The investigation was performed for UV alone, UV/H20., and UV/FC. Figure 4.43a shows
the comparison among the “observed” (experimental) value where both wavelengths were
irradiated at the same time and the “simulated” time-based constants, measured as the sum
of the k-values evaluated for each lamp. Similarly, Figure 4.43b shows the & -values for the

“observed” and ‘“‘simulated” case.
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Figure 4.43. Time-based constants (a) and UV-based constants for the “observed” and “simulated”

dual-wavelength irradiation.

Regarding the photolysis alone, the observed value was slightly greater than the simulated
one, whereas, during UV/H20. and UV/FC treatment, an opposite trend was observed.
Nevertheless, the difference between the two values was negligible due to the experimental
error, which was evaluated by repeating two sets of experiments for the observed values and
through uncertainty propagation for the simulated values. The synergy factor was then

evaluated for the three cases and shown in Figure 4.44.
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Figure 4.44. The extent of synergy during the dual-wavelength irradiation.
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The synergy factor was 1.13 £ 0.1, 0.95 £ 0.05, and 0.94 + 0.04 for UV photolysis, UV/H-O>,
and UV/FC, respectively. Due to the closeness of the value to the line of no synergy,
represented by the dashed line, a one-way analysis of variance (ANOVA) was also
performed. ANOVA is a statistical tool to compare variances across the average of different
groups. This time the two groups were formed by the two observed values and the possible
combinations for the sum of the results given by the two lamps separately. To determine if
the difference is statistically significant, the p-value was determined through the Minitab
Software. If the significant level (p-value) is less than 0.05, the null hypothesis, which states
“all means are equal”, can be rejected and conclude that there is a meaningful difference
between the means. Otherwise, if the p-value is greater than 0.05, it means that there is not
enough evidence to say that there is a statistically significant difference. In this study, the p-
values were respectively 0.054, 0.068, and 0.061 for UV alone, UV/H20,, and UV/FC;
therefore, we failed to reject the null hypothesis, and we concluded that the dual-wavelength
system did not exhibit any remarkable synergy. The degradation given by two wavelengths
can be simply attributed to the cumulative effect of the photons generated by both lamps.

This is in agreement with Popova et al. [128], who investigated bisphenol A degradation
using various wavelength combinations (222+282, 222+365, and 282+365 nm) and oxidants
(potassium persulfate and H202) and observed no synergy. In contrast, Gao et al. [129]
reported a statistically significant synergistic effect (p<0.05). They studied the degradation
of iopamidol using a dual-wavelength system (265+280 nm, each lamp at 50% intensity)
through direct photolysis and UV/chlorine oxidation. The synergy in direct photolysis was
attributed to an increase in photon number between 265 and 280 nm, potentially inducing a
higher rate to reach the excited state. The synergy in UV/FC was also supported by the
promotion of chlorine photolysis and enhancement in reactive radicals production.
Investigation on dual-wavelength synergy systems mainly gained interest for disinfection
purposes [186-188], but more studies should clarify whether synergy might be significant

during chemical degradation and, if so, an explicit explanation of the mechanisms involved.
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4.4.7 Energy consumption

The electrical energy per order is defined as the electric energy in kWh required to reduce
the concentration of a contaminant by one order of magnitude (90% removal) in 1 m?® of
water, and it is measured in batch operations according to Eq. (4.8) [99].

P-t
EE/Oyy = ————— Eq.(4.8)

/109 (3

Where P is the rated power or energy input (kW) of the lamp system, V (m®) is the volume
of water treated in irradiation time t (h). In order to evaluate the overall estimation of the
energy consumption for each UV-LED process, the electrical energy was calculated
accordingly. Eq. (4.8) can be rewritten as a function of the time-based kinetic constant to
Eq. (4.9) by converting the photoreactor contact time, tpe, in min, the total volume, V, in
litres, and considering that log(Co/C) = 0.4343 In (Co/C).

1000 - P (kW) - t,c(min) 3838-P
V(L) - 04343 k(min~1) - t,. (min) - 60  V -k

EE/Oy, = Eq.(4.9)

During the UV/H20 and UV/FC treatment, the equivalent electrical energy of the oxidant,
EQoxidant, Was also considered, accordingly to Eq. (4.10) and Eq. (4. 11).

[oxidant],
EE/Ooxidgant = Edoxidgant * —CO Eq.(4.10)
log ()
EE/Ototal = EE/OUV +EE/Ooxidant EQ-(4-11)

The Eq to produce H,0 was found in the literature to be 1.08-10° kWh mg™ [189], while
the energy consumption to produce chlorine was 1.16-10° kWh mg™ [184].
[Oxidant]o is the initial concentration of oxidant added in mg m=, while in this case,

log(Co/C) was directly considered as one, which corresponds to the reduction of one order
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of magnitude of the contaminant. Table 4.15 reports the EE/O value at different wavelengths

for direct photolysis, UV/H20> and UV/FC, considering the photoreactor contact time.

Table 4.15. The electrical energy per order for DCF degradation during different photolysis

processes, considering the photoreactor contact time.

Oxidant EE/O.. EE/Ouv EE/Ototal
dosage oxidant @ 100% @ 100%
(mg L) (kWh m= order?)
uv
265 nm - 0.00 0.61 £ 0.05 0.61£0.05
285 nm - 0.00 0.58 £ 0.06 0.58 £ 0.06
310 nm - 0.00 0.85 £ 0.05 0.85+£0.05
265+285 nm - 0.00 0.52 +£0.03 0.52 £0.03
UV/H.0,
265 nm 20 0.22 0.40 £0.01 0.61+£0.01
285 nm 20 0.22 0.43+0.02 0.65 = 0.02
310 nm 20 0.22 0.89 £ 0.05 1.11+0.05
265+285 nm 20 0.22 0.44 £ 0.02 0.66 £ 0.02
UV/FC
265 nm 20 0.23 0.41+£0.02 0.64 £ 0.02
285 nm 20 0.23 0.33+0.01 0.56 £0.01
310 nm 20 0.23 0.51+£0.00 0.74£0.00
265+285 nm 20 0.23 0.38 £ 0.01 0.61+£0.01

Although the UV-driven AOPs exhibit a higher degradation rate, the overall electricity
demand is similar to photolysis alone due to the production of the oxidants. Despite the 310
nm lamp having a lower total electric power and current, the total EE/O was higher in
comparison to the other cases, making it the least performing. During photolysis, the results
of the other two lamps at 265 and 285 nm were comparable. However, when combined with
H202, 265 nm followed by 285 nm demonstrated the highest effectiveness, while with FC,
285 nm performed the best.

The overall electrical energy consumption at different intensities for 265 and 285 nm lamps
was also reported in Table 4.16, but similar results to their corresponding 100% power were

obtained due to the linearity of the k-values with the intensity.
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Table 4.16. The electrical energy per order for DCF degradation at different lamp intensities.

Oxidant EE/Ototal EE/Ototal EE/Ototal EE/Oxotal
dosage @ 100% @ 75% @ 50% @ 25%
(mg LY (kWh m= order?)
uv
265 nm - 0.61 £0.05 0.54 £0.03 0.59 £ 0.05 0.59 £0.07
285 nm - 0.58 £ 0.06 0.59 £ 0.05 0.58 £ 0.08 0.68 £0.10
UV/H20;
265 nm 20 0.61+£0.01 0.64 £0.04 0.66 £ 0.04 0.67 £0.04
285 nm 20 0.65 +0.02 0.71+£0.03 0.73+£0.05 0.71+£0.03
UV/FC
265 nm 20 0.64 £0.02 0.66 £ 0.03 0.64 £0.01 0.63+0.03
285 nm 20 0.56 £0.01 0.59 £0.02 0.60 £0.04 0.64 £ 0.05

4.4.8 Mineralisation

Mineralisation was evaluated through the measurement of DOC. The measures were taken

at the end of the treatment, after 60 min of the operation time, and evaluated for the

treatments that gave the highest performance: 265 and 285 nm alone, 265 nm combined with
H20, and 285 nm with FC. Table 4.17 shows the values of DOC before the treatment for a

solution of 20 mg L™t of DCF in distilled water and after the mentioned treatments. Finally,

it shows the percentage of DOC removed during the degradation process.

Table 4.17. DOC value and DOC removal after the selected treatments.

Treatment DOC (mg L?) DOC removal (%)
DCF in water, 20 mg L* 10.95+0.11
Photolysis at 265 nm 8.84 +0.25 19.26 £+ 2.24
Photolysis at 285 nm 7.40+£0.35 22.39+3.18
UV-driven AOPs: 265 nm/H,0; 8.29+0.20 24.29 +1.87
UV-driven AOPs; 285 nm/FC 8.70 £ 0.09 30.56 £ 0.78

After each treatment, the pollutant was almost completely removed, while DOC showed a

partial decrease of only 20-30%, regardless of the degradation process employed. Similar
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observations were made by Peng et al. [190], who studied the DCF degradation by UV-
activated PMS after 2 h of irradiation and Fischer et al. [191] after 18 h of UV-A irradiation.
Ardila et al. [192] also reported insignificant mineralisation after 30 min of direct photolysis
or TiOz-induced hydroxylation. Although some studies have achieved significant
mineralisation with longer irradiation periods and higher oxidant amounts [192], it is
possible that the degradation of DCF by-products is more recalcitrant than DCF itself. If
complete degradation is possible to eventually form only H.O, HCI and CO,, longer

exposure time and higher oxidant dosage might be needed.

4.4.9 By-products and dimers formation

During the photolysis of DCF, a visible yellowish colour appeared in all cases, as shown in
Figure 4.45. According to Keen et al. [193] and lovino et al. [194], the colour could be
addressed to the formation of dimers, which are reported to be stable forms to UV irradiation.
The dimers are the combination of two parent molecules or the parent and a product of the

photolysis.

Figure 4.45. Change in colour over the treatment time. The sample in the figure represents the

solution irradiated by the 265 nm lamp at 100 % intensity.

The change of colour was monitored as suggested by Keen et al. [193], visually and by
measuring the absorbance at 400 nm during the treatment with 265 or 285 nm alone and after
265nm/H20- and 285nm/FC, Figure 4.46. The absorbance value increased with time until it

reached a plateau value, which value and time depended upon the process, and it possibly
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corresponded to the total degradation of DCF and the dimers reaching their maximum

concentration.
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Figure 4.46. Absorbance at 400 nm versus operation time.

Finally, Figure 4.47 shows the colour at the naked eye and the absorption spectra in the UV

range after 60 min of operation time.
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Figure 4.47. The colour at the naked eye (a) UV spectra in the range of 200-400 nm (b) after 60
min of operation time.
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A second peak in the HPLC spectra is also appearing during the photolysis reaction at the

retention time of 2.915 min, while the DCF retention time was at 3.236 min, as shown in

Figure 4.48, where the peak at 1.863 was intrinsic to the column.

DAD1 B, Sig=210,4 Ref=360,100 (1DC-0301.D)

=1.863
2915

~ 3236

4 miny

Figure 4.48. The peaks occurring during the DCF degradation. The example shown was taken after

5 min of operation time at 265 nm.

The peak at ca. 2.9 min rapidly increases during the treatment, but after reaching a maximum,

it decreases much more slowly than the increase, as shown in Figure 4.49. Other studies also

reported this peak, associating it with the potentially toxic and unstable by-product [195].
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Figure 4.49. The trend of the DCF (yellow squares) and the DCF by-product (blue dots) peaks’ area

during the treatment. The example shown was taken for the photolysis alone at 265 nm.
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Keen et al. [193] reported in detail all the degradation products during UV photolysis and

proposed the chemical structures of the by-products, as shown in Figure 4.50.
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Figure 4.50. DCF degradation compounds after exposure to UV fluence at 254 nm. Proposed

chemical structures of the products by Keen et al. [193].

According to their study, the HPLC peak could refer to “Product 1, where DCF loses its

first chlorine and closes the middle ring, or “Product 2, where the second chlorine is also

lost. On the other hand, the yellowish colour is due to the formation of the dimer, “Product

57, which corresponds to the dimer with a 4-chlorine signature, or “Product 6”, the dimer

with a 2-chlorine signature. Finally, their study showed that if the dimer continues to be

irradiated, it loses all the chlorines, forming stable forms to additional UV degradation,

which explains the low mineralisation degree. Therefore, in agreement with the DOC

analysis, only a small part of the parent compound degrades, but the rest goes through

condensation and forms these stable dimers, preventing further pollutant degradation.

Nevertheless, the use of AOPs might help further the degradation of the by-products.

However, in the UV/FC degradation process, Li et al. [93] highlighted slightly different by-

products, but dimerisation still occurs. On the other hand, Lekkerkerker-Teunissen et al.

[174] suggested that the influence of H>O: in the degradation by-product path may be

minimal and follow the same pattern as the UV direct photolysis.
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4.4.10 Phytotoxicity

Finally, the phytotoxicity tests were performed after 60 min of operation time of the selected
treatments: 265 and 285 nm alone, 265 nm/H20. and 285 nm/FC, as shown in Table 4.18.
As mentioned in the methodology, the germination value was measured against the control
condition, where distilled water without any sample was employed. A sample with a
germination index below 70% is considered phytotoxic, while above 70% could be
considered safe to release into the environment [148].

Table 4.18. Germination index (GI) for radish and tomato seeds after the selected treatments.

Treatment Gl (%) for radish Gl (%) for tomato
DCF in water, 20 mg L™ 39.15+5.53 23.42+5.16
Photolysis at 265 hm 57.56 £ 4.16 36.05+4.20
Photolysis at 285 nm 60.82 £ 7.07 39.56 £ 7.75
UV-driven AOPs: 265 nm/H;0, 71.60+9.11 49.46 + 9.98
UV-driven AOPs: 285 nm/FC 58.65 + 3.22 47.72 £ 2.26

In both radish and tomato seeds, a Gl value below 70% was observed when exposed to a
sample of 20 mg L of DCF alone in distilled water. Tomato seeds were found to be more
sensitive to toxic effluents, in agreement with previous findings by Ghanbari et al. [148].
After treatment, the GI values increased by around 20-30 percentage points in radish
germination and 15-20 points in tomato plants. As expected, UV direct photolysis alone
produced similar results for the two wavelengths, while among the oxidation processes,
H>02 might lead to higher detoxification compared to FC, in particular for the radish seeds.
Nonetheless, the difference is negligible when taking into account the experimental error.

In this investigation, the change in phytotoxicity was selected since there is limited research
available on it [196]. Majewska et al. [196] investigated the impact of untreated DCF (32.7
mg L) on the green alga Chlamydomonas reinharditii, and observed oxidative stress and
inhibition of photosynthesis. In another study, Chichorium intybus seedlings irrigated with
DCF solution (1 mg L) displayed a decrease in root biomass and an effect on chlorophyll
biosynthesis, but also an increase in root length [197]. The phytotoxicity on Lactuca sativa

was also explored, but neither the initial DCF solution nor the treated solution was toxic
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[192]. Finally, Naddeo et al. [198] conducted a germination index study for Lepidium
sativum (garden cress) but for a mixture of pharmaceuticals (DCF, amoxicillin, and
carbamazepine with a DCF concentration of 2.5 mg L in the mix) treated under ultrasonic
irradiation. Interestingly, the spiked WWTP effluent, compared to the non-spiked effluent,
stimulated higher seed growth, attributed to the added nutrient elements resulting from the
low drug concentration. Nevertheless, not all the experimental conditions led to a decrease
in toxicity, and the mixture was found to be severely toxic to the microalga
Pseudokirchneriella subcapitata. It should be noted that the concentration of the other
pharmaceuticals was higher than that of DCF, which might have been less influential in the
mixture.

On the other hand, several investigations have explored the toxicity of DCF by-products
towards bacteria and organisms, such as Vibrio fischeri, Vibrio quighaiensis,
Photobacterium leiognathid, Daphnia similis, and Mus musculus mice kidneys and livers.
The toxicity towards Vibrio fischeri initially increased upon photo-transformation with UV-
A irradiation, indicating that certain unstable by-products were more toxic towards those
bacteria. However, toxicity decreased after 90 min of further treatment [191]. Another study
investigated the toxicity towards the bacteria Vibrio quighaiensis by monitoring changes in
their natural luminescence before and after treatment with UV/persulfate. The overall
toxicity of the solution decreased, reaching a minimum of 1.5% inhibition, in contrast to the
4.5% inhibition observed for the DCF solution. Similarly, the toxicity initially increased,
and after a gradual decrease, it increased again before a rapid decrease at the end of the
treatment after 140 min [195]. Another study conducted by Alharbi et al. [199] reported the
toxicity towards the naturally luminescent bacteria Photobacterium leiognathid after
treatment with UV at 254 nm and after 254 nm/H20.. While toxicity increased in the former
case, the overall toxicity decreased below the assay’s detection limit with H2O5.

Since the second peak in the HPLC spectra is potentially associated with a more toxic and
unstable by-product [45], it is reasonable to associate it with the up-and-down toxicity
behaviour encountered in the bacteria. Therefore, the treatment time and the total UV fluence
must be carefully selected to avoid its presence in treated waters. In fact, while the
occurrence of the dimers seems to have a small impact on toxicity, the mentioned compound

is responsible for increasing toxicity until it is removed with further treatment.
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Finally, research towards organisms’ toxicity shows that untreated DCF were likely to cause
tumours in mice livers, while no adverse effect was observed after DCF was treated by
simulated solar-UV-A/ZnO/PPS [200]. In a separate study [192], a solution of 20 mg L of
DCF was found to cause the mortality of all Daphnia similis organisms, while direct
photolysis and TiO»-assisted photodegradation effectively reduced the toxicity.

To conclude, UV-based treatments are effective in decreasing toxicity towards bacteria,
organisms and plants, although the optimal treatment time should be chosen accurately to
prevent the occurrence of toxic and unstable by-products. It should be noted that in various
cases, including the current investigation, the toxicity of DCF was not diminished to levels
below the established safety threshold. However, it is crucial to consider that the actual
concentrations of DCF in natural water systems are significantly lower than those examined

under many experimental conditions.

4.5 Environmental impact assessment

The ex-ante environmental LCA was performed to compare the innovative LED lamp to an
LP mercury lamps photoreactor for their application in small-scale water treatment, using
the removal of DCF as a case study for comparative purposes. Indeed, while UV-C LED
lamps are a new technology with still relatively low efficiency, mercury lamps are at full
growth, but the presence of mercury is highly concerning. In particular, the 265 nm lamp
was chosen for the comparison in the UV-C range, but similar results can be extrapolated

for the 285 nm lamp, which performed similarly in the oxidants’ absence.

45.1 Description of the case study

Data for the UV-C LEDs system at 265 nm were collected from the experimental work
carried out in this thesis. On the other hand, a similar photoreactor was chosen for the
mercury lamp system (254 nm). It was considered that the two photoreactors had the same
lab equipment, and they only differed on the power input, the energy emitted by the lamps
at the same distance from the quartz tube, and the working wavelength. It is also important

to notice that for the mercury lamp photoreactor, while the quartz tube was considered with
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the same diameter of 20 mm, the height irradiated from the mercury lamp was 160 mm
compared to the 108 mm irradiated from the LEDs lamp, given the different geometries of
the two lamps. For simplicity and since they would be the same for the two systems, the
sensors, the VFD, and the Arduino microcontroller were not considered in the lab equipment
inventory. The two systems are schematised in Figure 4.51.

UV-C LEDs | 2 Low-pressure
- s lamp

At 265 nm Mercury lamps
(6W each)

-

UV LEDs
Fixture A W

Water
+
20 mg/L of DCF

Water

o
20 mg/L of DCF

Q
e

Pump Pump

Figure 4.51. Schematic representation of the two photoreactors: UV-C LEDs lamp (to the left side)

and two LP mercury lamps (to the right side).

4.5.2 Goal and scope

First of all, the FU was defined considering the main objective of the investigation. “The
treatment of 1 L of polluted water with 20 mg L* of diclofenac to achieve a 90% removal of
the contaminant” was the FU chosen. The removal of 90% of contaminants is a standard
approach [126]. Furthermore, the FU provides the reference unit, and 1 L of polluted water
was selected, given that the final aim is water treatment application.

The system boundaries for each process were also determined and shown in Figure 4.52.
The study takes into consideration the cradle-to-gate approach, similar to previous studies
[5,8]. The system boundaries included the production of the two photoreactors (the UV-C
lamp and the lab equipment), including resources, energy and transport of the main
materials, the energy needed during the operation, and the emission to air, water and soil
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during production. In contrast, the end-of-life of the photoreactors was omitted due to the

uncertainty of the disposal.
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Figure 4.52. Scheme of the system boundaries for the two photoreactors.

4.5.3 Life cycle inventory

In defining the inventory, the cut-off options for the unit process were selected from the
ecoinvent database. They differ from the other choices solely in the way the waste and
recyclable materials are treated, which is reflected in the resulting impact scores [153].

The specific input data were collected by selecting the global market {GLO} for the material
flows, which represents the consumption mix of the product and accounts for the trade
between producers and consumers. The global situation is considered to measure the average
distances, modes of transport required, and the product losses occurring during transport,
loading, and unloading. While for the manufacturing process, the European market {RER}
was selected, assuming that the production occurs in Europe once the material is available.
Also, the electricity employed was selected for a small-scale application (low voltage) from
the European market. The selection was made to create an average supply chain at the

European level and extrapolate conclusions for all European countries.
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The material and processes input for the UV-C LED lamp and each mercury lamp are shown
respectively in Table 4.19 and Table 4.20. The UV-C LED lamp materials were directly
quantified by opening and dissecting the lamp. In contrast, the material inputs for the
mercury lamp were estimated from the ecoinvent database [153]. In this regard, a few
modifications were appointed to take into account the manufacturing processes for
aluminium, plastic, and steel and avoid the use of primary material such as the “Aluminium,
primary, ingot”. Furthermore, the amounts were remodelled for the mercury lamp system
under study by considering a mass proportion between the ecoinvent amounts (380 g) and
the lamp employed of 20 g. A ballast was added to each lamp to provide the correct starting
and operating voltage and current, as recommended by the lamp manufacturer. Also, in
agreement with the ecoinvent database [153], silica sand was assumed to be equivalent to

quartz in both lamp inventories.

Table 4.19. Raw materials and processes input for 1 unit of the UV-C LEDs lamp.

L RIETTELS Ecoinvent dataset selected AmOL.mt Units
processes (2 unit)
16 LEDs blght emitting diode {GLO}| market for| Cut-off, 031 g
Heatsink ,;Ifursmlum alloy, AIMg3 {GLO}| market for | Cut- 127,59 g
Lamp case ,;Ifursmlum alloy, AIMg3 {GLO}| market for| Cut- 130.70 g
LED Screws/spring Aluminium alloy, AIMg3 {GLO}| market for| Cut- 578 g
lamp off, U
265 nm  Aluminium Metal working, average for aluminium product 264.07
processing manufacturing {RER}| processing | Cut-off, U ' 9
Quartz glasses Silica sand {GLO}| market for| Cut-off, U 5.42 g
Fan, for power supply unit, desktop computer
Fans {GLO}| market for | Cut-off, U 23.47 g
PLC- Printed wiring board, for power supply unit,
programmable desktop computer, Pb free {GLO}| market for | 20 g
logic controller Cut-off, U
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Table 4.20. Raw materials and processes input for 1 unit of an LP mercury lamp of 6 W (20 g).

LP
mercury
lamp

6 W

(209)

Materials and
processes

Aluminium parts

Mercury

Plastics parts

Plastics parts

Plastic processing
Glass
Lamp quartz tube

Steel parts

Electronics, for
stabilising lamp
emissions
(ballasts)

Ecoinvent dataset selected

Aluminium, wrought alloy {GLO}| market for |
Cut-off, U

Metal working, average for aluminium product
manufacturing {RER}| processing | Cut-off, U

Mercury {GLO}| market for | Cut-off, U
Polyethylene, high density, granulate {GLO}|
market for | Cut-off, U

Polypropylene, granulate {GLO}| market for | Cut-
off, U

Injection moulding {RER}| processing| Cut-off, U
Sanitary ceramics {GLO}| market for | Cut-off, U
Silica sand {GLO}| market for | Cut-off, U

Steel, unalloyed {GLO}| market for | Cut-off, U

Metal working, average for steel product
manufacturing {RER}| processing | Cut-off, U

Electronics, for control units {GLO}| market for|
Cut-off, U

Amount
(2 unit)

1.72
1.72
0.021
0.098

2.402

2.5

6.617
8.858
0.229

0.229

55

Units

«

Q QO @ @ @ «

While the materials and processes input for the lab equipment are shown in Table 4.21.

Table 4.21. Raw materials and processes input for the lab equipment, which are equal for the two

Lab
equipment

Materials and
processes
UV Quartz tubes

PVC tube
systems

Plastic container

Magnetic stirrer

Magnetic bar

Centrifugal pump

Aluminium
support base

photoreactors.

Ecoinvent dataset selected

Silica sand {GLO}| market for | Cut-off, U
Polyvinylchloride, emulsion polymerised {GLO}|
market for| Cut-off, U

Extrusion, plastic pipes {RER}| extrusion, plastic
pipes | Cut-off, U

Polyethylene, low density, granulate {GLO}|
market for | Cut-off, U

Blow moulding {RER}| blow moulding | Cut-off,
U

Permanent magnet, for electric motor {GLO}|
production | Cut-off, U

Steel, low-alloyed {GLO}| market for | Cut-off, U

Metal working, average for steel product
manufacturing {RER}| processing | Cut-off, U
Pump, 40W {GLO}| market for | Cut-off, U
Aluminium, wrought alloy {GLO}| market for |
Cut-off, U

Metal working, average for aluminium product
manufacturing {RER}| processing | Cut-off, U

Amount
Used

130
1

1

200

200

0.4072
7.45
7.45

Units

kg

kg
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Lastly, it is important to define each part’s lifetime: both the LED lamp and the mercury
lamp photoreactors were considered with a life span of 8,000 h. The former experimentally
showed a lifetime between 10,000 h to reach 80% and 6,000 h to reach 60% of the initial
intensity; therefore, an average value was taken. On the contrary, for the mercury lamp, the
manufacturer data was taken. Regarding the lab equipment, 15 years, which corresponds to
the lowest lifetime expected for electromechanical equipment [103,127], were considered
for the magnetic stirrer, the magnetic bar, the centrifugal pump, and the aluminium support
base. In contrast, 3 years were considered for the quartz tube and the plastic components
since they are more sensitive to breakage, and plastic could be affected by the contaminant.
While the tables shown represent the construction phase, the operational phase is considered
through the electricity demand of the UV source, the centrifugal pump, and the magnetic
stirrer, which depends on the treatment time and, therefore, the effectiveness of the system.
Data obtained from the previous section showed that the 265 nm LED lamp under only
photolysis reached 90% removal of DCF after 29.8 min of the operation time, which is the
time considered for the energy costs associated with the system. The mercury lamp
photoreactor shown in Figure 4.51 was first characterised by chemical actinometry to
experimentally evaluate the radiation emitted by the mercury lamps, which was 150.70 W
m2 compared to the 220 W m of the UV-C LED lamp. Finally, to measure the 90% removal
of DCF through the mercury lamp system, the UV fluence-based kinetic constant at 254 nm
was evaluated from the 265 nm results (k’265=1.73-10* J* m?) according to Eq. (3.19),
considering the molar absorption coefficient at 254 nm and assuming the same quantum
yield at the two wavelengths. From the estimation, the UV fluence-based k 254 was 1.10-10*
J*m?. Considering the mercury lamp irradiation of 150.70 W m, the time-based constant
independent on the system kzss was estimated as 1.00 mint in comparison with the value of
2.28 min! at 265 nm. However, to calculate the time inside the reactor, the active volume
over the total volume was considered by Eq. (4.4), which reduced to Eq. (4.12).

l (O'l)— k-t Ve Eq.(4.12
"\1)° Vr q.(4.12)

Where Vrwas 1 L in the two cases, while Vr of the mercury lamp photoreactor was 0.050 L

against the 0.034 L of the LEDs photoreactor, given the longer size of the mercury lamp
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compared to the LED lamp. Finally, the time in the mercury lamp photoreactor was evaluated
to be 45.96 min.

The electrical energy consumed by the two UV photoreactors was consequently calculated
from Eq. (4.8), which reduced to Eq. (4.13), considering log(Co/C) = 1 (one order of the
pollutant is degraded) and a total volume of 1 L.

Electricity consumption (Wh) = P (W) - t (h) Eq.(4.13)

Where t is the total illumination time, and P is the power input of the lamps.

The centrifugal pump and the magnetic stirrer were the same for the two photoreactors, and
the power inputs were taken from the manufacturer data, respectively 51 and 90 W.
However, only half power was considered for the latter since the stirring was used
approximately at half of the maximum rpm allowed. For the mercury lamp system, the time
the lamps need to warm up (15 min as per standard procedures) was also taken into account.
Table 4.22 summarises the electrical energy consumed during the operation phase for the
two photoreactors, where the values in brackets indicate the percentage contribution to the
total operational electricity demand. The electricity chosen from the ecoinvent database was
“Electricity, low voltage {RER}| market group for| Cut-off, U”, which corresponds to the
mix for the European market for households’ applications.

Table 4.22. Electricity consumption referred to the FU during the operation phase for the two

photoreactors.
Treatment time | Inputs, energy | Treatment time | Inputs energy
Power
Energy source Input () i) (h) (Wh)
(W) UV-C LEDs UV-C LEDs Mercury lamp | Mercury lamp
photoreactor photoreactor photoreactor photoreactor
Electricity for UV- 0
C LEDs lamp 36.14 0.50 17.95 (27%) - -
Electricity for the * 0
mercury lamp 12.00 - - 0.77 +0.25 12.19 (14%)
Electricity for the | g, 0.50 25.33 (39%) 0.77 39.06 (46%)
centrifugal pump
Electricity for the | 5 0.50 22.35 (34%) 0.77 34.47 (40%)
magnetic stirrer

*The time spent to warm up the mercury lamps (15 min = 0.25 h) was included in the treatment time of the

mercury lamp photoreactor.
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According to the operation time and the lifetimes, the operation phase for the LEDs
photoreactor also included 6.2-10° p of UV-C LED lamp, 1.9-10° p of quartz tube, plastic
tubes and plastic container, and 3.8-:10° p of magnetic stirrer, magnetic bar, centrifugal
pump, and aluminium support base. Whereas for the mercury lamp photoreactor, during the
operation phase were needed 2.5-10* p of LP mercury lamps, 2.9-10° p of quartz tube,

plastic tubes and plastic container, and 5.8-10° p of the rest of the lab equipment.

4.5.4 Life cycle impact assessment

The Environmental Footprint (EF) 3.0 method was employed as it is the reference method
proposed by the European Commission [201], with the scope of bringing together different
methods under one. For instance, regarding toxicity, the EF method includes the USEtox
model, which calculates the impacts of chemicals on ecosystems and human health [202].
The EF method assesses the environmental impacts through 16 midpoint impact categories;
indeed, the midpoint level is generally considered to be more accurate than the endpoint
level [203]. The methods usually differ on the characterisation factor, which is the factor that
converts an elementary exchange into the reference unit, for example, kg CO2-equivalents
for the climate change category. The 16 impact categories covered in the EF method are
climate change, ozone depletion, ionising radiation, photochemical ozone formation,
particulate matter, human toxicity (cancer and non-cancer effects), acidification,
eutrophication (freshwater, marine, terrestrial), ecotoxicity freshwater, land use, water use,
and resource use (fossils, minerals and metals). Each category strongly correlates with the

sustainable development goals (SDGs), as shown in Figure 4.53 [204].
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Figure 4.53. Connection between the LCIA impact categories of the EF method with the SDGs.

Adapted from [204].

455 UV-C LEDs photoreactor versus mercury lamp photoreactor

LCA results were computed through the implementation of the inventory data referred to the
FU in SimaPro [154] and solved through the EF method. Figure 4.54 shows the relative

impacts of the two systems for the 16 midpoint categories.
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Figure 4.54. Relative impacts in percentage of the UV-C LEDs and the LP mercury lamp

photoreactors referred to the FU on the 16 categories of the EF method.

It is noticeable that the LEDs system outperformed in all potential environmental impact

categories, having around 25% less impact in almost all categories. The exceptions were

“Human Toxicity, non-cancer” and “Resource use, minerals and metals”, where the impacts

were even lower, 38% and 47%, respectively. These results are very promising for the wide

implementation of LEDs in water treatments. However, they are mainly linked to the

different times required to treat the solution and, therefore, the impacts of the energy related

to the centrifugal pump and the magnetic stirrer. Even if the active volume in the mercury

lamp photoreactor was larger, meaning less recirculation for volume treated, the time needed

to degrade 90% of DCF was 1.5 times that of the LEDs photoreactor due to the lower

efficiency at 254 nm and the lower irradiation energy. Therefore, the electricity used to light

up the lamp, recirculate and stir the solution for a prolonged time was mainly responsible for

the higher environmental impacts.
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Unfavourable case

An unfavourable scenario for the UV-C LEDs photoreactor was evaluated by decreasing the
LED lamp irradiation so that the electricity consumption for the pump and magnetic stirrer
was similar between the two systems, as they are specific to the experimental assembly. In
this way, the aim was to identify the influence on the potential environmental impacts of the
UV source in water treatments while the other variables remained similar. The LEDs
photoreactor operation time was redefined by considering the same irradiation as that of the
mercury lamp photoreactor. Taking advantage of the linear relationship between LED lamp
irradiance, DCF degradation, and lamp power, working at 150.70 W m? (68% lamp
intensity) corresponded to an operation time of 43.38 min and a power input of 24.79 W.
Under these conditions, the overall time in the two photoreactors was comparable since the
lower efficiency of the 254 nm system was counterbalanced by its larger active volume given
by the mercury lamp geometry. In this case, the energy inputs per FU for the LEDs
photoreactor were 17.92 Wh for the lamp, 36.88 Wh for the centrifugal pump, and 32.54 Wh

for the magnetic stirrer. Figure 4.55 shows the output in this unfavourable case.
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Figure 4.55. Relative impacts in percentage of the UV-C LEDs and the LP mercury lamp
photoreactors when the lamps are emitting at the same irradiation. Results referred to the FU on the

16 categories of the EF method employed.
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This time, the impacts are quite comparable, and it is less straightforward to state the overall
best performance. In this case, the energy input for the centrifugal pump and the magnetic
stirrer were quite similar, and therefore, it is highlighted the impact of the higher energy
input needed by the LEDs lamp compared to the mercury lamps (17.92 Wh versus 12.19
Wh), which is expected given the fact that UV-C LEDs still are relatively inefficient and at
the early stage of development. Even so, the categories mentioned earlier, “Human toxicity,
non-cancer” and “Resource use, minerals and metals”, are still more affected by the mercury
lamp photoreactor, where the LED system has 16% and 28% less impact, respectively.
Additionally, the “Human toxicity, cancer” and the “Ecotoxicity, freshwater” categories
were also more affected by the mercury lamp photoreactor, with a ~4% difference in both
cases. All these categories were negatively affected by the higher environmental burden of
the mercury lamps compared to the LEDs, mainly due to mercury production, which is found
to release as emission to air 16% of mercury for each kg produced, according to the ecoinvent
dataset [153]. For the rest of the categories, the differences were between 1-2% in favour of
the mercury lamp, a percentage that can be considered inside the dataset’s uncertainty and
is due to the higher energy inputs required for the UV-C LED lamp.

Given the similarities of the results in this case and the interest in understanding the hotspots
of the systems, the individual percentage contributions for the three main parts: the UV
source, the lab equipment, and the overall electricity employed during the treatment, were
evaluated for the two photoreactors separately. Figure 4.56 shows the relative contribution
of each part for “Climate change” and “Human toxicity, non-cancer”. These categories were
chosen as representative of the entire dataset, other than being particularly important for
decision-making. The contribution within “Climate change” highly resembles the
contribution within most of the categories, while between “Human toxicity, non-cancer” and
“Resource use, minerals and metals”, where the mercury lamp was remarkably more
impactful than the UV-C LEDs, only the former was shown for discussion since they were

showing similar results.
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Figure 4.56. Percentage contributions referred to the FU of the individual components: UV-C
source (blue), lab equipment (violet), and electricity (teal) for the impact categories: “Climate

change” on the left side and “Human toxicity, non-cancer” on the right side.

It is clear that electricity is the main contributor in all categories. In the case of “Climate
change”, in which the total values were 0.0352 and 0.0346 kgCO- equivalent for the UV-C
LED and the mercury lamp, respectively, more than 97% was attributed to the energy
consumption in both cases. On the other hand, for “‘Human toxicity, non-cancer”, with values
respectively of 4.83-10"%and 5.77-101° CTUh for the UV-C LEDs and the mercury lamp,
the impact of the latter in percentage was more prominent given the toxicity of mercury,
reaching almost one-fifth of the entire category, whereas, in the case of the UV-C LEDs, the

impact was ten times less.

Favourable case

A second case, this time favourable for the UV-C LEDs photoreactor, was evaluated
considering the predicted trend of the UV-C LEDs efficiency in the coming years. The
power input for the UV-C LED lamp was assumed to be 20% lower, a value expected to be
reached by 2030 [119], and considering that from 2019, when the UV-C LEDs were first
chosen to build the lamp, the market has already seen considerable steps. Therefore, Figure
4.57 compares the mercury lamp photoreactor, which market can be considered stable [119],
with the base case at 100% intensity of the UV-C LEDs and the unfavourable case when
working at 68% of the LED lamp, both with 20% lower power inputs, therefore considering
28.92 and 19.83 W instead of 36.14 and 24.79 W, respectively.
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Figure 4.57. Relative impacts in percentage of the UV-C LEDs and the UV mercury lamp
photoreactors assuming a 20% improvement in the energy efficiency of the UV-C LED lamp. The
results refer to the FU on the 16 categories of the EF method employed.

With only 20% higher efficiency, UV-C LEDs performed better than mercury lamps in all
categories, also when working at a lower intensity. The UV-C LEDs lamp at 68% had around
3% less impact in all categories, except for the ones it was already outstanding in the
unfavourable case, where the impact was 20 and 30% lower. Whilst the UV-C LEDs lamp
at 100% intensity had more than 27% less impact in all categories. Assuming that this higher
efficiency will be reached in the next years, it can be concluded that the results are very
promising for the implementation of the UV-C LED lamp in water treatment systems.
However, for the system analysed, it is specifically recommended to prioritise working at a
higher intensity and reduce the overall time of the treatment, whether possible.
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45.6 Comparison between UV-C, UV-C/H.0,, and UV-C/FC

The addition of an oxidant also provides a strategy to reduce the required operation time.
However, in this case, the contribution of the oxidant to the impact categories should also be
considered. As mentioned, Pesqueira et al. [103] evaluated the sustainability of three
oxidants, H.O,, PMS, and persulfate, and found the unsuitability of the last two even if
shorter times and higher efficiencies were achieved. Therefore, in this section, the life cycle
impacts of combining UV-C with H202 and FC were investigated with the same FU, where
the UV source was the UV-C LEDs lamps at 265 nm, previously inventoried.

The operation times considered were taken from the experimental results carried out in this
thesis, where 90% of the DCF removal was achieved at 0.50, 0.33, and 0.34 h for UV-C,
UV-C/H20>, and UV-C/FC, respectively. Indeed, while FC was more efficient in removing
DCF when coupled with 285 and 310 nm, with the 265 nm lamp, the kinetic constants with
the two oxidants were very similar. Within SimaPro modelling, the corresponding ecoinvent
datasets of the oxidants were added to the UV-C LEDs treatment inventory, in particular,
“hydrogen peroxide, without water, in 50% solution state {RER}| market for | Cut-off, U”
for UV-C/H20. and “sodium hypochlorite, without water, in 15% solution state {RER}|
market for | Cut-off, U” for UV-C/FC, in the amount needed for a final concentration in
solution of 20 mg L, respectively 40 and 133.33 mg. Table 4.23 shows the different

operation times and the electrical consumption for the three UV-Caesnm treatments.

Table 4.23. Electrical energy inputs by the three UV-Czss nm LED treatment systems, referred to the

FU.
Operation Input energy Input energy Input energy
Treatment type ) )
Time (h) lamp (Wh) pump (Wh) stirrer (Wh)
uv-C 0.50 17.93 25.33 22.35
UV-C/H:0. 0.33 11.73 16.56 14.61
UV-C/FC 0.34 12.15 17.15 15.14

According to the new operation times, the operation phase for the UV-C/H20- treatment
required 4.1-10° p of UV-C LED lamp, 1.2-10° p of quartz tube, plastic tubes and plastic

container, and 2.5-10°° p of magnetic stirrer, magnetic bar, centrifugal pump, and aluminium
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support base, while for the UV-C/FC treatment, it was needed 4.2-10° p, 1.3-10° p, and
2.6-10° p, respectively. The results are finally shown in Figure 4.58.

100 +
80 +
o 604 = = £ E = E E g £ g g = £ = E =
S 8§ 5 =5 =5 8 =5 =5 =5 =5 5 =5 5 =5 =5 = &=
w01 54 = S 25 =5 =5 =5 =5 =2 =5 =5 =5 =5 =5 =2 E
= 8 R R R R R RRRRERRRRR N
0l = = £ E = = g = E = = = = = = =
g & & & & & & & & @ (’\\'z} R A T
& N9 & > @ S I & & S & > N & 9
& K S & <& < < &S & @ N & 5@ «§ &
& & R &'{’& S & & ¢ & ¢ ¢ VO ¢ &
N O"’OQ R 0190 & s o ¥ & ‘,\\o'z? RO & 2 N
QO > < O.P D . \o’b- «OQ ‘('\\(J @+ O . \(\0
N &S & K o & N
@6\ > By ~ & \)’{‘ & &
X & N K
° & &
N >
Q 3
&
Q.
uv-C UV-C/H,0 UV-C/FC
2Y2

Figure 4.58. Relative impacts of the three UV-Cues nm LED water treatments (UV-C, UV-C/H0,,
and UV-C/FC) for the removal of 90% of DCF on the 16 categories of the EF method.

The addition of H20. or FC led to an average reduction of around 35% and 30%,
respectively, in all the impact categories. Therefore, the addition of the oxidants generated
less impact on the environment than the additional electricity consumption required for
longer times when no oxidant is added. However, when comparing the two UV-based AOPs
with each other, H20> showed, on average, 5% lower impacts, except for “Ozone depletion”
and “Ecotoxicity, freshwater”, where the impact difference was 19.5% and 12.5%,
respectively, being these last two categories the most affected by the addition of sodium
hypochlorite. Figure 4.59 shows the relative impacts of the oxidants, UV-Czssnm LED lamp,
lab equipment, and electricity in the three cases for four selected categories: “Climate
change” and “Human toxicity, non-cancer”, as previously selected and quite representative
of the distribution in all the other categories, and “Ozone depletion” and “Ecotoxicity,

freshwater” since the most affected by the oxidant selection. While H2O2 contribution to the
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environmental impact is almost null at the concentrations employed (below 1% in all
categories), the use of FC impacted in percentages respectively of 1.6%, 17%, 4.5%, and
9.6% in “Climate change”, “Ozone depletion”, “Human toxicity, non-cancer”, and
“Ecotoxicity, freshwater”. The higher impacts were due to sodium hypochlorite production,
which involved the releases in the water of 0.5 kg of chloride and 0.3 kg of sodium for each

kg produced, according to the information provided in the ecoinvent dataset [153].

uv-C Uv-C/ H,0, UV-C/FC

—_
o
o
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o
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I UV-C LEDs
Lab equipment
Oxidant

#27 Electricity

Relative contribution to the selected categories (%)

Figure 4.59. Relative contribution of the oxidant (red), UV-Cass nm LED lamp (blue), lab equipment
(violet), and electricity (teal) of the three UV-C water treatments per FU for the selected four
categories. “Climate change”, “Human toxicity, non-cancer”, “Ozone depletion”, and “Ecotoxicity,

freshwater”.

Therefore, among H20> and FC, the former is preferred when similar treatment times are
required to achieve DCF degradation. However, the use of FC is still recommended in
comparison to only photolysis, and if it achieves shorter treatment times compared to H20-,
like in the case of the 285 nm LED lamp, where the operation times were 12.36 min and
16.31 with FC and H.Og, respectively, and the corresponding extra electricity consumed
would advantage the use of UV/FC. Since, in all cases, electricity is the main hotspot for this
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technology in the experimental system studied; strategies to reduce its environmental burden

are necessary.

45.7 Renewable electricity

The results of employing renewable energy sources to replace the selected average electricity
mix for the European market have therefore been investigated. As a feasible option for
countries like Spain that benefit from high solar exposition all year, the electricity from the
photovoltaic energy source was selected from the ecoinvent database: “electricity, low
voltage {ES}| electricity production, photovoltaic, 3 kWp slanted-roof installation, single-
Si, panel, mounted | Cut-off, U”. Another feasible option for Spain [205], but also for other
countries that do not benefit from so many hours of sun, such as Ireland [206], wind power
was also considered, selected in the ecoinvent database: “electricity, high voltage {ES}|
electricity production, wind, <1 MW turbine, onshore | Cut-off, U” for the Spanish market
as well. For the comparison, the treatment with the 265 nm UV-C LED lamp without any
oxidant and at 100% intensity was chosen, and the results referred to the FU are shown in
Figure 4.60.
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Figure 4.60. Relative impacts in percentage of the UV-C LED water treatment referred to the FU
when employing the electricity mix of the European market and the electricity from photovoltaic or
wind of the Spanish market. The results are shown for the 16 categories of the EF method

employed.

All categories showed a middle to high impact reduction, except for the “Resource use,
mineral and metals” in the case of photovoltaic. The latter saw an increase of 40% when
employing electricity from solar energy compared to the European electricity mix, mainly
due to the copper mine operation, followed by the silver-gold mine operation involved in the
production of the solar panels, based on the information of the ecoinvent dataset [153]. In
this regard, wind produced less impact in the resources categories compared to solar energy
and achieved a reduction in all 16 categories ranging from 30% up to 99% compared to the
European electricity mix. Compared to photovoltaic, wind energy had higher impacts only
in “Human toxicity, cancer” and “Land use” of 12% and 30% due to the ferrochromium

production for the wind turbine and the wind power plant construction, respectively. In all
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other categories, the impacts were from 60% to 80% lower than photovoltaic according to
the relative impacts of each clean energy source [207].

The use of photovoltaic and wind energy was also investigated for UV/H;0, and UV/FC.
By comparing only the “Climate Change” category, the reduction observed were
respectively 80% and 93% when employing photovoltaic and wind energy instead of the
electricity mix for both UV-based AOPs.

In conclusion, using cleaner sources during the UV-C LEDs and UV-C LEDs-based AOPs
treatments can greatly improve the environmental sustainability of these processes, which
can significantly enhance the quality of water for safe consumption in small- and large-scale

applications.
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5 Conclusions

The first part of the present thesis evaluated the most suitable commercial microfiltration

membrane for developing an effective and low-cost technology for MPs removal. The main

conclusions were:

High mass removal efficiencies (above 94% for all cases) were achieved with all
membranes, showing that, in general, microfiltration is a suitable low-cost process for
MPs removal.

Membrane abrasion and particles breaking down are potentially occurring during
microfiltration in dead-end configurations. MPs particles in the range of 20-300 um
were detected passing through the membranes’ pores nominally smaller (5 um), but also
the filtrate presented MPs particles smaller than the feed stream.

Due to its hydrophobicity, PTFE requires a high working pressure, negatively affecting
the pumping costs, without a tangible advantage for the MPs removal; therefore, it is
unsuitable for this application.

PC and CA membranes have similar behaviour during PA filtration. However, during
PS filtration, CA allowed higher water flux. Furthermore, since CA has the lowest
hardness, the impact of the particles with the membrane induced less breaking down;
however, it seemed more prone to abrasion since bigger particles could pass through.
The choice of membrane properties needs to compromise the risk of producing a higher

amount of NPs or allowing the passage of bigger MPs particles.

CA membranes were the best or among the best in removing MPs both in terms of mass and

number of particles, and they also achieved the best overall performance of TMP and water

flux; therefore, CA membranes were chosen among the three membranes.

The second part of the thesis deeply analysed the kinetic and mechanistic aspects of CA

membrane fouling by MPs and their interaction during the filtration run. The fouling

mechanisms were sequentially modelled into complete pore blocking followed by cake layer

formation, with a good agreement between the models and the experimental data. The
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corresponding mechanisms’ kinetic constants were studied at different operating conditions,

varying MPs load and operating TMP. As a result:

- Asthe MPs load increased, the kinetic constants also increased. Both K¢ and #s followed
a similar power-law relationship depending on C™22 for PS and C™1 for PA particles. A
stronger correlation was observed in the case of PS, likely due to the larger particle size,
which resulted in greater steric hindrance interactions compared to PA.

- Increasing the working TMP led to a threshold pressure value identified as the best
operational condition, which is the right compromise between lowering the fouling and
avoiding increasing the operational costs, other than limiting particle breakage and
membrane abrasion. For PA particles, the optimal range was found to be between 0.3
and 0.5 bar, while for PS particles, it was found to be at 0.3 bar.

- The fouling was found to be higher after PA filtration due to various factors such as the
higher hydrophobicity of PA particles, their neutral charge, and smaller particle size.
These factors resulted in the formation of a denser cake layer due to interlaying and
binding of particles during cake formation.

- Conversely, the PS particles’ repulsive electrostatic interactions with the negatively
charged CA membrane and their high shape irregularity formed a looser cake layer, also
inducing great abrasion on the CA surface, which was confirmed by SEM images. This
abrasion visibly reduced the selective layer and allowed more flux to pass through.

- The fouled membrane surface increase in hydrophobicity and roughness may also
contribute to further fouling.

- Instead of relying on physical or cleaning methods to remove MPs in households or
small drinking water treatments, an alternative approach could be directly replacing the
fouled CA membranes. This approach enables the recovery and recycling of the particles

while preventing secondary MPs pollution.

To conclude, modelling membrane fouling helped identify the optimal operating conditions
based on the specific foulant present in the water to be treated and predict membrane

replacement cycles, ultimately improving MPs removal efficiency.
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The third part of the thesis aimed to tackle the problem of another concerning contaminant,
DCF. The study explored the application of 265, 285, and 310 nm LED emitters via

photolysis alone and combined with H.O: or FC. The main conclusions were:

Removal dependency on the wavelength was found in conformity with the absorption
coefficient of the DCF and the oxidants. Therefore, the highest DCF degradation
constants were achieved for the lamps at 265 and 285 nm. A synergistic effect was
reached when coupling the UV treatment with the oxidants; in particular, the highest
synergistic factors were achieved for 285 and 310 nm with FC, and 265 followed by 285
nm with H2O2, following the absorption trend of the oxidants. While no synergy was
obtained with 310 nm/H.O: since the absorption of the latter at that wavelength is nearly
null.

Despite the higher degradation by UV-LED driven AOPs than photolysis alone, the
overall treatments, considering only the photoreactor contact time, show similar
electrical energy per order values due to the energy consumed to produce the oxidants.
The reaction mechanisms for UV/H202 and UV/FC were proposed, and a good fit
between the experimental and simulated data was obtained with the estimated second-
order kinetic constants kro = 9.12:10° M s for HO" with DCF and kci = 1.30-10%°
M1s? for CI" with DCF.

Studies at different intensities, performed at 265 and 285 nm, highlighted a linear
correlation with the time-based degradation constants, which is important, given a
desired removal, for selecting the resident time or the irradiation intensity inside the
reactor.

The dual-wavelength system (265 + 285 nm) alone and in combination with the oxidants
did not show significant synergy (p>0.05).

Regardless of the treatment, while the DCF was completely removed, the DOC
decreased only partially by 20-30%, and the formation of stable dimers explained the
limited DOC removal, which is confirmed by the yellowish colour formed after each
photolysis process.

UV-based treatments are in general effective in decreasing toxicity towards bacteria,
organisms and plants, although the optimal treatment time should be chosen accurately

to prevent the occurrence of toxic and unstable by-products.
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Overall, the results provide valuable evidence for the application of UV-B and UV-C LED
emitters in water treatment plants, where factors like tuneable wavelength, instant on-off,

and adjustable intensity can be positively exploited.

Finally, in the fourth part of the study, a comprehensive life cycle assessment of the UV-C
LEDs photoreactor was conducted compared with a UV-C mercury lamp photoreactor for
the degradation of 90% of DCF in water. Furthermore, the comparison between UV-C, UV-
C/H20., and UV-C/FC while employing the 265 nm UV-C LEDs lamp was also assessed.

The main results achieved were:

- Overall, the LEDs achieved higher performance, with lower impacts observed when
working at higher lamp irradiation or assuming that the power efficiency will increase
by 20% in the coming years. However, the impacts were similar when working at the
same lamp irradiation and treatment time. It should be noted, however, that the LEDs
employed in the lamp were chosen in 2019, and significant improvements in efficiency
are already available in the market.

- The addition of H20. and FC reduced the total treatment time leading to a decrease of
around 35% and 30% in all the impact categories compared to photolysis alone.
Furthermore, for equal treatment time, the use of H>O: is preferred between the two
oxidants as it was found to be more environmentally sustainable.

- Inall the cases studied, the main hotspot was electricity. Consequently, the use of the
electricity mix for the European market during the operation phase of the treatment was
compared to the use of photovoltaic and wind energy taken for the Spanish market as
an example. Using photovoltaic energy lowered the impacts in all categories except one,
while employing wind energy reduced the impacts in all 16 categories. Therefore,
cleaner energy sources are highly encouraged to increase the overall sustainability.

To conclude, based on the ex-ante environmental LCA assessment, the applicability of the
UV-C LED lamp looks very promising, and research towards scaling up these systems in
real water treatment applications should be done, given the advantages over the mercury

lamp. However, if electricity keeps being the main hotspot also in large-scale applications,
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to decrease the environmental impacts, it is key to lower the treatment time by adding

oxidants such as H20. and FC or to opt for clean energy sources.

Future work

Beyond the scope of the present PhD thesis, but given the interest in the topic, the following

points have been identified as future work related to this thesis:

- Development of a hybrid system, integrating the UV-LED system with the filtration

setup.

- Extend the modelling of membrane fouling to constant flow rate filtrations, which is

also an important operational condition in domestic and industrial membrane treatments.

- A kinetic model that includes the effect of membrane abrasion and the particles’
breakup, depending to some degree on the membrane's hardness value and the particles'
type and shape, should be developed once robust data sets are available on the fouling

mechanisms by MPs in water.

- Studies on NPs removal through UV-based AOPs. While UV/H20, and UV/FC were
not suitable for MPs removal because of the enormous treatment times required for their
complete degradation, the coupling of the membrane with UV treatment in this order
would allow a first screen of bigger MPs particles, and UV-based AOPs can further

tackle organic compounds together with NPs, which need shorter treatment times.

- This work was performed using solutions of MPs or DCF in distilled water not to have
the influence of other fouling agents and scavengers affecting the results and not
allowing to address the single mechanisms. However, real drinking water scenarios
should be investigated in the same conditions to compare the results in more practical

circumstances.

- Perform a social life cycle assessment to evaluate not only the environmental impacts
but also the social impacts, which are also strictly connected with the SDGs and are

found usually affected by new technologies.
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