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Resumen

El agua constituye un recurso esencial para la vida, por lo que su escasez,
contaminacion y mala gestion suponen un gran impacto sobre la salud humana, el
desarrollo econémico y el medio ambiente. Para afrontar esta problemaética, es preciso la
elaboracion de un marco regulatorio a nivel global, nacional y local, que promueva, no solo
una gestién equitativa y sostenible, sino el desarrollo de tecnologias innovadoras que

garanticen la disponibilidad de agua de calidad para las generaciones presentes y futuras.

En este contexto, aquellas sustancias quimicas, cuya informacion es escasa y que no
tienen un control medioambiental habitual, pero que presentan un potencial impacto sobre
la salud humana o el medio ambiente, conocidas como contaminantes emergentes, estan
generando una gran repercusion social y politica. De esta forma, la Union Europea ha
intensificado sus esfuerzos en las Ultimas décadas para desarrollar un marco normativo
dirigido a la proteccién de los recursos hidricos frente a este tipo de compuestos, surgiendo

las denominadas Listas de Observacion.

La presente Tesis Doctoral, titulada “Tratamiento de efluentes acuosos con
contaminantes emergentes presentes en las Listas de Observacion de la Unién Europea”,
se centra en el estudio de diversas alternativas para el tratamiento de farmacos y pesticidas,
evaluandose procesos como la extraccion liquido-liquido, la adsorcion, la oxidacion

himeda catalitica (CWAOQ), y no catalitica (WAO), y la oxidacion promovida por peréxido




Resumen

de hidrogeno (CWPO). Es decir, el contexto politico actual parece estar demandando a la
comunidad cientifica una solucion a estos desafios, por lo que este trabajo aborda el
planteamiento de procesos eficaces de eliminacion de contaminantes de los que se sospecha
pueden presentar un impacto en el ecosistema, pero que se encuentran en fase de evaluacion

para determinar si es necesario establecer normas de calidad ambiental que los regulen.

En los procesos de extraccion liquido-liquido, el empleo de disolventes alternativos,
como los terpenoides y mezclas eutécticas, mostré resultados prometedores, alcanzandose
rendimientos de extraccion considerablemente superiores y pérdidas en la fase acuosa
inferiores a los obtenidos para disolventes convencionales. Para los pesticidas
neonicotinoides, el carvacrol presentd rendimientos de extraccion préximos al 95, 98 y
99 % para el tiametoxam, imidacloprid y acetamiprid, respectivamente, empleando una
relacién S/F de 0,1, una temperatura de 30 °C y matriz de agua ultrapura. Ademas, el efecto
de la matriz, el pH del alimento y la temperatura no fueron significativos para la extraccion
de pesticidas con este terpenoide. Para los antibiéticos analizados, ningun pH permitio
alcanzar un Optimo para la extraccion simultdnea de los tres compuestos, lo que se vio
influido segun sus equilibrios de disociacion. Aunque los disolventes eutécticos mostraron
una menor sensibilidad a los cambios de pH en el alimento, el carvacrol se posicion6 como
disolvente de extraccion més favorable, mostrando rendimientos del 98,9, 99,5y 97,0 %
para la trimetoprima, ciprofloxacina y sulfametoxazol, respectivamente, empleando
matrices reales a pH 5,0 y relacion S/F 1,00. También se evaluo con éxito la reutilizacion
del carvacrol durante cinco etapas consecutivas de extraccion de farmacos y su

recuperacion mediante un evaporador rotatorio a 164 °Cy 20 mbar.

Los materiales sintetizados a partir de lodos de depuradora de diferente procedencia
mediante procesos piroliticos, empleando diversos agentes activantes quimicos (NiCl, y
FeCl3), mostraron propiedades adsorbentes y cataliticas prometedoras. En este sentido, los
solidos exhibieron una combinacién de isotermas de adsorcidn-desorcion de nitrogeno tipo
I-1V, con ciclos de histéresis tipo H3-H4. Es decir, el tamafio medio de poro indicé una
naturaleza mesoporosa, con una contribucion moderada de la microporosidad, mientras que
las areas superficiales BET se encontraron en el intervalo 397-713 m?/g. Las capacidades
de adsorcion de ciprofloxacina variaron entre 32,1 y 73,9 mg/g en funcién del tipo de

material y las condiciones en las que se realizaron los blancos de adsorcion. Ademas, el
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proceso de sintesis propuesto parecio alcanzar una elevada fijacion de los metales de
transicion incorporados durante la activacion quimica, como haluros metélicos, a la matriz
solida. Este hecho fue considerablemente notable para el agente activante FeCls, que
ademas proporciond materiales con una gran actividad catalitica en procesos CWPO y
CWAQO. La viabilidad técnica de los procesos cataliticos verificd a través de su eficacia

con matrices reales y/o en ciclos consecutivos de reutilizacidn del catalizador.







Abstract

Water is essential for life, and its scarcity, pollution and mismanagement have a major
impact on human health, economic development and natural environment. Therefore, it is
imperative to develop a global, national and local regulatory framework that promotes not
only an equitable and sustainable access to water, but also the implementation of innovative
technologies. That is to say, guaranteeing the availability of quality water for present and

future generations.

Against this background, those chemicals that are not commonly monitored or
regulated in the environment, but which may have a potential impact on human health or
the environment, known as emerging pollutants, are raising a great social and political
concern. As a result, the European Union has intensified its efforts in the last decades to
build a regulatory framework aimed at protecting water resources against this type of
pollutants, creating the so-called Watch Lists.

This PhD dissertation, entitled "Treatment of aqueous effluents to remove emerging
pollutants included in the EU Watch Lists", is focused on the study of several approaches
for the removal of pharmaceuticals and pesticides, assessing processes such as liquid-liquid
extraction, adsorption, catalytic wet air oxidation (CWAQ) and non-catalytic wet air
oxidation (WAOQ), and catalytic wet peroxide oxidation (CWPQ). The current political

context seems to be demanding a solution to these challenges from the scientific
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community, so this work addresses the development of effective techniques for the removal
of pollutants that are suspected of having an impact on the environment, but which are
currently being evaluated to decide whether it is required to set out environmental quality

standards to regulate them.

In liquid-liquid extraction processes, the use of bio-based solvents, such as terpenoids
and eutectic mixtures, revealed promising results, achieving considerably higher extraction
yields and lower losses in the aqueous phase than those obtained for conventional solvents.
Concerning neonicotinoid pesticides, carvacrol showed extraction yields close to 95, 98
and 99 % for thiamethoxam, imidacloprid and acetamiprid, respectively, using an S/F ratio
of 0.1, a temperature of 30 °C and ultrapure water as matrix. Furthermore, the effect of
matrix, feed pH value and temperature were not significant for the pesticide extraction with
this terpenoid. Regarding the antibiotics tested, no single pH was optimal for the
simultaneous extraction of the three compounds, which was influenced by their
dissociation equilibria. Although the eutectic solvents showed a lower sensitivity to pH
changes in the feed, carvacrol was placed as the most favourable extraction solvent,
showing vyields of 98.9, 995 and 97.0 % for trimethoprim, ciprofloxacin and
sulfamethoxazole, respectively, using real matrices at pH 5.0 and S/F 1.00. The reuse of
carvacrol during five consecutive extraction steps and its recovery using a rotary evaporator

at 164 °C and 20 mbar was also successfully evaluated.

Carbonaceous materials synthesised from different sewage sludge sources by pyrolytic
processes, using chemical activating agents (NiCl> and FeCls), showed promising
adsorption and catalytic properties. In this regard, the solids exhibited a combination of
type I-1V nitrogen adsorption-desorption isotherms with H3-H4 hysteresis loops. The
average pore widths indicated a mesoporous nature, with a moderate contribution from
microporosity, while BET areas were in the range 397-713 m?/g. The adsorption capacities
of ciprofloxacin were found to be between 32.1 and 73.9 mg/g, depending on the
carbonaceous material and the operating conditions during the adsorption blanks.
Moreover, the proposed synthesis process seemed to achieve a high attachment of the
transition metals incorporated during the chemical activation to the solid matrix. This was
considerably marked for the activating agent FeClz, which also provided materials with
high catalytic activity in CWPO and CWAO processes. The technical feasibility of the
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catalytic processes was verified through their efficiency with real matrices and/or in

consecutive cycles of catalyst reuse.






CAPI’TULO I

Introduccion

La escasez, la contaminacion y la mala gestion del agua plantean amenazas
significativas para la salud humana, el desarrollo econdmico y el medio ambiente. La
solucion a este desafio requiere la elaboracion de politicas a nivel global, nacional y local,
gque promuevan una gestion sostenible y equitativa y la aplicacion de soluciones
innovadoras para el tratamiento de este recurso vital, garantizando su disponibilidad para

las generaciones presentes y futuras.

En este contexto, los contaminantes emergentes han atraido la atencion de la
comunidad cientifica, generando un contundente impacto econémico, social y politico a
nivel mundial. De esta forma, la Unién Europea ha intensificado sus esfuerzos en las
ultimas dos décadas para desarrollar un marco normativo cuyo objeto es la proteccion de

los recursos hidricos, surgiendo las denominadas listas de observacion europeas.

La eliminacion eficaz de contaminantes emergentes en las aguas todavia constituye un
reto. Procesos de tratamiento como la extraccion liquido-liquido, la adsorcion o la
oxidacion avanzada podrian posicionarse como técnicas efectivas en el tratamiento de

contaminantes como los farmacos y los pesticidas.




CAPITULO I: Introduccion

1.1 Problematica actual del agua

El agua no solo constituye un recurso esencial para la vida, sino que es indispensable
para la mayor parte de las actividades econdmicas que se realizan de manera diaria. Sin
embargo, el incremento de la poblacién mundial ha conducido a un aumento de la demanda
de agua, lo que ha intensificado los desafios relacionados con la escasez, la contaminacion
y la mala gestion de este recurso vital (Programa Mundial de Evaluacion de los Recursos
Hidricos (WWAP), 2016, 2019).

A pesar de ser un derecho humano fundamental, millones de personas en todo el
mundo carecen de acceso a agua de calidad o a servicios de saneamiento gestionados de
manera segura. Concretamente, el Fondo de las Naciones Unidas para la Infancia cifra en
2.200 millones el nimero de personas sin servicios de agua potable, lo que pone en peligro
su salud y bienestar (UNICEF, 2019). Se prevé que 3.500 millones de personas sufran
escasez de agua en el afio 2025 y que mas del 40% de la poblacion mundial viva en
condiciones de estrés hidrico severo (Otto & Schleifer, 2020; Programa Mundial de
Evaluacién de los Recursos Hidricos (WWAP), 2020).

La escasez de agua plantea uno de los principales desafios a los que se enfrenta la
sociedad actual. En este sentido, a medida que la poblacién y las demandas industriales y
agricolas crecen, la presion sobre los recursos hidricos también lo hace. Parece evidente,
por tanto, que la escasez de agua limita el desarrollo econémico y la produccién agricola,
siendo esta Ultima uno de los mayores consumidores a nivel mundial. La falta de acceso a
agua para riego reduce la produccién de alimentos y afecta a la seguridad alimentaria.
También tiene implicaciones en la generacion de energia, la industria y otros sectores
econdmicos (Engelbert & Scheuring, 2022; Seckler et al., 1999; Unfried et al., 2022).

Ademas, el cambio climatico estd causando una alteracion en los patrones de
precipitacion, asi como un aumento en la frecuencia e intensidad de sequias y eventos
climaticos extremos, lo que agrava la escasez de agua en muchas regiones (Programa
Mundial de Evaluacién de los Recursos Hidricos (WWAP), 2016, 2020). Factores como el
desarrollo econdmico, el crecimiento de la poblacion, y los cambios en los patrones de

consumo serian los principales causantes de un incremento del 600 % en el uso de agua
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dulce a nivel mundial en los Gltimos cien afios. El ritmo de crecimiento se ha estabilizado
en cerca de un 1 % anual desde la década de los 80 (Programa Mundial de Evaluacion de
los Recursos Hidricos (WWAP), 2021).

La mala gestion del agua ha agravado ain mas la problematica actual, contribuyendo
a este hecho factores como la falta de infraestructura adecuada para el suministro y
saneamiento, la sobreexplotacion de acuiferos, la falta de normativa y la escasa
concienciacion y educacién sobre el uso sostenible del agua. Todo ello resulta en una
distribucion desigual de este recurso, afectando especialmente a las comunidades mas
vulnerables. En términos de salud, la falta de acceso a agua de calidad y saneamiento
adecuado contribuye a la propagacion de enfermedades, como el célera y la diarrea,
causando millones de muertes cada afio, especialmente en los paises en desarrollo (Chua
et al., 2023; Programa Mundial de Evaluacion de los Recursos Hidricos (WWAP), 2020).

Por otro lado, la contaminacion se ha visto agravada por otros factores, como la
industrializacion, el uso irracional del agua y el incremento de la poblacion (Programa
Mundial de Evaluacién de los Recursos Hidricos (WWAP), 2021). Las actividades
agricolas, industriales y domésticas liberan una amplia variedad de contaminantes a los
recursos hidricos, incluyendo productos quimicos, nutrientes y plaguicidas, residuos
industriales y productos farmacéuticos. Es decir, mas del 80 % de las aguas residuales
generadas a nivel mundial regresan al medio ambiente sin un tratamiento adecuado
(Programa Mundial de Evaluacién de los Recursos Hidricos (WWAP), 2017). La
introduccidn de estos contaminantes en los ecosistemas acuaticos presenta un gran impacto
y representa un riesgo para la salud humana y el medio ambiente. Ademas, la exposicion a
contaminacion fecal a través del agua potable esta muy extendida en paises en vias de
desarrollo, lo que supone un riesgo elevado en la transmision de enfermedades.
Concretamente, se estima que alrededor de 2.000 millones de personas emplean fuentes de
agua contaminada con heces para consumo humano. (World Health Organization, 2021,
2022).

Para afrontar la problematica actual del agua es preciso la adopcién de medidas
integrales a nivel local, nacional e internacional, por lo que una gestién sostenible y

equitativa de los recursos hidricos es fundamental (Englezos et al., 2023). Esto implica la
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implementacion de politicas y normativas efectivas, la inversion en infraestructuras
hidricas adecuadas, la adopcion de practicas agricolas sostenibles, la promocion de la
conservacion del agua y el fomento de la eficiencia en su uso (Seijger & Hellegers, 2023).
También es crucial la educacion y la concienciacion sobre la importancia del agua,
pudiéndose realizar a través de campafas de sensibilizacion, programas educativos en
colegios y la participacion de la sociedad civil en la toma de decisiones relacionadas con
el agua (Stoker et al., 2022; Williams et al., 2023). A nivel internacional, resulta
imprescindible la cooperacion y la solidaridad entre los paises, mediante acuerdos y
tratados para la gestion compartida de los recursos hidricos transfronterizos, la
transferencia de tecnologias y conocimientos, y el apoyo financiero para proyectos y
programas relacionados con el agua en los paises en desarrollo (Hayat et al., 2022; Shams
& Muhammad, 2022; Ziganshina & de Schutter, 2022).

En cuanto a las perspectivas futuras, la innovacion tecnoldgica desempefiara un papel
decisivo en el futuro de la gestion del agua. En este contexto, el desarrollo de tecnologias
de tratamiento de agua mas eficientes, la implementacion de técnicas de agricultura que
optimicen el uso del agua, y la aplicacion de soluciones medioambientalmente sostenibles,
pueden contribuir a la mejora de la situacion actual (Linh et al., 2023; Xiuling et al., 2023).

1.2 Contaminantes emergentes

1.2.1 Definicién y clasificacion

En los ultimos afios, la preocupacion por los denominados “contaminantes
emergentes” ha generado un contundente impacto econdmico, social y politico a nivel
mundial. Segun la UNESCO, este grupo de contaminantes se define como cualquier
sustancia quimica, natural o sintética, o cualquier microorganismo, que no tenga una
regulacién o control medioambiental habitual y que presente un potencial impacto sobre la
salud humana o el medio ambiente (Cavero et al., 2023). Ademas, la mayoria de ellos se

emplean y se liberan de manera continuada en los medios acuaticos, en concentraciones
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normalmente bajas, pudiendo generar toxicidad cronica, alteraciones endocrinas y el

desarrollo de bacterias resistentes, entre otros (Ngo et al., 2015; Petrovi¢ et al., 2003).

La presencia en los recursos hidricos, la acumulacion en el medio ambiente y los
riesgos para la salud humana y los ecosistemas todavia se presentan como los principales
interrogantes para la gran mayoria de contaminantes emergentes. Por esta razon,
normalmente no se encuentran regulados en las normativas medioambientales, de calidad
del agua y de vertidos de aguas residuales, lo que refuerza la necesidad de realizar
investigaciones encaminadas a la adopcién de enfoques tecnoldgicos y politicos para

controlar el vertido de estos contaminantes (Kosma et al., 2010; Tran & Gin, 2017).

La monitorizacion de los contaminantes emergentes en las aguas es un desafio debido
a la gran cantidad de compuestos diferentes y la diversidad de sus fuentes. La deteccion y
cuantificacién de estos compuestos requieren metodos analiticos avanzados y sensibles que
puedan identificar incluso bajas concentraciones en muestras de agua. Ademas, es
necesario desarrollar y mejorar continuamente las tecnologias de tratamiento de agua para
eliminar o reducir la presencia de estos compuestos en los suministros de agua potable
(Petrovi¢ et al., 2003). Los contaminantes emergentes abarcan una amplia gama de
sustancias, como pesticidas, farmacos, cosméticos, productos para el cuidado personal y
del hogar, tensioactivos, subproductos de desinfeccion, retardantes de llama,
nanomateriales, compuestos perfluorados, colorantes, entre otros, que se utilizan en todo

el mundo y son esenciales en la sociedad moderna (Cavero et al., 2023; Kumar et al., 2022).

Dentro del amplio espectro de compuestos, los grupos predominantes en el medio
ambiente han sido los pesticidas y los productos farmacéuticos y de cuidado personal,
incluyendo antibidticos, antiinflamatorios, cosméticos y protectores solares, entre otros
(Bell et al., 2012; Gonzalez-Gonzalez et al., 2022; Ortuzar et al., 2022; Rajmohan et al.,
2020; Riyaz et al., 2021). También se han detectado otros compuestos asociados a la
actividad industrial u originados en la degradacion de plasticos, como tensioactivos,
retardantes de Ilama, plastificantes o colorantes (Barcelé & Petrovic, 2008; Calvo-Flores
et al., 2017; Eggen et al., 2010). Ademas, la presencia simultanea de varios compuestos
podria tener efectos tdxicos sinérgicos, lo que supondria una amenaza mayor (Kimmerer,
2009b).
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1.2.1.1 Farmacos

Los medicamentos constituyen uno de los factores mas eficaces para la mejora de la
salud y el control de algunas enfermedades, lo que ha propiciado un incremento en las
inversiones de este campo y un desarrollo exponencial de la industria farmacéutica. Este
sector presenta una supervision estricta y minuciosa por parte de los gobiernos, por lo que
la trayectoria normativa pertinente ha influido en su crecimiento y desarrollo (Safari et al.,
2018).

El aumento progresivo de la esperanza de vida en los paises desarrollados como
consecuencia de los grandes avances en el area médica conducira a una poblacion més
envejecida y, por ende, a un aumento en la demanda de medicamentos. Todo esto no hace
mas que dibujar una tendencia positiva en la ampliacion de los mercados farmacéuticos a

medio-largo plazo (Safari et al., 2018).

Los mercados emergentes también parecen representar un factor clave en la industria
farmacéutica. Paises como Rusia, India, Brasil, China, México, Indonesia, Sudafrica,
Corea del Sur y Turquia han duplicado sus ventas en cinco afios, consiguiendo una cuota
de mercado cercana al 20 %. Por tanto, la expansion de las empresas farmacéuticas en estos
mercados dependerd del grado de adecuacion al ritmo de desarrollo del pais. Ademas,
aunque tradicionalmente han dominado los medicamentos contra enfermedades infecciosas
y transmisibles, como las de transmisidn sexual, el aumento de la riqueza y la esperanza de
vida estan generando un cambio en el estilo de vida y en los patrones de enfermedades.
Concretamente, se ha incrementado de forma notable la incidencia de enfermedades no
transmisibles, como la diabetes, las cardiovasculares, y las oncoldgicas, en los mercados
emergentes, acercandose a lo observado en los paises occidentales (Tannoury & Attieh,
2017).

Existen distintos subgrupos de farmacos en funcidn de su uso, incluyéndose entre ellos
los siguientes: antibioticos; antiepilépticos; analgésicos y antiinflamatorios; hormonas;
betabloqueantes; reguladores de lipidos en sangre; citostaticos; y agentes de contraste.
Algunos de los medicamentos mas representativos empleados en la actualidad se

encuentran recogidos en la Tabla 1 (Liu & Wong, 2013).
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Tabla 1. Clasificacion de los principales farmacos empleados en la actualidad.

Subgrupo

Ejemplos

Antibibticos

Claritromicina

Eritromicina

Sulfametoxazol

Sulfadimetoxina

Amoxicilina

Ciprofloxacina

Norfloxacino

Trimetoprima

Hormonas

Estrona

Estradiol

Etinilestradiol

Analgésicos y antiinflamatorios

Diclofenaco

Ibuprofeno

Paracetamol

Acido acetilsalicilico

Celecoxib

Antiepilépticos

Carbamazepina

Primidona

Fenobarbital

Reguladores de lipidos en sangre

Clofibrato

Gemfibrozil

Fenofibrato

Betabloqueantes

Metoprolol

Propranolol

Atenolol

Agentes de contraste

Diatrizoato

lopromida

Citostaticos

Ifosfamida

Ciclofosfamida

Los antibioticos son considerados como uno de los principales medicamentos

empleados a nivel mundial, debido a su amplia aplicacién para el tratamiento de

infecciones fungicas y bacterianas, tanto en humanos como en animales (Tambosi et al.,

2010). Entre los principales grupos de antibioticos, se encontrarian las sulfonamidas
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(sulfametoxazol, sulfadimetoxina), los macrolidos (eritromicina, roxitromicina) y las

fluoroquinolonas (norfloxacino, ciprofloxacina) (Liu & Wong, 2013).

Segun los datos publicados por el Centro Europeo para la Prevencion y el Control de
las Enfermedades, Espafia fue el séptimo pais europeo con mayor consumo de antibidticos
en 2021, después de Rumania, Chipre, Bulgaria, Grecia, Francia y Polonia. En este sentido,
Espafia presenté alrededor de 20 dosis diaria definidas por 1000 habitantes y dia, frente a
la media 18 dosis diaria definidas por 1000 habitantes y dia para el conjunto de paises

europeos (European Centre for Disease Prevention and Control, n.d.).

Otro de los subgrupos mas estudiado que mas atencion ha atraido es el de las
hormonas, entre las que se incluyen los estrogenos naturales, excretados por humanos y
animales (estrona, estradiol o estriol), y sintéticos, empleados como anticonceptivos orales
(principalmente etinilestradiol). Aunque los estrégenos esteroides naturales no se engloban
en realidad dentro de los productos farmacéuticos, generalmente se estudian junto con las
hormonas sintéticas por sus efectos de alteracién endocrina en agua contaminada (Liu &
Wong, 2013).

1.2.1.2 Pesticidas

Los pesticidas los constituyen todas aquellas sustancias, puras o mezclas, destinadas a
prevenir, repeler, destruir o mitigar una plaga, incluyendo aquellas empleadas como
defoliantes, desecantes o reguladores de crecimiento vegetal. Estas caracteristicas han
convertido a los productos fitosanitarios en compuestos indispensables para erradicar
enfermedades transmitidas por insectos y para producir alimentos y fibras de manera
sostenible, confiriéndoles un papel econémico muy significativo en el mercado mundial.
Entre los plaguicidas mas consumidos destacarian los herbicidas, insecticidas y fungicidas,
mientras que las principales potencias productoras las constituirian, en orden decreciente,
Asia, Latinoamerica, Europa y los integrados dentro del Tratado de Libre Comercio de
America del Norte (Matthews, 2016; Plakas & Karabelas, 2012; Primo Yufera, 2007,
Salem & Olajos, 1988; Sierra & Gomez Gallego, 2007).

Los pesticidas han evolucionado, no solo en términos econdémicos y geograficos, sino

también en su estructura y propiedades quimicas. Es decir, mientras que inicialmente se
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caracterizaban por su caracter inorganico (sulfato de cobre, polisulfuro de calcio o arsenato
de plomo) o su origen boténico (piretrinas, nicotina y rotenona), en la actualidad son
frecuentes los compuestos organicos sintéticos. La Segunda Guerra Mundial supuso un hito
en el progreso de los pesticidas sintéticos, propiciandose la aparicion acelerada de un gran
numero de plaguicidas durante las décadas posteriores, como se muestra en la Tabla 2.
Todo ello, ha permitido disminuir de un 42 a un 9 % las pérdidas de las cosechas debidas
a las plagas (Matthews, 2016; Salem & Olajos, 1988; Sierra & Gomez Gallego, 2007).

Tabla 2. Evolucion de los pesticidas y afio de sintesis.

Afo  Tipo Pesticida Afo Tipo Pesticida
900 I Arsenicos 1948 I Aldrin, Dieldrin

1690 I Nicotina 1949 F  Captan

1800 I Piretrinas 1956 I Carbaril

1867 I Paris Green 1965 N  Aldicarb

1930 H DNOC 1990 I Imidacloprid, Spinosad
1939 I DDT 1998 I Tiametoxam

1942 H 2,4-D 2002 | Pyridalyl

1943 F Zineb 2005 | g:)‘:?c')‘é?g?c')?e r?p'”emram’
1944 I HCH (Lindano) 2007 H  Pyraxosulfone

1946 I Paration 2012 I Sulfoxaflor, Flupyradifurone

Nota: Insecticida (1); Herbicida (H); Nematicida (N); Fungicida (F)

A pesar de los beneficios que ha implicado el uso masivo de pesticidas, también ha
tenido graves repercusiones sobre el medio ambiente, la biodiversidad, la calidad de los
alimentos y la salud del ser humano. Las propiedades fisicoquimicas, junto con su modo
de accion y de aplicacion, ha posicionado a alguno de estos compuestos, como los
pesticidas organoclorados, dentro de los denominados contaminantes organicos
persistentes. Por esta razon, en las Gltimas decadas se ha promovido la sintesis de productos
fitosanitarios con menores dosis de aplicacion, persistencia y toxicidad hacia otras especies
no objetivo. En este contexto, ha cobrado cada vez mas interés los pesticidas
neonicotinoides, que representan el 25 % del total de insecticidas empleados a nivel
mundial y requieren dosis de aplicacion entre 0,01 y 0,1 Kg/ha, frente a los 3 Kg/ha de los
compuestos organoclorados (Goulson, 2013; Mehran Anjum, 2017; Rathore & Nollet,
2012; Sierra & Gomez Gallego, 2007).
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El término neonicotinoide agrupa a todas aquellas sustancias sintéticas y sistémicas

cuyo modo de accion se asemeja al de la nicotina, es decir, actian selectivamente sobre el

sistema nervioso central de los insectos como agonistas de los receptores nicotinicos de

acetilcolina (Insecticide Resistance Action Committee (IRAC), n.d.; Jeschke & Nauen,

2008). La estructura general de estos insecticidas aparece esquematizada en la Figura 1y
consta de tres segmentos (Jeschke & Nauen, 2008; Wakita et al., 2003):

(i) m

(iii)

Figura 1. Estructura quimica general de los insecticidas neonicotinoides (Jeschke &
Nauen, 2008).
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(i)

(i)

(iii)

Para los compuestos de cadena abierta, entre los sustituyentes R' y R? no se
establece ningun enlace simple. Sin embargo, en los compuestos ciclicos se
establece un puente de la forma [-R*-R?-] o [-R!-Z-R?-], donde Z puede ser [-O-]
0 [-N-Me-].

Este segmento esta constituido por un grupo heteroaliciclico o heterociclico (A-)
unido a una cadena puente [-CHR-], siendo el metileno el grupo empleado como
cadena puente para los neonicotinoides sintetizados hasta el momento. Segun la
composicion de este segmento estructural, se distinguen los cloronicotinilos
(CPM), los tianicotinilos (CTM) y los furanicotinilos (TFM), cuyas estructuras se

detallan en la Tabla 3.

El segmento [-N-C(E)=X-Y] representa los diferentes farmacdforos, pudiéndose
agrupar los compuestos desarrollados en: nitroenaminas o nitrometilenos [-N-—
C(E)=CH-NO2], donde E puede ser S 6 NH; N-nitroguanidinas o N-nitroiminas
[-N-C(E)=N-NO-], donde E puede ser NH 6 NMe; y N-cianoamidinas o N-
cianoiminas [-N—C(E)=N-CN], donde E puede ser S 6 Me.
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Tabla 3. Segmento estructural [A-CHR-] para los insecticidas neonicotinoides
comercializados (Jeschke & Nauen, 2008; Wakita et al., 2003).

Estructura del segmento [A-CHR-] Nomenclatura Abreviatura

CI—@CHQ- 6-cloro-pirid-3-ilmetilo CPM
N=

N
CI/{}CHZ' 2-cloro-1,3-tiazol-5-ilmetilo CTM

ODTCHT ()-tetrahidro-fur-3-ilmetilo TFM

*Mezcla de los enantiémeros (R) y (S).

En la Tabla 4 se recogen los insecticidas neonicotinoides desarrollados hasta el
momento, agrupados segun los segmentos estructurales mencionados previamente
(Jeschke & Nauen, 2008).

1.2.2 Fuentes de la contaminaciéon

La contribucion y la importancia de las distintas fuentes de liberacion y transporte de
contaminantes emergentes al medio ambiente se encuentra entre los principales objetivos
de numerosos proyectos de investigacion actuales, valorandose ademéas aspectos tan
relevantes como la concentracion y el destino de los mismos. Ademas, este tipo de
compuestos se encuentra en concentraciones relativamente bajas (ng/L a pg/L), por lo que
su deteccion y seguimiento ha supuesto un reto técnico y econémico (Barbosa et al., 2016).

La presencia de los contaminantes emergentes se ha detectado en un gran nimero de
medios acuaticos, aunque su concentracion varia considerablemente segun su origen. De
esta forma, las concentraciones, tanto en aguas superficiales como subterraneas, suelen ser
inferiores a las observadas a la salida de las plantas de tratamiento de aguas residuales,
debido a la dilucion, a los procesos naturales de atenuacién, o a una combinacion de ambos
(Gurr & Reinhard, 2006; Pal et al., 2010).
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Tabla 4. Tipos de compuestos neonicotinoides y ejemplos.

Farmacoforo Compuestos ciclicos Compuestos de cadena abierta
[-N-C(E)=X-Y] (R-R?2 6 RY-Z-R?) (R, R?)
Nitroenaminas/ |Et l|_I
Nitrometilenos HN.__ S CPM’NTN“MB
[-N-C(E)=CH-NO2] _CHNO, _ CH-NO-
E=S NH Nitlazina Nitenpiram
’ (CH2CH2CHy) (Et, Me)
CPM_,I‘sj\’_r'NH
N-NO, E E
Imidacloprid CTM™ “‘ﬂ/ “Me
(CH2CH;) N-NO,
o) Clotianidina
( h (H, Me)
N-nitroguanidinas/ CTMm™ “*“/N“‘Me
N-nitroiminas N-NO,
Tiametoxam
—N-C(E)=N-NO>
i v (CH2-0-CHy)
r,J\LH] TFM™ 7" "Me
N /N“M N-NO,
CT™ © Dinotefuran
N-NO, (H, Me)
AKD 1022
(CH2-NMe-CHy)
N-cianoamidinas/ P:IH—S hﬂe y
N-cianoiminas CPM™ CPM~ wf e
MN-CN MN-CN
[*N*ECEES)_I\NA;CN] Tiacloprid Acetamiprid
T (CH2CH>) (Me, Me)

Nota: Etilo (Et); Metilo (Me), CPM, CTM y TFM definidos en la Tabla 3.
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La localizacion geografica también presenta un gran impacto en su caracterizacion,
pues la frecuencia y dosificacion local y regional en el uso de estos productos, asi como la
eficacia de las instalaciones de tratamiento de aguas residuales, influyen en los niveles de
concentracion en las masas de agua superficial. Ademas, la presencia de contaminantes
emergentes en las aguas superficiales suele ser superior a la de las aguas subterraneas,
debido no solo a que reciben directamente los efluentes de las EDAR, sino a que el tiempo
de residencia es considerablemente mas corto (Barnes et al., 2008).

El transporte y transformacion de los contaminantes emergentes en los ecosistemas
acuaticos depende de un gran nimero de factores, entre los que se encuentran las
propiedades fisicoquimicas del contaminante (como la solubilidad en agua, la polaridad, la
volatilidad, etc.), y pardmetros ambientales (como la temperatura, el pH, el contenido de
materia organica, las precipitaciones y la altitud). Estos factores estan directamente
relacionados con el tiempo de vida de un determinado compuesto en el medio ambiente.
Por ejemplo, la solubilidad de ciertos contaminantes en el agua puede facilitar su
incorporacion en el medio acuatico mediante procesos de escorrentia. De igual forma, la
polaridad indica la afinidad por una fase acuosa u organica, por lo que compuestos con un

elevado coeficiente octanol-agua tienden a bioacumularse.

Las fuentes de los contaminantes emergentes se pueden clasificar atendiendo a si la
contaminacion se produce a través de una fuente especifica e identificable (puntual) o si se
produce a través de varios puntos dispersos o procedentes de una amplia zona (difusa)
(Lapworth et al., 2012). En la Figura 2 se esquematizan las principales fuentes de entrada

de los contaminantes emergentes en el medio acuatico.

1.2.2.1 Fuentes puntuales

Las principales fuentes puntuales de contaminacion las constituyen los efluentes
procedentes de las plantas de tratamiento de aguas residuales en zonas industriales, urbanas
y agricolas (Glassmeyer et al., 2005; Pal et al., 2010; Lapwoth et al., 2012). Debido a sus
propiedades fisicoquimicas, es decir, baja volatilidad y elevado carécter refractario y
solubilidad, se ha observado que las EDAR convencionales resultan ineficaces para el

tratamiento de contaminantes emergentes, lo que, aunque en bajas concentraciones,
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implicaria la presencia de estos compuestos en el efluente de las instalaciones (Asano et
al., 2007; Stefanakis et al., 2014). Otras fuentes puntuales las constituirian las instalaciones
industriales, las plantas de procesamiento de alimentos, las actividades mineras, y los

vertederos.

R
Farmacos, 3» =£
Pesticidas, 9 "6 ”
Compuestos v -
industriales, etc. | Produccion I—»l Distribucién |—>| Utilizacién/Aplicacion I

&

Estacion depuradora
de aguas residuales |y )|Vertedero|<— Suelo

Agua superficial

.
o 55 0000
N 000,0000
ﬂ | 'J;-'-;D u‘m
| Casas/Hospitales | | Industrial Agricultura/Ganaderia

Agua subterranea

Estacion
potabilizadora

Agua potable

Figura 2. Fuentes y rutas mas representativas de los contaminantes emergentes en el medio
ambiente (Barbosa et al., 2016).

Los hogares son otra de las fuentes puntuales mas significativas, especialmente de
productos farmacéuticos y de cuidado personal. En este sentido, diversos estudios
realizados en Europa y Estados Unidos han reportado que la mayor parte de los
medicamentos que no se usan, 0 que se encuentran caducados, suelen eliminarse junto con
los residuos solidos domesticos o se tiran por el inodoro (Bound & Voulvoulis, 2005;
Glassmeyer et al., 2009; Khan, 2012; Vollmer, 2010). En Alemania y Austria, por ejemplo,
se estima que mas de un 30 y 25 % de los farmacos comercializados, respectivamente, se
desechan de esta forma (Kimmerer, 2008, 2009a). Ademas, los farmacos se excretan a
través de las heces o la orina sin sufrir ningin cambio 0 como metabolitos activos,
introduciéndose en el sistema de alcantarillado. Concretamente, se ha observado que hasta
el 95% de la dosis puede excretarse en las aguas residuales domésticas (Gezahegn et al.,
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2019; Karungamye, 2020). La eliminacion de compuestos farmacéuticos con los residuos
solidos domésticos suele propiciar la presencia de estos contaminantes en los lixiviados de

vertederos y, con ello, en las aguas subterraneas si no se realiza ningln tratamiento.

Las aguas residuales hospitalarias se posicionan como otra de las principales fuentes
puntuales de contaminantes emergentes, incluyendo un amplio espectro de compuestos,
como las sustancias farmacéuticas, disolventes y desinfectantes (Ternes & Hirsch, 2000;
Verlicchi et al., 2010). Ademas, aunque el caudal es inferior al de las aguas residuales
municipales, las aguas hospitalarias contienen una mayor concentracion de estos
compuestos. Algunas de las sustancias procedentes de esta fuente se caracterizan por su
alta persistencia en el medio ambiente, llegandose a detectar incluso en aguas subterraneas
(Sacher et al., 2001; Schulz et al., 2008; Ternes & Hirsch, 2000).

La recarga de acuiferos es una de las técnicas mas utilizadas para mantener y aumentar
el nivel de las aguas subterraneas, garantizando su aprovechamiento sostenible, la
seguridad de los abastecimientos y la pervivencia de este recurso. Sin embargo, el empleo
de aguas de escorrentia pluvial o urbana, o de aguas residuales tratadas, podria introducir
en el medio ambiente diversos contaminantes (Diaz-Cruz & Barceld, 2008). Es decir, esta
estrategia también podria tener un impacto sobre la calidad de las aguas subterraneas, y
sobre la salud humana, si se emplean como fuentes de agua potable (Cordy et al., 2004).
Asimismo, también existiria este riesgo cuando se utilizan aguas superficiales para la
recarga ya que, como se menciond anteriormente, la presencia de contaminantes
emergentes en las aguas superficiales es normalmente superior a la encontrada en las
subterréneas (Diaz-Cruz & Barceld, 2008; Heberer et al., 2001; Heberer & Adam, 2004).

Los vertederos poseen una contribucion considerable sobre la emisién de
contaminantes emergentes, especialmente de aquellos cuyo destino son las aguas
subterraneas. Esta contaminacion local de acuiferos cercanos depende, en gran medida, de
aspectos como la eleccion de la ubicacion o el disefio, aunque en la mayor parte de los
paises desarrollados esta problematica se ha reducido de manera exponencial. A pesar de
ello, se siguen detectando aguas subterrdneas contaminadas en zonas de vertederos en
paises como Dinamarca, Croacia o Estados Unidos (Ahel et al., 1998; Buszka et al., 2009;
Holm et al., 1995).
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Las explotaciones ganaderas presentan fuentes puntuales considerables de vertido de
compuestos estrogenicos. Es decir, los efluentes de las EDAR procedentes de estas
instalaciones contienen niveles de estrogenos (androstenediona, estrona, testosterona, etc.)
significativamente superiores a los encontrados en las EDAR municipales. También es
muy frecuente la presencia de medicamentos de uso veterinario (Bartelt-Hunt et al., 2011;
Furuichi et al., 2006; Kolodziej et al., 2004).

Por ultimo, cabria resaltar la contaminacion procedente de los sistemas de tratamiento
in situ como las fosas sépticas, especialmente en aquellas zonas donde el nivel del agua
subterranea sea elevado. El uso de esta técnica estd muy extendido, por lo que su
seguimiento plantea ciertas dificultades. En la bibliografia, se ha relacionado la presencia
de farmacos y cosméticos en aguas subterraneas con fugas de fosas sépticas (Carrara et al.,
2008; Pal et al., 2010; Swartz et al., 2006).

1.2.2.2 Fuentes difusas

A diferencia de las puntuales, la identificacion de las fuentes difusas es mas compleja,
pudiéndose extender por amplias zonas geogréaficas, dificultando la definicion real de las
fuentes exactas y vertiendo generalmente cargas mas ligeras de contaminantes al medio
ambiente. Dentro de esta categoria, se incluirian las aguas de escorrentia pluvial
procedentes de carreteras, autopistas, zonas urbanas y terrenos agricolas (Lapworth et al.,
2012).

La principal fuente de contaminacion difusa estaria constituida por el uso de pesticidas
en la agricultura, llegandose a detectar este tipo de compuestos en aguas superficiales y
subterraneas (Heberer et al., 2004). Ademas, la reutilizacién de lodos de EDAR como
fertilizante en terrenos agricolas puede suponer que los contaminantes emergentes
adsorbidos durante la etapa de tratamiento bioldgico se reintroduzcan en el medio ambiente

y alcancen las aguas subterraneas (Clarke & Smith, 2011; Topp et al., 2008).
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1.2.3 Impacto ambiental

En las ultimas décadas, el desarrollo de las técnicas analiticas para la medicion y
evaluacion de los contaminantes emergentes ha permitido demostrar la presencia de una
gran variedad de estos compuestos tanto en aguas superficiales como subterraneas.
Ademas, la eliminacién de estos compuestos en las EDAR convencionales no resulta lo
suficientemente efectiva, por lo que siguen llegando al medio acuético de forma continuada
(Houtman, 2010; Kiimmerer, 2009b).

Los contaminantes emergentes pueden presentar efectos cronicos sobre los seres vivos,
como los que muestran a corto plazo ciertos farmacos sobre los artrépodos, aunque las
concentraciones evaluadas normalmente son considerablemente mayores a las encontradas
en el medio ambiente (Boxall, 2012a; Taheran et al., 2018). Sin embargo, cada vez se
utilizan concentraciones méas proximas a los niveles ambientales, siendo también un factor
critico las especies consideradas y su correspondiente sensibilidad a los diferentes tipos de
contaminantes (Boxall, 2012b; L. Li et al., 2022; Pablos et al., 2015). Ademas, aunque en
la Gltima década se ha incrementado el nimero de investigaciones relacionadas, la falta de
datos sobre los contaminantes emergentes ha conducido a la realizacién de evaluaciones
de riesgos y estudios sobre efectos ecotoxicoldgicos poco precisos (Noguera-Oviedo &
Aga, 2016). En el caso particular de los medicamentos, por ejemplo, la Unién Europea ha
publicado directrices para la evaluacién del riesgo medioambiental de los medicamentos,
siendo obligatoria para los fabricantes e incluyendo estudios relacionados con el destino
del medicamento y los efectos potenciales en el medio acuético (Wess, 2021).

En la bibliografia se han reportado algunas bases de datos ecotoxicoldgicos de ciertos
contaminantes emergentes, considerandose aspectos como la informacién fisicoquimica de
los mismos o el alcance y destino del transporte ambiental (Cooper et al., 2008; Molander
etal., 2009). A pesar de ello, tan solo un numero reducido de los compuestos mas recientes
se han sometido a una evaluacion de riesgos mediante pruebas toxicologicas, entre los que
cabria resaltar los farmacos, cuyos datos ecotoxicoldgicos publicados en la literatura y en
las bases de datos de acceso abierto estan disponibles para menos del 1% (Tambosi et al.,
2010). En este sentido, se ha demostrado que los medicamentos que acttan sobre el sistema

nervioso central, cardiovasculares y antiinfecciosos suponen un mayor riesgo para el medio
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ambiente, siendo estos Ultimos los mas toxicos (Cooper et al., 2008; Molander et al., 2009).
Ademas, la informacion sobre el impacto a largo plazo de este tipo de compuestos,
especialmente en el caso de exposiciones prolongadas a bajas concentraciones, es escasa
(Y. Lietal, 2014).

Algunos contaminantes emergentes pueden tener efectos bioldgicos sobre los
ecosistemas acuaticos. En este sentido, se ha descubierto que los antineoplasicos, farmacos
cardiovasculares, antibioticos y hormonas sexuales afectan a las algas y a las daphnias,
mientras que los dos ultimos presentan una mayor peligrosidad para la salud humana y la
vida acuética (Sanderson et al., 2004).

Ademas, los organismos acuaticos parecen ser mas sensibles que los humanos a este
tipo de compuestos, interfiriendo en el funcionamiento de su sistema endocrino y
conduciendo a una disfuncion reproductiva y a una disminucién de la poblacion (Falconer
et al., 2006). Los peces constituyen uno de los grupos méas estudiados en lo relativo a
efectos de sustancias con actividad estrogénica en el desarrollo de anomalias en el aparato
reproductor, inicidndose ya en la década de 1980. Algunos autores también han informado
de que, dependiendo de la dosis y el tiempo de exposicién, la presencia de disruptores
endocrinos puede estar relacionados con enfermedades como el cancer de mama, testicular
y de prostata, los ovarios poliquisticos y la reduccion de la fertilidad masculina (Tambosi
et al., 2010). Entre los principales disruptores endocrinos se encontrarian algunos
productos farmacéuticos y de cuidado personal, productos de limpieza domésticos e
industriales, retardantes de llama y pesticidas (Mnif et al., 2011; Monneret, 2017).

Entre la gran variedad de contaminantes emergentes, la deteccidn de antibiéticos en el
medio acuatico ha atraido una gran atencién en los ultimos afios. Segun los expertos, estos
compuestos favorecen el desarrollo de poblaciones bacterianas resistentes. (Moles et al.,
2020; Tambosi et al., 2010). Es frecuente la presencia de bacterias resistentes a antibidticos
en aguas residuales, incluso en concentraciones superiores a las de las aguas superficiales,
lo que indicaria que las EDAR contribuyen a su diseminacion (Bouki et al., 2013). Ademas,
las bacterias resistentes a los antimicrobianos de origen animal también pueden transmitirse
a los humanos. Es decir, los organismos bacterianos de distinto origen, humano y animal,

pueden mezclarse y desarrollar resistencia mediante el intercambio de genes (Baquero et
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al., 2008). Este hecho, supone una potencial amenaza para la salud humana y animal,
pudiendo crear problemas en el control de infecciones. Se han asociado infecciones,
enfermedades e incluso muertes a bacterias resistentes (Bouki et al., 2013). En 2011, por
ejemplo, se produjo un brote en Alemania del sindrome urémico hemolitico causado por la

Escherichia coli enterohemorragica multirresistente (Rubino et al., 2011).

La presencia de contaminantes emergentes en el agua potable parece ser una cuestion
crucial para el medio ambiente y la salud humana. Ademas, aunque se encuentran en
concentraciones relativamente bajas, los efectos asociados a una exposicion continuada
para la mayoria de estos compuestos ain se desconocen. Por esta razon, los controles
periodicos, especialmente en regiones donde las condiciones locales pueden implicar
posibles concentraciones mas elevadas en las aguas locales, parece un buen punto de
partida desde el que realizar un seguimiento mas exhaustivo. La presencia combinada de
diversos contaminantes emergentes podria presentar efectos diferentes a los mostrados para
los compuestos aislados, por lo que el estudio de las posibles interacciones y efectos de
mezclas multicomponentes también supondria un gran avance en este campo (Hernando et
al., 2011).

1.2.4 Marco regulatorio: Listas de observacion

La preocupacién por la contaminacion del agua esta conduciendo a la elaboracién de
nuevos marcos regulatorios que permitan abordar este desafio y proteger la calidad de los

recursos hidricos.

En Espafa, la primera normativa en materia de aguas fue la Ley de Aguas de 1879,
que establecia que todas las corrientes naturales, cauces y riberas de rios eran de dominio
publico. Sin embargo, presentaba grandes carencias, como la especificacion del dominio
de las aguas subterraneas por parte de los duefios del terreno. Este aspecto no se modifico
hasta su derogacion por la aprobacion de la Ley de Aguas 29/1985, que no solo exponia la
intima relacion entre las aguas superficiales y subterraneas, sino que planteaba aspectos
como la regulacion del dominio pablico hidraulico, del uso del agua y del ejercicio de las

competencias atribuidas al Estado.
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En 1986, Espafia se incorpord a la Unidn Europea, desencadenando el desarrollo de un
gran nimero de normativas ambientales encaminadas a la proteccion de los recursos
hidricos existentes. En este contexto, surge la Directiva 91/271/CE, sobre el tratamiento de
aguas residuales urbanas, que se incorporé al ordenamiento juridico espafiol a través del
Real Decreto-ley 11/1995, y se completd con el Real Decreto 509/1996. Posteriormente,
se modificd parte del cuerpo de esta normativa europea mediante la Directiva 98/15/CE, y
se transpuso con la aprobacion del Real Decreto 2116/1998, que especificaba algunas
variaciones del Real Decreto 509/1996. Estos avances en la politica de aguas permitieron
definir conceptos tan relevantes como el de las aguas residuales urbanas e industriales, asi

como los sistemas de recogida, tratamiento y vertido de las aguas residuales urbanas.

La calidad de las aguas de consumo humano es otro de los enfoques clave gque se ha
ido abordando. En este sentido, a principios de 2023 ha entrado en vigor la Directiva
2020/2184, que derogaba a la anterior Directiva 98/83/CE con efectos de 13 de enero de
2023. La transposion de esta normativa implicd la aprobaciéon de los Reales Decretos
3/2023 y 2/2023, que derogaban el Real Decreto 140/2003 y modificaban los Reales
Decretos 1798/2010 y 1799/2010, estos tres ltimos provenientes de la Directiva anterior.
De esta forma se configura un marco juridico para proteger la salud humana de los efectos
adversos de cualquier contaminacion del agua de consumo, garantizando su salubridad y
limpieza mediante la evaluacion de parametros microbioldgicos, quimicos e indicadores

de calidad, entre otros.

Desde una perspectiva legal, la Directiva 2000/60/CE, comunmente conocida como
Directiva Marco del Agua, constituye la piedra angular para la proteccion de las aguas
superficiales continentales, las aguas costeras, las aguas de transicién, y las aguas
subterraneas. En este sentido, establecié un marco global y estratégico cuyos objetivos eran
prevenir el deterioro y mejorar el estado de los ecosistemas acuéaticos, fomentar un uso
sostenible del agua, prevenir y reducir la contaminacion y paliar los efectos de las sequias
y las inundaciones. Poco tiempo después, y previo a la incorporacién de la Directiva Marco
del Agua a la legislacion espafiola, se dictdé el Real Decreto Legislativo 1/2001, que
refundia la legislacion vigente en materia de aguas y derogaba a la anterior Ley 29/1985.
Una vez aprobado el texto refundido, se transpuso la Directiva 2000/60/CE, dando lugar a

la Ley 62/2003, que, en su articulo 129, modificaba el Real Decreto Legislativo 1/2001
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para armonizarlo dentro del marco comunitario de actuacién en el &mbito de la politica de

aguas.

La Directiva Marco del Agua propicié el desarrollo de otras normativas estrechamente

relacionadas y que la complementaban, entre las que destacan:

o Decision 2455/2001/CE, por la que se aprueba la lista de 33 sustancias prioritarias
en el &mbito de la politica de aguas, incluidas las sustancias identificadas como
sustancias peligrosas prioritarias, que se contempla en los apartados 2 y 3 del
articulo 16 de la Directiva 2000/60/CE.

. La Directiva 2006/118/CE, relativa a la proteccién de las aguas subterraneas
contra la contaminacion y el deterioro, y cuyo objetivo es prevenir y luchar contra
la contaminacidn de las aguas subterraneas de la Union Europea, incluyendo tanto
medidas de evaluacion del estado quimico de las aguas como medidas para reducir
la presencia de contaminantes. De esta forma, atiende a la exigencia de la
Directiva 2000/60/CE, que anunciaba la adopcion de medidas para prevenir y
controlar la contaminacion de las aguas subterraneas. Esta normativa se transpuso
a través del Real Decreto 1514/2009.

o La Directiva 2008/105/CE, relativa a las normas de calidad ambiental en el &mbito
de la politica de aguas, que planteaba entre sus objetivos el establecimiento de
normas de calidad ambiental para las 33 sustancias prioritarias identificadas en la
Decisién 2455/2001/CE y otros 8 contaminantes que ya estaban regulados en la
Union, segun lo dispuesto en el articulo 16 de la Directiva 2000/60/CE, y que se
incorpor6 a la legislacion espafiola mediante el actualmente derogado Real
Decreto 60/2011.

o La Directiva 2013/39/UE, que modifica las Directivas 2000/60/CE vy
2008/105/CE en cuanto a las sustancias prioritarias en el ambito de la politica de
aguas, ampliando la lista de contaminantes prioritarios de 33 a 45 compuestos.
Ademas, se introduce, por primera vez, en su articulo 8, el concepto de “lista de
observacion”, que ha de recoger temporalmente un ndmero limitado de
contaminantes emergentes, es decir, sustancias cuya informacion disponible

indique que pueden suponer un riesgo significativo para el medio acuatico pero
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cuyos datos de seguimiento son insuficientes para la evaluacion del riesgo. De
esta forma, las listas de observacion se actualizan cada 2 afios, aunque se dispone
de un periodo de seguimiento de hasta 4 afios para proporcionar datos
representativos que permitan realizar el proceso de asignacion de prioridad de la
Unidn vy, si fuera el caso, incluirlas en las listas de sustancias prioritarias. Esta
normativa se introduce en el sistema juridico espafol a través del Real Decreto
817/2015, derogando el Real Decreto 60/2011. Esta regulacion incluye en su
anexo V una lista propia de 16 compuestos, denominados sustancias preferentes,
que presentan un riesgo significativo para las aguas superficiales espafiolas debido

a su especial presencia, toxicidad, persistencia y bioacumulacion.

o La Decisién de Ejecucion (UE) 2015/495, que incluye la primera lista de
observacién, con 17 contaminantes emergentes recogidos en 10 grupos de

sustancias.

o La Decision de Ejecucion (UE) 2018/840, que deroga la primera lista de
observacién y configura la segunda, con 15 contaminantes emergentes recogidos

en 8 grupos de sustancias.

o La Decision de Ejecucion (UE) 2020/1161, que deroga la segunda lista de
observacién y constituye la tercera, con 19 contaminantes emergentes recogidos

en 9 grupos de sustancias.

o La Decisién de Ejecucion (UE) 2022/1307, que deroga la tercera lista de
observacién y configura la cuarta, con 26 contaminantes emergentes recogidos en

12 grupos de sustancias.

El marco legislativo descrito hasta el momento, cuyo resumen se ilustra en la Figura
3, no hace més ahondar en la necesidad de avances tecnologicos que permitan el
tratamiento de aquellas sustancias con un impacto medioambiental considerable. Este
proyecto pretende investigar algunos de los contaminantes emergentes recogidos en las
listas de observacion europeas, que son candidatos potenciales para ser incluidos en las
listas prioritarias. De esta forma, se dispondria de un conocimiento tecnoldgico previo al
posible establecimiento de normas de calidad ambiental que limiten su vertido en un futuro

préximo.
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Directiva 2000/60/CE \

Mejorar el estado quimico de las aguas.
Identificar las sustancias prioritarias con riesgo significativo para el medio ambiente.
Establecer normas de calidad medioambiental, expresadas como concentracién maxima

admisible o como media anual. )

h 4

Decision 2455/2001/CE

Primera lista de 33 sustancias prioritarias que se deben controlar a nivel comunitario,
incluidas las identificadas como peligrosas prioritarias.

b

Directiva 2008/105/CE

Primera lista de normas de calidad ambiental para 33 sustancias prioritarias y otros 8
contaminantes.
Controlar las sustancias prioritarias en las aguas superficiales.

b

Directiva 2013/39/UE )

Actualizar la Directiva 2008/105/CE, ampliando la lista de normas de calidad ambiental
a 45 sustancias prioritarias y otros 8 contaminantes.

Fomentar el desarrollo de tecnologias innovadoras para el tratamiento de aguas.
Creacion del concepto de “listas de observacion™.

J

[ Decision de Ejecucion (UE) 2015/495

12 Lista de observacién: 17 contaminantes emergentes recogidos en 10 grupos. )

~

Decision de Ejecucion (UE) 2018/840

L 2% Lista de observacion: 15 contaminantes emergentes recogidos en 8 grupos.

~

[ Decision de Ejecucién (UE) 2020/1161

32 Lista de observacion: 19 contaminantes emergentes recogidos en 9 grupos.
J

Decisién de Ejecucion (UE) 2022/1307

\

48 Lista de observacion: 26 contaminantes emergentes recogidos en 12 grupos.
y

~

Figura 3. Evolucidn de la legislacidén europea mas relevantes en materia de proteccion de
calidad de aguas contra las sustancias prioritarias y emergentes.
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1.3 Eliminacion de contaminantes emergentes
en disolucidn acuosa

Los métodos convencionales para el tratamiento de aguas, entre los que se encuentran
procesos como la sedimentacion, la coagulacién-floculacion, la filtracién con arena o los
tratamientos biologicos, generalmente no son adecuados para la eliminacion de gran parte
de los contaminantes emergentes. Por esta razon, el rendimiento de eliminacién de estos
compuestos recalcitrantes no alcanza valores significativos en las estaciones depuradoras
de aguas residuales (Ahmed et al., 2017; Petrovic et al., 2003; Plakas & Karabelas, 2012;
Saleh et al., 2020; Vagi1 & Petsas, 2017).

La problemaética asociada al agua hara que el desarrollo de alternativas que permitan
un tratamiento eficaz para la eliminacion de los contaminantes emergentes sea un aspecto
clave en los proximos afios. En este sentido, tecnologias como la extraccion liquido-
liquido, la adsorcion y los procesos de oxidacion quimica se posicionan como candidatos
potenciales en este campo (A. Quiroz et al., 2011; Karungamye, 2020; Kaur et al., 2019;
Kumar et al., 2022; Narenderan et al., 2019; Narenderan & Meyyanathan, 2019;
Rodriguez-Narvaez et al., 2017; Saleh et al., 2020; Samsidar et al., 2018; Timofeeva et al.,
2017; Vag1 & Petsas, 2017).

1.3.1 Extraccién liquido-liquido

La extraccion liquido-liquido permite la separacion de uno o varios solutos presentes
en una mezcla, denominada alimento, por contacto con una segunda fase liquida, el
disolvente, que ha de presentar una inmiscibilidad total o parcial con la primera. De esta
forma, se produce una transferencia de materia desde el disolvente portador al disolvente
de extraccion, generandose una fase rica en el disolvente de extraccion (extracto) y otra en
la que predominara el disolvente portador (refinado). Resulta evidente, por tanto, que esta
operacion precisa de una primera etapa de mezclado del alimento con el disolvente, durante
un cierto periodo de tiempo para alcanzar el equilibrio, seguido de una segunda etapa de
separacion de fases. Ambos pasos se encuentran intimamente relacionados ya que, por

ejemplo, una agitacién vigorosa favorece la transferencia del soluto de una fase a otra,
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disminuyendo el tiempo para alcanzar el equilibrio termodinamico, pero puede dificultar
la separacidn de fases debido a la formacién de emulsiones, lo que requeriria el empleo de
centrifugacion (Berk, 2018; Dahuron et al., 2008).

Los procesos de extraccion comerciales generalmente incluyen otras operaciones
unitarias auxiliares, a fin de aislar el producto deseado, recuperar el disolvente del extracto
para su reutilizacién o purgar los compuestos no deseados del proceso. Otros aspectos
relevantes implicados en la implantacion del proceso de extraccion a escala industrial son
la eleccion del tipo de equipo empleado para el contacto liquido-liquido y la separacion de
fases, la temperatura de operacion o la eliminacion de los residuos del disolvente de

extraccion en el refinado (Dahuron et al., 2008).

La viabilidad del proceso de extraccion depende principalmente de la correcta eleccion
del disolvente, que depende de multitud de factores: elevados coeficientes de reparto,
capacidad de carga, estabilidad quimica y selectividad hacia el soluto deseado; viscosidad
y solubilidad mutua entre el disolvente de extraccion y portador pequefias; seguridad y
requerimientos medioambientales favorables; bajo punto de congelacién para evitar la
necesidad de calentamiento; disponibilidad y coste adecuados; capacidad para regenerar el
disolvente de forma sencillay econémica; etc (Dahuron et al., 2008). En muchas ocasiones,
se ha de llegar a una situacion de compromiso entre todos ellos, dandose mas peso a unos

u otros en funcion del contexto social, econdmico y politico del momento.

El endurecimiento de la politica medioambiental en los Gltimos afios ha propiciado la
busqueda de disolventes alternativos a los tradicionales que supongan un menor impacto
en el ecosistema, cobrando cada vez mas interés los terpenos, terpenoides y sus mezclas

eutécticas.

Incluidos dentro de los metabolitos secundarios, los terpenos y terpenoides constituyen
el grupo de compuestos de origen vegetal mas numeroso y variado, conociéndose mas de
80.000 sustancias hasta la fecha (Zhou & Pichersky, 2020). Inicialmente, el término
terpeno hacia referencia a hidrocarburos simples derivados de la unidad basica de isopreno
(2-metil-1,3-butadieno), mientras que los terpenoides englobaban aquellas moléculas

organicas que presentaban un esqueleto de isopreno recurrente, pero contenian diferentes
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grupos funcionales. Sin embargo, en la actualidad ambos términos se emplean, con carécter
general, indistintamente (Boncan et al., 2020; Croteau et al., 2000; Eggersdorfer, 2000;
LaLonde, 2005; Perveen, 2018; Rodriguez-Llorente et al., 2020; Yadav et al., 2014). Esta
es la razon por la que a lo largo de este documento ambos términos se consideraran

sinébnimos.

Los terpenos se clasifican en funcion del nimero de unidades de isopreno (CsHs) que,
como se muestra en la Tabla 5, configura su esqueleto hidrocarbonado. Dentro de cada
grupo, se distinguen estructuras monociclicas, policiclicas y aciclicas, siendo los
sesquiterpenoides los que mayor variedad estructural presentan (LaLonde, 2005).

Tabla 5. Clasificacion de los terpenos.

Tipo N° de 4tomos de carbono N° de unidades del isopreno
Hemiterpenoides 5 1
Monoterpenoides 10 2
Sesquiterpenoides 15 3
Diterpenoides 20 4
Sesterterpenoides 25 5
Triterpenoides 30 6
Tetraterpenoides 40 8
Politerpenoides > 40 >8

Segun la denominada regla del isopreno, los terpenos se construyen mediante uniones
cabeza-cola de unidades de isopreno, también llamadas acoplamientos regulares, aunque
se han encontrado otros tipos de uniones en la naturaleza, como los acoplamientos
irregulares cabeza-cabeza, cabeza-cola o cabeza-mitad. En la Figura 4, se representan los
diez patrones de acoplamiento de unidades de isopreno mas comunes en estos productos
naturales (Carsanba et al., 2021; Christianson, 2017; Croteau et al., 2000; Kobayashi &
Kuzuyama, 2019; Zhang et al., 2017).

Los terpenos presentan una gran variedad de aplicaciones, entre las que destacan
aquellas relacionadas con la industria farmacéutica, cosmética y alimentaria (Ben Salha et
al., 2019; Perveen, 2018; Zwenger & Basu, 2008). Actualmente se estan investigando como

posibles sustitutos de los disolventes derivados del petroleo, pues se trata de compuestos
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renovables que presentan una menor peligrosidad e impacto ambiental. Ademas, debido a
su naturaleza hidrofobica, los terpenos se han empleado recientemente en la extraccion de
compuestos orgéanicos de soluciones acuosas (Boutekedjiret et al., 2014; Rodriguez-
Llorente et al., 2020).

Isopreno

1 1 4
1-1 1-2 1-3 1-4 4 -4
)\i/ |
1!
1 2
2

2-1'-3 1'-1-2 1'-2-3 1'-2-3-2' 1'-2-4-3'
K ciclico ciclico ciclico ciclico/

Figura 4. Patrones de acoplamiento de unidades de isopreno en la formacion de terpenos
(Kobayashi & Kuzuyama, 2019).

También han cobrado cada vez madas relevancia los denominados “disolventes
eutécticos”, sistemas formados por dos 0 mas compuestos que presentan un valor minimo
en su temperatura de fusion en comparacion con cualquiera de los constituyentes puros de
partida (Zainal-Abidin et al., 2017). En este sentido, la formulacién de disolventes
eutécticos a partir de terpenos amplia el nimero de disolventes naturales disponibles para
su aplicacion a temperatura ambiente, manteniendo las ventajas que caracterizan a los
compuestos puros, como son su biodegradabilidad y baja toxicidad (Rodriguez-Llorente et
al., 2020). El gran potencial que presentan los terpenos y sus mezclas eutécticas como

agentes de extraccién los ha posicionado en el punto de mira de numerosas investigaciones.
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1.3.2 Adsorcién

La adsorcion es un fendmeno de superficie que describe la transferencia de materia de
uno o mas compuestos desde el seno de un fluido, liquido o gas, hasta la superficie de una
fase liquida o solida. De esta forma, el adsorbato es el compuesto que se transfiere de una
fase a otra y el adsorbente el que proporciona la superficie sobre la que se quedara
adsorbido. Al tratarse de un proceso superficial, el adsorbato no se difunde en la estructura
del adsorbente, lo que lo diferencia de los procesos de absorcion. El proceso de

transferencia de materia inverso se denomina desorcion (Artioli, 2008).

Entre los diversos tipos de adsorcién, uno de los mas comunes y relevantes es aquel
en el que interviene una fase sdlida como adsorbente. En estos casos, y al tratarse de un
fendmeno superficial, la porosidad del material posee una influencia considerable en el
proceso. Las interacciones entre la superficie solida y las sustancias adsorbidas pueden ser
de naturaleza fisica (fisisorcion), quimica (quimisorcion) o una combinacion de ambas. Es
decir, mientras que la primera describe todas las interacciones electrostaticas débiles,
incluidas las interacciones de Van Der Waals, dipolo-dipolo y fuerzas de London, la
quimisorcion se produce cuando el adsorbato forma un enlace quimico (normalmente
covalente) con el solido, compartiendo o transfiriendo electrones. Las interacciones de
naturaleza quimica suelen ser dos érdenes de magnitud mas fuertes que las de las especies
fisisorbidas (Alagarbeh, 2021; Artioli, 2008; Sims et al., 2019).

La transferencia de materia en los procesos de adsorcion tiene lugar en tres etapas. En
primer lugar, se transporta el adsorbato desde el seno de la fase fluida hasta la superficie
externa del solido a través de la capa limite (difusion externa). A continuacion, ocurre la
transferencia del adsorbato desde la superficie hasta los centros activos de adsorcion que
se encuentran en el interior de los poros (difusion interna o intraparticula), donde
finalmente el soluto se adhiere al centro activo mediante interacciones fisicas o quimicas
(adsorcidn). Desde el punto de vista cinético, las etapas controlantes suelen ser la difusion
externa o interna, ya que la adsorcion es practicamente instantanea. No obstante, se puede
mejorar la cinética del proceso aumentando la agitacion (que favorece la difusion externa
disminuyendo el espesor de la capa limite) y reduciendo el tamafio de particula (favorece

la difusién interna). Algunos de los modelos cinéticos mas empleados son el de pseudo-
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primer orden, pseudo-segundo orden, Elovich, Weber-Morris o Bangham (Bonilla-
Petriciolet et al., 2017; Largitte & Pasquier, 2016; J. Wang & Guo, 2020).

En los procesos de adsorcion fluido-solido, la representacion del equilibrio a una
determinada temperatura se realiza mediante la relacion entre la cantidad adsorbida y la
presion parcial, en sistemas gas-solido, o la concentracion en la fase liquida en sistemas
liquido-sdlido. Estas curvas se conocen como isotermas de adsorcion y, en sistemas gas-
solido, son ampliamente utilizadas para la caracterizacion de la estructura porosa de los
adsorbentes, clasificandose segun la IUPAC en los 6 grupos mostrados en la Figura 5
(Thommes et al., 2015).
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Figura 5. Clasificacion de las isotermas de adsorcion en fase gas recomendada por la
IUPAC (Thommes et al., 2015).

Por otro lado, las isotermas de adsorcion en sistemas liquido-solido suelen clasificarse
atendiendo a su forma y curvatura segin lo mostrado en la Figura 6, aportando informacion
sobre la naturaleza fisica del adsorbato y la superficie del adsorbente, asi como sobre la
superficie especifica de este ultimo. Estas curvas de equilibrio se dividen en 4 clases segun
su pendiente inicial, dividiéndose a su vez en otros cuatro subgrupos en funcién de la parte
superior de la curvay los cambios en la pendiente. Cabe resaltar que este criterio se propuso
atendiendo a una descripcion cualitativa, carente de fundamento matematico. Sin embargo,
se han desarrollado multitud de modelos matematicos que permiten describir las isotermas
de adsorcidn, entre los que destacan los modelos de Langmuir, Freundlich, Dubinin-

Radushkevich y Brunauer-Emmet-Teller (Bonilla-Petriciolet et al., 2017).
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Figura 6. Clasificacion de Giles para las isotermas de adsorcion en fase liquida.

La capacidad y la cinética de adsorcion estan relacionadas, no solo con la fase sélida
empleada como adsorbente, sino con la naturaleza fisicoquimica del adsorbato y las
condiciones del medio liquido. Entre las principales variables asociadas a las propiedades
del adsorbente destacarian: la superficie especifica, el tamafio de particula y la distribucion
de tamafio de poro. Dentro de la naturaleza fisicoquimica del adsorbato se incluirian: el
peso y tamafio molecular; la solubilidad, polaridad y grado de ionizacion; y sus grupos
funcionales. Por ultimo, las condiciones del medio liquido consideran aspectos como: el
pH y la fuerza ionica; la temperatura; y la presencia de otros compuestos que puedan
interferir en el proceso de adsorcion (Ahnert et al., 2003; Cheremisinoff, 2019; Saravia &
Frimmel, 2008; Suzuki & Suzuki, 1990).

El adsorbente es una pieza fundamental para la viabilidad del proceso de adsorcion,
siendo preciso que disponga no solo de una estructura porosa que genere una elevada area
superficial, sino que el tiempo de equilibrio sea lo mas corto posible. Ademas, los
materiales deben de ser econdmicos, facilmente regenerables e inocuos. Entre los
principales adsorbentes convencionales destacan las resinas poliméricas, las zeolitas, las

arcillas, el gel de silice o la alumina. Sin embargo, el material adsorbente mas utilizado a
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nivel mundial, y el mas antiguo, es el carbon activado. Este sélido se ha aplicado con éxito
en la eliminacién de una gran variedad de contaminantes, organicos e inorganicos,
caracterizandose por sus elevadas superficies especificas. Ademas, la sintesis del carbon
activo precisa de un precursor con un contenido en carbono elevado, por lo que abre la
posibilidad al empleo de precursores biomasicos, como los lodos de depuradora, que
puedan propiciar la valorizacion de residuos y favorecer la economia circular (Bonilla-
Petriciolet et al., 2017; Gupta et al., 2009; Singh et al., 2018).

1.3.3 Procesos de oxidacion

Los procesos de oxidacion agrupan una serie de técnicas, entre las que destacan la
oxidacion humeda (catalitica y no catalitica), la oxidacion humeda supercritica y los
procesos avanzados de oxidacién. La inclusion, o no, de los procesos de oxidacién himeda
dentro de los procesos de oxidacién avanzada atiende a criterios arbitrarios en funcién de
la fuente bibliografica consultada. Es decir, si estos Ultimos se definen como procesos
basados en la generacion de radicales libres para la eliminacién de contaminantes, la
oxidacion himeda podria incluirse dentro de los procesos de oxidacion avanzada, mientras
que si se considera como requisito adicional para su inclusion la necesidad de operar en
condiciones cercanas a la presion atmosférica y temperatura ambiente han de clasificarse

como un grupo aparte (Benitez et al., 2011; Rodriguez et al., 2006; Serra-Pérez et al., 2019).

1.3.3.1 Procesos de oxidacion humeda catalitica y no catalitica

Los procesos de oxidacion humeda no catalitica (WAO, Wet Air Oxidation) y
oxidacion humeda catalitica (CWAO, Catalytic Wet Air Oxidation) se fundamentan en el
empleo de oxigeno molecular disuelto en la fase acuosa, procedente de una corriente de

aire u otra enriquecida en oxigeno, como agente oxidante (Garcia et al., 2005).

Aunque la naturaleza de los compuestos organicos influye, las condiciones de
operacion de los procesos WAO generalmente oscilan en el intervalo 150-350 °C y 20-200
bar, siendo imprescindible que la presion se encuentre por encima de la de vapor a la
temperatura de operacién fijada para garantizar el estado liquido de la mezcla. Sin

embargo, el empleo de catalizadores, como ocurre en los procesos CWAO, permite
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disminuir el tiempo de residencia del reactor y operar en condiciones méas suaves de
temperatura (120-250 °C) y presion (15-50 bar), reduciendo los costes de inversion y
operacion. Esta moderacidn en las condiciones de operacion dependera de la actividad del

catalizador empleado (Garcia et al., 2005; Mantzavinos et al., 1999; Rodriguez et al., 2006).

Otra de las caracteristicas clave es la formacion de sustancias organicas refractarias,
normalmente compuestos oxigenados de bajo peso molecular, entre los que destacan los
acidos formico, acético y oxalico. En el caso de los procesos WAO, la proporcién de estos
productos a la salida del reactor se encuentra entre el 5y el 10 % del carbono orgénico total
del influente de partida. Sin embargo, los procesos catalizados permiten obtener grados de
oxidacion mas elevados, pudiéndose alcanzar incluso la mineralizacion completa de los
contaminantes. Por tanto, mientras que los procesos WAO presentan una eliminacion de
DQO entre el 75y 90%, los procesos CWAO alcanzan valores de hasta un 99 % (Imamura,
1999; Kolaczkowski et al., 1999; Luck, 1996, 1999; Pariente et al., 2022).

En lo referente al mecanismo de reaccién y a la cinética de los procesos de oxidacion
hdimeda, cabe resaltar el caracter bifasico, o multifasico, de los mismos. Es decir,
intervienen una fase gaseosa (que contiene el oxigeno que actla como agente oxidante),
una liquida (donde se produce la oxidacién a partir de la fase activa formada a partir del
oxigeno disuelto) y, en procesos CWPO con catalizadores heterogéneos, una solida
(Levenspiel, 1998). Este hecho hace que las cinéticas de difusion posean una influencia
considerable, actuando como resistencias, representadas en la Figura 7, y disminuyendo la
velocidad del proceso.

De forma general, las etapas en este tipo de sistemas, que presentan 1 (WAO y CWAO
con catalizadores homogéneos) o 2 (CWAO con catalizadores heterogéneos) interfases,
incluyen:

(i)  Transferencia de materia del oxigeno en la fase gas a la interfase gas/liquido.

(i)  Transferencia de materia del oxigeno molecular en la interfase gas/liquido al seno
del fluido.

(i) Transferencia de materia de las especies disueltas a la superficie del catalizador.

(iv) Difusion intraparticula de las especies reactivas a los centros activos.
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(v) Adsorcion de especies en los sitios activos y reaccion en la superficie del

catalizador.

(vi) Desorciony difusion a la fase liquida.

Interfase 1: Interfase 2: I

Gas/Liquido Liquido/Sdlido
Po, (gas) I
Po, ;1) .

Co; Giquido)
Concentracién Co, (1) 2 quido I
de Oxigeno I
Co, (i)
Co, (centroJ
Pelicula Pelicula Pelicula

Fase Gas Fase Gas |Fase Liquida Fase Liquida Fase Solida | Fase Sélida Porosa_
L —— |

Distancia desde el eje central de la particula

Figura 7. Resistencias desde un reactivo en fase gas hasta el catalizador solido.

En el caso de los gases poco solubles, como el oxigeno, la resistencia a la transferencia
de materia en la pelicula de la fase gas es despreciable en comparacidn con la de la pelicula
de la capa liquida, por lo que la etapa controlante en la interfase gas/liquido seria esta Gltima
(Bhargava et al., 2006).

Los procesos de oxidacion himeda no cataliticos normalmente ocurren por via

radicalaria, cuyas reacciones se agrupan en las siguientes etapas (Bhargava et al., 2006):

1°. Iniciacion:
RH — R+ +H- [1]
O2 — O+ +0- [2]
H.O — OHs — H- [3]
RH+ O2 —» Rs + HO>» [4]
H2O + O, — H202 + Oo- [5]
H20 + O2 — HO2» + HO- [6]
RH + O2 + RH — 2R+ + H20> [7]
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2°. Propagacion:

R« + O2 — ROO- [8]
ROO- + RH — ROOH + R- [9]
O« + HO — HO+ + HO- [10]
RH + HO2+ — R« + H»0» [11]
He + H.O — HO- + H2 [12]
ROOH — RO+ + HO- [13]
RH +HO+ — R+ + H2O [14]

3°. Terminacion:

2RO0- — ROOR + 0O [15]
2HO2¢ — H202 + O2 [16]
HO2» + OHs — H20 + O2 [17]

Sin embargo, los mecanismos de reaccion para los procesos CWAO dependen del

catalizador empleado, siendo los mas comunes:

42

Mecanismo radicalario: la etapa de iniciacion ocurre sobre la superficie del
catalizador, la propagacion en la fase liquida y la terminacion lo hace en la fase
liquida o en la fase sélida en funcidn de la dosis de catalizador empleada. En este
altimo caso, se produce por un mecanismo de radicales libres heterogéneo-
homogéneo (Bhargava et al., 2006; Kolaczkowski et al., 1999; Levec & Pintar,
2007; Makatsa et al., 2021; Pintar & Levec, 1992; Sadana & Katzer, 1974).

Mecanismo de coordinacion: implica la oxidacién de un sustrato coordinado por
un ion metalico. La forma oxidada del metal se regenera posteriormente por
reaccion de la forma reducida con el oxigeno (Bhargava et al., 2006; Vaschetto et
al., 2019).

Mecanismo redox o de Mars-Van Krevelen: el sustrato es oxidado a través del
oxigeno de la red de la capa superficial del catalizador, y la forma reducida
resultante es posteriormente reoxidada por el oxigeno, regenerando el catalizador
(Bhargava et al., 2006; Chorkendorff & Niemantsverdriet, 2017; Q. Jing & Lli,
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2019; Ou, Daly, Chansai, et al., 2022; Ou, Daly, Fan, et al., 2022; L. Wang et al.,
2023).

o Modelos de adsorcion: suponen que la reaccion tiene lugar entre varias especies
adsorbidas sobre la superficie del catalizador (modelo de Langmuir-Hinshelwood
Hougen-Watson) o sobre una especie adsorbida que reacciona con otra especie
adsorbida (modelo de Eley-Rideal). EI mecanismo Eley-Rideal es menos comun
en sistemas multifasicos (Bhargava et al.,, 2006; Chorkendorff &
Niemantsverdriet, 2017; Makatsa et al., 2021; Ou, Daly, Fan, et al., 2022).

Entre los aspectos fundamentales para los catalizadores heterogéneos, destacan su
preparacion y caracterizacion, la estabilidad y desactivacion, y la reutilizacion y
regeneracion, mientras que para los catalizadores homogéneos influyen factores como el
estado de oxidacion del ion metalico, el tipo de contraanion, su solubilidad y posterior
separacion y recuperacion. La etapa de separacion final en los sistemas homogéneos suele
encarecer los costes de inversion y operacion, especialmente si el compuesto a recuperar
es toxico. Los primeros estudios de CWAO se realizaron empleando catalizadores
heterogéneos, normalmente procedentes de sales solubles de metales de transicion, entre
los que destacan el cobre, hierro, niquel, cobalto y manganeso (Bhargava et al., 2006; G.
Jing et al., 2016; Kolaczkowski et al., 1999).

Los catalizadores heterogéneos pueden dividirse en dos categorias: los basados en
metales nobles y los que emplean otros tipos de metales como fase activa, aunque en los
ultimos afios también se ha descrito el empleo de carbones activos sin ninguna fase activa.
Con respecto al primero de los grupos, destaca principalmente el empleo de metales como
el cobre, manganeso, cobalto, niquel y bismuto, entre otros. Su principal ventaja frente a
los metales nobles es su bajo coste, aunque la actividad catalitica es menor y la lixiviacion
del metal supone que la estabilidad del catalizador se vea comprometida. Por tanto, el
principal reto de estos catalizadores esta relacionado principalmente con la sintesis de
materiales que mejoren la integracién de la fase activa en la matriz sélida, disminuyendo
la lixiviacion y favoreciendo su estabilidad. Por otro lado, entre los metales nobles
empleados en los catalizadores para procesos CWAO se incluyen el rutenio, rodio, platino,

iridio, oro y plata, entre otros. Algunos de los soportes mas empleados en los procesos
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heterogéneos son la alimina (Al203), ceria (CeOy), titania (TiO2) y zirconia (ZrO.), asi
como carbén activo o grafitos de alta superficie especifica (G. Jing et al., 2016; Rodriguez
etal., 2008). El desarrollo de catalizadores soportados en carbon activo procedente de lodos
de depuradora permite la valorizacion de estos residuos y promueve la economia circular
(Bonilla-Petriciolet et al., 2017; Gupta et al., 2009; Singh et al., 2018).

1.3.3.2 Procesos de oxidacién avanzada

Los Procesos de Oxidacion Avanzada (AOPs, Advanced Oxidation Processes) suelen
aplicarse en condiciones de operacion de presion y temperatura cercanas a las ambientales.
Estos procesos se basan en la oxidacion de los contaminantes mediante la generacion de
radicales hidroxilo, que no solo presentan elevados potenciales de oxidacion (2,8 V), sino
gue ademas su baja selectividad les confiere una gran versatilidad en cuando a la diversidad
de contaminantes que degradan. La inestabilidad de los radicales hidroxilo, debido a su
elevada reactividad, precisa de una generacion in situ de manera continuada para este tipo
de procesos. En este sentido, atendiendo al empleo, 0 no, de radiacién ultravioleta para la
produccién de radicales, los AOPs pueden clasificarse segin se muestra en la Tabla 6
(Mahamuni & Adewuyi, 2010; Oller et al., 2011; Oturan & Aaron, 2014; Rodriguez-
Narvaez et al., 2017).

Tabla 6. Clasificacion de los Procesos de Oxidacion Avanzada.

Fotoquimicos No fotoquimicos

Fotdlisis con radiacion UV (UV) Ozonizacién en medio alcalino (O3/OH-)

Perdxido de hidrogeno y radiacion

ultravioleta (H,0,/UV) Ozonizacién con peroxido de hidrégeno (Os/H202)

Ozono y radiacién ultravioleta (Os/UV) Ozonizacion catalitica (Os/Catalizador)
Ozono, perdxido de hidrogeno y Procesos Fenton y relacionados
radiacionultravioleta (Os/H.02/UV) (Fe?*-Fe** /H,0, 6 H,O,/catalizador sélido)
Foto-Fenton y relacionados Oxidacion electroquimica/electrocatalitica
(Fe?*/H,0,/UV ¢ catalizador/H,02/UV) Electro-Fenton

. , Tratamientos con ultrasonidos
Fotocatalisis heterogénea

(catalizador/O>/UV) (0s/US 6 H20,/US)
Sono-Fenton (Fe?*-Fe**/H,0,/US)
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El coste de los reactivos empleados, como de Oz, H20O: y radiacion UV, hace que estos
procesos se empleen principalmente en efluentes con niveles de DQO relativamente bajos,
menores de 1 g/L (Mahamuni & Adewuyi, 2010; Oller et al., 2011; Oturan & Aaron, 2014,
Rodriguez-Narvaez et al., 2017).

Entre todas las técnicas agrupadas en los AOPs, los procesos Fenton homogéneos y
heterogéneos constituyen uno de los méas antiguos y efectivos. Esta técnica se basa en la
adicién de sales de hierro (Fenton homogéneo), o de catalizadores sélidos que contienen
este metal como fase activa (Fenton heterogéneo, también denominada oxidacién himeda
promovida por peroxido de hidrogeno, Catalytic Wet Peroxide Oxidation o CWPO), para
iniciar la descomposicién catalitica del peréxido de hidrégeno en radicales hidroxilo, a
través de un esquema de reacciones radicalarias que puede resumirse segln las siguientes
ecuaciones (Bracamontes-Ruelas et al., 2022; Pera-Titus et al., 2004; Rueda Marquez et
al., 2018):

1°. Iniciacién:
H202 + Fe** — Fe** + OH™ ++OH [18]
H,0: + Fe3* — Fe?" + H + «O0OH [19]

2°. Propagacién:

-OH + H,0, — «OOH + H,0 [20]
+OOH + H202 — «OH + H20 +02 [21]

3% Terminacion:

Fe?* + «OH — Fe* + OH~ [22]
«OOH + Fe¥* — Fe?* + H* + 02 [23]
+OOH + Fe** — Fe®" + HOO™ [24]
«OH + «O0OH — H20 + O, [25]

Los radicales hidroxilo generados oxidan la materia organica mediante: eliminacion
de un 4tomo de hidrogeno, produciendo radicales libres organicos y agua (ecuacion [26]);

adicion de los radicales a un compuesto insaturado, alifatico o aromatico, generando
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especies radicalarias (ecuacion [27]); sustitucion del heteroatomo por el grupo hidroxilo en
compuestos aromaticos sustituidos, como los clorofenoles (ecuacion [28]) (Carey, 2003;
Chen & Pignatello, 1997; Huang et al., 1993; Rueda Marquez et al., 2018).

CxHyOH + «OH — CxHy.tHO « + H20 [26]
CxHy + «OH — CxHy(OH) - [27]
CxHyCIOH + «OH — CxHy(HO)2+ + HCI [28]

Estos procesos han destacado en el tratamiento de aguas debido, no solo a la
abundancia de hierro y su caracter relativamente inocuo, sino a su capacidad para activar
el peroxido de hidrogeno sin un aporte de energia externo, permitiendo operar a presion
atmosférica y temperatura ambiente. EI medio de reaccion de estos procesos se encuentra
en condiciones acidas, presentando actividades cataliticas Optimas a valores de pH cercanos
a 3. De esta forma, se garantiza que la concentracion de especies activas de hierro sea
maxima y la velocidad de descomposicion del agua oxigenada menor. Valores de pH
inferiores a 2 no generan la descomposicion del peroxido de hidrégeno, mientras que la
pérdida de eficacia en medio basico se relaciona con la transicion del hierro de la forma
ferrosa hidratada a especies férricas coloidales, que descomponen el perdxido de hidrégeno
en oxigeno y agua sin promover la formacion de radicales libres (Kwon et al., 1999;
Rodriguez et al., 2006). La temperatura del proceso presenta efectos contrapuestos,
favoreciendo su cinética, pero disminuyendo la estabilidad del agua oxigenada, que se
descompone directamente en agua y oxigeno sin formar radicales. En este sentido,
temperaturas cercanas a 50 °C permiten alcanzar una mejora en la cinética, sin
comprometer la estabilidad del peréxido de hidrogeno para reducir su dosis (Jones, 1999;
Pignatello et al., 2006; Sievers, 2011; Zazo et al., 2005, 2006).

A diferencia de las desventajas de los procesos Fenton homogéneos, las reacciones
CWPO evitan la necesidad de eliminar los lodos de hierro en el efluente, ya que el metal
se encuentra localizado en la superficie del catalizador solido. Esto facilita su recuperacion
y reutilizacion. Al igual que lo mencionado en los procesos heterogéneos CWAO, la
viabilidad de los catalizadores solidos esta condicionada a su actividad y estabilidad fisica,
quimicay mecéanica en las condiciones de operacion. La elevada solubilidad de las especies

de hierro, especialmente a valores de pH bajos, generalmente implica lixiviados de la fase
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activa en el medio acuoso considerables, lo que compromete la estabilidad y eficacia del
catalizador. Aunque sigue siendo la fase activa mas empleada, también se estan estudiando
otras especies que permitan sustituir al hierro en los procesos CWPO, entre las que destacan
Cu?*, Mn?*, y Co?*. Los soportes mas frecuentes incluyen el carbon activo, las arcillas
pilareadas, la silice, las zeolitas, los tamices moleculares mesoporosos y la alumina
(Matatov-Meytal & Sheintuch, 1998; Rueda Méarquez et al., 2018). Por tanto, la sintesis de
carbones activos a partir de lodos de depuradora que actlen como soporte en los
catalizadores permite la valorizacion de estos residuos y promueve la economia circular
(Bonilla-Petriciolet et al., 2017; Gupta et al., 2009; Singh et al., 2018).

47






CAPI’TULO I I

Objetivos y alcance

2.1 Objetivos generales

La presente Tesis Doctoral se centra en el estudio de diversas alternativas para el
tratamiento de contaminantes emergentes presentes en disolucidn acuosa y recogidos en

las Listas de Observacion de la Union Europea.

Entre los principales grupos de contaminantes que mas preocupacion e interés estan
suscitando se encontrarian los farmacos y los pesticidas. Por esta razén, se han
seleccionado como las sustancias mas representativas para la propuesta y evaluacién de
procesos de extraccion liquido-liquido, adsorcion, oxidacion himeda (catalitica y no

catalitica) y oxidacion promovida por perdxido de hidrégeno.

49



CAPITULO II: Objetivos y alcance

2.2 Objetivos especificos

La consecucion de los objetivos generales mencionados previamente se ha concretado

en los siguientes objetivos especificos:

Propuesta y evaluacion de disolventes de extraccion alternativos, basados en
terpenoides y disolventes eutécticos, que presenten una elevada afinidad por los
contaminantes emergentes y que supongan una toxicidad menor a los

convencionales.

Sintesis de materiales con propiedades fisicoquimicas prometedoras para su
aplicacion en procesos cataliticos y/o de adsorcion.

Valorizacién de residuos mediante procesos piroliticos para la sintesis de

materiales carbonosos.

Realizacion de pruebas de concepto en las que se empleen matrices acuosas reales
y/o se evalle la reutilizacion de disolventes de extraccion, catalizadores o

adsorbentes.

Influencia de diversas variables de operacion segun la técnica de tratamiento
analizada: relacion disolvente/alimento; pH; temperatura; presion; dosis de

catalizador; etc.

Desarrollo de modelos cinéticos representativos de los procesos de reaccion.
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Materiales y métodos

En este capitulo se resume el procedimiento experimental seguido para la consecucion
de los resultados obtenidos en las publicaciones recogidas en los Anexos, asi como de las

instalaciones utilizadas y las técnicas de andlisis requeridas.

Para ello, se han agrupado los procesos de extraccion, por un lado, y los procesos de
oxidacion y adsorcion, por otro. Dentro de los primeros se han detallado aspectos como la
seleccion del disolvente mediante simulacion molecular, la preparacion de las mezclas
eutécticas, los procesos de extraccion en discontinuo y en continuo, la regeneracion y
reutilizacion del disolvente y las técnicas analiticas para la caracterizacion del refinado.
Con respecto al segundo grupo, se ha abordado la sintesis y caracterizacion de los
materiales carbonosos empleados como catalizadores y/o adsorbentes, las reacciones WAO
y CWADO, el proceso CWPO, los blancos de adsorcion y la caracterizacion del efluente

acuoso tras las reacciones de oxidacion.
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CAPITULO IlI: Materiales y métodos

3.1 Extraccion liquido-liguido

3.1.1 Seleccidn del disolvente de extraccion mediante
simulacién molecular con COSMO-RS

La seleccion inicial de los disolventes de extraccion se realizd mediante simulacion
molecular con el método COSMO-RS (Conductor-like Screening Model for Real
Solvents), utilizando el software COSMOtherm (version 19.0.4). Sin embargo, puesto que
los contaminantes emergentes (ciprofloxacina, trimetoprima, sulfametoxazol, acetamiprid,
imidacloprid y tiametoxam) y los terpenos considerados no se encuentran en su base de
datos, se empleé el software Turbomole 7.4 para obtener y optimizar las geometrias
moleculares, seleccionando el método de solvatacion continua COSMO con un nivel
computacional BP86/TZVP y obteniendo la geometria de minima energia mediante un
calculo de punto Unico. De esta forma, la informacién completa de la molécula optimizada
se almacena en un archivo que se puede introducir en el software COSMOtherm para el
calculo de una gran variedad de parametros termodinamicos. La afinidad de los disolventes
de extraccién por cada uno de los antibidticos y pesticidas neonicotinoides se evalué a
partir de los coeficientes de actividad a dilucién infinita, considerando una temperatura de
50 °C y una fraccion molar del contaminante en el disolvente de 5-107, a fin de garantizar
la regién de dilucién infinita. Los disolventes eutécticos se han simulado como una mezcla

de dos compuestos diferentes con la composicidn del punto eutéctico.

3.1.2 Preparacion de disolventes eutécticos

Las tres mezclas eutécticas seleccionadas como disolventes de extraccion se
prepararon a partir de sus compuestos puros, empleando como proporcion la composicién
en el punto eutéctico caracteristica para cada una de ellas. Las fracciones molares de timol
empleadas fueron 0,56, 0,44 y 0,33 en las mezclas (timol + &cido dodecanoico), (timol +
acido decanoico) y (timol + acido octanoico), respectivamente. Para agilizar el proceso de
sintesis, puesto que las temperaturas de fusion para los disolventes eutécticos anteriores
son aproximadamente -2, 14 y 33 °C, se empled un bafio termostatico a 50 °C con agitacion

magnética hasta obtener una mezcla liquida homogénea.
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3.1 Extraccion liquido-liquido

3.1.3 Proceso en discontinuo

La extraccion liquido-liquido en discontinuo se llevo a cabo introduciendo el alimento
acuoso junto con el disolvente de extraccion en viales de vidrio de 8 mL. Las relaciones
volumétricas disolvente/alimento empleadas fueron: 0,10; 0,25; 0,50; 1,00 y 2,00. El
contacto entre fases se realiz6 bajo agitacion magnética y a temperatura constante,
empleando una placa de agitacion con calefaccion IKA C-MAG HS 7, durante un total de
12 horas. A continuacion, se dejo reposar las fases durante 4 horas, a fin de facilitar la
separacion del extracto y del refinado mediante el uso de pipetas Pasteur de vidrio. En la
Figura 8 se representa un esquema de la instalacién empleada en el proceso de extraccion

en discontinuo.
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Figura 8. Instalacion experimental para la extraccion liquido-liquido en discontinuo.

Los disolventes de extraccion empleados para los procesos de extraccion en
discontinuo fueron 2 terpenoides (timol y carvacrol), 3 disolventes eutécticos (timol +
acido dodecanoico, timol + acido decanoico y timol + acido octanoico) y 2 disolventes

convencionales (MIBK y acetato de etilo).
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Para el caso de los pesticidas acetamiprid, imidacloprid y tiametoxam, se evalud la
influencia de la temperatura (30 y 50 °C), la matriz acuosa (agua ultrapura y agua de rio),
el pH del alimento (valores de 1,0; 3,0; 5,0; 7,0 y 9,0) y la presencia de otros pesticidas
(disoluciones monocomponentes a 50 mg/L y disoluciones multicomponentes con 50 mg/L
de cada pesticida, es decir, con una concentracion total de pesticidas de 150 mg/L).

Por otra parte, el estudio de la extraccion de los antibidticos ciprofloxacina,
trimetoprima y sulfametoxazol se centr6 Unicamente en disoluciones acuosas
multicomponentes con 50 mg/L de cada farmaco, es decir, con una concentracion total de
farmacos de 150 mg/L. Ademas, se evalué el efecto de la matriz acuosa (agua ultrapura y
agua hospitalaria), y el pH del alimento (valores de 5,0; 6,5y 8,0).

3.1.4 Proceso en continuo

Para evaluar el efecto de la transferencia de materia se realizé un proceso de extraccion
en continuo, operando en paralelo y empleando una columna de relleno de 8 mm de
diametro interno y 80 mm de longitud con un lecho de esferas de vidrio de 2 mm de
didmetro. De esta forma, con una bomba de jeringa KDS 100 Legacy y otra Orion Sage
M361, se introdujeron la alimentacién (disolucion acuosa multicomponente de antibidticos
en una matriz de agua residual hospitalaria a pH 5,0) y el disolvente (carvacrol) a
temperatura ambiente, de acuerdo con las siguientes relaciones volumétricas
disolvente/alimento: 2,00; 1,00 y 0,50. El caudal volumétrico total se mantuvo constante
durante los experimentos en 10 mL/h y el tiempo de residencia en la columna fue de 21
min. En la Figura 9 se representa un esquema de la instalacion para el proceso de extraccion

en continuo y flujo en paralelo.

3.1.5 Reutilizacion y regeneracion del disolvente

Uno de los aspectos clave para la implantacion de un proceso de extraccion a escala
industrial es la reutilizacion del disolvente. Para ello, se realiz6 un proceso de extraccion
de multiples etapas consecutivas en discontinuo, empleando como alimento una disolucion
acuosa multicomponente de ciprofloxacina, trimetoprima y sulfametoxazol en agua

residual hospitalaria a un pH ajustado de 5,0. En cuanto al disolvente, se selecciond
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3.1 Extraccion liquido-liquido

Unicamente el carvacrol a una relacion S/F volumétrica de 1,00. Las extracciones se
realizaron en frascos de vidrio de 500 mL a temperatura ambiente y con agitacion
magnética durante 12 h. La separacion de las fases se realizd de manera anéloga a la

descrita en el proceso de extraccion en vial descrito anteriormente.

Extracto
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0.0.0.0.0.0.0.0.0.0.0.0.0.¢
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T).(XXXXXXXXXXXXXXXXXXXXXXXXXXY
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Disolvente de Alimento
extraccion acuoso

Figura 9. Instalacion experimental para la extraccion liquido-liquido en continuo.

Por ultimo, la regeneracion del disolvente procedente del extracto de la Gltima etapa
de extraccion se realizé mediante un evaporador rotativo Buchi R-200 a 164 °C y 20 mbar.
Para comprobar las propiedades extractivas del disolvente regenerado, se aplicé a una
extraccion en vial de vidrio de 8 mL con agitacion magnética y temperatura ambiente
durante 12 h. En la Figura 10 se esquematiza el procedimiento seguido para la reutilizacion

y regeneracion del disolvente.
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Figura 10. Procedimiento experimental para la reutilizacion y regeneracion del disolvente
de extraccion.

3.1.6 Caracterizacion tras el proceso de extraccion

La concentracion de los compuestos organicos en el refinado, tanto para evaluar el
rendimiento de extraccion de los contaminantes emergentes como las pérdidas del

disolvente de extraccion en el refinado, se determind por cromatografia liquida.

Para los antibioticos se emple6 un HPLC Agilent 1260 Infinity Il acoplado a un
detector de matriz de diodos y una columna cromatogréafica Poroshell 120 EC-C18 (4,6 x
150 mm; 4 pum). El método cromatografico desarrollado consistié en una fase movil
compuesta por una mezcla de acetonitrilo y &cido acético 75 mM, operando en gradiente a
un caudal volumétrico constante de 0,90 mL/min, un volumen de inyeccion de 50 pL, una

temperatura de columna de 40 °C y longitudes de onda de 233 y 275 nm.

Por otro lado, en el caso de los pesticidas, el equipo empleado fue un HPLC Varian
ProStar acoplado a un detector de matriz de diodos y una columna cromatografica
Teknokroma (4,6 x 250 mm; 5 um). EI método cromatogréfico consistié en una fase movil
compuesta por una mezcla 70 % acetonitrilo y 30 % acido acético 75 mM, un caudal
volumétrico de 0,85 mL/min, una temperatura de columna de 30 °C, un volumen de

inyeccion de 20 pL y longitudes de onda de 223 nmy 275 nm.

El pH de las disoluciones empleadas se determin6 mediante un pH-metro Crison 2002.
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3.2 Procesos de oxidacion y adsorcion

3.2.1 Sintesis y caracterizacion de los catalizadores/adsorbentes

Los materiales carbonosos empleados como catalizadores y/o adsorbentes se
prepararon a través de procesos de activacion quimica en los que los lodos de depuradora
fueron los precursores biomasicos. Se evaluaron lodos de diferentes procedencias, como
los generados en estaciones depuradoras de aguas residuales urbanas y plantas de

tratamiento industriales.

La sintesis se llevd a cabo a través de una primera etapa de secado de los lodos en un
horno a 105 °C. Tras una molienda, el lodo en polvo se sometid a una activacion quimica
mediante una técnica de impregnacion a humedad incipiente, empleando diferentes agentes
activantes (dicloruro de hierro y tricloruro de niquel) para estudiar su influencia en la
caracterizacion, actividad catalitica y capacidad de adsorcion de los materiales finales. En
cualquier caso, la proporcién fue de 1 gramo de agente activante, o de mezcla de haluros
metéalicos, por gramo de lodo seco. Para favorecer el acceso del agente activante a los poros
del lodo y homogeneizar la mezcla, tras la impregnacion se introdujo en un bafio de
ultrasonidos a 40 °C durante 90 min, se dejé durante 12 h a temperatura ambiente y,
finalmente, se sec6 en un horno a 105 °C durante 24 h. El sélido obtenido se pirolizé en un
reactor vertical de cuarzo durante 2 horas a 800 °C, manteniendo un caudal constante de
nitrégeno de 100 mL/min y una rampa de temperatura hasta alcanzar la temperatura de
pirdlisis de 10 °C/min. Para eliminar el exceso de metal, y aquel que se encuentra
débilmente unido a la matriz sélida, cada gramo de material procedente de la pirdlisis se
molid, se lavo con 100 mL de &cido clorhidrico 1 M durante 1 h con agitacion magnética,
se filtro y se enjuago con agua ultrapura hasta pH neutro. Finalmente, se realizé un secado

a 105 °C durante 24 h y se tamizé hasta obtener un tamafio de particula inferior a 250 pm.

En lo relativo a la caracterizacion, los parametros macroscopicos de los lodos se
determinaron mediante métodos estandar, incluyendo la demanda quimica de oxigeno y la
concentracion de sélidos totales, fijos y volatiles (American Public Health Association,
2017). La composicion quimica, tanto del precursor biomasico como de los materiales

sintetizados, se cuantificod mediante espectroscopia de fluorescencia de rayos X y analisis
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elemental, empleando un espectrometro PANalytical Axios y un microanalizador LECO
CHNS-932, respectivamente. La quimica superficial se estudié mediante espectroscopia
infrarroja con transformada de Fourier, con un equipo Thermo Nicolet Nexus 670, en un

rango de longitudes de onda de 400-4000 cm™.

Las isotermas de adsorcidn-desorcion de nitrdgeno a -196 °C, obtenidas con un
analizador Micromeritics ASAP 2020, proporcionaron informacion sobre la porosidad. La
morfologia y propiedades estructurales se observaron mediante difraccion de rayos X,
microscopia electronica de barrido, y microscopia electronica de transmision, llevadas a
cabo en un difractometro Bruker D8 Advance A25, un microscopio JEOL JSM 6335F y
un microscopio JEOL JEM-2100 equipado con una fuente de electrones LaB6 de 200 kV
y con una cdmara CCD ORIUS SC1000 de alta resolucion, respectivamente. La estabilidad
térmica de los materiales se comprobd mediante andlisis termogravimétrico en una
termobalanza STAR 6000 PerkinElmer, fijando una rampa de temperatura de 10 °C/min,

un caudal de nitrégeno de 30 mL/min y un intervalo de temperatura de 30-1000 °C.

3.2.2 Oxidacion humeda catalitica y no catalitica

La instalacién experimental, esquematizada en la Figura 11, consta de un reactor
autoclave Hastelloy C, con un diametro interno de 3,5 cm y altura de 14,3 cm, equipado
con un agitador mecanico de palas situado a 12,1 cm del borde superior y una camisa de
calentamiento. La lectura de la temperatura en la camisa y en el interior del reactor se
obtiene mediante termopares tipo K, acoplados a un sistema de control TOHO TTM-005.
De esta forma, si la temperatura en el reactor difiere de la de consigna, se regula la potencia
suministrada a la camisa. La lectura de la presion en el reactor se obtiene mediante un
manometro McDaniel, y se libera a través de una valvula de aguja. El reactor también
cuenta con un disco de rupturay un sistema de toma de muestras a través de una conduccion

ubicada a una profundidad de 9,8 cm del borde superior del reactor.
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Figura 11. Instalacion experimental de oxidacion himeda catalitica y no catalitica.

La reaccion WAO se realiz6 empleando 100 mL de una disolucién de ciprofloxacina
50 mg/L, a pH natural, en el interior del reactor, mientras que para los experimentos CWAO
se afiadio también la dosis deseada del catalizador sélido sintetizado. Una vez posicionado
el reactor, se realiza una purga con N2 a fin de eliminar del sistema cualquier traza,
asegurando que la temperatura de operacion se alcanza en atmdsfera inerte. A continuacion,
se inicia el calentamiento y la agitacion, fijando la velocidad en 700 rpm para evitar
limitaciones a la transferencia de materia en la fase liquida. Una vez se alcanza la
temperatura de operacién deseada en el interior del reactor, se presuriza con aire,
considerando ese momento como el tiempo cero del proceso. Durante las tres primeras
horas, se tomaron muestras de manera periddica. Para el caso particular del proceso
CWADO, las muestras liquidas recogidas se filtraron inmediatamente para eliminar el

catalizador arrastrado, empleando filtros de jeringa de PTFE de 0,45 pum.

El proceso WAO se llevo a cabo a 140 °C y 20 bar, mientras que en el proceso catalitico
se investigo la influencia de diferentes condiciones de operacion, como la dosis de
catalizador (0,1-0,7 g/L), la temperatura (120-160 °C), la presion total (10-30 bar), la matriz

acuosa (agua ultrapura y agua superficial) y la reutilizacién del catalizador.
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3.2.3 Oxidacion promovida por peréxido de hidrogeno

Las reacciones CWPO se realizaron introduciendo 250 mL de una disolucion de
ciprofloxacina 50 mg/L, a un pH corregido de 3,2, en el interior de frascos de vidrio de 500
mL, junto con la dosis deseada del catalizador sintetizado (0,3 g/L) y el perdxido de
hidrogeno (1,1 mL/L). Para mantener la temperatura de operacion a 70 °C se empled un
bafio termostéatico, acoplado a una placa de agitacion que permitia fijar este parametro a
300 rpm. En la Figura 12 se representa un esquema de la instalacion experimental descrita.

Durante las tres primeras horas de reaccion, se tomaron muestras periodicamente,
filtrdndose de manera inmediata mediante filtros de jeringa de PTFE de 0,45 um. Ademas,
se evalud la influencia de la matriz acuosa, empleando disoluciones preparadas en agua
ultrapura, agua superficial y en un efluente procedente de una estacion depuradora de aguas

residuales urbana.
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Figura 12. Instalacion experimental de oxidacion promovida por perdxido de hidrogeno.
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3.2.4 Blancos de adsorcion

La contribucion de la adsorcion en los procesos de oxidacién hiumeda catalitica y con
perdxido de hidrogeno se analiz6 empleando las mismas instalaciones descritas para cada
uno de ellos, es decir, las representadas en la Figura 11 y Figura 12, respectivamente. Sin
embargo, dichos experimentos se realizaron en ausencia del agente oxidante empleado para
la generacion de los radicales hidroxilo. Concretamente, el blanco de adsorcion en el
proceso CWAO tuvo lugar presurizando el reactor hasta la presion deseada con una
corriente gaseosa de nitrogeno, en lugar de aire. Para el proceso CWPO, el efecto de la
adsorcion se estudié mediante el mismo procedimiento seguido para la reaccion, pero sin

adicionar el peréxido de hidrdgeno.

3.2.5 Caracterizacion tras el proceso de oxidacion

La evolucién del proceso de degradacion de ciprofloxacina en los procesos de
oxidacion se analiz6 mediante cromatografia liquida, empleando un HPLC Agilent 1260
Infinity Il acoplado a un detector de matriz de diodos y una columna cromatografica
Poroshell 120 EC-C18 (4,6 x 150 mm; 4 um). EI método cromatogréafico consistio en una
fase mévil compuesta por 17,5 % acetonitrilo y 82,5 % acido acético 75 mM, fijando un
caudal de 0,85 mL/min, un volumen de inyeccioén de 50 pL, una temperatura de columna

de 30 °C y una longitud de onda de 275 nm.

Los compuestos intermedios originados en el transcurso de la reaccion se identificaron
en un espectrometro de masas QTOF Bruker modelo Impact Il acoplado a un UHPLC. El
contenido de carbono organico total se midié mediante un analizador Shimadzu TOC-V
CPH. La lixiviacion de la fase activa del catalizador en los procesos CWAO y CWPO se
determind mediante espectroscopia de emision éptica con plasma de acoplamiento

inductivo en un equipo Spectro Arcos.
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CAPI’TULO IV

Resultados

En este capitulo se destacan los resultados y las aportaciones cientificas mas relevantes
obtenidas en la Tesis Doctoral. Si se desea profundizar en alguno de los aspectos
mencionados a lo largo de esta seccidn, se recomienda acudir a las publicaciones de

referencia, recogidas en los Anexos.

Ademas, la estructuracion del contenido se ha realizado siguiendo cada uno de los
articulos que fundamentan el cuerpo de este documento:
. Publicacion 1: Extraccion liquido-liquido de pesticidas neonicotinoides.
. Publicacion 2: Extraccion liquido-liquido de antibioticos.

. Publicacion 3: Procesos CWPO y de adsorcion para la eliminacion de

ciprofloxacina.

. Publicacion 4: Procesos WAO, CWAO vy de adsorcion para la eliminacion de

ciprofloxacina.
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4.1 Publicacion 1: Extraccion liquido-liquido de pesticidas neonicotinoides

4.1.1 Seleccidn del disolvente con el método COSMO-RS

Uno de los métodos mas empleados para la seleccion de disolventes en procesos de
extraccion liquido-liquido se basa en los coeficientes de actividad. En este sentido, un
menor coeficiente de actividad a dilucién infinita del soluto indicaria una mayor afinidad

por el disolvente de extraccion.

Segun las estimaciones de los coeficientes de actividad mediante el método COSMO-
RS, el timol y el carvacrol presentaron los valores mas bajos dentro del grupo de terpenos
puros. Ademas, en general, los 11 compuestos que no contienen heterodtomos en su
esqueleto hidrocarbonado (mirceno, ocimeno, sabineno, limoneno, felandreno, terpineno-
alfa, 3-careno, pineno-beta, canfeno, pineno-alfa y pinano) se caracterizaron por tener una
menor afinidad por los tres pesticidas neonicotinoides. Este comportamiento podria
asociarse a una menor contribucion de los enlaces de hidrégeno y las interacciones dipolo-
dipolo. Por otro lado, los disolventes eutécticos presentaron valores de los coeficientes de
actividad en el intervalo de los mostrados por los compuestos puros, aunque en la
bibliografia se ha sefialado que los rendimientos experimentales para estas mezclas pueden
ser ligeramente superiores a los estimados por simulacion molecular. Dentro de este grupo,
destacaron los disolventes formados por timol y &cidos carboxilicos: timol + &cido
octanoico, timol + &cido decanoico y timol + acido dodecanoico. Finalmente, los
disolventes convencionales que presentaron una mayor afinidad por los pesticidas fueron

el acetato de etilo y la metil isobutil cetona.

A partir de esta metodologia, se han seleccionaron 7 candidatos potenciales para extraccion
de neonicotinoides en disolucion acuosa: 2 terpenos (carvacrol y timol), 3 mezclas
eutécticas (timol + acido octanoico, timol + &cido decanoico y timol + acido dodecanoico)

y 2 disolventes convencionales (acetato de etilo y metil isobutil cetona).
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4.1.2 Extracciéon en discontinuo

4.1.2.1 Proceso monocomponente

Los resultados experimentales para extracciones monocomponentes en agua ultrapura
a 50 °C revelaron capacidades de extraccion de los tres pesticidas muy similares para los
dos terpenoides. Los altos rendimientos con timol y carvacrol podrian deberse a la
presencia del grupo hidroxilo en sus estructuras moleculares, lo que potenciaria las
interacciones moleculares de tipo enlace de hidrogeno. La deslocalizacion de electrones
como consecuencia de la resonancia en el anillo aromatico aumentaria la acidez del
hidrogeno presente en este grupo, favoreciendo, aun mas, su capacidad como donadores de
enlaces de hidrogeno. Este hecho, junto con su capacidad para comportarse también como
aceptores de este tipo de enlaces, podria explicar la elevada afinidad de estos dos
terpenoides por los tres pesticidas. Ademas, en sintonia con las predicciones obtenidas con
COSMO-RS, los terpenos puros mostraron rendimientos superiores a los de sus mezclas
eutécticas, observandose en estos ultimos un ligero aumento de acuerdo con la longitud de
la cadena alquilica: (timol + &cido octanoico) < (timol + acido decanoico) < (timol + acido

dodecanoico). El tiametoxam fue el plaguicida con la variacion mas pronunciada.

Segun lo reportado en la bibliografia, Gnicamente se ha aplicado un nimero limitado
de terpenos, en forma de mezclas eutécticas, para la extraccion de pesticidas. Es decir, hasta
el desarrollo de esta investigacion no se habia evaluado el uso de estos compuestos puros,
resaltando de nuevo la relevancia de investigaciones relacionadas en este campo. Algunos
autores han propuesto el uso de disolventes eutécticos formados por &cidos organicos
naturales (&cidos octanoico, decanoico y dodecanoico) y el terpenoide DL-mentol,
alcanzando rendimientos de extraccion de hasta el 75, 70 y 40 % para el acetamiprid,
imidacloprid y tiametoxam, respectivamente, utilizando una relacion S/F de 1,00. Sin
embargo, en las mismas condiciones de operacion, las mezclas eutécticas sugeridas en este
trabajo (timol + &cidos carboxilicos) permiten alcanzar rendimientos del 98,6-99,6, 96,4-
98,4y 77,5-89,7 % para el acetamiprid, imidacloprid y tiametoxam, respectivamente. Por
tanto, el timol parece formular disolventes eutécticos capaces de extraer una mayor
cantidad de pesticida. Aunque los disolventes eutécticos descritos en este estudio

consiguen rendimientos superiores a los descritos hasta ahora en la bibliografia, el uso de
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terpenoides puros mostré resultados ain mas favorables, y evitd el uso de un disolvente
binario. Es decir, tanto el timol como el carvacrol exhibieron rendimientos de extraccion
superiores al 99,6, 99,4 y 97,6 % para el acetamiprid, el imidacloprid y el tiametoxam,

respectivamente.

De los tres grupos de disolventes empleados, los convencionales presentaron los
rendimientos mas bajos, incluso para relaciones S/F elevadas. Los tres pesticidas actlan
como aceptores de enlaces de hidrdgeno, y el imidacloprid lo hace también como donante.
Por ello, puesto que el MIBK vy el acetato de etilo actian unicamente como aceptores de
enlaces de hidrégeno, es decir, no poseen hidrogenos acidos unidos a un elemento de alta
electronegatividad, las interacciones intermoleculares entre estos disolventes y los
neonicotinoides implicarian un menor impacto en comparacion con los terpenos.
Consecuentemente, la capacidad de extraccion de los disolventes convencionales no se
deberia tanto a la formacion de enlaces de hidrdgeno, sino a otros tipos de interacciones

intermoleculares, como las interacciones de Van der Waals y electrostaticas.

Los terpenos puros presentaron mayores capacidades de extraccion que las mezclas
eutécticas, y estas, a su vez, superiores a las de los disolventes convencionales. Por tanto,
aunque los precios de los terpenoides (carvacrol 10-25 $/kg y timol 9-11 $/kg) pueden ser
mas elevados que los de los disolventes convencionales (MIBK 1,0-1,5 $/kg y acetato de
etilo 1,3 $/kg), los bajos requerimientos de disolvente para alcanzar rendimientos
superiores al 90%, junto con su baja toxicidad y escasas pérdidas en la fase acuosa, los
posicionan en una situacion mas favorable. Concretamente, las pérdidas del disolvente de
extraccion en la fase acuosa superaron el 1,52 y el 10,18 % en peso para el MIBK y el
acetato de etilo, respectivamente, mientras que los terpenos puros mostraron solubilidades
del 0,17 y 0,25 % en peso para el carvacrol y el timol, respectivamente. Los disolventes
eutécticos compuestos por timol + &cido carboxilico presentaron menores pérdidas de timol

en agua, obteniéndose valores inferiores al 0,10 % en peso.

Sus elevados rendimientos de extraccion, baja solubilidad en agua y temperatura de
fusion muy por debajo de la temperatura ambiente convierten al carvacrol en un candidato

potencial para la eliminacion de pesticidas en disolucion acuosa.
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4.1.2.2 Proceso multicomponente: Efecto de la matriz, la relacion S/F, el
pH y la temperatura

Los resultados de las extracciones individuales condujeron al estudio de nuevas
cuestiones, estrechamente relacionadas con la aplicacion del proceso a escala industrial.

Entre ellas, destacarian la influencia de la matriz acuosa, el pH y la temperatura.

La extraccion multicomponente se vio favorecida al disminuir la temperatura,
obteniéndose un ligero aumento de los rendimientos de extraccion individuales y globales
tanto para el carvacrol como para el MIBK. Por tanto, el proceso a temperatura ambiente
no solo evitaria los requerimientos energéticos asociados al acondicionamiento térmico del

proceso, sino que favoreceria el rendimiento de extraccion.

Los estudios de pH del alimento acuoso en el proceso de extraccién con carvacrol
evidenciaron una influencia poco significativa sobre los rendimientos, lo que hace que este
terpeno sea aln mas versatil para su aplicacion a escala industrial. Aunque la variacion es
muy pequefia, a valores de pH del alimento cercanos a 1, el carvacrol parece mostrar una
ligera disminucion del rendimiento, posiblemente asociado al aumento de la concentracion
de las especies cationicas de los tres pesticidas, segun evidencian sus equilibrios de

disociacion.

En lo relativo al efecto de la matriz acuosa, se observaron tendencias diferentes en
funcién del tipo de pesticida. Para el imidacloprid y el tiametoxam, los rendimientos en la
matriz de agua de rio fueron inferiores a los obtenidos para el agua ultrapura. Es decir, los
solutos presentes en el agua real favorecieron la solvatacion de los dos neonicotinoides en
la fase acuosa, disminuyendo la transferencia de materia al disolvente organico. Sin
embargo, con el acetamiprid ocurrié lo contrario. Aunque estas tendencias se mantienen
para el carvacrol y el MIBK, el efecto de la matriz fue considerablemente menor para el

terpeno.

La relacion S/F méas adecuada para el carvacrol es 0,10, ya que permite alcanzar
rendimientos globales de extraccion cercanos al 98 %. El uso de un volumen mayor de
disolvente no justificaria el ligero aumento del rendimiento de extraccion, que

incrementaria los costes de operacion e inversion.
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4.2.1 Seleccién del disolvente con el método COSMO-RS

La seleccion de disolventes puede realizarse comparando la magnitud de los
coeficientes de actividad del soluto en cada uno de los disolventes considerados. En este
sentido, cuanto menor es este valor, mayor su afinidad. En disoluciones multicomponentes
es esencial seleccionar un disolvente que alcance la situacion de compromiso 6ptimo para

todos los solutos.

Entre los terpenoides, los disolventes con los coeficientes de actividad méas bajos para
los tres antibidticos fueron el timol y el carvacrol. Ademas, los terpenos sin heteroatomos
en su esqueleto hidrocarbonado presentaron los valores mas elevados, lo que indicaria una
menor afinidad por los antibioticos al no presentar contribuciones mediante enlaces de
hidrégeno o interacciones dipolo-dipolo. En el caso de los disolventes convencionales, los
compuestos que mostraron una mayor situacién de compromiso para los tres antibidticos

fueron el acetato de etilo y el MIBK.

En cuanto a los disolventes eutécticos, las mezclas con timol se caracterizadon por su
mayor afinidad, especialmente aquellas formadas por &cidos carboxilicos: timol + 4cido
dodecanoico, timol + &cido decanoico y timol + acido octanoico. Los resultados obtenidos
para la ciprofloxacina y la trimetoprima fueron considerablemente menores a los del
sulfametoxazol. Dentro de este grupo, cabria sefialar que, como se menciona en la
bibliografia, los rendimientos experimentales pueden ser ligeramente superiores a los

predichos por simulacion molecular.

El sulfametoxazol fue el antibidtico que presenté una menor afinidad por los
terpenoides y disolventes eutécticos, mientras que el comportamiento fue el opuesto para
disolventes convencionales. Por tanto, el sulfametoxazol limitaria el rendimiento global de
extraccion para el primer grupo de disolventes, y la trimetoprima y ciprofloxacina para el

segundo.

Segun lo mencionado previamente, los compuestos seleccionados para la extraccion
de disoluciones acuosas multicomponentes de antibidticos fueron: 2 terpenoides (timol y
carvacrol), 3 disolventes eutéecticos (timol + acido dodecanoico, timol + &cido decanoico y

timol + &cido octanoico) y 2 disolventes convencionales (acetato de etilo y MIBK).
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4.2.2 Extracion en discontinuo: Efecto de la matriz, la relacién
S/F, el pH

Las principales variables evaluadas en el proceso de extraccion liquido-liquido de
disoluciones acuosas multicomponentes de antibioticos a 50 °C fueron la relacion S/F, el
pH del alimento y el efecto de la matriz acuosa. En este sentido, los equilibrios de
disociacion de la ciprofloxacina, trimetoprima y sulfametoxazol jugaron un papel
determinate en los rendimientos de extraccion. Ademas, la transferencia de materia de parte
del disolvente de extraccion a la fase acuosa, debido a su solubilidad, puede modificar el
pH del refinado y, con ello, la carga del antibidtico (especies cationicas, anionicas y
neutras). En el caso de los disolventes convencionales y los terpenoides, el pH del refinado
se mantuvo igual al del alimento, mientras que para los 3 disolventes eutécticos
considerados, formados con &cido dodecanoico, &cido decanoico y &cido octanoico, el pH
vario entre 4,9 y 6,5 con alimentos en aguas residuales hospitalarias a pH 8,0, y entre 3,7

y 4,5 para alimentos en aguas residuales hospitalarias a pH 5,0.

En el caso de la trimetoprima, la disminucion del pH del alimento en matrices de aguas
residuales hospitalarias redujo los rendimientos de extraccion con todos los disolventes, lo
que estaria relacionado con su equilibrio de disociacion. Generalmente, el agua presenta
una mayor afinidad por las especies cargadas, mientras que la fase organica lo hace por los
compuestos no idnicos. Por tanto, puesto que un aumento del pH incrementa la
concentracion de trimetoprima en su forma neutra, los rendimientos de extraccion se ven
mejorados. La aplicacion de disolventes convencionales resulté considerablemente mas
desfavorable en comparacion con los terpenoides y mezclas eutécticas a cualquier valor de
pH y matriz. Ademas, en el caso de los disolventes eutécticos, los rendimientos bajaron al
hacerlo la longitud de la cadena alquilica del &cido carboxilico, lo que estaria causado por
su menor hidrofobicidad y, por ende, por el aumento de la solubilidad parcial del &cido
carboxilico en agua. Es decir, la concentracion del acido en la fase acuosa acidifica el medio
y favorece la presencia de la forma protonada de este antibidtico. A valores de pH lo
suficientemente elevados predomina la trimetoprima en estado neutro para los terpenoides
y los disolventes eutécticos, por lo que sus capacidades de extraccion son similares. Sin
embargo, cuando predomina el soluto en su estado i6nico (pH < 6,76), los disolventes

eutécticos parecen estabilizar mas eficazmente el ion cargado positivamente, y los
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rendimientos de extraccion son considerablemente superiores a los de los terpenoides,

posiblemente debido a la mayor influencia de las interacciones de enlace de hidrégeno.

Por otro lado, la variacion del valor de pH del alimento evidenci6 dos tendencias para la
ciprofloxacina en funcién del disolvente de extraccion empleado. Tanto para los
terpenoides como para los disolventes convencionales, los rendimientos de extraccion
aumentaron en el siguiente orden: pH 6,5 > pH 8,0 > pH 5,0. Es decir, a pesar de ser
aproximadamente equidistantes al punto isoeléctrico (pHier = 7,4), en el que la
concentracion de la forma zwitterionica (carga neutra) es maxima, la solvatacion de la
ciprofloxacina en su estado cationico fue mayor a la de la especie anionica para estos dos
grupos de disolventes. La tendencia en los rendimientos de extraccion para los disolventes
eutécticos fue diferente: pH 8,0 > pH 6,5 > pH 5,0. Este hecho se deberia a la disminucion
del pH en la fase acuosa al transferirse parte del &cido carboxilico, haciendo que se
aproxime al punto isoeléctrico en el caso de alimentos a pH 8,0 y se aleje cada vez méas con
alimentos a pH 6,5 y 5,0. Los rendimientos de los disolventes convencionales resultaron
considerablemente inferiores a los de los terpenoides y los disolventes eutécticos a
cualquier pH y matriz. Ademas, para todos los alimentos, el valor de pH del refinado al
emplear las mezclas eutécticas fue inferior a 6,5 (pH < pHiep), por lo que el rendimiento
disminuyé con la longitud de la cadena alquilica de los acidos, atribuyéndose al descenso
del pH del refinado al favorecerse su solubilidad en agua y, con ello, al aumento de la
concentracion de las especies cargadas. En general, los terpenoides mostraron rendimientos
inferiores a los de los disolventes eutécticos, acentuandose esta diferencia al incrementarse
la concentracion de la especie ionica de la ciprofloxacina (alimento en agua residual a pH
5,0) y destacando la capacidad de los disolventes eutécticos para alcanzar una mayor

solvatacion de las especies cargadas.

Para el sulfametoxazol, la acidificacion del alimento en la matriz real se tradujo en
unos mayores rendimientos de extraccion. Puesto que el intervalo de pH considerado en el
alimento se encontro entre 5,0 y 8,0, una disminucion del pH implicé un aumento de la
concentracion de sulfametoxazol en su estado neutro, favoreciendo su transferencia a la
fase organica. En el caso de los disolventes convencionales, el MIBK presentd resultados
similares a los de los terpenoides a cualquier pH, mientras que con el acetato de etilo el

proceso se vio considerablemente favorecido al emplear alimentos con valores de pH entre
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6,5y 8,0, es decir, cuando el soluto predomina en su estado anionico. Sin embargo, en su
estado neutro (alimento a pH 5,0), los terpenoides superaron ligeramente al etilacetato.
Entre las mezclas eutécticas, los rendimientos aumentaron al reducirse la longitud de la
cadena alquilica del acido carboxilico, debido a una mayor presencia de la especie en
estado neutro al incrementarse la solubilidad del &cido en aguay, con ello, bajar el pH. Los
rendimientos en las dos matrices acuosas empleadas evidenciaron una disminucion notable

de los rendimientos al emplear aguas reales.

Segun lo discutido hasta el momento, no existe un valor de pH que presente los mejores
resultados para la extraccion de los tres antibidticos. Por lo tanto, al tratarse de una
extraccion multicomponente, es necesario analizar el rendimiento global de extraccion. En
este sentido, los disolventes convencionales fueron los que presentaron una menor afinidad,
en términos generales, a cualquier pH y matriz. Los disolventes eutécticos parecen tener
una menor sensibilidad a los cambios de pH en el alimento, debido a su mayor facilidad
para solvatar especies ionicas y a la disminucién del pH en el refinado al solubilizarse parte
del &cido carboxilico. Sin embargo, las condiciones de operacién con una mayor capacidad
para extraer antibioticos, en términos globales, fue con el alimento a pH 5,0 y terpenoides
puros. Por ejemplo, para un alimento en matriz real a pH 5,0 y S/F 0,25, el carvacrol
alcanzd rendimientos del 93,2, 90,3 y 89,4 % para la trimetoprima, la ciprofloxacina y el
sulfametoxazol, respectivamente, mientras que el disolvente eutéctico timol + &cido

octanoico presentd valores del 97,4, 98,6 y 68,0 %.

En lo relativo al efecto de la matriz, la trimetoprima y la ciprofloxacina alcanzaron
rendimientos de extraccidn superiores al emplear agua residual hospitalaria, indicando que
los solutos presentes en la matriz real favorecian la transferencia de los antibi6ticos a la
fase organica (salting-out). El sulfametoxazol mostrd el comportamiento contrario, es
decir, los solutos presentes en la matriz real favorecieron su solvatacién en la fase acuosa

(salting-in).

La relacion S/F seleccionada como valor méas adecuado para el proceso de extraccion
es 1,00, ya que permite obtener rendimientos globales de extraccion superiores al 98 %

para los terpenoides (superiores al 99 % para la trimetoprima y la ciprofloxacina, y al 97
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% para el sulfametoxazol). Mayores cantidades de disolvente no justificarian el aumento

de los costes de inversion y operacion.

En cuanto a las pérdidas de disolventes organicos en la fase acuosa, se observo una
mayor solubilidad de los disolventes convencionales en comparacion con los terpenoides.
Es decir, mientras se obtuvieron valores del 0,12-0,15y 0,12-0,14 % en masa para el timol
y el carvacrol, respectivamente, los asociados al etilacetato y el MIBK fueron 6,84-7,96 y
1,38-1,48 %, respectivamente. Por esta razon, aunque los precios de venta del timol (9-11
$/kg) y el carvacrol (10-25 $/kg) son mas elevados que los del acetato de etilo (1,3 $/kg) y
el MIBK (1,0-1,5 $/kg), su menor toxicidad, solubilidad en agua y relacién S/F necesaria
para alcanzar rendimientos elevados los posicionan como sustitutos potenciales de los

disolventes derivados del petroleo.

En general, para simplificar el proceso de extraccion y facilitar su recuperacion, es
preferible el uso de disolventes puros a escala industrial. Por tanto, dado que los
rendimientos de extraccion globales para los terpenoides y los disolventes eutécticos son
comparables, se selecciona el carvacrol como disolvente 6ptimo, pues, a diferencia del
timol puro, tiene un punto de fusion lo suficientemente bajo para operar a temperatura

ambiente.

4.2.3 Extracciéon en continuo

Los procesos en continuo en columnas de relleno pueden presentar limitaciones a la
transferencia de materia, especialmente con aquellos disolventes que, como el carvacrol,
presentan una viscosidad relativamente alta (36,66 mPa-s a 20 °C) en comparacion con el

alimento acuoso (1,002 mPa:-s a 20 °C).

Los resultados de extraccion en columna (tiempo de residencia de 21 min) empleando
disoluciones multicomponente en matrices de agua residual hospitalaria a pH 5,0 fueron
comparables a los obtenidos en los ensayos en discontinuo (12 h de agitacion). Esto implica
que no hay limitacion a la transferencia de materia en el intervalo de S/F considerado, es
decir, entre 0,50 y 2,00.
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4.2.4 Reutilizacion y regeneracion del disolvente

Uno de los aspectos clave para la viabilidad del escalado de un proceso de extraccion
es la reutilizacion y regeneracion del disolvente. En este sentido, la realizacion de etapas
de extraccion consecutivas con alimentos en agua residual hospitalaria a pH 5,0, carvacrol
como disolvente de extraccion y una relacion S/F de 1,00, mostré una disminucién de los
rendimientos en cada etapa. Esta tendencia fue mas pronunciada para el sulfametoxazol,
seguido de la ciprofloxacinay la trimetoprima. Sin embargo, durante las primeras 5 etapas,
la reutilizacién del disolvente condujo a rendimientos de extraccion superiores al 83, 96 y

98 % para el sulfametoxazol, ciprofloxacina y trimetoprima, respectivamente.

Por otro lado, los rendimientos de extraccion con el disolvente regenerado se
encontraron muy préximos a los obtenidos con el disolvente fresco (etapa 1). El carvacrol,
por tanto, no s6lo permitié la eliminacion de méas del 98 % del contenido global de
antibioticos en una sola etapa de extraccion, sino que su regeneracion mediante destilacion

a vacio y su aplicacion en procesos en continuo también resultaron viables técnicamente.
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4.3.1 Caracterizacion de los materiales carbonosos

Aunque el contenido inicial de carbono fue muy similar en los lodos industriales (42,4
%) y urbanos (37,9 %), el origen del precursor biomasico tuvo una influencia significativa
en la composicion final. Es decir, los lodos industriales proporcionaron materiales con un
contenido en carbono superior al 70 %, y los procedentes de los lodos urbanos tan sélo
alcanzaron el 23 %. Por tanto, mientras que el proceso pirolitico parecio enriquecer en
carbono los primeros, con materiales procedentes de lodos urbanos ocurrié lo contrario,
evidenciando una diferencia en los mecanismos de reaccion durante la pirdlisis en funcion
de la composicion del lodo utilizado como precursor, tal y como se ha sefialado en otros
estudios. También fue destacable la contribucion del oxigeno en el material Urban-Fe (28,3
%), en comparacion con la muestra Industrial-Fe (8,5 %), pudiéndose atribuir al contenido
de hierro tan significativo presente en los lodos urbanos (11,6 %), que favoreceria su
combinacion con el oxigeno para generar 6xidos metalicos. La presencia de hierro en el
biorresiduo urbano, en esa proporcion, podria haber promovido su fijacion en la matriz
sOlida, alcanzandose un contenido cercano a 9,3 % para el material Urban-Fe. En este
sentido, el carbon procedente del lodo industrial tan solo presentd un contenido de hierro
proximo al 5,1 %. El silicio también fue uno de los elementos principales del catalizador
Urban-Fe (14,9 %).

En cuanto a la influencia del agente activante, se compar6 la composicion de tres
catalizadores obtenidos a partir del mismo precursor biomasico, es decir, lodos industriales.
Los agentes empleados fueron sales de hierro y niquel, y una mezcla de ambos. Se observé
un contenido de carbono notablemente mas elevado para el catalizador sintetizado con
FeCls (Industrial-Fe) en comparacion con el obtenido utilizando NiClz (Industrial-Ni). El
catalizador bimetalico (Industrial-FeNi) mostré un valor intermedio a los obtenidos para
los anteriores, aunque mucho mas proximo al catalizador Industrial-Ni. La contribucion de
oxigeno fue considerablemente mayor para los dos catalizadores basados en Ni, ya sea puro
(13,6 %) o como mezcla con la sal de hierro (14,4 %). Es decir, mientras que para el
catalizador Industrial-Fe se redujo el contenido de oxigeno a aproximadamente la mitad
del presente en el lodo, los catalizadores de niquel y bimetalicos mostraron una variacion

poco significativa. A diferencia de lo obtenido para los materiales sintetizados con la sal
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de hierro, la de niquel provoco una ligera reduccién del contenido en cloro, nitrégeno y
silicio, mientras que el contenido en potasio mostrd la tendencia opuesta. También se
observo una marcada diferencia en la concentracion de metal fijada en la matriz carbonosa,
es decir, mientras que en el catalizador Industrial-Ni se encontré un 26,8 % de niquel, el
material Industrial-Fe solo alcanz6 un 5,1 % de hierro. Ademas, cabria esperar que, al
utilizar una menor cantidad relativa de cloruro de hierro y niquel en la sintesis del
catalizador Industrial-FeNi (1 g de lodo seco: 0,5 g de sal de hierro: 0,5 g de sal de niquel),
el contenido de estos metales en la muestra final se situara entre los valores de los
catalizadores obtenidos a partir de una Unica sal metélica. Sin embargo, el catalizador
bimetalico mostré una mayor concentracion de hierro que el Industrial-Fe, mientras que el
contenido de niquel fue inferior al encontrado en el Industrial-Ni. El uso de una disolucion
bimetéalica, por tanto, favorecid la fijacion del hierro y redujo la de niquel. La etapa de
lavado durante la sintesis de los materiales permitio eliminar la mayor parte del calcio
presente en los lodos industriales, reduciéndose desde un 11,7 % hasta valores inferiores al
0,6 %.

El comportamiento de los catalizadores sintetizados cuando se sometieron a un
proceso de fisisorcion de nitrégeno sugirié una combinacién de isotermas Tipo I-1V con
ciclos de histéresis tipo H3-H4, caracteristico de s6lidos mesoporosos con una contribucion
moderada de microporosidad. Las curvas de desorcion mostraron un descenso en forma de
escalon a valores de P/P° cercanos a 0,5, lo que podria indicar una cavitacion inducida por
la evaporacion del liquido condensado en mesoporos mas grandes (efecto de condensacion
capilar). Las areas superficiales BET evidenciaron la influencia que presentan tanto el
origen del precursor biomasico como el agente activante sobre las propiedades texturales:
Urbano-Fe (713 m?/g) > Industrial-Fe (582 m?/g) > Industrial-FeNi (397 m?/g) >
Industrial-Ni (319 m?/g). Estos valores se encuentran dentro del intervalo reportado en la
bibliografia para otros materiales carbonosos obtenidos a partir de lodos mediante
activacion quimica con FeCls (Sger = 468 m?/g) y ZnCl, (Sger = 266-558 m?/g). El
volumen total de poros disminuyd en el siguiente orden: Urban-Fe > Industrial-Ni >
Industrial-Fe > Industrial-FeNi, mientras que el volumen relativo de microporos mostrd
una tendencia diferente: Industrial-Fe > Urban-Fe > Industrial-FeNi > Industrial-Ni. Por lo

tanto, aunque el cloruro de hierro (I11) gener6 una ligera disminucion del volumen total de
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poros, el desarrollo de la microporosidad se vio considerablemente favorecido. Ademas, el
uso de una mezcla de haluros metalicos proporcioné un material con un volumen total de
poros inferior al de los catalizadores sintetizados con un Unico agente activante, pero la
microporosidad relativa se situ6 entre ambos. La heterogeneidad en la composicion de los
lodos segln su origen tambien parecid tener un efecto notable. En este sentido, el desarrollo
de una mayor porosidad total con los lodos urbanos podria asociarse, en parte, a su alto
contenido en hierro (11,6 %). Por el contrario, la contribucidn relativa de la microporosidad
fue ligeramente inferior a la obtenida para el Industrial-Fe, ya que el precursor industrial
presento un elevado contenido en calcio (11,7 %), que se elimind durante la etapa de lavado
y desbloqued los poros ocupados en la matriz carbonosa. La distribucion del tamafio de
poro puso de manifiesto la naturaleza micro-mesoporosa de los materiales, con valores

medios que oscilaron entre 6,8 y 10,4 nm.

En lo referente a la quimica superficial, todos los carbones mostraron una banda entre
3700y 2800 cm™, que podria estar relacionada tanto con la presencia de enlaces O-H en la
superficie como con la humedad adsorbida. También podria atribuirse a las vibraciones de
estiramiento N-H relacionadas con amidas y aminas de las proteinas encontradas en los
lodos de depuradora. No obstante, el bajo contenido de nitrégeno en comparacion con el
oxigeno en los materiales finales parecia sugerir una mayor contribucién de los enlaces
O-H. Las vibraciones de estiramiento de los enlaces alifaticos C-H se mostraron en la banda
a 2650 cm™, mientras que los enlaces C=0 y C=C, de grupos carbonilo y anillos
aromaticos, aparecieron a 1600 cm™!. Este tltimo pico resulté extremadamente dependiente
del origen del precursor, destacando el Urban-Fe frente al Industrial-Fe. La banda situada
entre 1000 y 1200 cm™ podria explicarse por el enlace C-O en alcoholes, fenoles, acidos,
éteres o ésteres. Los picos de absorcion entre 900 y 1200 cm™ podrian estar relacionados
con enlaces Si-O-Si y enlaces Si-O-C, explicando la elevada intensidad para el Urban-Fe
debido a su alto contenido en silicio. Las bandas presentes en el intervalo 400-800 cm™

podrian revelar la presencia de enlaces O-H y C-H.

Las micrografias SEM confirmaron la presencia de muestras con una porosidad
altamente desarrollada y heterogénea, visualizandose pequefias particulas de metal

depositadas sobre su superficie.
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Por ultimo, con respecto a la estabilidad térmica de los biocarbones, se observo una
pérdida de masa en torno a los 100 °C, relacionada con el agua adsorbida. Tanto el origen
del precursor como el agente activante influyeron en el contenido de humedad de las
muestras: Urban-Fe (12,2 %) > Industrial-FeNi (7,9 %) > Industrial-Fe (7 %) > Industrial-
Ni (5,1 %). Es decir, el uso de lodo urbano o de sales de hierro gener6 catalizadores con
una mayor humedad. El catalizador bimetalico mostr6 una humedad superior a la obtenida
para los materiales sintetizados con un solo haluro metélico. Por encima de 100 °C se
evidencio una tendencia ligeramente decreciente en la masa de los solidos, que podria estar
asociada a la descomposicion de compuestos que no tuvieron tiempo de degradarse durante
el proceso de sintesis. Ademas, a temperaturas cercanas a la de pirdlisis, es decir, entre 700
y 900 °C, se observO una variacion mas pronunciada, eliminandose todos aquellos
compuestos que requieren temperatura y/o tiempos superiores. El catalizador Industrial-Fe

fue el material con la menor variacion de masa, es decir, el de mayor estabilidad térmica.

4.3.2 Blancos de adsorcion

Los materiales carbonosos derivados de procesos piroliticos presentan generalmente
propiedades adsorbentes como resultado de la porosidad generada durante su sintesis. Por
lo tanto, para determinar la eficacia de los catalizadores en los sistemas de reaccion
heterogéneos, se requiere la realizacion de blancos de adsorcion que permitan evaluar la

contribucion de la adsorcion al proceso de eliminacion de contaminantes.

En cuanto a la influencia del origen del precursor biomasico, el material sintetizado a
partir de lodos industriales mostrd una cinética de adsorcion considerablemente mas lenta
en comparacion con la del obtenido a partir del biorresiduo urbano. Es decir, mientras que
el catalizador Urban-Fe requiri6 tiempos superiores a 45 min para alcanzar el equilibrio,
para el Industrial-Fe fue necesario mas de 120 min. Por otro lado, el ZnCl> permitio obtener
biocarbones con cinéticas mas rapidas que las mostradas con el FeCls. Concretamente, el
Industrial-Ni requirié tiempos superiores a 60 min para alcanzar el equilibrio. La mezcla
de agentes activantes genero solidos porosos con cineticas similares a las asociadas a la sal

de hierro. Por lo tanto, el cloruro de hierro (Il1) parecié determinar la cinética del
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catalizador bimetalico, haciendo que el tiempo de equilibrio fuera el mismo que para el

Industrial-Fe, es decir, 120 min.

Con respecto a la concentracion de equilibrio para la dosis de carbon empleada (0,3
g/L), se alcanzaron valores de 30,1, 27,8, 37,9 y 30,2 mg/L para el Urban-Fe, Industrial-
Fe, Industrial-Ni e Industrial-FeNi, respectivamente. Por lo tanto, las capacidades de
adsorcién de ciprofloxacina para los materiales sintetizados fueron 66,3, 73,9, 40,4 y 66,0
mg/g. Estos resultados se encuentran en sintonia con lo reportado en la bibliografia para
otros adsorbentes derivados de precursores biomasicos y aplicados a la eliminacion tanto

de ciprofloxacina como de otros contaminantes emergentes.

El estudio de la matriz acuosa en el proceso de adsorcion evidencié un efecto
relativamente pequefio en los cuatro materiales. En este sentido, aunque la cinética
mantuvo una tendencia similar, las concentraciones de ciprofloxacina en la fase acuosa
sufrieron un ligero aumento en el siguiente orden: agua ultrapura < agua superficial < agua
EDAR. La menor eliminacion del antibiético en las matrices reales, en comparacion con el
agua ultrapura, podria deberse a la presencia de otros compuestos organicos e inorganicos
que compiten por los sitios activos del solido. Este hecho también explicaria que la menor
capacidad de adsorcion fuera la correspondiente a la matriz del efluente de EDAR, cuyos
parametros macroscépicos indicaron una demanda quimica de oxigeno, carbono organico

total, y sélidos disueltos totales considerablemente elevados.

4.3.3 Oxidacion promovida por peroxido de hidrogeno

La cinética de degradacion de la ciprofloxacina utilizando el catalizador Urban-Fe fue
considerablemente mas lenta que la mostrada para el Industrial-Fe. Es decir, mientras que
el primero necesito tiempos superiores a 180 min para alcanzar una eliminacion del 98 %,
el catalizador de hierro procedente de lodo industrial lo hizo antes de 30 min. Ademas,
durante los primeros 15 min, el perfil de reaccion para el Urban-Fe fue idéntico al mostrado
en los blancos de adsorcion. Esto podria deberse a la formacion de una concentracion
minima de radicales hidroxilo para iniciar la reaccién de oxidacién. Este tiempo se redujo
considerablemente para el Industrial-Fe, coincidiendo los perfiles de adsorcién y reaccién

solo hasta los primeros 5 min. Por otra parte, a pesar de que el contenido de hierro para el
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Industrial-Fe (5,1 %) fue considerablemente inferior al Urban-Fe (9,3 %), la actividad
catalitica mostro la tendencia opuesta. Este comportamiento evidencié una mayor
dispersion y accesibilidad de la fase activa en la superficie del catalizador Industrial-Fe, lo
que condujo a una mayor lixiviacion del metal. Concretamente, la concentracion de hierro
en el medio de reaccion para una eliminacion de ciprofloxacina cercana al 98% fue de 0,48
mg/L (a 180 min) y 0,61 mg/L (a 30 min) para los catalizadores Urban-Fe e Industrial-Fe,
respectivamente. Por lo tanto, el origen de los lodos influyd considerablemente en la

actividad catalitica de los catalizadores sintetizados.

En cuanto a la influencia del agente activante, el niquel mostré una actividad catalitica
significativamente mas desfavorable que el hierro. Es decir, mientras que el catalizador
Industrial-Fe, con un 5,1 % de hierro, alcanzé una eliminacion del 99,7 %, la obtenida para
el Industrial-Ni, con un 26,8 % de niquel, fue del 32,5 %. El catalizador bimetalico mostrd
una cinética de degradacion mas répida que el catalizador Industrial-Fe, lo que podria
asociarse principalmente a su mayor contenido en hierro (8,7 %), puesto que el niquel (15,8
%) no mostro evidencias de ser cataliticamente activo en el proceso CWPO. De esta forma,
mientras que el material Industrial-FeNi Unicamente necesitd 15 min para eliminar el
antibiotico casi por completo, el Industrial-Fe requirié 15 min mas. Sin embargo, aunque
se vio favorecida la cinética, la lixiviacion de metales en el medio de reaccion fue
considerablemente mayor, por lo que el catalizador Industrial-Fe podria considerarse como

el material 6ptimo para este proceso.

La cinética y la actividad catalitica dependieron de la matriz acuosa y, al igual que lo
observado en los blancos de adsorcién, disminuyeron en el siguiente orden: agua ultrapura
> agua superficial > agua de EDAR. Este efecto podria estar relacionado con la presencia
de contaminantes en las aguas reales que competirian con la ciprofloxacina durante la

reaccion.

Con respecto al mecanismo de reaccion, los radicales hidroxilo procederian de tres
vias: de los metales presentes en la superficie del catalizador solido, de la pequefia cantidad
de iones metalicos lixiviados al medio de reaccion, y de los grupos funcionales del
biocarbon que contienen oxigeno. Como paso final, la molécula de ciprofloxacina

reaccionaria con los radicales generados para formar CO2, H20 y otros intermedios.
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4.4.1 Caracterizacion de los materiales carbonosos

El andlisis elemental del catalizador sintetizado proporciono el contenido de carbono
(70,9 %), nitrdgeno (3,8 %) e hidrogeno (1,8 %), mientras que el anélisis por fluorescencia
de rayos X permitio conocer el contenido de otros elementos principales, como el oxigeno
(8,5 %) y el hierro (5,1 %). La etapa de pir6lisis aumentd el contenido de carbono presente
en el precursor biomésico, hasta aproximadamente el 67 % de su valor inicial. Durante este
proceso, el contenido de oxigeno e hidrégeno también se redujo. Aunque el lodo empleado
se caracterizé por un elevado contenido en calcio, la concentracidn en el material resultante
fue poco significativa, posiblemente debido al lavado realizado durante la sintesis del

catalizador.

Segun la clasificacion de la Union Internacional de Quimica Pura y Aplicada, el
material carbonoso mostré una isoterma de tipo IV con un ciclo de histéresis tipo H4,
representativa de materiales mesoporosos. La adsorcion inicial de nitrégeno, a valores de
presion relativa inferiores a 0,05, indico la presencia de microporos en la estructura. El area
superficial BET fue de 582 m?/g, que se encuentra dentro del intervalo sefialado por otros
autores para materiales carbonosos sintetizados a partir de lodos. Ademas, se obtuvo un
volumen de microporos de 0,17 cm®/g, correspondiente al 47,5 % del volumen total de
poros. La distribucion del tamafio de poro revelé un maximo en la zona mesoporosa,
alrededor de 4 nm, y el didmetro medio de poro, calculado a partir del modelo BJH, fue de
7,2 nm. Estos valores justifican la histéresis, ya que ocurre cuando el ancho de los poros
excede un valor critico, que depende del adsorbato, la temperatura y la estructura porosa.
Para el nitrogeno a -196 °C, dicho fendmeno se produce para valores superiores a 4 nm. La
microscopia electrénica de barrido confirmd la existencia de una superficie rugosa y
porosa, con una estructura heterogénea formada por pequefias particulas de hierro de
diferente forma y tamafio adheridas a la matriz sélida. El agente activante empleado parecio

haber generado una red compleja de poros, con cavidades y grietas en su superficie.

El perfil de degradacion térmica mostro tres zonas claramente definidas. La primera
se encontro a 100 °C, donde se alcanz6 una pérdida de masa del 7 % debido a la evaporacion
del agua adsorbida. La segunda zona se localiz6 en el intervalo 150-750 °C, variando hasta

un 12 % el valor de su masa inicial. La temperatura de pirolisis (800 °C) explicaria esta
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variacion tan pequefia, asociada a compuestos tanto volatiles como de alto peso molecular
que no fueron completamente eliminados durante el proceso. Finalmente, a temperaturas
superiores a 800 °C, la degradacion térmica del catalizador aumentd sustancialmente,
alcanzando una pérdida de masa cercana al 18 % a 1000 °C. Esta disminucion tan dréstica
se explicaria por la eliminacion de compuestos de alto peso molecular que no tuvieron
tiempo de degradarse durante la sintesis del catalizador y aquellos que requirieron una

temperatura més elevada para hacerlo.

4.4.2 Blancos de adsorcion

Las pruebas iniciales para determinar la contribucion de la adsorcion de ciprofloxacina
a 140 °C y 20 bar evidenciaron que, durante el acondicionamiento se alcanzo el equilibrio.
Es decir, el tiempo requerido para alcanzar la temperatura de operacion fue suficiente para

saturar el material.

Con respecto a la concentracion relativa de equilibrio en la fase acuosa, se alcanzaron
valores proximos a 0,55, 0,70 y 0,88 para dosis de adsorbente de 0,70, 0,40 y 0,10 g/L,
respectivamente. Por tanto, las capacidades de adsorcion de ciprofloxacina en el equilibrio
fueron de 32,1, 37,5y 60,0 mg/g. Estos valores se encuentran dentro del orden de magnitud
reportado por otros autores para adsorbentes derivados de precursores biomasicos y

aplicados a la eliminacién de ciprofloxacina.

4.4.3 Oxidacion humeda catalitica y no catalitica

El ensayo del proceso WAO a 140 °C y 20 bar, mostr6 una cinética de reaccion
considerablemente lenta, requiriendo un tiempo de alrededor de 1 h para eliminar menos
del 17 % de la concentracion inicial de ciprofloxacina. Ademas, durante los primeros 15
min se observa un periodo de induccion en el que apenas se produce degradacion, debido
al tiempo requerido para la generacion de una concentracion minima de radicales hidroxilo
que desencadene la reaccion. El uso del catalizador sintetizado permiti6 la eliminacién de
esta etapa en todas las reacciones CWAO consideradas, minimizando el tiempo necesario

para comenzar a degradar el contaminante.
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La temperatura es una de las variables de operacién con un efecto mas significativo en
los procesos de CWAQO, ya que la produccién de radicales libres, que inician la reaccion
de oxidacion, se incrementa a medida que lo hace latemperatura. Este hecho podria deberse
a la contribucion de dos factores, la influencia en la constante cinética y la solubilidad del
oxigeno en el medio acuoso, es decir, la concentracion de uno de los reactivos. Segun la
bibliografia, la solubilidad del oxigeno en agua por encima de 100 °C y a alta presién
muestra una tendencia creciente al aumentar la temperatura. Este comportamiento es cada
vez mas notable a presiones mas elevadas. No obstante, la solubilidad del oxigeno a 20 bar
muestra un ligero aumento entre 120 °C (54,7 mg O2/L) y 160 °C (67,4 mg O2/L), por lo
que podria pensarse que el efecto de la temperatura tiene un mayor efecto sobre la constante

cinética que sobre la concentracion del agente oxidante.

El andlisis de este pardmetro se realiz6 variando la temperatura entre 120 y 180 °C, y
manteniendo constantes la presion total (20 bar) y la dosis de catalizador (0,7 g/L). El
proceso catalitico mostrd una pequefia eliminacién a tiempo cero de reaccion, lo que podria
deberse a la contribucién tanto de la degradacidn térmica como de la adsorcién durante el
tiempo de acondicionamiento. Sin embargo, el andlisis de la muestra a tiempo cero
mediante LC-MS no detecté compuestos de degradacién térmica por lo que la eliminacion
del antibidtico en el medio acuoso Unicamente se debio a la adsorcion. La concentracion
de antibiotico alcanzo valores cercanos al 20 % de su valor inicial a los 15, 30 y 60 min,
para temperaturas de 160, 140 y 120 °C, respectivamente. Esta diferencia fue mas
pronunciada a altas conversiones y 120 °C, alcanzando una eliminacién del 95 % a las 3 h
de reaccion, mientras que a las otras temperaturas ensayadas se alcanzaron valores
superiores al 99 % entre 1y 2 h antes. Aungue un aumento de la temperatura favorece la
conversion de ciprofloxacina, ocurre lo contrario con el carbono organico total. Por tanto,
a pesar de que la concentracion a 180 min fue muy similar a las tres temperaturas, un
aumento de la concentracion de carbono organico se tradujo en una menor selectividad
hacia COg, es decir, una menor mineralizacion del farmaco. Este comportamiento podria
deberse a una modificacion de la ruta de reaccién o a un aumento de la velocidad de
produccion de algun intermedio altamente recalcitrante. Después de 180 min, el pH final
se mantuvo constante en el intervalo 3,9-4,2. Teniendo en cuenta los aspectos mencionados

anteriormente, la temperatura 6ptima para el proceso fue 140 °C.
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4.4 Publicacién 4: Procesos WAO, CWAOQ y de adsorcion para la eliminacion de ciprofloxacina

El equilibrio gas-liquido también es funcion de la presion, por lo que la eliminacion
de ciprofloxacina podria verse afectada. Concretamente, la solubilidad del oxigeno en agua
oscila entre 29,8 y 89,4 mg O/L para una presion total de 10 y 30 bar a 140 °C,
respectivamente. La degradacion del antibiotico mostré una ligera mejora con el aumento
de la presion total, aunque podria considerarse despreciable para el intervalo de presiones
evaluado. Es decir, la conversion no parece depender de la concentracion de oxigeno
disuelto, al menos en el intervalo considerado. Este comportamiento valida lo mencionado
en el estudio de la temperatura sobre su influencia mayoritaria en la constante cinética, y
no tanto sobre la concentracion de oxigeno disuelto, pues la variacion de la solubilidad del
oxigeno entre 120 y 160 °C a 20 bar se encuentra dentro de los valores obtenidos entre 10
y 30 bar a 140 °C. La presion también tuvo un efecto poco significativo sobre la conversion
de carbono organico total, la selectividad a COz, la velocidad de reaccion inicial y el pH
final. La presion 6ptima se fijo en 20 bar, ya que un aumento de este parametro no mejord

sustancialmente la degradacion de ciprofloxacina.

La dosis de catalizador se estudié en el intervalo de 0,1-0,7 g/L, mostrando un impacto
significativo en la eliminacion del antibiotico. El aumento de la dosis gener6 un incremento
tanto en la degradacion del farmaco como del carbono orgéanico total, siendo méas notable
para valores superiores a 0,10 g/L. Tras 1 h de reaccién, se alcanzaron concentraciones
relativas proximas a 0,65, 0,27 y 0,08 empleando dosis de catalizador de 0,1, 0,3y 0,7 g/L,
respectivamente. Segln esta tendencia, concentraciones de catalizador por encima de 0,7

g/L no compensarian la ligera mejora en la eliminacion del compuesto.

La velocidad inicial de reaccion se redujo al aumentar la dosis, lo que podria deberse
a la disminucion de la concentracion de ciprofloxacina en el fluido como resultado de la
mayor contribucién de adsorcién. Ademas, los procesos CWAQO ocurren por via
radicalaria. En este sentido, si la reaccién se produjera so6lo en la superficie del catalizador,
la velocidad de reaccion por unidad de masa de catalizador seria independiente de la dosis.
La dependencia de la velocidad con la concentracion de catalizador, segun un orden menor
a la unidad, indicaria una combinacion de mecanismos radicalarios homogéneos y

heterogéneos, como se ha discutido en la bibliografia.
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CAPITULO IV: Resultados

En todos los estudios realizados, el catalizador mostré una lixiviacion de hierro inferior
a 0,024 mg/L y el pH final del medio de reaccion alcanzé valores entre 4 y 5, es decir,
ligeramente mas acido que el inicial. Esto evidenciaria la formacion de &cidos de cadena
corta refractarios a los procesos de oxidacion. Los ensayos en agua de rio mostraron una
adsorcion inicial y conversiones ligeramente inferiores, debido a la presencia de otros
contaminantes organicos que compiten con la ciprofloxacina. Es decir, en el proceso
CWADO, los radicales hidroxilo generados intervienen en la oxidacién de otros compuestos
existentes en la matriz real. Las tres reutilizaciones del catalizador en matrices reales
confirmaron su elevada estabilidad. Durante el primer ciclo, se alcanzé una conversién del
94 %, es decir, un 2 % inferior a la obtenida con el catalizador fresco. Para el sequndo y el

tercero, la eliminacion a 120 min fue del 90 y 87 %, respectivamente.

El modelado cinético de la reaccion se realiz6 mediante una expresién de tipo
potencial, definiendo también un pardmetro denominado “concentracién inicial efectiva”
que contemplara la contribucién de la adsorcion durante el tiempo de acondicionamiento.
El ajuste obtenido no solo ofreci6 un valor elevado de R?, sino que mostré desviaciones
pequefias, aleatorias y no sisteméticas de los datos experimentales con respecto a los
predichos. La pequefia influencia de la presion total en el proceso gener6 un orden parcial
préximo a cero (m = 0,13). El orden de la dosis de catalizador fue inferior a la unidad
(z =0,2), estando dentro de los valores encontrados en la literatura para procesos CWAO
similares y teniendo en cuenta tanto las contribuciones heterogéneas como homogéneas en
el proceso de reaccion. La energia de activacion del proceso catalitico (53,8 kJ/mol) se
encontré muy préxima a la reportada para otros catalizadores con metales mas costosos y
toxicos que el hierro (alrededor de 40 kJ/mol empleando rutenio y platino). Por tanto, el
enfoque propuesto en este estudio no s6lo permitio la valorizacién de un residuo como son
los lodos de depuradora, sino que el material sintetizado mostré una actividad catalitica y
pérdida de la fase activa comparable a la obtenida para catalizadores basados en metales
nobles. Asimismo, el uso del catalizador disminuyé la energia de activacion del proceso de

oxidacion humeda no catalitica de ciprofloxacina (70 kJ/mol).
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CAPI’TULO V

Conclusiones

La presente Tesis Doctoral ha contribuido a la elaboracion de un marco de procesos
de eliminacion de contaminantes emergentes en disolucion acuosa. De esta forma, se ha
propuesto y desarrollado una serie de metodologias técnicamente viables que permiten
establecer una ingenieria quimica basica general, a fin de abordar uno de los problemas
medioambientales que méas impacto social, politico, econdmico y medioambiental esta

generando. La estructuracion del contenido se ha realizado de la siguiente forma:
. Publicacion 1: Extraccion liquido-liquido de pesticidas neonicotinoides.
. Publicacion 2: Extraccion liquido-liquido de antibioticos.

. Publicacion 3: Procesos CWPO y de adsorcion para la eliminacion de

ciprofloxacina.

. Publicacion 4: Procesos WAO, CWAO vy de adsorcion para la eliminacion de

ciprofloxacina.

. Futuras investigaciones.
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CAPITULO V: Conclusiones

5.1 Publicacion 1: Extraccion liguido-liquido
de pesticidas neonicotinoides

El crecimiento de la industria de los pesticidas ha promovido la presencia de estos
contaminantes emergentes en el medio acuatico. Esta investigacion se centra en la
extraccion liquido-liquido de tres pesticidas neonicotinoides (acetamiprid, imidacloprid y
tiametoxam) en matrices acuosas mediante el uso de disolventes alternativos, como los
terpenoides y disolventes eutécticos, que presentan un menor impacto medioambiental. La
seleccion inicial, se realizé6 mediante simulacion molecular con la metodologia COSMO-
RS. Las pruebas experimentales de extraccion mostraron resultados prometedores,
alcanzandose rendimientos de extraccién para los terpenos puros considerablemente
superiores a los convencionales, mientras que esta diferencia fue ligeramente menor en el
caso de los disolventes eutécticos. Concretamente, el carvacrol mostré rendimientos
préximos al 95 % para el tiametoxam y superiores al 98 y 99 % para el imidacloprid y el
acetamiprid, respectivamente, a una relacion S/F de 0,1, una temperatura de 30 °C y matriz
de agua ultrapura. Ademas, el efecto de la matriz, el pH del alimento y la temperatura no
fueron significativos para la extraccion de pesticidas con este terpenoide.

5.2 Publicacion 2: Extraccion liquido-liquido
de antibioticos

En este estudio se ha propuesto la extraccion liquido-liquido multicomponente de tres
de los antibidticos (ciprofloxacino, trimetoprima y sulfametoxazol) incluidos en las Listas
de Observacion de la Unidn Europea, utilizando terpenoides y mezclas eutécticas. A partir
de los coeficientes de actividad a dilucion infinita, estimados con la metodologia COSMO-
RS, se realizo un cribado inicial de los disolventes de extraccion. Los terpenoides y las
mezclas eutécticas presentaron rendimientos globales de extraccion considerablemente
superiores a los obtenidos con los disolventes convencionales, para cualquier pH y matriz
acuosa. Sin embargo, ningun valor de pH permitié alcanzar el éptimo para la extraccion

simultanea de los tres antibidticos, que vario segun sus equilibrios de disociacion. Aunque
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5.3 Publicacion 3: Procesos CWPOQO y de adsorcion para la eliminacion de ciprofloxacina

los disolventes eutécticos mostraron una menor sensibilidad a los cambios de pH en el
alimento, el carvacrol se posiciond como el extractante mas favorable, ofreciendo
rendimientos del 98,9, 995 y 97,0 % para la trimetoprima, ciprofloxacina vy
sulfametoxazol, respectivamente, empleando matrices reales a pH 5,0 y relacién S/F 1,00.
Ademas, las pérdidas de disolvente en la fase acuosa fueron sustancialmente inferiores a
las encontradas con los compuestos organicos convencionales. Los ensayos realizados en
columnas de extraccion, empleando tiempos de residencia bajos, mostraron que no existe
limitacion a la transferencia de materia. También se evaluo con éxito la reutilizacion del
carvacrol durante cinco etapas consecutivas y su recuperacion mediante un evaporador
rotatorio a 164 °Cy 20 mbar.

5.3 Publicacion 3: Procesos CWPO y de
adsorcion para la eliminacion de
ciprofloxacina

En este articulo se abordé la valorizacién de lodos de depuradora mediante procesos
piroliticos para producir materiales carbonosos con propiedades adsorbentes y/o cataliticas,
que pudieran ser aplicados en la eliminacion de contaminantes emergentes. En este sentido,
el uso de lodos de depuradora como precursor biomasico promovi6 la generacion de una
gran variedad de grupos funcionales en su superficie. Todos los materiales exhibieron una
combinacion de isotermas de adsorcion-desorcion de nitrogeno tipo I-1V, con ciclos de
histéresis tipo H3-H4. El tamafio medio de poro indicd una naturaleza mesoporosa, con
una contribucion moderada de la microporosidad. Las areas superficiales BET oscilaron
entre 397 y 713 m?/g.

Los materiales mostraron capacidades de adsorcién en el intervalo 40,4-73,9 mg/g,
siendo el sintetizado con el haluro de niquel como agente activante el més bajo. Este tltimo,
también se caracterizd por una actividad catalitica en procesos CWPO significativamente
baja, en comparacion con el producido con FeCls. Aunque el catalizador bimetalico de
hierro y niquel presenté un mayor contenido en hierro que el Industrial-Fe y una mayor

actividad catalitica, la lixiviacién de metales fue considerablemente mas elevada.
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CAPITULO V: Conclusiones

5.4 Publicacion 4: Procesos WAO, CWAQO y
de adsorcion para la eliminacion de
ciprofloxacina

Esta investigacion propone la eliminacion de ciprofloxacina empleando materiales
carbonosos sintetizados a partir de lodos de depuradora que puedan ser aplicados en
procesos CWAQO. La sintesis de los biocarbones, mediante activacion quimica con FeCls,
proporciond materiales con un contenido en hierro y unas propiedades texturales y
morfologicas adecuadas para su aplicacion en este tipo de procesos. Concretamente, el
catalizador de hierro mostro una elevada actividad catalitica, oxidando el contaminante
emergente casi por completo tras 2 h de reaccion y bajo las siguientes condiciones de
operacion: 140 °C, 20 bar y 0,7 gcataiizador/L. La temperatura de reaccion y la dosis de
catalizador mostraron una influencia significativa, mientras que la presion total no parecid
ser relevante en el intervalo analizado. El hierro lixiviado en el medio de reaccion revelo
una baja pérdida de la fase activa, mostrando valores inferiores a 0,024 mg/L. La propuesta
de un modelo cinético de tipo potencial describi6 con éxito los resultados experimentales,
alcanzandose un valor de R? de 0,990. El material sintetizado también presentd una
actividad comparable a la reportada en la literatura para otros catalizadores basados en
metales nobles. La viabilidad técnica del proceso se verificd a través de su eficacia con

matrices reales y en ciclos consecutivos de reutilizacion del catalizador.

5.5 Futuras investigaciones

Las investigaciones incluidas en esta memoria han puesto de manifiesto la gran
eficacia que presentan los procesos de extraccion liquido-liquido, adsorcion, oxidacion
humeda y oxidacién promovida por perdxido de hidrogeno para la eliminacion de

contaminantes emergentes. Sin embargo, todavia queda un largo recorrido en este campo.
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5.5 Futuras investigaciones

En este sentido, y como continuacion a los hallazgos discutidos en las publicaciones
recogidas en este documento, se encuentran en fase de estudio y/o publicacion los
siguientes aspectos:

o Aplicacion de materiales carbonosos procedentes de biomasa en procesos CWPO
para la degradacion de pesticidas neonicotinoides, como el acetamiprid,

imidacloprid y tiametoxam.

o Empleo de otros adsorbentes, como los materiales arcillosos, para la eliminacion

de ciprofloxacina en disolucion acuosa.

o Evaluacion de otros agentes activantes, como el ZnClz o el KOH, en la sintesis de
materiales carbonosos a partir de lodos de depuradora de diferente procedencia,
aplicandolos en procesos de adsorcion y catélisis para el tratamiento de

contaminantes emergentes.

. Empleo de terpenos y disolventes eutécticos para la extraccion multicomponente
con multiples grupos de farmacos (como los analgésicos, antibioticos,
antidepresivos o reguladores de presion), analizando otras variables como la

extraccion en contracorriente y la reutilizacion y regeneracion del disolvente.

o Escalado de los diferentes tratamientos desarrollados y evaluacion econémica de

los mismos.
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ANexos

En este capitulo se recogen los articulos cientificos que forman parte del cuerpo de la
presente Tesis Doctoral, y que se encuentran publicados en revistas de alto impacto. De
esta forma, se valida, no solo la relevancia y la innovacion de esta memoria, sino también

la calidad de los resultados obtenidos.

El listado de las cuatro publicaciones que se han ido abordando a lo largo del
documento, y cuyo acceso se encuentra tambien disponible a través de las plataformas

digitales de las revistas, es el siguiente:

Publicacion 1

Gutiérrez-Sanchez, P., Navarro, P., Alvarez-Torrellas, S., Garcia, J., & Larriba, M.
(2022). Extraction of neonicotinoid pesticides from aquatic environmental matrices with
sustainable terpenoids and eutectic solvents. Separation and Purification Technology,
302, 122148. Factor de impacto: 9.136 (Q1). DOI: 10.1016/J.SEPPUR.2022.122148
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Torrellas, S., Garcia, J., & Larriba, M. (2022). Extraction of antibiotics identified in the
EU Watch List 2020 from hospital wastewater using hydrophobic eutectic solvents and
terpenoids. Separation and Purification Technology, 282, 120117. Factor de impacto:
9.136 (Q1). DOI: 10.1016/j.seppur.2021.120117
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Gutiérrez-Sanchez, P., Alvarez-Torrellas, S., Larriba, M., Victoria Gil, M., Garrido-
Zoido, J. M., & Garcia, J. (2023). Influence of transition metal-based activating agent
on the properties and catalytic activity of sewage sludge-derived catalysts. Insights on
mechanism, DFT calculation and degradation pathways. Journal of Molecular Liquids,
381, 121840. Factor de impacto: 6.633 (Q1). DOI: 10.1016/J.MOLLI1Q.2023.121840
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Gutiérrez-Sanchez, P., Alvarez-Torrellas, S., Larriba, M., Gil, M. V., Garrido-
Zoido, J. M., & Garcia, J. (2023). Efficient removal of antibiotic ciprofloxacin by
catalytic wet air oxidation using sewage sludge-based catalysts: Degradation
mechanism by DFT studies. Journal of Environmental Chemical Engineering, 11(2),
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ARTICLE INFO ABSTRACT

Keywords: The potential environmental impact and adverse effects of the occumrence of pesticides in the aquatic environ-
Neonicotinoid pesticides ment have raised great social and political concern, leading to their control by means of several regulations, such
Terpenoids

as the European Directive 98/83/EC. In this regard, the three neonicotinoid pesticides analyzed in this work
(acetamiprid, imidacloprid, and thiamethoxam) have been included in the surface water European Watch Lists
under the Water Framework Directive. This research proposes the use of terpenoid-based solvents for the
extraction of the three emerging contaminants previously mentioned. An initial screening of the extraction
solvents was carried out through the COSMO-RS methodology, selecting the most favourable pure terpenes,
eutectic terpenoid-based and conventional solvents. Furthermore, relevant issues were experimentally analyzed,
such as extraction in more realistic multicomponent mixtures together with key parametric studies covering
operating temperature and matrix influence. Carvacrol, a pure terpenoid not applied before as an extraction
solvent of pesticides, has been revealed as an effective and sustainable substitute for conventional solvents for the
first time to the best of our knowledge. Specifically, carvacrol exhibited overall extraction yields of around 97.5
% from a river water matrix at a volumetric S/F ratio of 0.1 and 303.2 K. High extraction yields from river water
matrices regardless of temperature pointed to the potential of this solvent for a wide range of industrial
application.

Eutectic solvents
Liquid-liquid extraction
River water matrix

1. Introduction context, the so-called neonicotinoid or pyrethroid pesticides, whose

application rates (0.01 and 0.1 kg/ha) are considerably lower than those

In recent decades, plant protection products have played a key role in
sustainable food production and in the elimination of insect-borne dis-
eases. Consequently, the pesticide industry has experienced exceptional
growth since the 1980 s and has increased the presence of these pol-
lutants in both surface water and groundwater [1]. According to the
literature, the concentration of pesticides in wastewaters ranges from
0.1 to 107 mg/L [2].

The pesticide market has evolved significantly since the first inor-
ganic, botanical or simple aliphatic compounds, reducing crop losses
from 42 to 9 %. Despite these benefits, their massive use has led to a
major impact on the environment, ranking as one of the main emerging
pollutants [1,3,4]. Thus, great efforts have been made over the last few
years to develop new plant protection compounds presenting lower
application rates, persistence and toxicity to non-target species. In this

* Corresponding author. Tel.: +34 91 394 4135.
E-mail address: marcoslarriba@ucm.es (M. Larriba).

022.122148

https://doi.org/10.1016/j.seppur.2

of organochlorine compounds (3 kg/ha), have been introduced more
recently [5,6]. Their success can also be attributed to their low toxicity
to vertebrates, their high toxicity to insects, their flexibility in applica-
tion methods and their systemic activity [4,7].

The growing social concern about the occurrence of these pollutants,
for which information is still scarce, is leading to the development of
new regulations. For instance, under Directive 2000/60/EC, contami-
nants for which limited information is available but suspected to pose a
significant risk have been included in the named European Watch Lists.
The increasing relevance of neonicotinoid pesticides and their presence
on the European Watch Lists have tumed the spotlight on them [3].

Neonicotinoid pesticides are a new type of neurotoxic compound
whose mode of action is similar to that of nicotine. Based on the phar-
macophore of their chemical structure, they are classified into
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nitroenamines, N-nitroguanidines, and N-cyanoamidines. In addition,
they are either cyclic or open-chain compounds. Imidacloprid and
thiamethoxam, both presenting cyclic structures, belong to the group of
N-nitroguanidines. Acetamiprid, presenting an open-chain structure, is
in the N-cyanoamidine group [9.10].

Conventional methods for wastewater treatment are generally inef-
fective for removing some micropollutants, such as pesticides. However,
their potential adverse health effects, even at very low concentrations,
impose interest in developing ad hoc water treatments for these com-
pounds. A wide variety of physical, chemical and biological techniques
have been proposed in the literature for the removal of pesticides in
aqueous solution: advanced oxidation processes, chlorination, mem-
brane bioreactors, adsorption, membrane filtration or extraction pro-
cesses [2,11-19].

Liquid-liquid extraction is effective for the separation of pesticides in
an aqueous solution. However, it presents some drawbacks, such as the
use of large doses of solvents, which may cause a severe impact on the
environment when they are partially soluble in water [20-23]. For this
reason, the search for natural and eco-friendly solvents is essential for
the sustainable application of this technique. In this context, the present
article proposes the application of terpenes, terpenoids, and their
eutectic mixtures, as alternative extraction solvents.

Terpenes and terpenoids are natural products that have a recurrent
isoprene skeleton. The difference between both groups of compounds
lies in the presence or not of oxygen atoms in their chemical structure.
That is, while terpenoids are simple hydrocarbons, terpenoids are their
oxygenated derivatives. However, both terms are generally used indis-
tinctly. Terpenoids may be classified according to the number of carbon
atoms into hemiterpenoids (C5), monoterpenoids (C10), sesquiterpe-
noids (C15), diterpenoids (C20), sesterterpenoids (C25), triterpenoids
(C30), sesquarterpenoids (C35), tetraterpenoids (C40) and poly-
terpenoids (C > 40) [24,25].

Terpenes and terpenoids can be considered renewable due to their
biomass origin, also presenting a lower hazard and environmental
impact. For instance, carvacrol has been used in ships™ ballast water
management systems, proving its natural degradation and minimising
its environmental impact. This terpenoid has also been proposed as a
functional agent for a wide range of health benefits, such as food pre-
servative due to its antimicrobial and antioxidant properties. The use of
terpenes and terpenoids as solvents in extraction processes is relatively
recent, with only 46 articles published in the literature in 2020.
Furthermore, although there is a wide variety of terpenes and terpe-
noids, only a few have been studied in the literature [26-29].

In this research, the experimental application of pure terpenoids,
such as carvacrol and thymol, for the extraction of three neonicotinoid
pesticides, acetamiprid, imidacloprid, and thiamethoxam, is proposed
after their selection by molecular simulation screenings using COSMO-
RS. The utilization of pure terpenoids has not been previously re-
ported in the literature for the removal of these types of emerging
contaminants. Terpenoid-based eutectic solvents, i.e., mixtures whose
melting temperature is lower than that of the pure components, have
also been tested experimentally [30-32].

2. Experimental section
2.1. Solvent screening with the COSMO-RS method.

Several solvents were screened using the Conductor-like Screening
Model for Real Solvents (COSMO-RS) approach. Turbomole 7.4 software
was used to optimize the molecules of the pesticides and terpenoids,
selecting COSMO continuum solvation method with a BP86/TZVP
computational level using solvent effect by a single point calculation.
The full information of the optimized molecule is stored in a *.cosmo
file, which makes them available in COSMOtherm software, version
19.0.4, for predicting purposes [33]. The affinity of each extractant was
evaluated by calculating the activity coefficients and excess enthalpies
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by contributions, namely hydrogen bonding, Van der Waals and elec-
trostatic misfit, of acetamiprid, imidacloprid, and thiamethoxam at
infinite dilution and 323,15 K in a wide list of terpenoids, hydrophobic
eutectic solvents and conventional solvents. The mole fraction of the
pesticide in each solvent was 5-10-5 for the simulations, which ensured
the infinite dilution region [34]. As previously reported by other au-
thors, the eutectic solvents were simulated as a mixture of two different
compounds at the eutectic composition [35-39]. According to the pKa
values shown in Table 51 of the Supplementary Material, the pesticides
considered are in their neutral form in most of the pH range [40-44].
Therefore, the simulations were carried out considering this fact.

2.2. Chemicals

The compounds selected as suitable extractants with the COSMO-RS
approach were two terpenoids (thymol and carvacrol), three eutectic
solvents (thymol + octanoic acid, thymol + decanoic acid, and thymol
+ dodecanoic acid), and two conventional solvents (ethyl acetate and
methyl isobutyl ketone). These solvents and the three neonicotinoid
pesticides considered (acetamiprid, imidacloprid, and thiamethoxam)
are detailed in Table 52 of the Supplementary Material. This includes
suppliers, chemical structures, purities, and melting temperatures (Tm).

The aqueous solutions were prepared with both ultrapure water from
PURELAB® Flex Water Purification System (Veolia) and a river water
sample collected in the Manzanares river (Madrid, Spain). The charac-
terization of the latter, which could be considered an environmentally-
relevant aqueous matrix, is summarized in Table 1. The total organic
carbon, total carbon and total nitrogen content were measured by a
Shimadzu TOC-V CPH analyzer. The conductivity and pH were deter-
mined with a Mettler Toledo conductivity meter and a 2002 Crison pH
meter. These values are within the range published in the literature for
this kind of surface water [45-47].

2.3. Preparation of eutectic solvents and pesticides aqueous solutions.

The three eutectic solvents were prepared at the eutectic composi-
tion. For the mixtures thymol + octanoic acid, thymol + decanoic acid,
and thymol + dodecanoic acid, the thymol mole fractions are 0.33, 0.44,
and 0.56, respectively [39]. These solvents were stirred in a thermostatic
bath at 323.2 + 0.1 K until a homogeneous liquid appeared.

Monocomponent aqueous solutions of acetamiprid, imidacloprid,
and thiamethoxam at 50 mg/L were prepared with ultrapure water.
Additionally, two multicomponent solutions were prepared at 50 mg/L
of each pesticide by using both ultrapure water and river water. The pH
value of the pesticide aqueous solutions were around 5.5 and 7.0 for
ultrapure water and river water, respectively.

2.4. Liquid-liquid extraction of neonicotinoid pesticides from aqueous
solutions.

The liquid-liquid extractions were performed by contacting the
aqueous pesticide solutions previously described with the organic sol-
vents selected. The volumetric Solvent/Feed ratios (S/F) were as fol-
lows: 0.10, 0.25, 0.50, 1.00, and 2.00. Both phases were stirred for 12 h
in glass vials, maintaining the temperature constant by using a C-MAG

Table 1

Macroscopic characterization of a river water sample.
Parameters Value
pH 7.33
Chemical Oxygen Demand (mg/L) <15
Total Organic Carbon (mg/L) 3.17
Total Carbon (mg/L) 7.42
Total Nitrogen (mg/L) 0.61
Total Dissolved Solids (mg/L) 64
Conductivity at 20 °C (uS/cm) 38.21
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HS 7 dry bath (IKA). To observe the effect of this parameter in the
extraction process, two temperatures were considered, 323.2 + 0.1 K
and 303.2 + 0.1 K After mixing, the two phases were left to settle for 4
h, and a sample of each was taken for further analyze. The raffinate,
aqueous phase, was tested by using an analytical High Performance
Liquid Chromatograph VARIAN ProStar with Diode Array Detector, and
a Teknokroma chromatographic column (25 x 0,46 em; 5 pm). The
HPLC method developed consisted of a mixture (70 % acetonitrile + 30
% aqueous acetic acid solution 75 mM) as a mobile phase, a volumetric
flow rate of 0.85 mL/min, an oven temperature of 303.2 K, an injection
volume of 20 pL, and wavelengths of 223 nm and 275 nm. The retention
times were 6.8 min, 10.1 min, and 11.6 min for thiamethoxam, imida-
cloprid and acetamiprid, respectively. The limits of detection were 0.1
mg/L for thiamethoxam and acetamiprid, while for imidacloprid it was
0.05 mg/L.

Finally, the influence of the feed pH value on the extraction process
was analyzed. The pH value of the multicomponent aqueous solution
with the river water matrix was modified by adding HCl and NaOH and
the same procedure for the extraction process was repeated as above.
The modified feed pH values were 1.0; 3.0; 5.0; 7.0; and 9.0.

3. Results and discussion
3.1. Solvent screening with the COSMO-RS method.

One of the methods reported in the literature for solvent screening is
based on activity coefficients, which might be estimated by using the
COSMO-RS method [33,48-51]. In this regard, a lower infinite dilution
activity coefficient of the solute would indicate a higher affinity for the
extraction solvent. Figs. 1-2 show the infinite dilution activity co-
efficients of acetamiprid, imidacloprid, and thiamethoxam in a wide
range of terpenoids, hydrophobic eutectic solvents and conventional
solvents at 323.2 K

As shown in Fig. 1, thymol and carvacrol exhibit the lowest activity
coefficient values in the group of terpenes and terpenoids. In this study,
eleven solvents containing no heteroatoms in their hydrocarbon skel-
eton, i.e. terpenes, have been considered: myrcene, ocimene, sabinene,
limonene, phellandrene, terpinene-alfa, 3-carene, pinene-beta,

Thymol
Carvacrol
Eugenol
Verbenone
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Citral (Geranial)
Carvone
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Linalool
Umbellulone
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Safranat | B
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Thymol + Dodecanoic acid
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Fig. 2. Infinite dilution activity coefficients of acetamiprid, imidacloprid, and
thiamethoxam in several hydrophobic eutectic solvents and conventional sol-
vents at 323.2 K.

camphene, pinene-alfa and pinane. In general, these compounds seem
to have a lower affinity for the three neonicotinoid pesticides, excluding
eucalyptol, which has a lower activity coefficient for acetamiprid than
myrcene and ocimene. As shown through the excess enthalpy contri-
butions by hydrogen bonding, Van der Waals, and electrostatic in-
teractions, shown in Figures 51-53 of the Supplementary Material, the
lesser influence of hydrogen bonding and dipole-dipole interactions
could explain this behaviour for terpenes compared to terpenoids
[52-54]. Since the entropic contribution is not governing these mix-
tures, promoting hydrogen bonding interactions has been concluded as
the better strategy to promote low activity coefficients.

Eutectic solvents consisting of two terpenoids exhibit activity co-
efficients between those of pure terpenoids, as shown in Fig. 2. However,

Citronellal
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Campor | =
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Fenchone | =
Menthone
Fenchol
Menthol | =

Myrcene

Ocimene
Eucalyptol (cineole)
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Fig. 1. Infinite dilution activity coefficients of acetamiprid, imidacloprid, and thiamethoxam in several terpenoids at 323.2 K.
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it has been reported in the literature that they can show improved
experimental results compared to those predicted by molecular simu-
lation [35,37]. The eutectic mixtures with the lowest activity co-
efficients were those composed of thymol and carboxylic acids: thymol
+ octanoic acid, thymol + decanoic acid, and thymol + dodecanoic acid.

Among conventional solvents, those with the highest affinity for the
three pesticides are ethyl acetate and methyl isobutyl ketone. In both
cases, a lower compromise situation is reached compared to terpenes
and eutectic solvents.

From the infinite dilution activity coefficients estimated by molec-
ular simulation with COSMO-RS, seven extractants for the removal of
neonicotinoid pesticides have been selected: two terpenoids (carvacrol
and thymol), three eutectic mixtures (thymol + octanoic acid, thymol +
decanoic acid, and thymol + dodecanoic acid) and two conventional
solvents (ethyl acetate and methyl isobutyl ketone).

3.2. Extraction of single components from ultrapure water at 323.2 K.

The seven solvents selected in the molecular simulation stage were
tested to extract each of the three pesticides from single-component
aqueous solutions. The temperature was 323.2 K in order to ensure
that all of the solvents remained in the liquid state and to be able to
compare them under the same operating conditions. The extraction of
each pesticide was determined from its concentration in the aqueous
phase, in mg/L, before (C{{) and after the extraction (Cf}), as shown in
equation (1).

q ag
1 q/

Yid; (%) = -
’ 57

* 100 @

Figs. 3-5 show the extraction yields of imidacloprid, acetamiprid and
thiamethoxam, respectively, at 323.3 K and different volumetric S/F
ratios.

Experimental results revealed that the extraction yields of the three
neonicotinoid pesticides are very similar for the two terpenoids. The
high extraction yields with thymol and carvacrol could be due to the
presence of the hydroxyl group in their molecular structures, which
would enhance hydrogen bonding type molecular interactions. The
delocalization of electrons as a consequence of resonance in the aro-
matic ring would increase the acidity of the hydrogen present in this
group, favoring, even more, its capacity as hydrogen bond donors. This
fact, together with their capacity to behave also as hydrogen-bond ac-
ceptors, could explain the high affinity of these two terpenoids for the
three pesticides tested.

As predicted by COSMO-RS, pure terpenoids exhibited higher yields
than their eutectic mixtures. In addition, an expectable and slight in-
crease in extraction yield was observed as the alkyl chain length
increased: (thymol + octanoic acid) < (thymol + decanoic acid) <

Thymol

Carvacrol
! . . 2 QsF 2.00
‘Thymol + Octanoic acid F—‘ OS/F 1.00
f H | /F 0.50
Thymol + Decanoic acid - BS/F0.25
- 3 } ] BSFO.10
Thymol + Dodecanoic acid !—'
Ethyl acetate r—'—'
MIBK r—'—'
0 20 40 60 80 100

Extraction Yield of Thiamethoxam (%)

Fig. 3. Extraction yields of thiamethoxam from ultrapure water at 323.2 Kand
several volumetric S/F ratios.
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Thymol + Dodecanoic acid

Ethyl acetate

MIBK

i

20 40 60 80 100
Extraction Yield of Acetamiprid (%)

Fig. 4. Extraction yields of acetamiprid from ultrapure water at 323.2 K and
several volumetric S/F ratios.
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”
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Fig. 5. Extraction yields of imidacloprid from ultrapure water at 323.2 K and
several volumetric S/F ratios.

(thymol + dodecanoic acid). Specifically, thiamethoxam is the pesticide
with the most pronounced variation.

Inthe literature, only a limited number of terpenes and terpenoids, in
the form of eutectic mixtures, have been reported to be used to extract
pesticides. However, applying these extraction solvents as pure agents
has not been studied so far [29,55-57]. The relatively recent use of these
compounds in extraction processes, together with the novel character of
neonicotinoid pesticides, highlights the relevance of research in this
field.

Florindo et al. (2017) proposed the use of hydrophobic eutectic
solvents formed by natural organic acids (octanoic, decanoic and
dodecanoic acids) and the terpenoid pL-menthol. In that study, the
eutectic solvents that presented the highest extraction yields allowed the
removal of 75 %, 70 % and 40 % for acetamiprid, imidacloprid, and
thiamethoxam, respectively, using an S/F ratio of 1.00 [57]. However,
under the same operating conditions, the eutectic solvents suggested in
the present investigation (thymol + carboxylic acids) allow to achieve
yields of 98.6-99.6 %, 96.4-98.4 %, and 77.5-89.7 % for acetamiprid,
imidacloprid, and thiamethoxam, respectively. Therefore, thymol ap-
pears to formulate eutectic solvents capable of extracting a greater
amount of pesticide from an aqueous solution. Although the eutectic
solvents described in this study achieve higher yields than those re-
ported in the literature so far, the use of pure terpenoids exhibited even
more favorable results and avoided the use of a binary solvent. That is,
both thymol and carvacrol exhibited extraction yields higher than 99.6
%, 99.4 and 97.6 % for acetamiprid, imidacloprid, and thiamethoxam,
respectively.

Conventional solvents seem to be the most unsuitable compounds for



7.1 Publicacion 1

P. Gutiérrez-Sanchez et al.

the extraction of neonicotinoid pesticides, as evidenced by their low
yields even at high S/F ratios. This could be due to the fact that, unlike
terpenoids, MIBK and ethyl acetate are characterized by behaving only
as hydrogen-bond acceptors, i. e. they do not possess acidic hydrogens
attached to an element of high electronegativity. As shown in the
chemical structures of Table 52, all three pesticides act as hydrogen
bond acceptors, and only imidacloprid has a hydrogen atom bonded to
an element electronegative enough to act as a hydrogen bond donor.
This would imply less impact on the intermolecular interactions be-
tween these solvents and the neonicotinoid pesticides. Thus, the
extraction capacity of conventional solvents would not be due to
hydrogen bond formation so much as to other types of intermolecular
interactions, such as Van der Waals and electrostatic interactions.

In addition, the influence of the S/F ratio increases in the following
order: terpenes < eutectic solvents < conventional solvents. In this re-
gard, pure terpenes seem to present lower solvent requirements
compared to their eutectic mixtures to achieve similar yields. This dif-
ference is considerably greater for conventional solvents. Although the
prices of the terpenoids (carvacrol 10-25 $/kg [58] and thymol 9-11
$/kg [591) may be higher than those of conventional solvents (MIBK
1.0-1.5 $/kg [37] and ethyl acetate 1.3 $/kg [60]), the very low S/F
ratio required to achieve extraction yields above 90 %, coupled with
their low toxicity and solvent losses, places them in a more favorable
status for the application in terms of both holdup costs and operating
costs, respectively.

In fact, the losses of the extraction solvent in the aqueous phase were
considerably higher for conventional solvents, reaching values around
1.52 wt% and 10.18 wt% for MIBK and ethyl acetate, respectively.
Concerning the pure terpenes, carvacrol showed a solubility in the raf-
finate of 0.17 wt%, while thymol 0.25 wt%. As reported in the literature,
the eutectic solvents comprising thymol + carboxylic acid presented
lower thymol losses in water than the pure terpene, obtaining values
lower than 0.10 wt% [61].

As previously discussed, both terpenes and eutectic solvents are more
suitable than conventional ones. In particular, carvacrol seems to exhibit
the most favourable conditions, not only because of its high extraction
yields and low losses to water but also because it has a melting tem-
perature that allows extraction at room temperature, see Table S2. The
latter would avoid the energy costs associated with heating. Therefore,
carvacrol has been selected to be assessed in a multicomponent extrac-
tion process, also analyzing the effect of the matrix and the influence of
temperature.

3.3. Multicomponent extraction: Matrix effect and temperature influence.

The results from individual extractions led to the study of new issues,
which are closely related to the implementation of the process on an
industrial scale. One of them is the proof of the extraction efficiency
from multicomponent aqueous solutions since more than one type of
neonicotinoid pesticide is likely to be present in the real matrices. This
was accomplished by calculating the extraction yields of each pesticide

according to equation (1), and also the overall extraction yields ac-
cording to equation (2):
I (or ko)

Yldoverar (%) = 100 @

poiiter]

where C[{ and C.f} are the concentrations of each pesticide in the

aqueous phase, in mg/L, before and after the extraction.

In addition, it is worth studying the effect of the matrix on the
extraction process, comparing the feasibility of this technology in
aqueous solutions prepared with ultrapure water and with an environ-
mentally relevant resource such as river water, where this type of
emerging pollutants can be found. On the other hand, the high extrac-
tion yields obtained in extractions of single components at 323.2 K using
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the carvacrol as solvent highlight the importance of evaluating the
extraction process at 303.2 K (a more representative room temperature),
which would avoid the possible energy costs associated to heating
conditioning.

The multicomponent extraction yields from ultrapure water and
from a river water matrix by using carvacrol and MIBK at S/F 0.10 and
two temperatures, 323.2 K and 303.2 K are shown in Fig. 6. The results
obtained for the S/F ratios 0.25, 0.50, 1.00 and 2.00 are given in
Figures S4- S7 in the Supplementary Material.

Concerning the influence of temperature, a slight increase in indi-
vidual and overall extraction yields was observed with decreasing
temperature for both carvacrol and MIBK. This would favor the multi-
component extraction process at a more representative room tempera-
ture, i.e., around 303.2 K. This would also avoid the energy requirement
associated with heating conditioning and minimize operating costs if the
process developed in this article were scaled up.

Moreover, the effect of the matrix showed different trends depending
on the pesticide. For imidacloprid and thiamethoxam, the yields in the
river water matrix were lower than those obtained for ultrapure water.
Therefore, the solutes present in the river water matrix seem to favor the
solvation of the two neonicotinoid pesticides in the aqueous phase,
decreasing their mass transfer to the organic solvent. On the contrary,
the extraction yields of acetamiprid were higher with the river water
matrix, indicating that the solutes present in the river water matrix favor
their transfer to the organic phase due to a salting-out effect. The
behavior previously analyzed for each of the three pesticides is the same
for the two solvents analyzed, MIBK and carvacrol. However, the matrix
effect seems to be considerably lower for the terpene. In general, the
differences associated with the matrix effect appear to decrease with
increasing S/Fratio, as evidenced in Figures 54-57 of the Supplementary
Material. It should be noted that the most suitable S/F ratio for carvacrol
is 0.10, as it allows to reach overall extraction yields close to 98 %. A
higher solvent dosage would not justify the slight rise in the extraction
yield, which would increase operating and investment and costs.

Finally, comparing single versus multicomponent extraction from
ultrapure water at 323.2 K, see Figs. 3-6, scarcely any differences were
observed for carvacrol. However, MIBK achieved higher extraction
yields of each of the three pesticides in the multicomponent process
compared to single extraction. Specifically, thiamethoxam was the
neonicotinoid pesticide that showed the most significant variation when
using MIBK.

The feed pH is a further process variable that could lead to a varia-
tion in the extraction yield results. Therefore, a thorough study has been
carried out using five different feed pH values: 1.0; 3.0; 5.0; 7.0; and 9.0.
Carvacrol was selected as the extraction solvent, as it is the most suitable
for its potential to be applied on an industrial scale. Fig. 7 shows the
influence of feed pH on multicomponent extraction yields from river

100

o o N
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.Q BMIBK 303.2K
1_5 60 $o BMIBK 323.2K
= @Carvacrol 3032 K
£ OCarvacrol 3232 K
40 © River water matrix
=

20 werenes

0 !
Overall T

Fig. 6. Multicomponent extraction yields of pesticides from ultrapure water
and river water matrix by using carvacrol and MIBK at S/F 0.10 and two
temperatures, 323.2 K and 303.2 K.

121



CAPITULO VII: Anexos

P. Gutiérrez-Sanches et al.

100

98
g
3 B0verall
= @ Thiamethoxam
E 9% O Acctamiprid
£ Olmidacloprid
=
1=

94

92 L

pH 1O pH 3.0 pH5.0 pHT.0 pH 9.0

Fig. 7. Feed pH influence on multicomponent extraction yields of pesticides
from river water matrix by using carvacrol at S/F 0.10 and 303.2 K.

water matrix at S/F 0.10 and 303.2 K.

The results of this study revealed that the feed pH value has a
negligible effect on extraction yields, making carvacrol even more ver-
satile for its industrial-scale application in the extraction of neon-
icotinoid pesticides, avoiding the need to modify the feed pH to ensure
high extraction yields. Moreover, according to the pKa values of the
nenonicotinoid pesticides, shown in Table 51, the pesticides are in their
neutral form in most of the pH range. However, at pH values around 1,
the protonated (cationic) form of the three compounds increases. As
reported in the literature, charged solutes generally exhibit a stronger
interaction with water, favoring partitioning into the aqueous phase
[62-64]. Due to this fact, the extraction yields are slightly lower at feed
pH of 1. Despite the latter, carvacrol seems to stabilize both the neutral
and cationic forms without almost any variation in the extraction yields.
Finally, it should be noted that in the natural feed solution, i.e., without
pH modification, the pesticides are in their neutral form. This fact ap-
plies to the feed solution with both ultrapure water (natural feed pH =
5.5) and river water matrix (natural feed pH = 7.0).

4. Conclusions

The growth of the pesticide industry has favoured the presence of
these emerging pollutants in the aquatic environment, which also pre-
sent a potential environmental impact. This study focuses on removing
neonicotinoid pesticides in an aqueous solution by using ecological and
environmentally friendly solvents, such as terpenoid-based solvents. For
this purpose, an initial screening was performed by molecular simula-
tion with the COSMO-RS methodology, selecting two pure terpenes and
three eutectic solvents as alternatives to conventional solvents.

Experimental extraction tests showed promising results. The pure
terpenes achieved considerably higher extraction yields than the con-
ventional ones, whereas this difference was slightly smaller for the
eutectic solvents analyzed. Specifically, carvacrol exhibited extraction
yields around 95 % for thiamethoxam and above 98 % and 99 % for
imidacloprid and acetamiprid, respectively, at a volumetric S/F ratio of
0.1, 303.2 K and ultrapure water. In addition, the matrix, feed pH and
temperature effect were practically negligible for the selected terpene,
not limiting its competitive S/F ratio for the three pesticides. Carvacrol
has not been proposed so far in the literature for the removal of pesti-
cides in wastewater, opening this work a wide range of possibilities
regarding the potential of this solvent to extract neonicotinoid pesticides
from aqueous streams in an industrial context.
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Table S1. pKa values of the dissociation equilibria for acetamiprid, imidacloprid, and

thiamethoxam [40—44].

Neonicotinoid pesticide pKa
Acctamiprid 0.8
Imidacloprid 1.56-11.12

Thiamethoxam 04

Table S2. Properties of the chemicals used in this research.

Purity T Ty

Chemical Structure Supplier (WL %) (K) (K)

Neonicotinoid pesticides

CHs
o N :
Acctamiprid Qe 567 Sigma-
% N = S =
CAS n° 160430-64-8 \ YN Mgy o W0
/ CHj
c” N
Imidacloprid N Si
e N B 980 4170 -
CAS n° 138261-41-3 L J AN Aldrich
o ON
GHs Nos
Thiamethoxam, NN N Sigma-
> -
CAS n° 153719-23-4 ( Y | \>-CI Aldrich 2980 2
O N s
Extraction solvents
Carvacrol, HO Sigma-
>
CAS n® 499-75-2 Aldrich 2980 264 SR
Thymol, Sigma-
>
CAS n° 89-83-8 Aldrich 2l e B
OH
Dodecanoic acid, o Sigma-

Q
CAS n° 143-07-7 /\/\/\/\/\')J\OH Aldrich &0 alfe il

Dccanoic acid, o Sigma-

. > 98, 3022 5422
CAS n° 334-48-5 sy Atdgh 000
Octanoic acid Q Sigma-
: >98. 2 510
CAS n° 124-07-2 /\/\/\)J\OH Aldrich Ll e
Ethyl acetate, %
S
Fhpsioal et )J\O/\ Fluka 995  189.5  350.1
Methyl isobutyl ketone ¢
> o} .
CAS n® 108-10-1 )\)\ i’li':;zh 990 1891 3896
(MIBK)
Other chemicals
Acetonitril !
cetonitrile
d H—C—C=N > : :
CAS 1° 75-05-08 ,,'1 Scharlau  >999 2275 3548
Acctic aci 0
eslieacid, L PanRcac >997 2899 3912

CAS n° 64-19-7 HsC™ “OH
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Figure S4. Multicomponent cxtraction yiclds of pesticides from ultrapure water and river water matrix

by using carvacrol and MIBK at S/F 0.25 and two temperaturcs, 323.2 K and 303.2 K.
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Figure S5. Multicomponent extraction yields of pesticides from ultrapure water and river water matrix

by using carvacrol and MIBK at S/F 0.50 and two temperatures, 323.2 K and 303.2 K.
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Figure S6. Multicomponent extraction yields of pesticides from ultrapure water and river water matrix

by using carvacrol and MIBK at S/F 1.00 and two temperatures, 323.2 K and 303.2 K.
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Figure S7. Multicomponent extraction yields of pesticides from ultrapure water and river water matrix

by using carvacrol and MIBK at S/F 2.00 and two temperatures, 323.2 K and 303.2 K.
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ARTICLE INFO ABSTRACT

Keywords: The increasing consumption of pharmaceuticals, along with the ineffectiveness of conventional wastewater
Antibiotics treatment, has resulted in an increased presence of these pollutants in both drinking water supplies and aquatic
Terpenoids

environments. The potential adverse health effects and environmental impact of these chemicals are drawing the
attention of several bodies around the world. For instance, some antibiotics such as ciprofloxacin, trimethoprim,
and sulfamethoxazole have been included in the most recent European Surface Water Watch List under the EU
Water Framework Directive (Decision 2020/1161). The present work proposes the use of terpenoids and eutectic
solvents, as effective and green solvents with low toxicity, for multicomponent liquid-liquid extraction of cip-
rofloxacin, trimethoprim, and sulfamethoxazole from ultrapure water and hospital wastewater. The COSMO-RS
method was used for a predictive initial solvent screening. Thymol, carvacrol, eutectic solvents (thymol + fatty
acids), and conventional solvents (methyl isobutyl ketone and ethyl acetate) were selected to be used in the
experiments. The influence of the volumetric S/F ratio, aqueous matrix, and pH was analysed. Conventional
solvents show significantly lower overall extraction yields than those observed for eutectic solvents and terpe-
noids at any pH and matrix. Carvacrol presented the most favourable conditions, reaching overall extraction
yields above 98.0% (98.9% for trimethoprim, 99.5% for ciprofloxacin, and 97.0% for sulfamethoxazole) with
hospital wastewater at pH 5.0 and S/F ratio of 1.00. Carvacrol showed a feasible operation in a continuous
extraction column at room temperature, providing effective reuse and regeneration processes in this study.

Eutectic solvents
Liquid-liquid extraction
Solvent recovery

1. Introduction

The pharmaceutical industry has played a key role in both developed
and developing countries, increasing life expectancy and having to
adapt to changing policy environments [1-2]. Pharmaceuticals are
substances used as medicinal drugs to produce a therapeutic effect,
comprising a wide variety of organic compounds: antibiotics, blood lipid
regulators, hormones, anti-inflammatory drugs, p-blockers, antiepileptic
drugs, contrast media, and cytostatic drugs [3-5].

Nowadays, antibiotics are one of the most widespread pharmaceu-
ticals all over the world, and their global consumption reaches values of
around 100,000 and 200,000 tons per year. The United States of
America stands out as one of the leading manufacturers, producing more
than 20,000 tons of antibiotics annually, 60% for human use and 40%
for veterinary applications. These compounds are used to treat bacterial

* Corresponding author.
E-mail address: marcoslarriba@ucm.es (M. Larriba).

https://doi.org/10.1016/j.seppur.2021.120117

and fungal infections and contain chemical subgroups such as macro-
lides, sulfonamides, or fluoroquinolones [5-7]. Many of them are
derived wholly or partially from certain microorganisms, but some are
synthetic [8]. So far, one of the most discussed topices related to the ef-
fects induced by pharmaceuticals is the development of antimicrobial
resistance in bacterial populations, which is favored by the exposure to
low concentrations of antibiotics [6,9-13].

In fact, pharmaceuticals are considered as one of the most critical
emerging pollutants. They are released into the environment mainly due
to their incomplete removal in Wastewater Treatment Plants (WWTP),
in addition to other sources such as hospital effluents, waste from in-
dustry and livestock, and the disposal of unused or expired pharma-
ceutical products [4,14-16]. The average concentration of antibiotics in
hospital effluents ranges from 5 to 10 times higher than that measured in
WWTP effluents [17].
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Table 1
Physicochemical properties of the compounds used in this paper [84-85].
Chemical Structure Supplier Purity (wt %) Tm (K) Ty (K)
Antibiotics
Trimethoprim Sigma-Aldrich =99 4742 =
Ciprofloxacin Sigma-Aldrich >98.0 - =
Sulfamethoxazole CHy Sigma-Aldrich > 98.0 4427 -
Q0 N/§
N
'S‘N/Ls
H
HN
Extraction solvents
Carvacrol Sigma-Aldrich >98.0 276.7 509.7
HO. | N
P
Thymol Sigma-Aldrich >99.0 3227 505.2
OH
Dodecanoic acid [¢] Sigma-Aldrich 98.0 318.2 571.2
NSNS NN Yol
Decanoic acid o Sigma-Aldrich >98.0 302.2 542.2
/\/\/\/\)LOH
Octanoic acid o Sigma-Aldrich >98.0 289.2 510.2
/\/\/\)J\OH
Ethyl acetate [e] Fluka > 99.5 189.5 350.1
)j\o/\
Methyl isobutyl ketone (MIBK) )\/11 Sigma-Aldrich 99.0 189.1 389.6
Other chemicals
Acetonitrile l|'| Scharlau >99.9 227.5 354.8
H—(I:—C—N
H
Acetic acid ﬁ PanReac >99.7 289.9 391.2
HyC™ OH
Hydrochloric acid H=C1 Fluka 37 238.2 315.2

Due to the lack of data about the possible chronic health effects
associated with the long-term ingestion of pharmaceuticals at low con-
centrations, these compounds are not either regulated or included in the
models for the assessment of water quality index [4,6,158-20]. However,
their potential environmental impact and adverse health effects have
drawn the attention of health bodies and agencies worldwide. For this
reason, antibiotics such as sulfamethoxazole, trimethoprim, and cipro-
floxacin have been included in the second and the third versions of the
EU Watch List of contaminants of emerging concern under the Water
Framework Directive [21-23].

Over the last few years, several techniques have been studied for the
removal of pharmaceuticals from wastewater, such as activated sludge
treatment [24-27], membrane bioreactor [28-32], constructed wetland
[33-37], adsorption [3,35-40], membrane filtration (ultrafiltration,
nanofiltration and reverse osmosis) [41-46], and advanced oxidation
processes (wet air oxidation; electrochemical oxidation; photolysis; ul-
trasound irradiation; heterogeneous photocatalysis; ozone and ozone/
hydrogen peroxide treatment; and Fenton oxidation) [15,18,47-511.

Liquid-liquid extraction has also been studied in the pharmaceutical
industry, although mainly applied to the isolation and purification of
pharmaceutical compounds during their production, rather than for
wastewater treatment [4,47,52,53]. This technique has traditionally
presented drawbacks, such as excessive and unsustainable consumption
of non-renewable and environmentally hazardous substances [54 55].
In this regard, terpenes and terpenoids, which are plant products derived
from the basic isoprene unit, stand out as a group of renewable solvents

[56-59]. They also show less toxicity than conventional petroleum-
based solvents [60-64]. On the other hand, eutectic solvents might
also be proposed as an emerging class of green solvents. They are a
newly discovered sort of mixtures with depression in melting points in
comparison to those for pure components, mainly due to hydrogen
bonding interactions between the compounds of the mixture [65-74].
The aim of this research is to study the behavior of terpenoids and
eutectic solvents as extractants to be used in the multicomponent
extraction of ciprofloxacin, trimethoprim, and sulfamethoxazole from
ultrapure water and hospital wastewater. As reported in the literature,
these three antibiotics are frequently detected in this sort of sewage
[75]. Making an initial selection of suitable solvents through molecular
simulation with Conductor like Screening Model for Real Solvents
(COSMO-RS) methodology, the following solvents were selected to
move on to the experimental phase: 2 terpenoids (thymol and carva-
crol), 3 hydrophobic eutectic solvents (thymol + dodecanoic acid,
thymol + decanoic acid and thymol + octanoic acid) and 2 conventional
solvents (ethyl acetate and methyl isobutyl ketone) [76,77]. In addition,
the effect of pH and aqueous matrix on the liquid-liquid extraction
process was analysed. Several experiments were carried out in vials
(batch operation) and in a packed column (continuous operation), also
evaluating the solvent reuse and recovery by vacuum distillation.

133



CAPITULO VII: Anexos

P. Gutiérrez-Sanches et al.

Table 2

Macroscopic characterization of the raw hospital wastewater [78].
Parameters Value
pH 8.5
Chemical Oxygen Demand (mg/L) 332
Total Organic Carbon (mg/L) 286
Total Nitrogen (mg/L) 90.1
Total Dissolved Solids (mg/L) 0.5
CO;% (mg/L) 365.5"
Conductivity at 20 °C (pS/cm) 2360

® Calculated from Total Inorganic Carbon measurement.

2. Experimental section
2.1. Materials

Chemical compounds used in this paper are listed in Table 1, also
detailing chemical structures, suppliers, purities, melting points (Ty,),
and boiling temperatures (T,). Ultrapure water was obtained from
PURELAB® Flex Water Purification System (Veolia).

Hospital wastewater effluent was collected from a hospital located in
the southern zone of Madrid (Spain), and its characterization is sum-
marized in Table 2 [78]. This sample was used to test the antibiotic
extraction from an environmentally-relevant aqueous matrix.

2.2. Screening of solvents using the COSMO-RS method

An initial selection of suitable solvents was performed through mo-
lecular simulation with COSMO-RS method using COSMOtherm software
(version 19.0.4). Since terpenoids are not found as conventional com-
pounds in COSMOtherm database, COSMO continuum solvation model
at the BVP86/TZVP calculation theory level was used to optimize their
geometry and build the cosmo file, whereas default BP_TZVP_19
parametrization was used to screen the solvents in COSMOtherm soft-
ware. For solvent screening, infinite dilution activity coefficients of
ciprofloxacin, trimethoprim, and sulfamethoxazole were estimated in 43
terpenoids, 11 hydrophobic eutectic solvents, and 5 conventional sol-
vents at 323.15 K, being the experimental temperature. To ensure
working in the infinite dilution region, all simulations were carried out
considering an antibiotic mole fraction of 5.10"° [79]. This approach
has been successfully used in the liquid-liquid extraction of phenols and
volatile fatty acids with terpenes, terpenoids and eutectic solvents
composed by them [80-81]. As reported in the literature, the eutectic
solvents were successfully described as a mixture of solvents at the
eutectic composition [72,80-83].

2.3. Preparation of eutectic solvents

The three eutectic solvents selected from the screening described
previously were prepared at their eutectic composition. The thymol
mole fractions used were 0.56, 0.44, and 0.33 in the mixtures (thymol +
dodecanoic acid), (thymol + decanoic acid), and (thymol + octanoic
acid), respectively. At the eutectic point, melting temperatures for the
previous eutectic solvents mentioned are 270.82, 287.00, and 306.30 K
[83]. The compounds were weighed in an analytical balance M-420 CBC
(Cobos CB-Complet, precision + 0.001 g). The mixture was melted
under stirring in a thermostatic bath at 323.2 + 0.1 K and, once a ho-
mogenous liquid mixture appeared, it was cooled to room temperature.

2.4. Preparation of multicomponent aqueous solutions of antibiotics in
ultrapure water and hospital wastewater

Firstly, a multicomponent aqueous solution of ciprofloxacin,
trimethoprim, and sulfamethoxazole was prepared at 50 mg/L of each
antibiotic in ultrapure water by using an analytical balance TE124S
(Sartorius, precision =+ 0.0001 g). This range of concentration has been
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previously reported by other authors [78,36-901. The pH of the solution
prepared in ultrapure water was measured by using a 2002 pH meter
(Crison), reaching a value of 6.5.

To test the effect of the matrix, the aqueous solution mentioned
above was also prepared using hospital wastewater, resulting in a pH of
8.0. Also, in order to study the effect of pH, two more solutions were
prepared in hospital wastewater by adjusting the pH to 6.5 and 5.0 with
hydrochlorie acid 37 wt%.

2.5. Multicomponent liquid-liquid extraction of antibiotics from water
and hospital wastewater in vial

Liquid-liquid extraction of the previously prepared aqueous solu-
tions was carried out with each of the 6 selected solvents: 2 terpenoids
(thymol and carvacrol), 3 eutectic solvents (thymol + dodecanoic acid,
thymol + decanoic acid and thymol + octanoic acid), and 2 conven-
tional solvents (MIBK and ethyl acetate). Feed and solvent were mixed
according to the following volumetric solvent/feed (S/F) ratios: 2.00,
1.00, 0.50, 0.25, and 0.10. Both phases were placed in 8 mL glass vials
with magnetic stirring in a C-MAG HS 7 dry bath (IKA) at 323.2 + 0.1 K
for 12 h, time to ensure equilibrium conditions. This temperature was
selected to ensure the liquid state of the 6 extraction solvents and to
compare the results obtained under the same operating conditions. After
4 h stirring, the two phases were settled and sampled using glass Pasteur
pipettes, maintaining a constant temperature of 323.2 + 0.1 K for all the
steps. The concentration of the organic compounds in the raffinate
(aqueous phase at the bottom of the vial) was determined by using an
analytical High Performance Liquid Chromatograph 1260 Infinity II
with Diode Array Detector (Agilent), and a Poroshell 120 EC-C18
chromatographic column (4.6 x 150 mm, 4 ym). Thus, a mobile phase
consisting of a mixture of acetonitrile and an aqueous acetic acid solu-
tion 75 mM was used. The volumetric flow rate was 0.9 mL/min and the
column temperature was set at 313.2 K. The wavelengths to measure the
concentration of antibiotics and organic solvents in the raffinate phase
were 233 nm and 275 nm.

2.6. Multicomponent liquid-liquid extraction of antibiotics from hospital
wastewater in a packed column

In order to study the mass transfer effect and evaluate the scale-up of
the liquid-liquid extraction process, continuous parallel extraction was
accomplished in a column of 8 mm internal diameter and 80 mm length,
filled with a bed of glass spheres of 2 mm diameter. The multicomponent
aqueous solution of antibiotics in hospital wastewater at pH 5.0 was
used as feed, whereas carvacrol was the solvent selected due to the
promising results obtained in the vial extraction tests (batch mode). By
using a KDS 100 Legacy (Fisher Scientific) and an Orion Sage M361
(Thermo Orion Sage) syringe pumps, feed and solvent were introduced
into the column at 298.2 + 1 K (room temperature) according to the
following volumetric S/F ratios: 2.00, 1.00, and 0.50. This operating
temperature was selected due to the low melting point of carvacrol
(Table 1), which guarantees the liquid state of the solvent at room
temperature and avoids the energy costs associated with heating. The
total volumetric flow rate remained constant during the three experi-
ments at 10 mL/h and the residence time in the column was 21 min.
After leaving the column, both phases were settled and analyzed using
the same procedure previously described in the batch extraction. A
scheme of the packed column installation is included in Figure S1 of the
Supplementary Material.

2.7. Solvent reuse in consecutive stages of antibiotic extraction from
hospital wastewater and solvent recovery

Another key aspect for the implementation of an industrial-scale
extraction process is the evaluation of the solvent reuse. For this pur-
pose, multicomponent aqueous solution of ciprofloxacin, trimethoprim,
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Fig. 1. Activity coefficients at infinite dilution of ciprofloxacin, trimethoprim, and sulfamethoxazole in several terpenoids by using COSMO-RS approach and setting
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Fig. 2. Activity coefficients at infinite dilution of ciprofloxacin, trimethoprim,
and sulfamethoxazole in several eutectic solvents and conventional solvents by
using the COSMO-RS approach and setting the temperature at 323.2 K.

and sulfamethoxazole in hospital wastewater with pH adjusted to 5.0
was used as feed. Regarding the solvent, and due to the promising results
obtained in the vial extraction experiments, only carvacrol was selected
ata volumetric S/F ratio of 1.00. Five consecutive extraction stages were
carried out in 500 mL glass bottles with magnetic stirring at 298.2 + 1 K
(room temperature) for 12 h, time to ensure the equilibrium. For the first
extraction stage, 125 mL of feed and 125 mL of fresh solvent were
brought into contact. For the rest, fresh feed and solvent from the pre-
vious stage were used. The volumes of each phase for stages 2 to 5 were
100, 80, 65, and 45 mL. The separation and characterization of the

extract and the raffinate were carried out in a similar way as deseribed
for the batch process.

On the other hand, the regeneration of the solvent from stage 5 was
carried out using an R-200 rotary evaporator (Biichi) at 437.2 K and 20
mbar. To check the extractive properties of the regenerated solvent, the
latter was tested by doing an extraction in an 8 mL glass vial with
magnetic stirring at 298.2 + 1 K (room temperature) for 12 h. 2 mL of
regenerated carvacrol and 2 mL of multicomponent aqueous solution of
antibiotics in hospital wastewater with pH adjusted to 5.0 were mixed.
Then, the separation and characterization of the extract and the raffinate
were carried out as described previously.

3. Results and discussion
3.1. Screening of solvents using the COSMO-RS approach

As widely reported in the literature, solvent screening can be per-
formed by comparing the magnitude of activity coefficients of the solute
in each of the solvents considered. In this regard, the lower the activity
coefficient of a solute is, the higher affinity the extractant presents
[55,91-93]. By using the COSMO-RS method, infinite dilution activity
coefficients of ciprofloxacin, trimethoprim, and sulfamethoxazole in
several terpenoids, eutectic solvents, and conventional solvents at 323.2
K were estimated. These values are shown in Figs. 1-2. In this study, as
multicomponent extraction is involved, it is essential to select a solvent
showing the best compromise situation for the three considered solutes.

Among the terpenoids, the solvents with the lowest activity coeffi-
cient values for all three antibiotics are thymol and carvacrol. Further-
more, it is noteworthy that terpenes with no heteroatoms in their
hydrocarbon skeleton (from pinene to myrcene in Fig. 1) exhibit the
highest activity coefficient values for each of the antibiotics, regardless
of whether they are aromatic or not. The higher affinity for antibiotics of
solvents with heteroatoms can be explained, among others, due to
hydrogen bond or dipole-dipole interactions [94-95].

For conventional solvents, the compounds that seem to present the
best situation of compromise for the three antibiotics are ethyl acetate
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Fig. 3. Dissociation equilibria and pK, values of trimethoprim (a), ciprofloxacin (b), and sulfamethoxazole (c) [96-97].

and MIBK, as shown in Fig. 2. Compared to the results obtained for
thymol and carvacrol, conventional solvents show a lower affinity for
both ciprofloxacin and trimethoprim. However, for sulfamethoxazole,
this behaviour does not seem to be as noticeable.

Regarding the eutectic solvents, the mixtures with thymol showed
the lowest activity coefficients, especially those containing carboxylic
acids: thymol + dodecanoic acid, thymol + decanoic acid, and thymol +
octanoic acid. Compared to the results for sulfamethoxazole, these three
solvents presented notably lower activity coefficients for ciprofloxacin
and trimethoprim. It should be noted that, as mentioned in the litera-
ture, eutectic solvents can give better experimental extraction results
than those predicted by molecular simulation [80-81].

Following the discussion above, solvent screening has been carried
out. The compounds selected as the most suitable solvents to be used as
extractants of ciprofloxacin, trimethoprim, and sulfamethoxazole are
the following: terpenoids (thymol and carvacrol), eutectic solvents
(thymol + dodecanoic acid, thymol + decanoic acid, and thymol +
octanoic acid) and conventional solvents (ethyl acetate and MIBK).
Moreover, sulfamethoxazole shows the lowest affinity for the solvent for
both terpenoids and eutectic solvents listed before, while this antibiotic
presents the opposite behaviour for organic solvents. Therefore, the
compound that would limit the overall extraction yield of the process
would be sulfamethoxazole for terpenoids and eutectic solvents. In

contrast, for conventional solvents, it would be trimethoprim and
ciprofloxacin.

3.2. Multicomponent liquid-liquid extraction of antibiotics from ultrapure
water and hospital wastewater in vial

For each of the extraction solvents previously selected, three
fundamental aspects will be reviewed here: the influence of the volu-
metric S/F ratio, the effect of the aqueous matrix, and the pH value.

The extraction yields of each antibiotic (Yld;) and the overall
extraction yields (Yldp,erqn) were calculated from the concentration of
antibiotics in the aqueous phase, in mg/L, before (C[?) and after the
extraction (C{}), according to the following equations:

ag aq
Cio— Gy

aq
G

Yidi(%) = +100 m

Si(Gh -G
TG
Firstly, the influence of both the water matrix used for feed prepa-

ration and the pH value on the extraction of each of the three antibiotics
will be discussed. This fact will be analysed according to the dissociation

Yldoweran(%) = «100 2
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Fig. 4. Extraction yields of trimethoprim from different matrices (ultrapure water and hospital wastewater at different pH) at 323.2 K and S/F 0.25.
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Fig. 6. Extraction yields of sulfamethoxazole from different matrices (ultrapure water and hospital wastewater at different pH) at 323.2 K and S/F 0.25.

equilibria of the pharmaceuticals considered, which are shown together
with pK, values in Fig. 3 [96-97]. Figs. 4-7 show the extraction yields of
trimethoprim, ciprofloxacin, sulfamethoxazole, and the overall value,
respectively, from two matrices (feed in ultrapure water and in hospital
wastewater at three different pH) by using different solvents at 323.15 K
and volumetric S/F ratio of 0.25. The experimental results obtained for
S/F ratios of 0.10, 0.25, 0.50, 1.00, and 2.00 are included in Tables S1-
S5 of the Supplementary Material.

Before comparing different solvents, it should be noted that when the
feed is brought into contact with them, a small amount is transferred to
the aqueous phase. This fact can modify the pH of the raffinate and the
state of the antibiotic (cationic, anionic, or neutral form) in the aqueous
phase. For conventional solvents and terpenoids, the pH of the raffinate
remained the same as the pH of the feed. However, for the three eutectic
solvents considered, formed with dodecanoic acid, decanoic acid, and
octanoic acid, the raffinate reached values between 4.9 and 6.5 when
using the feed in hospital wastewater at pH 8.0, while it ranged from 3.7
and 4.5 for the feed in hospital wastewater at pH 5.0. Therefore, this will

be considered when analyzing the ability of the solvent to solvate an
antibiotic in a particular charged or non-charged state.

For trimethoprim, as can be seen in Fig. 4, decreasing the pH value of
the feed in the hospital wastewater matrix reduces the extraction yields
with all solvents, which can be explained due to the acid-base equilib-
rium of this diaminopyridine-derived compound (as shown in Fig. 3). As
widely discussed in the literature, the partitioning of the solute into one
phase or the other depends on whether it is in its neutral or charged ionic
state and the ability of both phases to dissolve that form of the solute.
Generally, water interacts more strongly with charged solutes, favoring
partitioning into the aqueous phase, while the nonionic ones usually
favor partitioning into the organic phase [55,98-100].

In this case, increasing the pH increases the concentration of
trimethoprim in its neutral form, improving the extraction yields. Con-
ventional solvents show considerably poorer results than terpenoids and
eutectic solvents at any pH value and matrix. In the case of eutectic
solvents, yields drop when reducing the alkyl chain length of the car-
boxylic acid. This trend might be caused due to the decrease of
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Fig. 7. Overall extraction yields of antibiotics from different matrices (ultrapure water and hospital wastewater at different pH) at 323.2 K and S/F 0.25.

hydrophobicity, which increases the partial solubility of the acid in
water, decreasing the pH of the aqueous phase and favouring the pres-
ence of the protonated form of this antibiotic. At high pH, as trimetho-
prim in its neutral state predominates, both terpenoids and eutectic
solvents showed similar results. However, when the solute in its ionic
state prevails (pH < pKj,), eutectic solvents seem to stabilise the posi-
tively charged ion more effectively, and the extraction yields are
considerably higher than those for terpenoids, possibly due to the higher
influence of hydrogen-bonding interactions [94,101].

Finally, in order to study the effect of the matrix, it is necessary to
compare the feeds in ultrapure water and in hospital wastewater at the
same pH value, 6.5. This allows to analyse the influence that the com-
pounds in the wastewater matrix have on the extraction process,
avoiding the pH effect on trimethoprim extraction. In this regard, for all
solvents, higher extraction yields were observed when using the feed in
hospital wastewater, indicating that the solutes in the matrix favour the
transfer of trimethoprim into the organic phase. This effect might be
caused by salting-out mechanism.

In the case of ciprofloxacin, as observed in Fig. 5, the decrease of the
pH value of the feed in hospital wastewater matrix shows two different
trends, one for eutectic solvents and another for terpenoids and con-
ventional solvents. The former presented higher yields with the feed at
pH 8.0, while the latter exhibited better results with the feed at pH 6.5.
As shown by the acid-base equilibrium of this quinolone in Fig. 3b, pH
6.5 is approximately as close to the isoelectric point (pHgp ~ 7.4) as pH
8. The isoelectric point is defined as the pH at which the solute con-
centration as zwitterion is maximum and, therefore, the net charge is
zero. As reported in the literature, analytes have their lowest solubility
in water at the isoelectric point [102-103]. Therefore, the higher the
solute concentration in its electrically neutral state, the larger the mass
transfer to the organic phase should be.

For both terpenoids and conventional solvents, the extraction yields
of ciprofloxacin can be ordered as follows: pH 6.5 > pH 8.0 > pH 5.0.
Despite being approximately at the same distance from the pHgp, the
higher yields obtained at pH 6.5 compared to those obtained at pH 8.0
indicate that these two solvent groups may solvate ciprofloxacin more
effectively in its cationic state than in its anionic state. In the case of
eutectic solvents, the extraction yields followed this order: pH 8.0 > pH
6.5 > pH 5.0. This might be due to the fact that when the feed is put in
contact with the eutectic solvent, part of the carboxylic acid forming the
eutectic solvent is transferred to the aqueous phase, lowering the pH
considerably. Thus, the feed in hospital wastewater at pH 8.0
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approaches the isoelectric point, increasing the extraction yield of cip-
rofloxacin. As the pH value of the feed decreases below 8.0, the pH of the
raffinate moves increasingly away from the isoelectric point, and the
concentration of the cationic form increases.

As with trimethoprim, conventional solvents show considerably
lower extraction yields of ciprofloxacin than terpenoids and eutectic
solvents at any pH value and matrix. With regard to eutectic solvents, for
a given feed, the yield drops as the length of the alkyl chain of the
carboxylic acid decreases. This can be attributed to the fact that in the
pH range tested, the raffinate resulting from extraction with the eutectic
solvents showed values below 6.5 (pH < pHigp). Thus, as the number of
carbons of the acid decreases, its solubility in water rises, decreasing the
pH of the raffinate and moving further away from the isoelectric point
value. In general, the eutectic solvents showed higher extraction yields
than those found for the terpenoids. This difference is considerably more
significant when the concentration of ciprofloxacin in its charged state
increases, i.e., when the pH value of the feed in hospital wastewater is
5.0. Therefore, as observed for trimethoprim, eutectic solvents solvate
the charged species of ciprofloxacin more effectively.

Finally, when comparing the results obtained for feeds of ciproflox-
acin in ultrapure water and in hospital wastewater at pH 6.5, higher
extraction yields are observed in the real wastewater matrix. Therefore,
as with trimethoprim, the solutes in the wastewater matrix favour the
transfer of ciprofloxacin into the organic phase, which might be caused
by salting-out effect.

In the case of sulfamethoxazole, as shown in Fig. 6, reducing the pH
value of the feed in the hospital wastewater matrix increases the
extraction yields. This is due to the fact that in the pH range of the feed
considered, i.e., between 5.0 and 8.0, decreasing the pH value increases
the concentration of sulfamethoxazole in its neutral state, as shown in
Fig. 3. As previously evidenced and mentioned in the literature, un-
charged solutes tend to solvate more efficiently in the organic solvent
compared to their ionic forms.

For conventional solvents, MIBK shows similar yields to those for
terpenoids at any pH value. However, ethyl acetate presents yields
significantly higher than those for terpenoids at feed pH values between
6.5 and 8.0, i.e., when the solute predominates in its anionic state. On
the other hand, when sulfamethoxazole predominates in its neutral
state, at feed pH of 5.0, terpenoids show slightly higher extraction yields
than ethyl acetate.

Among the eutectic solvents, for the same feed pH value and the
same matrix, the yields rise as the length of the alkyl chain of the
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Fig. 8. Influence of the volumetric S/F ratio on the overall extraction yields of antibiotics from hospital wastewater at pH 5.0 and 323.2 K.

carboxylic acid decreases. This could be due to the diminishing hydro-
phobicity, which increases the solubility of the acid in water and, thus,
the pH value and the concentration of the antibiotic in its neutral state.
Regarding the feeds in hospital wastewater, at pH values of 8.0 and 6.5,
eutectic solvents show better results since, as part of the carboxylic acid
is being transferred to the aqueous phase, the pH of the raffinate is
considerably lower than that of the fresh feed. In this way, the con-
centration of sulfamethoxazole in its anionic form decreases, increasing
its neutral form and improving the mass transfer of the compound into
the organic phase. On the other hand, for the feeds at pH 5.0 (pH <
pKa2), when the neutral form predominates, terpenoids show higher
extraction yields than those with eutectic solvents. In other words, the
carboxylic acid of the eutectic solvents decreases the pH value of the
aqueous phase when the extraction solvent and the feed are in contact.

Finally, when comparing the results obtained for feeds in ultrapure
water and in hospital wastewater at pH 6.5, clearly higher extraction
yields are observed in the ultrapure water matrix. Therefore, solutes in
the wastewater matrix seem to favour the solvation of sulfamethoxazole
in the aqueous phase, decreasing its transfer to the organic phase.
Compared to the results observed for trimethoprim and ciprofloxacin,
both pH and matrix present a more noticeable influence on sulfameth-
oxazole extraction.

All the above-mentioned issues highlight the fact that there is no
single pH value that presents the best results for the extraction of the
three antibiotics. Therefore, as a multicomponent extraction, it is
necessary to analyse the overall extraction yield of the three antibiotics,
given by Eq. (2). As illustrated in Fig. 7, conventional solvents show
significantly lower overall extraction yields than those obtained for
eutectic solvents and terpenoids at any pH and matrix.

Eutectic solvents seem to have a lower sensitivity to pH changes in
the feed. As previously reported, this is due to the greater ease of sol-
vating solutes in their ionic state and the decrease of the pH value as a
consequence of the carboxylic acid transfer to the aqueous phase.
However, the operating conditions with the highest antibiotic mass
transfer to the organic phase, as an overall value, was with the feed in
wastewater at pH 5.0 and using pure terpenoids. At this pH value, ter-
penoids present the highest compromise situation for the multicompo-
nent extraction of the three antibiotics. For instance, at pH 5.0 and S/F
0.25, carvacrol achieved extraction yields of 93.2%, 90.3%, and 89.4%
for trimethoprim, ciprofloxacin, and sulfamethoxazole, respectively,
whereas the eutectic solvent thymol + octanoic acid exhibited values of

97.4%, 98.6%, and 68.0%. Therefore, the most adequate pH value of the
feed seems to be 5.0.

The third effect studied in this section was the influence of the S/F
ratio on the overall extraction yields. According to Fig. 8, the S/F ratio
selected as the most suitable value for the extraction process is 1.00, as it
allows overall extraction yields above 98% for terpenoids (greater
than99% for trimethoprim and ciprofloxacin, and 97% for sulfameth-
oxazole). Larger amounts of solvent do not justify the slight increase in
the extraction yield, raising investment and operating costs.

Concerning organic solvent losses in the aqueous phase, higher sol-
ubility of conventional solvents was observed compared to terpenoids.
The mass contents of thymol and carvacrol in the raffinate were
0.12-0.15% and 0.12-0.14%, respectively, while those for ethyl acetate
and MIBK were 6.84-7.96% and 1.38-1.48 %. Therefore, thymol and
carvacrol showed considerably lower losses of solvent in water.
Currently, large-scale sales prices of terpenes (thymol 9-11 $/kg [104]
and carvacrol 10-25 $/kg [105]) are more expensive than those of
conventional solvents (ethyl acetate 1.3 $/kg [106] and MIBK 1.0-1.5
$/kg [81]). However, the low S/F ratio required to accomplish high
extraction yields, the small solvent losses in the raffinate, and their low
toxicity and high sustainability compared to petroleum-based solvents
place terpenes as potential extraction solvents for industrial application.

Generally, the use of pure solvents rather than mixtures is preferable
on an industrial scale. This usually increases the simplicity of the
extraction process and facilitates solvent recovery. Hence, since the
overall extraction yields were comparable for terpenoids and eutectic
solvents, it is preferable to use a pure terpenoid. In particular, carvacrol
shows the most favourable conditions to be selected as extractant, not
only because of all the above-mentioned results for terpenoids but also
because it has a low melting point compared to thymol (see Table 1).
This allows its use at room temperature, without the need for heating.
Therefore, the optimal conditions of the extraction process in this study,
and which will be used for the subsequent sections, were: feed in hos-
pital wastewater at pH 5.0, S/F ratio of 1.00, and carvacrol as extractant.

3.3. Multicomponent liquid-liquid extraction of antibiotics from hospital
wastewater in a packed column

In order to test the scalability, a continuous parallel extraction pro-
cess in a packed column has been studied. Carvacrol presents a relatively
high viscosity (36.66 mPa s at 20 °C [107]) compared to the feed in
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Table 3
Extraction yields of trimethoprim, ciprofloxacin, and sulfamethoxazole in a
parallel extraction column at different S/F ratios.

S/F Extraction Yield (%)
Trimethoprim Ciprofl i Sulf; h 1 Overall
0.50 99.30 98.57 95.65 97.84
1.00 99.69 98.85 96.25 98.26
2.00 99.82 99.71 98.71 99.41

hospital wastewater at pH 5.0, which may affect the mass transfer in the
liquid-liquid extraction process. Therefore, although it was observed in
the vial extraction experiments that the optimum value of S/F ratio is
1.00, the S/Fratios 0.50 and 2.00 have also been analysed. In this way, it
can be observed whether the limitations to mass transfer vary consid-
erably with the amount of carvacrol used. Thus, the extraction yields
obtained in a packed column at different S/F ratios are shown in Table 3.

The results obtained were comparable to those obtained in the vial
tests with carvacrol as extractant and using the feed in hospital waste-
water at pH 5.0. This implies that extraction yields for the experiments
in vial (prepared under 12 h stirring) and in a packed column (using a
residence time of 21 min) were similar, indicating that antibiotics mass

Hospital Wastewater

Trimetoprim

Ciprofloxacin 50 mg/L
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transfer is not limited by the amount of carvacrol used in the S/F ratio
range considered.

3.4. Solvent reuse in consecutive stages of antibiotic extraction from
hospital wastewater and solvent recovery

One of the key aspects to check the feasibility of scaling up an
extraction process for industrial purposes is the evaluation of the reuse
and recovery of the extractant. Therefore, this fact will be investigated
following the optimal operating conditions obtained in the batch pro-
cess, this is, carvacrol as extraction solvent, feed in hospital wastewater
at pH 5.0, and S/F ratio of 1.00.

The process developed to evaluate the solvent reuse and recovery is
represented in Fig. 9. The liquid-liquid extraction was performed by
reusing the solvent (extract phase) for five consecutive stages without
intermediate solvent regeneration, thus using fresh solvent only in stage
1. Finally, the extract from stage 5 was regenerated by using a rotary
evaporator at 437.2 K and 20 mbar.

As can be seen in Fig. 10, the decrease of the extraction yields in each
stage is most steep for sulfamethoxazole, followed by ciprofloxacin and
trimethoprim. Reuse of the solvent, under the operating conditions
described above, led to extraction yields higher than 83%, 96%, and

Sulfamethoxazole

h 4 A 4

Y A 4 A 4

Y - Extraction |_= 1, [ Extraction | E2 [ extraction | E 3| Extraction €4 [ Extraction |.E3
‘\. Gaivacrol Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
I 2 4% bra Ies
Regenerated Solvent Used Solvent
Rotary
Evaporator
Fig. 9. Scheme of solvent reuse and recovery.
100
95
g
3
.g / —@— Trimethoprim
é 90 - . Ciprofloxacin
E A Y ~#—Sulfamethoxazole
;3 —&—Overall
85 i
80 T T T - -
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Regenerated

solvent

Fig. 10. Evolution of the extraction yield with the number of consecutive extraction stages and after solvent regeneration. Extractions with carvacrol and feed in

hospital wastewater at pH 5.0, S/F ratio 1.00, and 323.2 K.
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98% for sulfamethoxazole, ciprofloxacin, and trimethoprim, respec-
tively, during the 5 stages. For the regenerated solvent, extraction yields
were very close to those obtained with the fresh extractant (stage 1).
Therefore, carvacrol not only allows the removal of more than 98% of
the overall antibiotic content in a single step but also has been proven to
be feasible operating in a continuous extraction column, and it can be
regenerated using vacuum distillation.

4. Conclusions

Over the last few years, the demand for quality water has been
steadily growing, bringing the importance of water treatment and reuse
into focus. In this regard, multicomponent liquid-liquid extraction of
three of the antibiotics included in the European Surface Water Watch
List (ciprofloxacin, trimethoprim, and sulfamethoxazole) has been pro-
posed using terpenoids and eutectic mixtures.

From the infinite dilution activity coefficient estimated by the
COSMO-RS method, the compounds selected to move on to the experi-
mental phase were the following: 2 terpenoids (thymol and carvacrol), 2
eutectic solvents (thymol + dodecanoic acid, thymol + decanoic acid,
and thymol + octanoic acid), and 2 conventional solvents (ethyl acetate
and MIBK).

Terpenoids and eutectic mixtures exhibited significantly higher
overall extraction yields than those obtained for conventional solvents
at any pH and aqueous matrix. However, no single pH value presented
the best results for the extraction of the three antibiotics simultaneously,
depending substantially on the dissociation equilibrium of each com-
pound. Although eutectic solvents showed lower sensitivity to pH
changes in the feed, terpenoids provided the operating conditions with
the highest overall extraction yield with the feed in wastewater at pH 5.0
and volumetric S/F ratio of 1.00. Carvacrol emerged as the most
favourable extractant, reaching extraction yields of 98.9% for trimeth-
oprim, 99.5% for ciprofloxacin, and 97.0% for sulfamethoxazole from
hospital wastewater at pH 5.0 and S/F ratio 1.00. In addition, the losses
of thymol and carvacrol in the aqueous phase were substantially lower
than those of conventional organic compounds.

The scalability of the extraction process was tested by performing a
continuous process in a packed column, using low residence times, and
obtaining no limitation to mass transfer. For industrial purposes, the
reuse of carvacrol for five consecutive stages and its recovery by using a
rotary evaporator at 437.2 K and 20 mbar was also successfully
evaluated.
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Table S1. Extraction yields from different matrices (ultrapure water and hospital wastewater at different pH) at 323.2 K and S/F 0.10.

Thymol + Thymol + Thymol + Ethyl
Tyl Gamvaprl Dodecanoic acid Decanoic acid Octanoic acid acctate b
Feed in ultrapure water pH 6.5 94.05 95.71 99.31 95.60 88.67 10.02 10.67
Yldrrimemoprim ~ Feed in hospital wastewater pH 8.0 99.34 99.05 99.55 99.40 99.16 10.11 13.21
(%) Feed in hospital wastewater pH 6.5 98.11 98.91 99.45 99.25 98.71 9.90 11.85
Feed in hospital wastewater pH 5.0 86.87 83.15 98.67 97.65 94.97 9.03 7.26
Feed in ultrapure water pH 6.5 94.30 98.19 99.79 98.15 90.40 9.15 7.15
Yldciprofioxacin ~ Feed in hospital wastewater pH 8.0 95.73 94.63 99.92 99.83 99.76 9.38 8.10
(%) Feed in hospital wastewater pH 6.5 95.83 97.38 99.87 98.83 99.35 10.02 8.47
Feed in hospital wastewater pH 5.0 82.84 79.14 99.55 98.60 96.38 9.31 8.04
Feed in ultrapure water pH 6.5 72.08 66.05 45.23 53.20 4893 29.03 61.27
Y1dsuifamethoxazole  Feed in hospital wastewater pH 8.0 0.00 0.00 15.63 22.24 42.72 6.51 9.37
(%) Feed in hospital wastewater pH 6.5 12.99 15.52 2192 31.06 46.01 23.48 13.25
Feed in hospital wastewater pH 5.0 76.50 75.40 43.74 43.02 47.53 23.80 70.70
Feed in ultrapure water pH 6.5 86.81 86.65 81.44 82.32 76.00 16.07 26.36
Yldoveral Feed in hospital wastewater pH 8.0 65.03 64.56 71.70 73.82 80.55 8.67 10.23
(%) Feed in hospital wastewater pH 6.5 68.98 70.60 73.75 76.38 81.36 14.47 11.19
Feed in hospital wastewater pH 5.0 82.07 79.23 80.66 79.76 79.63 14.05 28.67
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Table S2. Extraction yields from different matrices (ultrapure water and hospital wastewater at different pH) at 323.2 K and S/F 0.25.

Thymol + Thymol + Thymol + Ethyl

Tpmsl o] Dodecanoic acid Decanoic acid Octanoic acid acetate MIBK

Feed in ultrapure water pH 6.5 95.01 97.92 99.81 96.63 96.06 11.17 11.54

Yldrrimemoprim ~ Feed in hospital wastewater pH 8.0 99.63 99.59 99.58 99.43 99.41 1921 28.86
(%) Feed in hospital wastewater pH 6.5 99.32 99.40 99.55 99.29 98.81 16.09 20.03

Feed in hospital wastewater pH 5.0 94.89 93.20 99.20 98.39 97.42 11.46 9.33

Feed in ultrapure water pH 6.5 95.26 99.17 99.88 99.32 98.04 9.20 8.79

Yldciprofioxacin ~ Feed in hospital wastewater pH 8.0 97.98 97.49 99.92 99.92 99.86 11.30 12.97
(%) Feed in hospital wastewater pH 6.5 98.41 98.69 99.90 99.87 99.41 11.47 2342
Feed in hospital wastewater pH 5.0 96.35 90.31 99.59 98.93 98.60 11.01 12.76

Feed in ultrapure water pH 6.5 80.10 85.82 67.00 70.50 79.65 83.72 90.02

Yldsutmethoxazole  Feed in hospital wastewater pH 8.0 8.17 8.01 43.63 55.01 68.60 65.03 14.70
(%) Feed in hospital wastewater pH 6.5 20.64 24 .88 54.99 63.55 68.62 71.88 30.06
Feed in hospital wastewater pH 5.0 89.03 89.42 62.82 64.15 68.71 84.08 88.36

Feed in ultrapure water pH 6.5 90.12 94.30 88.90 88.82 91.25 34.70 36.78

Yldoveran Feed in hospital wastewater pH 8.0 68.59 68.36 81.04 84.79 89.29 31.85 18.84
(%) Feed in hospital wastewater pH 6.5 72.79 74.32 84.81 87.57 88.95 33.14 24.50
Feed in hospital wastewater pH 5.0 93.42 90.98 87.20 87.16 88.24 35.52 36.82
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Table S3. Extraction yiclds from different matrices (ultrapure water and hospital wastewater at different pH) at 323.2 K and S/F 0.50.

Thymol + Thymol + Thymol + Ethyl
Thymel  Catwsicral Dodecanoic acid Decanoic acid Octanoic acid acetate MIBE
Feed in ultrapure water pH 6.5 99.70 99.44 99.81 98.88 97.80 11.20 22.80
Yldrrimemoprim  Feed in hospital wastewater pH 8.0 99.72 99.66 99.59 99.50 99.40 24.89 4423
(%) Feed in hospital wastewater pH 6.5 99.48 99.46 99.55 99.49 99.26 23.64 43.25
Feed in hospital wastewater pH 5.0 97.73 96.75 99.45 98.98 98.79 12.87 11.78
Feed in ultrapure water pH 6.5 99.92 99.92 99.92 9991 99.06 9.66 11.15
Yldciprofioxacin ~~ Feed 1n hospital wastewater pH 8.0 98.92 98.67 99.92 99.92 99.92 13.97 22.13
(%) Feed in hospital wastewater pH 6.5 99.54 99.06 99.91 99.92 99.92 14.48 34.76
Feed in hospital wastewater pH 5.0 97.45 95.18 99.66 99.65 99.21 13.75 18.82
Feed in ultrapure water pH 6.5 86.10 86.81 83.81 83.83 84.70 93.25 95.88
Yldsutmethoxazole  Feed in hospital wastewater pH 8.0 12.78 13.56 72.51 75.87 82.92 79.83 20.44
(%) Feed in hospital wastewater pH 6.5 29.60 33.57 76.05 79.24 84.04 86.96 41.81
Feed in hospital wastewater pH 5.0 94.04 94.39 77.36 83.43 84.55 92.48 9429
Feed in ultrapure water pH 6.5 95.24 95.39 9451 94.21 93.85 38.04 43.28
Y1doverall Feed in hospital wastewater pH 8.0 70.47 70.63 90.67 91.76 94.08 39.56 28.93
(%) Feed in hospital wastewater pH 6.5 76.21 77.36 91.84 92.88 9441 41.69 39.94
Feed in hospital wastewater pH 5.0 96.40 95.44 92.16 94.02 94.18 39.70 41.63
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Table S4. Extraction yields from different matrices (ultrapure water and hospital wastewater at different pH) at 323.2 K and S/F 1.00.

Thymol + Thymol + Thymol + Ethyl
Thymol  Catvaceol Dodecanoic acid Decanoic acid Octanoic acid acctate MIBK
Feed in ultrapure water pH 6.5 99.82 99.63 99.82 98.99 98.38 11.25 30.26
Yldrrimemoprim  Feed in hospital wastewater pH 8.0 99.78 99.82 99.52 99.25 99.36 45.49 61.54
(%) Feed in hospital wastewater pH 6.5 99.50 99.45 99.52 99.49 99.59 36.56 61.00
Feed in hospital wastewater pH 5.0 99.20 98.89 99.63 99.04 99.13 14.85 14.16
Feed in ultrapure water pH 6.5 99.92 99.92 99.92 99.69 99.44 9.88 14.83
Yldciprofioxacin ~ Feed in hospital wastewater pH 8.0 99.47 99.65 99.92 99.92 99.92 14.19 41.36
(%) Feed in hospital wastewater pH 6.5 99.81 99.76 99.92 99.92 99.92 28.36 61.77
Feed in hospital wastewater pH 5.0 99.14 99.54 99.77 99.40 99.22 14.11 19.56
Feed in ultrapure water pH 6.5 87.72 94.87 93.88 91.84 91.81 96.75 97.85
Yldsugmetoxaole  Feed in hospital wastewater pH 8.0 22.39 22.67 84.25 87.28 91.07 92.28 35.58
(%) Feed in hospital wastewater pH 6.5 38.85 4522 88.76 89.41 91.64 93.83 66.02
Feed in hospital wastewater pH 5.0 96.72 97.02 88.58 89.43 92.02 96.56 97.29
Feed in ultrapure water pH 6.5 95.82 98.14 97.87 96.84 96.54 39.29 47.65
Yldoveran Feed in hospital wastewater pH 8.0 73.88 74.04 94.57 95.48 96.78 50.65 46.16
(%) Feed in hospital wastewater pH 6.5 79.38 81.48 96.07 96.27 97.05 52.92 62.93
Feed in hospital wastewater pH 5.0 98.35 98.48 96.00 95.96 96.79 41.84 43.67
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Table S5. Extraction yields from different matrices (ultrapure water and hospital wastewater at different pH) at 323.2 K and S/F 2.00.

Thymol + Thymol + Thymol + Ethyl
ol Cevuerel Dodecanoic acid Decanoic acid Octanoic acid acetate e
Feed in ultrapure water pH 6.5 99.82 99.82 99.82 99.14 98.73 12.34 39.67
Yldrrimenoprim ~ Feed in hospital wastewater pH 8.0 99.78 99.82 99.68 99.49 99.38 62.09 79.55
(%) Feed in hospital wastewater pH 6.5 99.66 99.53 99.68 99.50 99.64 52.32 68.30
Feed in hospital wastewater pH 5.0 99.64 99.35 99.82 99.19 99.54 19.64 1512
Feed in ultrapure water pH 6.5 99.92 99.92 99.92 99.88 99.81 10.09 19.94
Yldciprofioxacin ~~ Feed in hospital wastewater pH 8.0 99.81 99.87 99.92 99.92 99.92 30.57 67.95
(%) Feed in hospital wastewater pH 6.5 99.92 99.89 99.92 99.92 99.92 32.82 81.34
Feed in hospital wastewater pH 5.0 9951 99.77 99.80 99.53 99.59 15.59 20.60
Feed in ultrapure water pH 6.5 97.13 97.56 96.16 96.49 97.02 98.44 99.15
Yldsuifamethoxazole  Feed in hospital wastewater pH 8.0 39.29 38.49 94.49 94.55 95.48 96.34 48.29
(%) Feed in hospital wastewater pH 6.5 70.45 47.63 94.69 94.89 96.56 96.92 90.17
Feed in hospital wastewater pH 5.0 98.30 98.33 96.02 96.42 96.88 98.31 98.84
Feed in ultrapure water pH 6.5 98.96 99.10 98.63 98.51 98.52 40.29 52.92
Yldoveral Feed in hospital wastewater pH 8.0 79.63 79.39 98.03 97.99 98.26 63.00 65.26
(%) Feed in hospital wastewater pH 6.5 90.01 82.35 98.10 98.10 98.71 60.68 79.94
Feed in hospital wastewater pH 5.0 99.15 99.15 98.55 98.38 98.67 4451 44 .85
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ARTICLEINFO ABSTRACT
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products by means of the Density-functional theory (DFT) are scarce. Therefore, this work gives a step for-
ward in the field of circular economy and the removal of emerging pollutants such as the antibiotic ciprofloxacin,
covering all the previously aspects mentioned, using four iron and nickel-based catalysts from two different
sewage sludge.

Experimental results revealed a significant influence of both the source of the sewage sludge and the activating
agent used (iron chloride, nickel chloride and a mixture of both) on the physicochemical properties of the
materials and, hence, on their catalytic activity. FTIR studies and chemical composition evidenced that the use of
this biomass precursor leads to the generation of a wide variety of functional groups and heteroatoms in the
synthesized catalyst structure. Moreover, they showed a combination of Type I-IV isotherms with H3-H4 type
hysteresis loops, being mainly mesoporous materials and exhibiting a moderate microporosity except when
nickel chloride was used solely as activating agent. The carbonaceous materials reached ciprofloxacin adsorption
capacities in the range of 40.4-73.9 mg/g. The use of nickel chloride showed the lowest adsorption contribution
and catalytic activity. The bimetallic catalyst (synthesized from a mixture of iron and nickel chloride) showed
slightly higher catalytic activity than that found for the iron catalyst, but the metal leaching was also consid-
erably higher. Consequently, the use of iron chloride solely as activating agent seems to be the better altemative,
achieving a maximum ciprofloxacin removal around 99.7 % and an iron leaching concentration into the reaction
medium of 0.48-0.61 mg/L. The main degradation pathways of ciprofloxacin were proposed according to the
detection of LC-MS intermediates and DFT calculation, indicating the most likely areas of attack of reactive
species on atoms with a high Fukui index ).

Density-functional theory
Real wastewater
Sewage sludge

1. Introduction

The demand for water is increasing as the world’s population grows.
Over the years, the fundamental problem limiting our water availability
is the pollution of the various aqueous matrices. In this regard, both
human and naturally occurring activities contribute to water pollution.
The origin of pollution is mainly due to human activities both in urban
and industrial areas, hospitals, veterinary clinics, ete [1-4]. Among all
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the various pollutants present in water, pharmaceutical residues deserve
special attention, organic compounds that are classified as emerging
pollutants, mainly due to their persistence in the conventional waste-
water treatment plants [5-7].

Pharmaceutical compounds are used every day around the world,
either in hospitals for the treatment of human diseases, or in veterinary
clinics or farms for the treatment of animal infections. Depending on the
chemical characteristics of the pharmaceutical compound, 5 to 90 % are
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excreted from the body as parent compounds [5-10]. Thus, it can be said
that a large amount of pharmaceuticals are consumed in hospitals on a
daily basis. In addition, hospitals discharge their wastewater directly
into the public sewage system without any pretreatment. It should be
noted that several antibiotics are usually present in the natural envi-
ronment, such as fluoroquinolones, in which ciprofloxacin is included,
hold the fourth position in the European market of antibiotics, with a
tendency to increase in all countries and been detected in different
environmental systems, e.g. soils, sediments, rivers and groundwater,
among others [11-14]. Moreover, as antibiotics are highly bioactive
compounds, there is high concern about their role in increasing anti-
biotic resistance among pathogenic bacteria [13]. Thus, numerous
studies have been conducted reporting the presence of these pharma-
ceutical compounds in wastewater treatment plants (WWTPs) as well as
into freshwater bodies, where they may be frequently detected at low
concentrations [15-18].

On the other hand, activated sludge from a wastewater treatment
plant is the main waste from biological treatment [19,20]. It has been
estimated that the generation of this waste worldwide (in dry sludge)
reached 45 million tons, and its production is expected to continue to
grow, predicting a 24 % increase by 2030 and a 51 % increase by 2050
[20,21]. Because these sludges may contain hazardous substances, their
adequate treatment is essential [20,22]. In this scenario, it is mandatory
to adopt a paradigm shift, in terms of resource consumption by the
population to achieve a circular economy. In recent years, several
effective sewage sludge treatment technologies have been developed,
among which pyrolysis stands out as a promising method, being used to
synthesize biochars [23,24]. As these dried sludges contain up to 55-70
% of organic matter, pyrolysis allows reducing carbon by immobilizing
it into the biochar [25,26]. Sludge is a bioresidue produced worldwide
[20,27], and its valorization is a key issue of the circular economy. It is
therefore a strategy to change the consumption pattern of the European
population towards a circular, climate-neutral economy that minimizes
the impact on the environment.

Activated carbons obtained from sewage sludge are generally char-
acterized by their large surface functional groups, moderate-high spe-
cific surface area as well as a developed porosity [28-30]. This allows
them to be applied in many applications as adsorbents, catalysts or even
as soil amendments [30,31]. In recent years, advanced oxidation pro-
cesses (AOPs) have been widely applied in the treatment of wastewater
containing organic pollutants that are difficult to degrade. In these AOP
processes, hydroxyl radicals are used to decompose these organic pol-
lutants into smaller molecules or to remove them completely, obtaining
CO, and H,0 [32,33]. With reference to the advances made in their
application to antibiotics removal, several research papers have been
reported that allow the removal of these compounds to be studied froma
critical point of view [34-37]. In particular, these reports provide in-
formation about the degradation of ciprofloxacin from the aqueous
environment. For example, Anjali and Shanthakumar published a re-
view article about several treatments, such as UV/H,0,, UV/H,0,/Fe>",
and ozonation that have been used for the removal of ciprofloxacin from
wastewater [33]. Some reviews on the application of adsorption process
for the removal of this pollutants have also been published [39-41].

However, to our knowledge, there are few studies that report a
combination of the behavior of iron and nickel-based catalysts from
sewage sludge in the removal of an antibiotic, ciprofloxacin, present in
real wastewater, with a Density-functional theory (DFT) study of the
degradation mechanism of this compound in two real aqueous matrices.

Therefore, the main objectives of this work are: (1) employ a simple
method of reusing sewage sludge as a metal-carbon feedstock to syn-
thesize catalysts by a one-step pyrolysis process, studying the activating
agent used, as well as the sludge source, urban or industrial; (2) explore
the performance of the system oxidation process, catalytic wet peroxide
oxidation (CWPO), using the four synthesized catalysts for the degra-
dation of ciprofloxacin in two real aqueous matrices, and (3) elucidate
the degradation mechanisms involved in the CWPO system catalyzed by
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the four synthesized catalysts through a Density-functional theory study.

This study is expected to provide a promising utilization strategy to
develop a cost-effective sewage sludge-derived catalyst with high effi-
ciency for the degradation of refractory organic pollutants from aqueous
medium.

2. Materials and methods
2.1. Chemicals

The synthesis of the catalysts was carried out by using two chemical
activating agents, iron(IIl) chloride hexahydrate and nickel(II) chloride.
Hydrochloric acid was added to acidify the aqueous solutions. In addi-
tion, acetonitrile and acetic acid were also employed as mobile phases in
the analysis of the samples. Ciprofloxacin was selected as a model
antibiotic compound to study the catalytic activity of the various cata-
lysts synthesized. Ultrapure water from Veolia PURELAB® Flex Water
Purification System was used for the preparation of the aqueous solu-
tions. The structure, suppliers and purity of the aforementioned com-
pounds are listed in Table 1. The sludge applied as biomass precursor of
the carbon catalysts was supplied by an urban and an industrial WWTP,
specifically this latter from a pharmaceutical industry.

2.2. Synthesis of the catalysts

Firstly, the biomass precursor was dried in an oven at 105 °C. The
dried sludge was ground to a fine powder and stored for later use. The
ratio used for the chemical activation was 1 g of activating agent per
gram of sludge. For the synthesis of the bimetallic catalyst, this ratio was
maintained, so each gram of sludge was impregnated with 0.5 g of each
of the two activating agents. Then, an aqueous solution of the chemical
activating agent was prepared, and the sludge was treated by incipient
wetness impregnation method and placed in an ultrasonic bath at 40 °C
for 90 min. The latter stage was carried out to favour the access of the
activating agent into the sludge pores and to homogenise the mixture.
After impregnation, the mixture was left for 12 h at room temperature
and then placed in an oven at 105 °C for 24 h to eliminate moisture. The
solid obtained was pyrolyzed for 2 h at 800 °C in a vertical quartz
reactor, using a nitrogen flow rate of 100 mL/min and a heating rate of
10 °C/min. After grinding, the obtained carbonaceous material was
washed with 1 M hydrochloric acid solution for 1 h under magnetic
stirring in order to remove the excess metal from the carbon matrix (100
mL HCl 1 M: 1 g carbonaceous material). Finally, it was filtered and
washed with ultrapure water until a neutral pH was reached. The
catalyst was dried in an oven at 105 °C for 24 h, and crushed and sieved
to a particle size lower than 250 pm.

Table 1
Reagents used in the experiments.
Chemical Structure Supplier Purity (wt
%)
Ciprofloxacin, o OH Sigma- > 98.0
CAS n° 85721-33-1 F L6 Aldrich
4 | 3 [e]
Pheoa
HN\) ¢ A
Ferric chloride FeCl3.6H,0 Sigma- =99.0
hexahydrate, Aldrich
CAS n” 10025-77-1
Nickel dichloride, NiCl, Sigma- 98.0
CAS n° 7718-54-9 Aldrich
Hydrochloric acid, Hcl Fluka 37.0
CAS n” 7647-01-0
Acetonitrile, CH;CN Scharlau > 99.9
CAS n” 75-05-08
Acetic acid, CH3; COOH PanReac > 997

CAS n” 64-19-7
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2.3. Characterization of raw sludge and catalysts

Macroscopic characterization of sewage sludge was performed using
Standard Methods, determining total (TS), fixed (FS) and volatile (VS)
solids, and chemical oxygen demand (COD) [42].

The chemical composition of both the biomass precursor and the
synthesized catalysts was quantified by X-ray fluorescence spectroscopy
(XRF) and elemental analysis (EA), using a PANalytical Axios spec-
trometer and a LECO CHNS-932 analyser, respectively.

The porosity of the carbonaceous materials was assessed from ni-
trogen adsorption-desorption isotherms at —196 °C, using a Micro-
meritics ASAP 2020 analyser. The surface chemistry was evaluated by
Fourier-transformed infrared spectrometry, using a Thermo Nicolet
Nexus 670 equipment, in a wavelength range of 400-4000 cm .

The structural properties were analysed by the X-ray diffraction
(XRD) patterns, collected on a Bruker D8 Advance A25 diffractometer,
by scanning electron microscopy (SEM) performed in a JEOL JSM 6335F
microscope and Transmission electron microscopy (TEM) performed in
a JEOL JEM-2100 microscope equipped with a 200 kV LaB6 electron
source and with a high-resolution ORIUS SC1000 CCD camera.

Finally, the thermal stability of the materials was tested by ther-
mogravimetric analysis (TGA), that were accomplished in a PerkinElmer
STAR 6000 thermobalance. The analyses were conducted using a heat-
ing rate of 10 °C/min, a N, flow rate of 30 mL/min, and a temperature
range of 30-1000 °C.

2.4. Catalytic activity and adsorption contribution

Aqueous solutions of ciprofloxacin were prepared using three
aqueous matrices, e.g., ultrapure water, surface water and an urban
WWTP effluent. The macroscopic characterization of the two real
matrices is detailed in Table 2. The antibiotic concentration was of 50
mg/L, which is in the range reported in the literature for the study of this
type of pollutants [17,43-50]. Then, the pH value was modified until
reaching the target point at 3.2 by adding 1 M hydrochloric acid.

For the catalytic reactions, 250 mL of ciprofloxacin solution together
with the synthesized catalyst (0.3 g/L) and the required hydrogen
peroxide dose (1.1 mL/L) were introduced into the glass reaction vessel.
The operating temperature was of 70 °C and the magnetic stirring was
set at 300 rpm. Samples were periodically collected for 180 min and
then filtered for further analysis using 0.45 pm PTFE filters. Adsorption
tests were performed following the same procedure as previously
mentioned, but in the absence of hydrogen peroxide in order to avoid
the generation of reaction-initiating hydroxyl radicals.

The concentration of ciprofloxacin was determined by an Agilent
HPLC 1260 Infinity I with “diode array™ detector, using a Poroshell 120
EC-C18 column (4.6 x 150 mm; 4 pm). A mobile phase consisting of
17.5 % acetonitrile and 82.5 % acetic acid 75 mM was used, setting a
flow rate of 0.85 mL/min, an injection volume of 50 pL, a column
temperature of 30 °C and a wavelength of 275 nm.

The iron leaching was measured by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES), while the reaction in-
termediates were identified in a Bruker LC-QTOF-MS Impact II
equipment.

Table 2
Macroscopic characterization of real aqueous matrices.
Parameters Surface water WWTP effluent
pH 7.3 8.8
Chemical Oxygen Demand (mg/L) < 15.0 23
Total Organic Carbon (mg/L) 3.2 13.2
Total Carbon (mg/L) 7.4 26.0
Total Nitrogen (mg/L) 0.6 4.8
Total Dissolved Solids (mg/L) 64.0 596.0
Conductivity, at 20 °C (pS/cm) 38.2 484.6
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2.5. Computational methods

Gaussian 16 software package was used to perform all computations
based on the density functional theory (DFT). Geometric optimization
was executed using the hybrid M06-2X method at 6-311++G(2df,2pd)
basis set level, obtaining the corresponding Enono (highest occupied
molecular orbital) values and positive frequencies in all the possible
conformations evaluated, corresponding to minima energy. Here we
show, of all these conformations, those that have turned out to be more
stable under the conditions of the study, including Natural Bond Orbitals
(NBO) analysis [51,52]. The SMD model (universal solvation model
based on solute electron density and a continuum model of the solvent
defined by the bulk dielectric constant and atomic surface tensions) was
used to address the solvent effects of water [53]. GaussView 6.0 software
was used to visualize the computed and optimized structures [54],
whose coordinates have been included in the Supplementary Material.

The Fukui function has been widely used for the prediction of reac-
tive sites of electrophilic, nucleophilic and radical attack of organic
molecules. In this sense, the Fukui function can be defined as [55]:

[ FE N _[ou] _ [dp(n
fi) = (ﬁN.dv(r')) = [ou(,-)] v [azv]m ®

where p(r) is the electron density at point r in space, N is the electron
number in the system, and v in the partial derivative is external poten-
tial. In the condensed version of the Fukui function, atomic population
number is used to represent the electron density distributed around an
atom. The condensed Fukui function can be calculated unambiguously
for three situations:

Nucleophilic attack = f{ = g — ¢\,
Electrophilic attack :  f; = qy_; — 4y (2
Radical attack : = (a1 — dhin)/2

where k is the number of atoms used in the calculation, N is the number
of electrons in the current state, and q* represents the atomic charge
population number of the atom k. In this study, free radical reaction is
the most important mechanism, so f? of ciprofloxacin molecule was
employed to study the degradation pathway. The greater the value of 2,
the more vulnerable the site is to free radical attack.

3. Results and Discussion
3.1. Raw sludge characterization

The properties and origin of the biomass precursor have a significant
influence on the final characterization of the synthesised carbonaceous
materials. Therefore, this work addresses the valorisation of sewage
sludge through the synthesis of carbonaceous catalysts, assessing the
technical feasibility using sludge from two different sources: an urban
and an industrial WWTP. The most relevant characterization parameters
are summarized in Table 3.

Sewage sludge typically has a high organic matter content, which
makes it potentially suitable for its use in the synthesis of carbonaceous
materials [30]. COD and vS values indirectly indicate the organic matter
content of the sewage sludge, being considerably higher for industrial
sludge (COD = 34.8 g/L; vS = 29.3 g/L) compared to the urban one
(COD = 8.4 g/L; vS = 6.5 g/L). The TS value of the industrial sludge is
about 4 times larger than the urban sludge (36.6 vs 8.8 g/L), indicating a
higher water content in the sludge supplied by the urban WWTP.
However, both sludges presented an approximately equal percentage of
volatile matter over total solids content, being within the range 74-80
%. In this regard, high values of volatile matter will not only promote the
generation of porosity but also increase the efficiency of the carbon
synthesis. In the literature, a volatile matter content higher than 70 % is
usually recommended, so the two sludges used in this study seem to be
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Table 3

Characterization of the raw sludges.
Parameters Industrial Urban
Macroscopic characterization (g/L)
Chemical Oxygen Demand 34.8 8.4
Density 1000.6 955.9
Total Solids 36.6 8.8
Volatile Solids 29.3 (80 %) 6.5 (74 %)
Fixed Solids 7.3 (20 %) 2.3 (26 %)
Chemical composition of the dried sludge (wt.%)
C 42.4 37.9
o 14.6 18.9
H 5.8 5.6
N 3.7 6.1
Fe 0.7 11.6
Ni 0.4 0.02
Ca 11.7 3.0
S 0.7 0.7
Si 0.73 2.63
cl 3.5 0.6
Na 23 -
P 1.9 4.8
K 1.4 1.9
Al 0.6 1.0

suitable biomass precursors [56]. Finally, the FS content of both urban
and industrial sludge is related to the ash content, and is within the
values found in the literature for this type of biomass precursor
[30,57,58].

The chemical composition of both sludges showed a predominant
contribution of carbon (38-42 %) and oxygen (15-19 %), which,
together with the hydrogen content, are within the range reported by
other authors for this kind of biomass source [30,53-61]. According to
the literature, the carbon content required to achieve acceptable carbon
yields has to be in the range of 40-90 %, so the industrial sludge would
be within it and the urban sludge would be very close to it. Therefore, it
seems that both sludges could be potential biomass precursors for the
synthesis of carbonaceous materials [62,63].

Sulphur and nitrogen contents in raw sludges were found relatively
low. Thus, the emissions of these oxides during the pyrolysis process
could be considered as negligible, minimizing the impact of these
harmful gases on the environment [56].

The predominant metal concentration found in the urban sludge was
iron (11.6 %), while in the industrial sludge it was calcium (11.7 %). A
high concentration of these metals in various types of sludge has been
reported in the literature [30,64-66]. Other minor elements were po-
tassium, phosphorus, sodium, chlorine, sodium, or silicon. The sludge
chemical composition is quite heterogeneous and variable, and its
properties can change significantly depending on the sludge source, day
or location [66].

3.2. Catalyst characterization

3.2.1. Chemical composition

As can be seen in Table 4, the source of the biomass precursor seems
to have a significant influence on the final catalyst composition when
the same synthesis conditions and activation agent were used. That is,
although the initial carbon content for both precursors was approxi-
mately the same, the pyrolysis process generated very different final
compositions. While the industrial sludge provided catalysts with a
carbon content of more than 70 wt%, the urban sludge only reached to
23 wt%. Therefore, the carbon content of Urban-Fe was lower than that
of the biomass precursor, while the carbon content of the industrial-
sludge catalyst was higher. This trend evidenced a difference in the
pyrolysis mechanisms depending on the composition of the sewage
sludge used as precursor, as reported in other studies [30,64].

Also, noteworthy is the high oxygen contribution of the Urban-Fe
catalyst (28.3 wt%), compared to the Industrial-Fe sample (8.5 wt%).
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Table 4
Influence of the sludge source and activating agent on the final composition of
the catalysts.

Parameters Urban-Fe (wt.%) Industrial-Fe Industrial-Ni Industrial-FeNi
(wt.%) (wt.9%) (wt.9%)

C 23.1 70.9 50.5 52.9

(o] 28.3 8.5 13.6 14.4

H 28 1.8 1.6 1.5

N 4.5 3.8 2.1 21

Fe 9.3 5.1 0.1 87

Ni 0.08 0.2 26.8 15.8

Ca 07 0.6 0.6 0.4

S 0.5 1.2 1.0 0.9

Si 14.9 3.4 0.6 1.0

cl 4.8 2.4 0.8 04

Na - - - -

P 1.4 0.9 1.7 1.5

K 3.0 0.02 0.01 0.01

Al 32 1.0 0.3 0.3

This could be attributed to the high iron content present in the urban
sludge, which could favour its combination with the oxygen present in
the sample to generate metal oxides, increasing the oxygen content in
the carbon material [64]. Moreover, the iron content obtained with the
urban sludge precursor was slightly lower than twice that obtained with
the industrial sludge. The higher attachment of this metal to the
carbonaceous matrix could have been favoured by the high iron content
of the raw urban sludge. Silicon was also one of the major elements in
the Urban-Fe catalyst (14.9 wt%).

Regarding the influence of the activating agent, the composition of
three catalysts obtained from the same biomass precursor, i.e. industrial
sludge, was compared. The activating agents applied were iron and
nickel salts, and a mixture of both. As can be seen in Table 4, it was
observed a considerably higher carbon content for the catalyst synthe-
sized with iron chloride (Industrial-Fe) compared to that obtained using
nickel chloride (Industrial-Ni). The bimetallic catalyst (Industrial-FeNi)
showed an intermediate value to those obtained for the previous ones,
although much closer to the Industrial-Ni catalyst. The oxygen contri-
bution was considerably higher for the two Ni-based catalysts, either
pure or as a mixture with the iron salt (13.6 and 14.4 wt%). That is,
while the industrial-Fe catalyst reduced the oxygen content to about half
of that present in the raw sludge (14.6 wt%), the Ni and bimetallic
catalysts showed a negligible variation. The type of chemical activation
agent did not seem to have a significant influence on the hydrogen,
sulphur or potassium content. However, the nickel salt used in the
Industrial-Ni and Industrial-FeNi catalysts led to a slight decrease of the
chlorine, nitrogen and silicon content in the final composition of the
carbon materials. The potassium content seemed to show the opposite
trend, rising as the amount of nickel chloride impregnated in the catalyst
increased.

A marked difference in the amount of active phase attached to the
carbonaceous matrix was also observed for the Industrial-Fe and
Industrial-Ni catalysts. While a 26.8 wt% of nickel was found in the Ni-
based catalyst, the Industrial-Fe material only achieved a 5.1 wt% of
iron. That is, the activating agent seemed to show a significant influence
on the attachment of the active phase, showing a favourable trend in the
case of the nickel salt. However, despite having a higher metal content,
the Industrial-Ni catalyst may have a lower catalytic activity than the
Industrial-Fe material, as will be discussed in the following sections.

Furthermore, it would be expected that, by using a lower relative
amount of iron and nickel chloride in the synthesis of the Industrial-FeNi
catalyst (1 g dried sludge: 0.5 g iron salt: 0.5 g nickel salt), the content of
these metals in the final sample would be between the values for the
catalysts obtained from a single metal salt, i.e. Industrial-Fe (1 g dried
sludge: 1 g iron salt) and Industrial-Ni (1 g dried sludge: 1 g nickel salt).
However, the bimetallic catalyst showed a higher iron concentration
than the Industrial-Fe catalyst, while the nickel content was lower than
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that found in the Industrial-Ni catalyst. It seems that the use of a
bimetallic solution in the incipient wetness impregnation method fav-
oured the iron attachment on the carbonaceous matrix, while nickel
attachment was reduced. It should also be noted that the rinsing step
during the catalyst synthesis mostly removed the calcium in the indus-
trial sludge-based catalysts, obtaining values lower than 0.6 wt%.
Pyrolysis processes allowed to obtain carbonaceous materials from
diverse biomass sources. During this stage, smaller organic molecules
condense into conjugated aromatic rings, and organic nitrogen and
metals can also be conjugated into the carbonaceous structure. This
resulted in metal loading sites, oxygen functionalities, defective edges
and nitrogen doping [67]. Compared to other biomass precursors, the
use of sewage sludge favoured the generation of functional groups in the
carbonaceous materials [64]. For this reason, the chemical composition
of the catalysts synthesized with the two sludges and the different
chemical activating agents showed carbon content values lower than
those found for commercial activated carbons (around 90 %) [58].

3.2.2. Porosity

The porosity of carbonaceous materials is one of the most important
properties, since it will determine the feasibility of the materials for
applications such as catalysis and/or adsorption. This information has
been obtained from the nitrogen adsorption-desorption isotherms at
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—196 °C.

The behaviour of the synthesized catalysts when exposed to a
physisorption process under a nitrogen atmosphere, as shown in Fig. 1a,
seems to suggest a combination of Type I-IV isotherms. This pattern has
been previously reported in the literature for carbonaceous materials
obtained from sewage sludge, and it is characteristic of mesoporous
solids, with a moderate contribution of microporosity [30,60,65]. In
addition, all four materials showed a hysteresis loop at P/P° values close
to 0.4, which is often found in micro-mesoporous carbons [68]. This is,
H3-H4 Type hysteresis loops, as found for the synthesized catalysts,
indicated the occurrence of narrow crack pores and slit-shaped pores in
the carbon structure [65,69,70]. A steep nitrogen uptake was observed
at low relative pressures, which is related to the microporosity contri-
bution in the analysed samples [68,71].

In addition, the desorption branches showed a step-down at P/P°
values close to 0.5, which might indicate cavitation induced by the
evaporation of the condensed liquid in larger mesopores (capillary
condensation effect) [72]. This behaviour seems not to depend on the
biomass source, i.e. Urban-Fe and Industrial-Fe catalysts exhibited a
similar shape. However, the catalysts in which nickel salt was used as
activating agent (Industrial-Ni and Industrial-FeNi) this phenomenon
appeared to be increased, showing a sharper step down.

As has been reported in the literature, the BET (Brunauer-Emmett-
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Fig. 1. N, adsorption-desorption isotherms (a), BET calculation criteria (b), Pore size distribution calculated with BJH method (c), and FTIR spectra (d) of the

synthesized catalysts with different activating agents and sludge source.
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Teller) method can be applied to Type IV and II isotherms, where the
linearity range of the BET plot is usually found in the relative pressure
range of 0.05-0.3. However, the presence of micropores hinders the
application of this method, as it may be not possible to separate the
micropore filling and monolayer-multilayer adsorption processes, and
the standard range of relative pressures is no longer valid. In this case,
the linear range of BET plot may be narrow and difficult to locate. To
address this issue, Rouquerol et al. proposed a procedure to determine
the correct relative pressure range and avoid any subjectivity during the
evaluation of the BET monolayer capacity [68,72-74]. Since the cata-
lysts synthesized have a considerable microporosity, these criteria have
been used to determine the BET surface area.

The upper relative pressure limit of the BET range, which corre-
sponded to the absolute maximum shown in dashed lines in Fig. 1b,
reached values of 0.05 for Urban-Fe and Industrial-Fe catalysts, 0.18 for
Industrial-Ni and 0.08 for Industrial-FeNi. Therefore, it seems that a high
microporosity in the material increased the narrowing of the applicable
relative pressure range. Table 5 shows the calculated values of the
apparent BET surface area by applying the previously mentioned pro-
cedure for micro-mesoporous materials. The apparent Sger values
decreased in the following order: Urban-Fe > Industrial-Fe > Industrial-
FeNi > Industrial-Ni. A high apparent BET monolayer capacity was
found when urban sludge was used as biomass precursor and when
increasing the amount of iron chloride used as chemical activating
agent. The resulting BET values are within the range reported in the
literature for other carbonaceous materials obtained from sewage sludge
by chemical activation with iron chloride (Sger = 468 mz/g) and zinc
chloride (Sggr = 266-558 m?/g) [30,60]. Moreover, the chemical acti-
vation agents proposed in this study exhibited apparent Sggt higher than
those obtained by other authors for chemical activation agents such as
iron nitrate (Sggy = 240 m?/g), iron sulphate (Sger = 233 m>/g), or
(ortho)-phosphoric acid (Sger = 230-296 m? /8) [30,60,71]. According
to Alvarez et al., the physical activation of sewage sludge, without any
pre-treatment of the raw sludge, allowed to obtain carbonaceous ma-
terials with an apparent Sggr of 43 m?/g, values considerably lower than
those obtained by chemical activation following the procedure
described in this work [75].

On the other hand, nitrogen adsorption-desorption isotherms pro-
vided other textural parameters, such as the contribution of micropo-
rosity (Viicro) and mesoporosity (Viyeso) to the total pore volume
(VTotaD), as well as the average pore width. This information is summa-
rized in Table 5.

The total pore volume, i.e. the maximum amount of N, uptake at a
relative pressure close to 1.0 decreased in the following order: Urban-Fe
> Industrial-Ni > Industrial-Fe > Industrial-FeNi. However, the relative
micropore volume showed a different trend: Industrial-Fe > Urban-Fe >
Industrial-FeNi > Industrial-Ni. Therefore, while the iron chloride used
as activating agent seems to show a slight decrease in the total pore
volume, the development of microporosity was considerably favoured.
Furthermore, the use of a mixture of iron and nickel chloride as chemical
activating agent resulted in a catalyst whose Vot was lower than those

Table 5
Porosity-related properties of the synthesized catalysts.
Parameters Urban- Industrial- Industrial- Industrial-
Fe Fe Ni FeNi
Sger (m%/g) 713 582 319 397
Visiero (em*/g) * 0.219 0173 0.030 0.100
VMeso (cma/g) 0.404 0.293 0.472 0.325
Vrotal (cm®/g) © 0.623 0.466 0.502 0.425
Vniero/ Votal (%) 35.1 37.1 6.0 23.6
Average pore width 10.4 7.2 7.1 6.8
(nm)

2 Calculated by Dubinin-Radushkevich method.
b Volume of pores at P/P° = 0.99.
¢ Calculated from Voo and Vool
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values of catalysts synthesized with a single activating agent (Industrial-
Fe and Industrial-Ni), but the relative microporosity was found to be in
between these two.

It should be noted that the heterogeneity in the composition
depending on the sludge source appeared to have a significant influence
on the final porosity of the synthesized carbonaceous materials. In this
regard, while the use of urban sludge (Urban-Fe) showed a considerably
high total pore volume, the relative contribution of microporosity was
slightly lower than that obtained for the Industrial-Fe catalyst. The
development of a higher total porosity with the urban sludge could be
due to the high iron content found in the dried raw sludge (11.6 wt%).
This means that the chemical activation during the catalyst synthesis
could have been due to both the contribution of the impregnated iron
chloride and the iron content of the raw sludge. The increase in relative
micropore volume when industrial sludge was used could be attributed
to the high calcium content present in the raw sludge (see Table 3),
which was removed during the catalyst rinsing (see Table 4), unblocking
the pores that were occupied in the carbonaceous matrix.

According to the literature, the different pore structure generated
during the pyrolysis process for the synthesis of carbonaceous materials
from sewage sludge is related to the varying inorganic content
depending on the source. However, most authors have reported a
simultaneous formation of mesopores and micropores in both physical
and chemical activation [75].

Pore size distribution is one of the established criteria for the selec-
tion of carbonaceous materials in applications such as adsorption,
determining the fraction of the volume accessible to molecules of a
particular shape or size [76]. The pore size distribution of the catalysts
(Fig. 10) highlights the micro-mesoporous nature of the materials,
reaching a maximum around 4 nm for all catalysts. The Urban-Fe
catalyst also showed another relative maximum around 16 nm. As
shown in Table 5, the chemical activation of sewage sludge with iron
and nickel chloride allowed the synthesis of predominantly mesoporous
carbonaceous materials, with average pore width values ranging from
6.8 to 10.4 nm. These values justify the loop hysteresis found in the N,
adsorption—desorption isotherms (see Fig. 1a), since this phenomenon
occurs when the pore width exceeds a critical value, which for nitrogen
at —196 °Cis 4 nm [72].

Iron and nickel salts used as chemical activating agents have been
effective in the synthesis of carbonaceous materials, exhibiting high
porosity and surface area. These compounds promoted the degradation
of the biomass precursor used as carbon source, generating a dehydra-
tion of the raw material that resulted in the carbonisation and aroma-
tisation of the carbon skeleton and developing the porous structure [76].
As aresult, biochars of a micro-mesoporous nature were obtained, which
is in agreement to the data reported by other authors [65].

3.2.3. Surface chemistry

The surface functional moieties of the catalysts are generally
assessed from the Fourier-transformed infrared (FTIR) spectra, shown in
Fig. 1d.

As can be observed, all catalysts showed a broad band located be-
tween 3700 and 2800 cm !, which could be related to both the presence
of O—H bonds on the catalyst surface and the moisture adsorbed by the
materials [30,77]. The intensity of this band decreased in the following
order: Urban-Fe > Industrial-FeNi > Industrial-Ni > Industrial-Fe, being
in agreement with the oxygen content of the materials, shown in Table 4.
This band could also be attributed to the N—H stretching vibrations
related to amides and amines from the proteins found in the sewage
sludge [75]. However, the low nitrogen content compared to oxygen in
the final catalysts seemed to suggest a higher contribution of O—H
bonds of the synthesized materials.

The synthesized materials also showed a band around 2650 em !,
which could be attributed to aliphatic C—H stretching vibrations [30].

All four catalysts showed a peak at a wavelength around 1600 cm !,
which could be related to C=0 and/or C=C bonds of carbonyl groups




7.3 Publicacién 3

P. Gutiérrez-Sanchez et al.

(belonging to functional groups such as ketones, quinones, keto-esters,
diketones and ketoenols) and aromatic rings, respectively [78-30].
This peak seemed to be extremely dependent on the biomass source used
in the synthesis, reaching considerably higher values for Urban-Fe ma-
terial compared to Industrial-Fe. This fact could be favoured by the high
oxygen content of the Urban-Fe catalyst (see Table 4), being involved in
the formation of carbonyl bonds.

The band found between 1000 and 1200 cm ! could be explained by
the G—O stretching from alcohols, phenols, acids, ethers or ester func-
tional groups [78,80,81]. In addition, the absorption peaks located from
900 to 1200 cm ' might be related to Si-0-Si and Si—O—C bonds, which
could explain the high intensity of this band for the Urban-Fe catalyst
due to its higher silicon content (see Table 4) [75].

Finally, the band located in the wavelength range 400-800 cm !
could indicate the out-of-plane bending vibration of O—H bonds or the
stretching vibration of C—H (benzene derivatives) bonds. The presence
of these aromatic C—H groups would suggest the surface aromatization
of these carbonaceous catalysts [30,52].

3.2.4. Structural properties

In order to characterize the crystalline phases present in the sewage
sludge-derived catalysts, XRD studies were accomplished. The XRD
patterns obtained are shown in Fig. 2. Thus, XRD patterns for the cata-
lysts containing only iron, named as Urban-Fe and Industrial-Fe,
exhibited three main wide peaks, characteristic of poor crystalline
solids, located at 20 values of 26 ° and 43 °, which correspond to
graphite phase (ICDD PDF File 001-0646) and were assigned to (002),
(100)-(101) planes. The XRD graphs of these materials did not show
peaks which could origin from iron in metallic form [83]. Moreover, it
should be highlighted that if the particle size of iron is very small, it
could not be observed in XRD patterns. On the other hand, the XRD
patterns of the Ni-based catalysts (Industrial-Ni and Industrial-FeNi)
showed three large reflection signals (as illustrated in Fig. 2) at 44.6 °
(111) 51.9 ° (200) and 76.4° (220), typical of metallic nickel with a
CFC structure [34]. These peaks are more intense than those observed in
the XRD patterns of iron-based catalysts, since the percentage of Ni used
in the synthesis was much higher (Table 4).

The SEM micrographs of the synthesized catalysts are shown in
Fig. 3a-d. All the micrographs revealed a morphology characteristic of
porous materials, where inner porosity has been developed through a
thermal treatment. In Fig. 3a, the largely isolated cylindrical units have

Urban-Fe
—_
X
< .
Industrial-Fe
2
1]
e
£
- Industrial-Ni

Industrial-FeNi

0 20 40 60 80 100
20 (degree)

Fig. 2. XRD patterns of the catalysts synthesized with different activating
agents and sludge source.
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walls formed by layers of thin films. In Fig. 3b, these units seen in Fig. 3a
have coalesced at the walls into a singular solid matrix interspersed with
pores. The bonding of the walls and the melting of the wall lamellae
suggested a deep transformation at molecular level in the sewage sludge
during pyrolysis. Generally, all the carbon samples showed a great
heterogeneity.

3.2.5. Thermal stability

Thermal stability is a key requirement for the catalysts, and it will
limit both the operating conditions under which they can be used and
their suitability for thermal regeneration after their application. The
thermogravimetric analysis of the four synthesized catalysts are shown
in Fig. 4.

Firstly, there is a weight loss of the samples around 100 °C, which
could be related to the water adsorbed on the carbonaceous materials.
According to the results obtained, both the source of the sludge and the
activating agent seemed to have an influence on the sample moisture.
That is, while Industrial-Fe material presented moisture values close to
7 %, Urban-Fe reached to 12.2 %. In addition, Industrial-Ni catalyst
showed a moisture content close to 5.1 %, which is lower than that
observed for Industrial-Fe. However, the use of a mixture of activating
agents consisting of iron and nickel chloride seemed to favour water
adsorption, reaching values close to 7.9 % for the Industrial-FeNi cata-
lyst. Therefore, the moisture content of the synthesized catalysts
decreased in the following order: Urban-Fe > Industrial-FeNi > Indus-
trial-Fe > Industrial-Ni.

All samples showed a slightly decreasing trend in weight at tem-
peratures above 100 °C, which could be associated with the decompo-
sition of compounds that did not have time to degrade during the
pyrolysis process in the catalyst synthesis. Moreover, at temperatures
close to the pyrolysis temperature, i.e. between 700 and 900 °C, a more
steep weight variation was observed, which could be mainly due to the
removal of compounds that require a higher pyrolysis temperature or
time than the one used in the synthesis. It should be noted that the
Industrial-Fe catalyst was the material with the lowest weight variation,
i.e. the one with the highest thermal stability.

3.3. Catalytic Wet Peroxide Oxidation of Ciprofloxacin

3.3.1. Adsorption tests

Carbonaceous materials derived from pyrolytic processes using
biomass precursors generally exhibit adsorptive properties as a conse-
quence of the porosity generated during their synthesis. In this study, the
porous nature of the four synthesized catalysts has been described by
their characterization in the previous section. In other words, the in-
formation obtained from the N, adsorption-desorption isotherms,
together with the surface chemistry of the materials, will lead to
different kinetics and adsorption capacities depending on the activating
agent and the source of the sludge used in the synthesis of the carbon
materials.

Therefore, to evaluate the effectiveness of the catalysts in the het-
erogeneous reaction systems, adsorption blanks are required to assess
the contribution of adsorption to the pollutant removal process. This
information can be seen in Fig. 5.

With regard to the influence of the source of biomass precursor, the
catalyst synthesized from industrial sludge (Fig. 5b) appeared to exhibit
considerably slower adsorption kinetics compared to that shown for the
material obtained from urban sludge (Fig. 5a). That is, while the Urban-
Fe catalyst required times longer than 45 min to reach the equilibrium,
an equilibrium time higher than 120 min was needed for the Industrial-
Fe catalyst.

On the other hand, the type of activating agent used for the catalyst
synthesis also seemed to show some influence on the adsorption kinetics.
Zinc chloride allowed obtaining carbons with faster adsorption kineties
than those shown with iron chloride. Specifically, Industrial-Ni catalyst
(Fig. 5¢) required times longer than 60 min to reach the equilibrium,

157



CAPITULO VII: Anexos

P. Gutiérrez-Sanches et al.

o

SEI 20.0kV X200 100um WD 14.9mm

NONE 20.0kV

X2,000 10um WD 152mm

Journal of Molecular Liquids 381 (2023) 121840

NONE SEl  200kV X500 10um WD 15.0mm

SEl  200kV X500 10um WD 12.7mm

Fig. 3. SEM micrographs of the catalysts synthesized with different activating agents and sludge source: Urban-Fe (a), Industrial-Fe (b), Industrial-Ni (c), Industrial-

FeNi (d).

compared to the equilibrium time shown by the previously mentioned
Industrial-Fe material. Furthermore, it should be noted that the use of a
mixture of activating agents consisting of iron and nickel chloride for the
synthesis of the bimetallic Industrial-FeNi catalyst (Fig. 5d) presented
similar kineties to that obtained for the Industrial-Fe catalyst. Therefore,
the iron chloride predominantly seemed to determine the kinetics of the
bimetallic catalyst, making the time required to reach the equilibrium
the same as for the Industrial-Fe, i.e. 120 min.

The adsorption capacity at equilibrium time, defined by Equation 3,
is one of the most commonly used parameters to compare the adsorption
contribution of different materials.

_ Coiproftoracind — Ccipraftosacin.e @)

CC atalyst

where g, (mg/g) is the adsorption capacity at equilibrium time; Ce;pro.
floxacin,0 (mg/L) is the initial ciprofloxacin concentration, i.e. 50 mg/L;
Ceiprofloxacine (Mg/L) is the concentration of ciprofloxacin when equi-
librium was reached, assuming that the equilibrium time corresponded
to the last sample taken at 180 min; and Ccaalys: (/L) is the catalyst dose
used, i.e. 0.3 g/L.
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As observed, both the biomass source and the activating agent
seemed to have an influence on the ciprofloxacin concentration in the
aqueous phase at equilibrium time, assuming that equilibrium has been
reached at approximately 180 min. In this regard, the equilibrium
concentration values were of 30.1, 27.8, 37.9, and 30.2 mg/L for Urban-
Fe, Industrial-Fe, Industrial-Ni, and Industrial-FeNi catalysts, respec-
tively. Therefore, the adsorption capacity values of the synthesized
materials were 66.3, 73.9, 40.4, and 66.0 mg/g, respectively, in the
order previously indicated. The adsorption capacity range of the syn-
thesized materials is in accordance with the one reported in the litera-
ture for other biomass-based materials for the removal of ciprofloxacin
[85-88] and other emerging contaminants [30,60].

As previously discussed, the sludge source and the activating agent
have an influence on the kinetics and adsorption capacity of the cata-
lysts. While the adsorption rate decreased in the following order: Urban-
Fe > Industrial-Ni > Industrial-Fe = Industrial-FeNi; the adsorption
capacity did so as follows: Industrial-Fe > Urban-Fe ~ Industrial-FeNi >
Industrial-Ni.

Finally, the study of the aqueous matrix effect on the adsorption
process evidenced a relatively small effect on the four materials
considered. As can be seen, although the kinetics seemed to maintain a
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Fig. 4. Thermogravimetric profiles of the synthesized catalysts with different
activating agents and sludge source.

similar trend regardless of the matrix, the ciprofloxacin concentrations
in the aqueous phase increased in the following order: ultrapure water
< surface water < WWTP water. The higher removal of the antibiotic in
ultrapure water compared to the real aqueous matrices could be due to
the presence of other organic and inorganic compounds competing for
the active sites of the solid for the adsorption of ciprofloxacin. Therefore,
it seemed that an increase of organic and inorganic matter in the real
matrix led to a lower adsorption capacity, i.e. a higher ciprofloxacin
equilibrium concentration in the aqueous phase. This could explain the
lower ciprofloxacin concentration when using surface water compared
to that found in WWTP effluent, since macroscopic parameters, such as
the chemical oxygen demand, total organic carbon, total dissolved
solids, among others, were considerably higher for the latter (see
Table 2).

3.3.2. Catdlytic activity

The properties and catalytic activity of the catalysts will determine
the removal rate of ciprofloxacin, as well as the formation of different
reaction intermediates and by-products. Thus, the evolution of the
relative concentration of the tested antibiotic in the reaction tests, using
the four synthesized catalysts and the three aqueous matrices, has been
illustrated in Fig. 6.

As can be seen, the degradation kinetics of ciprofloxacin using the
Urban-Fe catalyst, Fig. 6a, was considerably slower than that shown for
the Industrial-Fe, Fig. 6b. That is, while the former needed times longer
than 180 min to reach a ciprofloxacin removal of around 98 %, the
Industrial-Fe catalyst did so before 30 min. Moreover, the reaction
profile for Urban-Fe catalyst before 15 min was identical to that shown
in the adsorption profile (see Fig. 5), suggesting that the major contri-
bution in the ciprofloxacin removal up to that time is from adsorption.
This could be due to the formation of a minimum concentration of hy-
droxyl radicals in the oxidation process that initiates the reaction.
However, this time seems to be considerably reduced for the Industrial-
Fe catalyst, with the adsorption and reaction profiles coinciding only up
to the first 5 min.

It should also be noted that the iron content of the Industrial-Fe
catalyst (5.1 wt%) was considerably lower than that of the Urban-Fe
material (9.3 wt%). However, the catalytic activity showed the oppo-
site trend. This behaviour could indicate a higher dispersion and
accessibility of the active phase on the catalyst surface, which could lead
to a higher metal leaching. HR-TEM images of the particle size
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distribution and metallic dispersion of the iron and nickel particles of the
catalysts are presented in Fig. S1, the histograms of metals particle size
distributions are shown in Fig. 52, supporting information. The average
particle size of the iron or nickel particles of the catalysts was obtained
by counting using ImageJ software. The results indicated a mean par-
ticle size distribution of 46 + 17.94, 67 + 23.54, 32 + 9.63 and 34 +
16.33 nm, for Urban-Fe, Industrial-Fe, Industrial-Ni and Industrial FeNi
catalysts, respectively. In addition, by TEM images, the better dispersion
of iron metal on the surface of Industrial-Fe catalyst, with respect to
Urban-Fe catalyst, is confirmed. Indeed, the values of the iron leached
concentration into the reaction medium were slightly higher for the
Industrial-Fe catalyst compared to those observed for the Urban-Fe
catalyst. Specifically, the iron concentrations in the reaction medium
at near 98 % ciprofloxacin removal were of 0.48 mg/L (at 180 min re-
action time) and 0.61 mg/L (at 30 min reaction time) for the Urban-Fe
and Industrial-Fe catalysts, respectively. Therefore, the origin of the
sludge has a considerable influence on the catalytic activity of the
carbonaceous catalyst.

Concerning the influence of the activating agent on the ciprofloxacin
removal kinetics, nickel appeared to have a significantly lower catalytic
activity than iron. That is, while the Industrial-Fe catalyst achieved a
maximum ciprofloxacin removal of 99.7 %, the Industrial-Ni catalyst
reached only 32.5 % (Fig. 6¢). It is also noteworthy that the concen-
tration of nickel in the Industrial-Ni material (26.8 wt%) was consid-
erably higher than that of iron in the Industrial-Fe catalyst (5.1 wt%),
again highlighting the low catalytic activity of nickel in the generation
of hydroxyl radicals for the CWPO process.

As previously mentioned, the presence of iron in the catalyst seemed
to considerably favour the kinetics of the process. However, the bime-
tallic Industrial-FeNi catalyst (Fig. 6d) showed faster removal kinetics
than the Industrial-Fe catalyst. This behaviour could be due to the high
iron (8.7 wt%) and nickel (15.8 wt%) content of the former, although
due to the low nickel catalytic activity it is likely to have been caused
mainly by iron. That is, while the Industrial-FeNi catalyst required 15
min to remove the antibiotic almost completely, the Industrial-Fe cata-
lyst required 15 min longer. In addition, due to the higher metal content
in the Industrial-FeNi catalyst, the leaching into the reaction medium
also increased. Specifically, the concentration of iron and nickel in the
reaction medium when reaching around 98 % ciprofloxacin removal was
2.0 and 11.4 mg/L, respectively. Therefore, although the reaction ki-
netics was slightly favoured in the bimetallic catalyst due to the higher
iron content, the leaching of metals into the reaction medium was
higher, and the Industrial-Fe catalyst could be considered as the opti-
mum material. In other words, the activating agent has a crucial influ-
ence on the catalytic activity of the synthesized carbonaceous materials,
being preferable the use of iron chloride over nickel chloride.

The initial reaction rates were calculated by numerical derivation
from the concentration profile versus time and collected in Table 6.
These values evidenced the kinetic behaviour previously discussed. That
is, the reaction rate depends on both the origin of the sludge and the
active agent, decreasing as follows: Industrial-FeNi > Industrial-Fe >
Urban-Fe > Industrial-Ni. Furthermore, the reaction kinetics and the
catalytic activity seem to depend on the aqueous matrix and, as observed
in the adsorption tests, decrease in the following order: ultrapure water
> surface water > WWTP water. This effect could be related to the
occurrence of other pollutants in the real aqueous matrices that would
compete with ciprofloxacin during the catalytic wet peroxide oxidation.
Therefore, as shown in Table 2, the higher pollutant concentration in
WWTP water compared to surface water would disfavour the cipro-
floxacin reaction rate.

3.3.3. Mechanism and pathways of CWPO degradation of ciprofloxacin.
DFT study

The possible mechanism of ciprofloxacin removal on the catalyst
(urban or industrial)/hydrogen peroxide could be as follows: When
hydrogen peroxide is present, the iron or nickel ions on the catalyst
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Fig. 5. Adsorption tests of the synthesized catalysts with different activating agents, sludge sources and aqueous matrices: Urban-Fe (a), Industrial-Fe (b), Industrial-

Ni (¢), Industrial-FeNi (d).

surface could accelerate the generation of eOH,,s from hydrogen
peroxide through an intermolecular electron transfer process (Equations
(3)-(4)). In addition, the oxygen-containing functional groups of the
catalyst could react with hydrogen peroxide to form eOHj,¢ via electron
transfer (Equation (5)) [89]. On the other hand, a small amount of
leached ions could activate hydrogen peroxide to produce OHg,s via
chain reaction (Equations (7)-(8)). As a final step, the ciprofloxacin
molecule could be degraded by the ¢OH;,,s generated on the catalyst
surface (Equations (6)) and a small part of eOHgee in the solution
(Equation (9)). In this sense, the ciprofloxacin can be degraded indi-
rectly through the oxidation of "OH, and directly mediate electron
transfer processes of the oxygen-containing functional groups and the
metal of the catalyst. In addition, the carbon base can act as a medium
for electron transfer from ciprofloxacin (as electron donor) to hydrogen
peroxide (as electron acceptor) [90].

Fé* + Hy0y —» F&* + -OH,,, + H* 3)

F&* + Hy0, — Fe** +-.OH,,; + HO~ 4
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Catalyst =0 — C = O + H,0, — Catalyst® + HO™ + -OH,; ®
Ciprofloxacin + -OH,,; — Intermediates — CO> + H,O ©
Fe*' + HyOs = Fé** + HOypee + HY @
Fe** + H,0, > Fe* + -OH/,,., + HO™ ®)
Ciprofloxacin + -OHye — Intermediates — CO» + HO 2

Ciprofloxacin degradation intermediates were identified by a Bruker
LC-QTOF-MS Impact II instrument for each of the four catalysts used in
this work. The possible molecular structure was proposed for each in-
termediate on the basis of MS/MS fragments and their m/z as shown in
Tables S1-54. MS/MS spectra or MS spectra of ciprofloxacin and in-
termediates are shown in Fig. $3-S6. In addition, energy data and car-
tesian coordinates for the optimised structure of the organic compounds
involved in the reactions are given in Supplementary Material (Table S5-
523). Based on the Fukui index and in conjunction with the identifica-
tion of the intermediate products of the four catalysts, the different
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Fig. 6. Catalytic activity of the synthesized catalysts with different activating agents, sludge sources and aqueous matrices: Urban-Fe (a), Industrial-Fe (b), Industrial-

Ni (c), Industrial-FeNi (d).

Table 6
Initial reaction rates of the synthesized catalysts with different activating agents,
sludge sources and aqueous matrices.

Urban- Industrial- Industrial- Industrial-
Fe Fe Ni FeNi
To, Ultrapure water 2.59 3.82 1.07 12.61
(mgciprotioxacin/
gCanlystmin)
T0, Surface water 2.16 279 0.29 10.53
(mgciprotioxacin/
ZCatalysemin)
To, WWTP water 2.02 2.32 0.16 7.05

(mgeipronoxacin’
ZCanlystmin)

possible degradation pathways of ciprofloxacin in each system were
proposed (T1-T4), taking into account the integration of the degradation
pathways of all catalysts, as shown in Figs. 7-10. The Fukui index (f°)
was computed to identify the vulnerable atomic sites of the ciprofloxacin
molecule for radical attack (Fig. 11a,b). According to Fukui function

(Eq. 2), ahigh f = value suggests that an atom is more like to be attacked
by electrophilic reagent (nucleophilic reaction), and a high ° value in-
dicates that an atom is likely to be attacked by and ¢OH. The 1(C), 3(C),
5(C), 11(F), 15(0), 19 (N), 20(C), 35(H) and 41(H) positions exhibited
high f values, suggesting the potential electrophilic attack. The 6(C), 8
(C), 10(C) and 15(0) positions displayed high positive point charges,
and so these positions are expected to undergo preferential nucleophilic
attack. High {° values were calculated for the 3(C), 6(C), 10(C), 15(0),
and 19(N) positions, indicating that these regions tend to lose electrons
and be attacked by ¢OH.

The possible degradation reactions of ciprofloxacin could follow four
different degradation pathways (Fig. 7). In the first one, compounds
with m/z = 330, 346 and 261 are formed by processes of defluorination
and hydroxylation, followed by the cleavage of piperazine ring. All these
processes have been reported in the degradation of fluoroquinolones
[91,92]. In the second pathway, hydroxyl groups are incorporated into
the piperazine ring and subsequently oxidised. Successive CO losses
could lead to the opening and disappearance of the piperazine ring,
resulting in formation of the compound with m/z = 263. The third
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a)

b)

Atom q(N)  q(N+1)  g(N-1) b £t o
1(C) 0,0820  0,0395 0,1287  0,0467 0,0424  0,0446
2(C) 0,0506 -0,0058 0,0820 0,0314 0,0564 0 9
3(C) 200625 -0,1071 00115 00740 0,0446 | 0,093
4C) 0,0562  0,0276  0,0778 00216  0,0287  0,0251
5(C) -0,0376 -0,0659 0,0227 00603 0,0283  0,0443
6(C) -0,0449  -0,1206 -0,0154 0,296 00756 = 0,0526
7(N) 0,0319  -0,0082 0,0384 0,0065 0,0400 0,0233
8(C) 0,0802 -0,0051 00974 00172 | 00853 00512
AC) -0,0678  -0,1006 -0,0523  0,0155 0,0242
10(C) 0,1133 0,0015 0,1326 0,0192 i |
11(F) -0,0987  -0,1198 -0,0729 0,0258  0,0211 0,0234
12(C) 0,0262  0,0190 0,0278  0,0016  0,0072  0,0044
13(C) -0,0588  -0,0676 -0,0557  0,0031 0,0088  0,0059
14(C) -0,0557  -0,0640 -0,0516  0,0040  0,0084  0,0062
15(0) -0.3113  -0.4147 -0.2815  0,0297 0,1035
16(C) 0,1831 0,1669  0,1902  0,0071 0,0163  0,0117
17(0) -0,2278  -0,2443  -0,2204 0,0074  0,0165 0,0120
18(0) -0,3824  -0,4060 -0,3715 0,0108 0,0236  0,0172
19(N) -0,0700  -0,0934  0,0960 0,0233
20(C) -0,0088 -0,0171  0,0223  0,0311 0,0082  0,0197
21(C) -0,0155  -0,0199 0,0108 00263 0,0044 00154
22(N) -0,1762  -0,1789 -0,1527 0,0235  0,0026  0,0131
23(C) -0,0136 -0,0175 0,0117  0,0253  0,0039 0,0146
24(C) -0,0032  -0,0099 0,0265  0,0297 0,0067 0,0182
25(H) 0,0510  0,0334  0,0729 0,0219 00176 00198
26(H ) 0,0598  0,0214 00777 00180 0,0384 0,0282
27(H) 0,0748  0,0394  0,0831  0,0083  0,0355 00219
28(H) 0,0673  0,0524 00716 00043 00149  0,0096
29(H) 0,0588  0,0519  0,0617  0,0030 00069 00049
30(H) 0,0543  0,0476  0,0573  0,0030  0,0068  0,0049
31(H) 0,0594  0,0520  0,0620 0,0026 00074 00050
32(H) 0,0599  0,0535  0,0626  0,0028  0,0063  0,0045
33(H) 0,1100 0,0955 0,1148 0,0048 0,0145 0,0096
34(H) 0,0360  0,0297  0,0586  0,0225 0,0064 0,0145
35(H) 0,0378  0,0299 0,0712  0,0334  0,0078  0,0206
36(H) 0,0254  0,0208 0,0439 00185 00046 00115
37(H) 0,0447  0,0397  0,0679 0,0232  0,0050 0,0141
38(H) 0,1100  0,1071 0,1294  0,0193  0,0030 0,0111
39(H) 0,0444  0,0398  0,0665  0,0221 0,0047  0,0134
40(H) 0,0280  0,0241 0,0456  0,0175  0,0039 0,0107
41(H) 0,0397 0,0312 0,0754 0,0357 0,0085 00221
42(H) 0,0506  0,0437  0,0762  0,0256  0,0069  0,0162

Fig. 11. Ciprofloxacin chemical structure (a). Hirshfeld charges and condensed
Fukui functions of ciprofloxacin (b). Units used are “e” (elementary charge).

pathway involved the oxidation of the piperazine ring (m/z = 346), and
subsequent loss of this ring generates the compound m/z = 263 [93].
Finally, in the fourth pathway, it is proposed that the intermediate with
m/z = 336 could be generated by the attack of free radicals on C=C
followed by the loss of CO. A compound with m/z = 290 could be formed
through a decarboxylation process, where later an intramolecular
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nucleophilic substitution reaction takes place.
4. Conclusions

This work addressed the valorisation of sewage sludge by pyrolytic
processes to produce iron and nickel carbonaceous catalysts that may be
applied in the removal of emerging pollutants, such as the antibiotic
ciprofloxacin. In this regard, the use of sewage sludge as a biomass
precursor promoted the generation of functional groups, as evidenced by
both the chemical composition and the FTIR spectra. All materials
exhibited a combination of Type I-IV N, adsorption-desorption iso-
therms, showing H3-H4 Type hysteresis loops. The average pore width
of the materials was found in the mesopore zone, although they also
presented a high microporosity, except for the catalyst obtained with
nickel chloride as activating agent. Sggr values of the synthesized cata-
lysts ranged from 397 to 713 m?/g.

The adsorption blanks showed adsorption capacity values in the
range of 40.4-73.9 mg/g, with the Industrial-Ni catalyst exhibiting the
lowest value. Nickel, as active phase, also showed significantly low
catalytic activity compared to iron. Although the bimetallic catalyst
Industrial-FeNi had a higher iron content than Industrial-Fe and there-
fore a higher catalytic activity, the measured metal leaching into the
reaction medium was higher. Consequently, the use of iron chloride as
activating agent was preferable.

The experiments performed, as well as the DFT calculations devel-
oped, show that the active atoms of the ciprofloxacin molecule with high
Fukui index indicate C-F bond cleavage, ring hydroxylation, nucleo-
philic addition and aldehydic reaction under radical attack.
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Table S1. Retention Time, Relative Intensity at 4.5 kV Interface Voltage, Mass Spectra, Molecular Formula, Name and Proposed Structure of CPF Products in

Degradation Pathway (T1), Homo and Lumo Energies, Optimised structure. Urban-Fe Catalyst.
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Table S2. Retention Time, Relative Intensity at 4.5 kV Interface Voltage, Mass Spectra, Molecular Formula, Name and Proposed Structure of CPF Products in

Degradation Pathway (T2), Homo and Lumo Energies, Optimised structure. Industrial-Fe Catalyst.
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Table S3. Retention Time, Relative Intensity at 4.5 kV Interface Voltage, Mass Spectra, Molecular Formula, Name and Proposcd Structurc of CPF Products in

Degradation Pathway (T3), [Tomo and Lumo Encrgics, Optimiscd structurc. Industrial-Ni Catalyst.

308

C14H17N;O5

2-{4-[-
aminocthyl)ami
no|-2-(N-
cyclopropylform
amido)-5-
hydroxyphenyl}
-2-oxoacetic
acid

o]
™ WY 701502

-1,24002

6(12-2,T1-5)

6.7

330

CisHoN;O4

1-cyclopropyl-
6-hydroxy-4-
ox0-7-
(piperazin-1-yl)-
14-
dihydroquinolin
e-3-carboxylic
acid

-7.46109

-0,97145

7(T1-6)

73

290

CisHisFN: Oz

L-cyclopropyl-
5-fluoro-6-
(piperazin-1-
yl)indoline-2,3-
dione

-7.30490

miz =290

-1,95323

8(T2-3,T1-7)

7.9

306

C15HisFN;O;5

e
aminocthyl)ami
nol-1-
cyclopropyl-6-
fluoro-4-oxo-
14-
dihydroquinolin
e-3-carboxylic
acid

pos e
| o
My i -7,28885

miz = 306

-0,89526

Ciprofloxacin

8.7

(%)
o
3¢

Ci7HisFN;O;5

Ciprofloxacin

-7.21619

-0,98070

334

Ci6lTisIN3 Oy

7-[N-(2-
aminoethyl)for
mamido]-1-
cyclopropyl-6-
fluoro-4-oxo-
1,4-
dihydroquinolin
c-3-carboxylic
acid

-7.98301

miz= 334

-1,29118

10.5

291

CiaHiFN2Os

I-cyclopropyl-
6-fluoro-7-
formamido-4-
oxo-1,4-
dihydroquinolin
c-3-carboxylic
acid

o oH
F
ooy
HN g -7.95226

miz =291

-1,23757

11 (T24 y T1-
11)

10.5

263

CisHuFN:Os

7-amino-1-
cyclopropyl-6-
fluoro-4-oxo-
14-
dihydroquinolin
e-3-carboxylic
acid

-7,55633

-0,93662

10.7

360

Ci7H1.FN;O5

I-cyclopropyl-
7-(2,5-
dioxopiperazin-
1-y1)-6-fluoro-4-
oxo-1,4-
dihydroquinolin
¢-3-carboxylic
acid

-7.96940

i = 360

-1,29907

171



CAPITULO VII: Anexos

Table S4. Retention Time, Relative Intensity at 4.5 kV Interface Voltage, Mass Spectra, Molccular Formula, Name and Proposed Structure of CPF Products in

Dcgradation Pathway (T4), IlTomo and Lumo Encrgics, Optimised structurc. Industrial-FeNi Catalyst.
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Table S5. Encrgetic data of organic compounds involved in the reactions.
Electronic
Free energy Entropy Enthalpy Enomo ErLumo
Compound energy
(kcal/mol) | (cal/(mol-K))| (kcal/mol) (eV) (eV)
(kcal/mol)
Ciprofloxacin | -720626,1580 | -720458,3633 168,549 -720388.,7273 -7,21619 -0,98070
MZz-261 -572933,3070 | -572823,3736 144,238 -572763,7822 -7,28068 -0,83267
MZ-263 -587998,3775 | -587896,0157 142,956 -587836,9532 -7,55633 -0,93662
MZ7-290 -624815.3143 -624669.,9436 155,211 -624605,8184 -7,30490 -1,95323
MZ-291 -659117.,5457 | -659010,9940 153,614 -658947,5283 -7,95226 -1,23757
MZ-306 -672060,7186 | -671916,6587 167,219 -671847,5724 -7,28885 -0,89526
MZ-308 -680265,8094 | -680120,6671 182,498 -680045,2680 -7,01592 -1,24002
MZ7-310 -695331,8425 | -695193,4917 179,015 -695119,5315 -7,23687 -1,66452
MZ-330 -705561,2815 | -705385,9904 169,911 -705315,7916 -7,46109 -0,97145
MZ-334A -743189,7223 | -743042,8701 179,860 -742968,5610 -7,26327 -0,85389
MZ-334B -743178.,6913 | -743030,1209 176,186 -742957.3298 -7,98301 -1,29118
MZ-336 -743898,6029 | -743736,2091 179,840 -743661,9082 -7,44232 -1,75078
MZ-346A -752778,2388 | -752601,0477 173,136 -752529,5166 -7,38735 -0,91675
M7-3468B -767095,0557 | -766941,6340 175,516 -766869,1196 -7,33102 -0,96192
MZ-360 -813559,8444 | -813420,1463 180,819 -813345,4407 -7,96940 -1,29907
MZ-362A -814305,3771 | -814149,9361 181,615 -814074,9017 -7,88858 -1,10505
M7-362B -814307,5439 | -8141554293 187,446 -814077.9859 -7,97321 -1,28030
M7-364 -815035,2077 -814868.3893 187,753 -814790.8185 -7,56640 -1,02016
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Table S6. Cartesian coordinates for optimized structure of ciprofloxacin.

ATOM TYPE X

DEHEmQOaZOZoo0oOanN"anazZzoan oo

m=E=

H

A4

Z

1.16925600
1.75749000
0.87998700
-0.49212900
-1.03204200
-0.16029100
-1.34375100
-2.65729100
-3.25161800
-2.45308500
1.95403100
-0.79725400
0.03892900
-1.33521100
-2.95126500
-4.71699500
-5.22297900
-5.43846600
3.11448300
4.04515700
4.32906400
4.90591400
3.95024300
3.64441200
1.26456800
-0.54831100
-3.25844300
-0.50883200
0.90045200
0.16300100
-2.10061500
-1.43473600
-4.45300900
3.64037700
4.97108600
3.39091100
5.03065200
5.07192900
4.38359600
3.02215000
4.57353300
2.95883800

-2.03831100
-0.76374200
0.31577300
0.15086700
-1.12043400
-2.22005900

1.25777000
1.09457900
-0.12269300
-1.30839200
-3.12726200
2.58229400
3.21753500
3.74142800
-2.44343900
-0.17185700
-1.37802100
0.80595300
-0.65341600
-1.28070100
-0.34967600
0.90404800
1.56535400
0.64523800
1.30477900
-3.21933300
1.99067100
2.73477400
3.78059200
2.66027500
3.54878400
4.67144200
-2.03276400
-2.21481200
-1.49576300
-0.17993800
-0.83263600
1.50957800
2.48992900
1.81907400
0.44161100
1.11110400

-0.26296700
-0.47890100
-0.51864800
-0.31653400
-0.07685900
-0.06067400
-0.33905500
-0.18713000
0.03177100
0.11247600
-0.33012100
-0.57850700
0.48298700
0.18790700
0.32749200
0.19026300
0.41269800
0.12587300
-0.72171600
0.23641900
1.40247400
0.91601500
0.02455700
-1.14729400
-0.69267400
0.07844000
-0.24377100
-1.60879300
0.15683600
1.40063000
0.92511900
-0.34983500
0.42691900
0.60500500
-0.29842100
1.94947200
2.08067700
1.71114500
-0.35314200
0.55234400
-1.68183000
-1.85028500
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CAPITULO VII: Anexos

Table S7. Cartesian coordinates for optimized structure of MZ-261.

HO

HoN N

ATOM TYPE X ¥ z

C -3.44391500 -0.85362000 -0.06290700
C -2.01958200 -0.47336300 -0.07707500
C -1.69615700  0.85228000 -0.22488700
N -0.44367200 1.30359300 -0.24163000
C -0.18186500 2.72115300 -0.41626600
C 0.35656300  3.49965900 0.73775000
C -1.05400200 3.71276900 0.27319000
C 0.62796100 0.41314800 -0.14468900
(&} 036813500 -0.95776900 0.01625800
C 1.45472000 -1.84681300 0.11512500
C 2.73841200 -1.39177000 0.05277600
(6] 3.83940000 -2.19259200 0.14096700
C 3.00592000 -0.00690400 -0.12051100
N 430294600 0.41624900 -0.13926300
C 1.94285700 0.87581000 -0.21901000
C -0.98549600 -1.45409100 0.06522500
(6] -1.24339900 -2.68048700 0.21662900
(6] -4.35981100 -0.06048900 -0.18622200
(0] -3.68237600 -2.14850500 0.09794400
H -2.47183100 1.59567600 -0.33627400
H 0.18795300 2.95876200 -1.40356500
1 0.48876400 2.96163600 1.66544700
n 1.10272400 4.24851400 0.51978500
H -1.84075000 3.33658100 0.91025800
H -1.29306500 4.61059500 -0.27532200
H 1.26479900 -2.90490300 0.23882100
I 3.57332900 -3.11435200 0.24556300
I 5.00994800 -0.27127700 -0.34677700
H 4.47835100 1.34192500 -0.49781800
H 2.15704900 1.92457700 -0.35674800
H -2.78401300 -2.61298300 0.17845000
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Table S8. Cartesian coordinates for optimized structure of MZ-263.

F
HaN

ATOM TYPE X y z
C 2.70226700 -1.41067100 0.05050300
G 3.01535100 -0.04551300 -0.12659700
& 1.95833900 0.84982200 -0.21872000
C 0.64048300 0.39816700 -0.14474500
c 0.35810900 -0.96994700 0.01865800
& 1.43062900 -1.87306200 0.12130500
N -0.42092100 1.30052400 -0.24036200
c -1.67948600 0.86245000 -0.22341400
(& -2.02279300 -0.45694500 -0.07526700
c -1.00232100 -1.45221900 0.06895700
F 3.74046000 -2.26015700 0.14405200
c -0.14487600 2.71523500 -0.41861500
C -1.00494100 3.71666400 0.27197000
L6 0.40483000 3.49080700 0.73222400
(0} -1.27192100 -2.67274500 0.22084000
(& -3.45323300 -0.81561400 -0.06232400
(0} -3.71257800 -2.10680800 0.09832500
(6] -4.35590000 -0.00866300 -0.18662800
N 431523100 0.33812100 -0.24624000
I51 2.18237600 1.89674200 -0.35331800
H 1.24267500 -2.92926700 0.25236200
H -2.44549000 1.61586000 -0.33547700
T 0.22378000  2.94694300 -1.40774700
I -1.23778600 4.61543200 -0.27765500
H -1.79268300 3.34931200 0.91299500
H 0.53463000 2.95366900 1.66075000
H 1.15759500 4.23161400 0.50971300
I51 -2.82660200 -2.58706300 0.17996700
I 4.51894500 1.32012900 -0.14381700
H 5.02728900 -0.29180100 0.08805700
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CAPITULO VII: Anexos

Table S9. Cartesian coordinates for optimized structure of MZ-290.

>

1TOM TYPE X ¥ z
246331500 0.65793300 0.20877100
2.52671600 2.08226100 0.34786100
1.91661900 2.91992100 -0.73341800
3.40512300 2.84055000 -0.59461000
1.26367200 -0.08849000 0.15607400
1.52790700 -1.45407500 0.02889600
047712200 -2.36310100 -0.03485400

-0.79655800 -1.86947000 0.02050500

-1.81477900 -2.75073500 0.04328200

-1.09749800 -0.49045000 0.12977100

-2.41019300 -0.06905000 0.20378600

-2.64075100  1.33304500 0.55661300

-4.10052500  1.55453900 0.89678500

-4.94682000 1.18095000 -0.23399000

-4.75168700 -0.23776700 -0.52471700

-3.30623300 -0.49394900 -0.88962000

-0.01612400 0.40933600 0.21315000
296207300 -1.61944200 0.02461700
3.66851900 -2.59645300 -0.06138900
3.53335500 -0.17892600 0.17309300

goaagaonZanZosoaanagonz

(6] 4.70830500  0.10234200 0.24949600
H 2.44568000  2.43490200 1.36669500
H 1.41192100 3.82262300 -0.42518500
H 1.46659000 2.39139800 -1.56130700
H 3.94201700  2.26401500 -1.33278300
11 3.93408700 3.68960700 -0.19033100
11 0.64422300 -3.43003900 -0.09600200
H -2.03375800 1.58389300 1.42405500
H -2.35048300 1.99011300 -0.27270500
H -4.34402900  0.97266200 1.79476900
H -4.24636700 2.60763600 1.12909800
H -5.91478800 1.32648500 0.02746400
H -5.37947000 -0.52746600 -1.36525200
11 -5.01766600 -0.86938700 0.33244700
H -3.04960300 0.07671500 -1.79007000
H -3.16442100 -1.54639200 -1.10293700
H -0.18889400 1.47001500 0.29679600
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Table S10. Cartesian coordinates for optimized structure of MZ-291.

ATOM TYPE X

b4

VA

nHoEpEEREEmoOQoOOCOoONOZaom OO0 ZO00

jus ez o ofifa s}

-4.01444200
-2.53964000
-1.93386600
-0.61395000
-0.05401400
0.64640900
-0.68843300
0.23793800
-0.30916500
0.55244100
1.89359200
2.73636100
2.46607800
3.85495600
1.62501600
-1.74818300
-2.25041300
-4.72766000
-4.53747300
4.64018900
4.24288900
-2.53190000
0.35026500
0.66607400
1.53591600
-0.73277000
-1.53373700
0.15447300
4.34853200
2.04040100
-3.77804600
5.70422300

-0.20537200
-0.14806300
1.07642500
125113400
2.58217000
3.21384800
3.72956800
0.15118800
-1.13009300
-2.23187800
-2.02997000
-3.06906000
-0.75257200
-0.68671100
0.33705300
-1.33052600
-2.47174200
0.77167200
-1.41630800
0.42050700
1.57033700
1.96912600
2.74408600
2.64897600
3.78503200
4.66300700
3.52367000
-3.23016700
-1.56904000
1.31831500
-2.07171000
0.16390400

-0.08771500
-0.08427000
-0.22028300
-0.22304500
-0.38801900
0.76901400
0.31901300
-0.12117900
0.02439100
0.12640500
0.08069600
0.17535600
-0.06945700
-0.10582300
-0.17558100
0.05739200
0.19396200
-0.21159200
0.05564800
-0.13994500
-0.15553900
-0.33277900
-1.37698000
1.69001100
0.55013000
-0.22013200
0.95889200
0.23876200
-0.07107000
-0.30522200
0.13956300
-0.14991900
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CAPITULO VII: Anexos

Table S11. Cartesian coordinates for optimized structure of MZ-306.

ATOM TYPE X y z

1.49934500 -2.10716800 -0.20355500
2.10192100 -0.85685200 -0.48903100
1.26489800 0.25234700 -0.54897900
-0.10767900  0.11636700 -0.33330900
-0.67740900 -1.14074700 -0.06936700
0.17044000 -2.26327500 -0.00521100
-0.93722800 1.23867300 -0.37818900
-2.25493600 1.10773600 -0.22422000
-2.87377600 -0.09090400 0.02045900
-2.09839700 -1.29167800 0.12412700
2.32401700 -3.16816400 -0.14225300
-0.36060300  2.54560000 -0.64028500
-0.87338700 3.73134000 0.10219900
0.48621000 3.17902800 0.41350700
-2.62547300 -2.41125200 0.36256300
-4.33948200 -0.10743400 0.18109900
-4.86860400 -1.29870100 0.42690600
-5.04142700 0.88360200 0.09886100
3.43810000 -0.80926200 -0.72665700
1.68458600 1.22024900 -0.76398600
-0.23781800 -3.24267900 0.20057700
-2.83570000 2.01560800 -0.30146400
-0.06395700 2.67252500 -1.67174300
-0.94747800  4.65344600 -0.45301200
-1.64671500 3.57117500 0.83887400

ODEnEDDDODEOZ0000000"0 Q0Z Q00000

11 0.59131200 2.63518900 1.34149200
H 1.36334900 3.71460800 0.08270200
n -4.10856600 -1.96782400 0.45308200
H 3.95826700 -1.62894600 -0.45164500
C 4.18115900 0.44164000 -0.75006500
C 427494500  1.12620000 0.61010300
H 3.72979300 1.11522600 -1.47965100
1 5.18339200 0.20615600 -1.10512000
H 4.82636500 2.05654100 0.47635200
H 3.27853800 1.39602300 0.96097100
N 4.92665300 0.33262300 1.64904700
H 4.39897900 -0.52215700 1.79415900
H 5.84136100 0.04169900 1.31781700
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Table S12. Cartesian coordinates for optimized structure of MZ-308.

ATOM TYPE X y z

C 3.29939700 0.86123200 -0.60705900
G 1.61375700 -1.75428100 -1.32215600
N 143437100 -1.14652100 -0.12961800
& 2.09288400 -1.62402700 1.06956100
& 2.17229100 -3.09537200 1.32280500
C 1.25413600 -2.24002400 2.14342800
(6 0.46711900 -0.09839800 0.01262000
C 0.86976800 1.22207200 0.22927800
C -0.11967300 2.18813600 0.50026100
(& -1.44310900 1.85729600 0.50052200
O -2.45045900 2.75197400 0.72406000
(@ -1.86069700  0.52279600 0.24891700
N -3.17559400  0.23623500  0.24222400
L& -3.70448800 -1.09650500 0.02395400
G -5.22214300 -1.07814600 -0.00347300
N -5.82353600 -0.33924800 -1.11117100
& -0.87073100 -0.44451300 0.02768600
& 2.25339600 1.66801000 0.17332400
O 2.66023500 2.70821900 0.65894200
(6] 1.02683100 -1.45405300 -2.35196100
(6] 430293700 0.42700800 -0.10507000
0O 3.00416100 0.80751100 -1.89606800
H 2.36320300 -2.55194900 -1.28901100
H 293026600 -1.01862800 1.38731300
H 3.08154600 -3.46551400 1.77095100
T 1.71329500 -3.75116400 0.59794600
T 0.19573900 -2.32831500 1.94493800
H 1.52206200 -2.01716100 3.16462400
H 0.17353600 3.21521500 0.67716600
H -2.08222400 3.63161200 0.87193700
H -3.81925400 0.98121500 0.46433800
H -3.32842700 -1.48751300 -0.92577000
H -3.36224000 -1.77014100 0.81508500
I -5.59361800 -0.66046000 0.93298000
H -5.56149800 -2.11145500 -0.04798600
H -5.57188400 0.64106900 -1.04754600
H -5.42912600 -0.67417600 -1.98439100
H -1.14463900 -1.47892400 -0.12101700
I51 3.70548700 0.33809200 -2.37884500

HO

IZ
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CAPITULO VII: Anexos

Table S13. Cartesian coordinates for optimized structure of MZ-310.

'n
[e]

ATOM TYPE X ¥ /4
3.05018000 -0.88432100 -1.12164000
1.14784900  2.25272700 -0.98599000
1.27364200 1.29321200 -0.04075500
246389000 1.31545100 0.77924500
2.48752200 2.18524800 1.99870700
243043500 0.69292500 2.13495800
0.33212800 0.22925600 0.01418500
0.74462000 -1.10880000 0.05583500

-0.22765300 -2.10444000 0.24133600

-1.54305000 -1.76558800 0.29549500

-2.48217200 -2.72164600 0.42869100

-1.99617800 -0.43599000 0.21423400
-3.31640900 -0.16501100  0.30089700

-3.86467200 1.14531700 -0.00039600

-5.37395600 1.11148800 0.10576200
-5.93412700 0.12740800 -0.82193100

-1.01098100 0.55638200 0.10214000
2.12827700 -1.55954400 -0.07940800
2.58749800 -2.52632300 0.49255800
193874400 3.17485200 -1.12034100
2.63814800 -0.23619300 -2.04469400
433576300 -1.14845300 -0.95911700
0.27869700 2.12619200 -1.63933100
3.38359100 1.26173700 0.21178600
3.41263600 2.69448200 2.22177300
1.58273900 2.73284100 2.21846200
1.49404200 0.26190200 2.45927800
3.31702900 0.16343900 2.44979300
0.06058500 -3.14553600 0.29486900
-3.95269700 -0.93943300 0.17225300
-3.47209900 1.88054500 0.70256700
-3.56806800 1.45891500 -1.00760500

ODOOmEmOOEDmEo000QOZ00ZOo"n a0 Zaon

H -5.74269000  2.12577300 -0.06388700
H -5.65601200  0.82590100 1.11911700
|8 -6.93535100  0.06500400 -0.68156000
H -5.79867700 0.45571600 -1.77255700
H -1.29720300 1.59777800 0.12224200
I 4.45959500 -1.75143600 -0.20691300
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Table S14. Cartesian coordinates for optimized structure of MZ-330.

ATOM TYPE X

Yy

Z

TR ESEEDOaZOo0ZooacaooonoaoonZoo0onnt

o= =c = i ax i au i ==l siant

H

-1.16598000
-1.64541200
-0.73518300
0.64037600
1.10260200
0.17594500
1.55919500
2.86438300
3.39037400
2.52528300
1.08016000
0.40768400
1.77388000
2.96108200
4.85715200
5.29863900
5.63563000
-3.03613800
-3.48954000
-4.98859900
-5.66921700
-5.22751600
-3.73144700
-1.08760300
0.52874400
3.51860300
0.69351200
-0.44412200
0.34765400
2.60061200
1.87626400
4.49099100
-2.98057900
-3.24967400
-5.21470300
-5.31579400
-6.66611000
-5.72715700
-5.46317500
-3.47648800
-3.39703600
-2.03413000
-2.90554200

-1.87473400
-0.54043700
0.49640600
0.24199800
-1.07460000
-2.12645600
1.29330800
1.04202300
-0.22352000
-1.35804300
2.65858300
3.29786500
3.74740600
-2.53311100
-0.37377900
-1.62044400
0.55928800
-0.35746100
0.92484500
0.88291300
0.62169700
-0.66350700
-0.63599500
1.51078100
-3.14670500
1.89921800
2.87221700
3.92751800
2.71005300
3.47579900
4.69163300
-2.22593300
1.10844800
1.74554400
0.11421300
1.84334900
0.57312200
-0.84933600
-1.49498200
0.14645500
-1.58849600
-2.92298600
-2.60347100

0.08235400
0.17378900
0.22752400
0.15419700
0.03310900
0.00292400
0.19887500
0.16927700
0.06387400
-0.02041500
0.32839000
-0.84107800
-0.41455100
-0.12732800
0.03653600
-0.07147100
0.10635700
0.25210400
0.79269100
1.01053200
-0.25740600
-0.79691700
-1.02225100
0.31579400
-0.04852800
0.23384700
1.31461800
-0.63335800
-1.74578400
-1.05398000
0.09725900
-0.11539000
1.73783200
0.10453600
1.76006800
1.40417300
-0.08356000
-1.74585300
-0.11971800
-1.74810200
-1.42733100
0.10918700
0.38459400

7.3 Publicacion 3
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CAPITULO VII: Anexos

Table S15. Cartesian coordinates for optimized structure of MZ-334A.

ATOM TYPE X y VA

4.90241200 -0.63256300 0.31694100
3.45671600 -0.37057300 0.19013400
3.01155300 0.92101000 0.29762700
1.72862900 1.26968700 0.19136200
1.33976400 2.66130200 0.33621600
0.84688200 3.39921900 -0.86427100
2.18834100 3.72192900 -0.27578900
0.74668900  0.29614600 -0.00207900
1.13906800 -1.04779900 -0.12873300
0.14330100 -2.02610800 -0.32838900
-1.15402700 -1.65394700 -0.38679900
-2.12150200 -2.57005000 -0.57183400
-1.58218100 -0.30823800 -0.25241900
-2.89807800 -0.03036100 -0.32397300
-3.43349800 1.30072700 -0.12062100
-4.94786600 1.27745600 -0.17815600
-5.56060600 0.51550600 0.90101900
-0.60070100 0.66039600 -0.05701600
2.52384100 -1.43377100 -0.04206800
2.89267200 -2.63467600 -0.15500100
5.73424300 0.23379400 0.51619600
5.25849300 -1.90467400 0.19897900
-5.79688500 -0.79393100 0.83746900
-5.48004500 -1.51764500 -0.10855800
3.70945300 1.72516500 0.47946300

AaoooOaZeaoZoTaooeanagZzanaa

_—~
= O

H 0.86504600 2.86537200 1.28550300
I8 0.02666000 4.08521400 -0.71622500
H 0.84153100 2.85572500 -1.79813600
H 3.05647200 3.41271600 -0.83889500
11 2.30465200  4.63362000 0.28930900
H 0.41646800 -3.06697200 -0.42890100
H -3.55350700 -0.79490800 -0.42016300
H -3.06811700  1.97796900 -0.89667500
H -3.10406700  1.69650800 0.84416600
H -5.27906100  0.85539700 -1.12623900
H -5.31512100  2.29765600 -0.11522700
11 -5.84942300 1.00140900 1.73659100
11 -0.89117700  1.69210000 0.05041600
H 4.41286200 -2.44131500 0.03949000
H -6.31211400 -1.19095900 1.71795800

182



Table S16. Cartcsian coordinates for optimized structurc of MZ-334B.

ow
NHZO/)

ATOM TYPE X y VA

6 -4.68858000 -0.20462100 0.04016900
e -3.21601200 -0.14389600 -0.04606800
C -2.62644100  1.07956800 -0.25246300
N -1.31111300 1.25823000 -0.34670500
C -0.76381200 2.58647900 -0.56847200
C 0.02685500 3.22463700 0.52586200
2 -1.33781100 3.74070200 0.17835700
@G -0.45199700 0.16343100 -0.27301900
C -0.97444800 -1.11518800 -0.03933300
C -0.10659500 -2.20939100 0.05687500
C 1.23453500 -2.01524500 -0.08811600
F 2.06513700 -3.06078100 -0.02401700
(5; 1.77768600 -0.74537200 -0.33386000
N 3.17698000 -0.58571700 -0.47203400
€ 4.01810600 -0.85529900 0.70173900
C 3.75012500 0.14395800 1.82154800
N 3.94545300 1.54558700 1.46402900
L6 0.92937500 0.33616600 -0.42036000
C -2.41303700 -1.31853000 0.08862600
(0] -2.89631200 -2.45478800 0.29477500
(0] -5.41078900 0.76672300 -0.07106100
(6] -5.19859100 -1.41166000 0.24963600
(& 3.66173000 0.11229400 -1.52713700
(0] 4.82532500  0.46089300 -1.65408000
H -3.23547800 1.96728800 -0.34666800
H -0.43866800 2.73859900 -1.58764900
H 0.11832900 2.66653100 1.44693500
H 0.89751400 3.79214700 0.23372100
1 -1.42200100 4.67039000 -0.36246800
11 -2.13080400 3.54153500 0.88405800
I -0.49814500 -3.20205200 0.22739300
I8 3.82710500 -1.86936600 1.04838800
H 5.05208500 -0.79427300 0.37192100
H 2.72919800 0.02041100 2.18446600
H 441199400 -0.11157600 2.64827900
H 4.85729000 1.65543300 1.03142300
I 3.26838900 1.81227100 0.75537800
H 1.35061000 1.31531200 -0.59094200
H -4.43607300 -2.06323200 0.31143400

2.90804000

0.31341800

-2.29677600

7.3 Publicacion 3
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CAPITULO VII: Anexos

Table S17. Cartesian coordinates for optimized structure of MZ-336.
0
OH
(\N N0
. A

ATOM TYPE X y 7

-2.85473800 -2.74016100 0.99543600
-3.36561600 -2.13515000 0.09280100
-1.22667100 2.82557500 -0.96976600
-1.53141100 1.72363200 -0.24334200
-0.70908200 0.56913900 -0.32165600
-1.26145700 -0.71406800 -0.40239300
-0.40027900 -1.81543000 -0.38253800
0.95299600 -1.62884400 -0.34231800
1.74221300 -2.71318800 -0.43382500
1.54551200 -0.35934600 -0.25592300
2.92531400 -0.21720500 -0.21933800
3.61680900 -0.93566200 0.86828500
5.11236000 -0.93241500 0.63895500
5.60000300 0.44261200 0.55082400
494419200 1.11043300 -0.57152100
3.44522800 1.14420800 -0.35486300
0.66566200 0.72884100 -0.22736500
-2.69373400 -0.93960800 -0.62474500
-3.40694700 -0.25643700 -1.32317000
-1.86788700 3.86478800 -0.92496100
-2.70732600 1.77028600 0.59683000
-2.63062100 2.50319100 1.89779900
-2.71534700  1.00308100 1.87540500
-4.58452900 -2.39790300 -0.34285500
-0.36064600 2.70305300 -1.62786100
-0.78078400 -2.82350600 -0.46823100
339031300 -0.43856800 1.81951900
3.25952100 -1.95749000 0.92549600
5.59502500 -1.43700200 1.47382500

BoEnODEO@®ON0CORRNEAZAN Z0 % BGge @20 60

H 5.33096400 -1.50070100 -0.27411500
I 6.59713300 0.42018100 0.37260700
11 5.15117400 0.60326000 -1.52241200
H 5.30840400 2.13294000 -0.64974800
H 2.97056000 1.62052100 -1.21082000
H 3.21859700 1.73609100 0.54102300
H 1.05695300 1.72390200 -0.08046900
H -3.63323600 1.83851300 0.04447700
H -3.49953700  3.06996000 2.19588400
H -1.67559200 2.93544200 2.15868500
1 -3.64405400 0.52781600 2.15469800
11 -1.82048100 0.45704100 2.13801800
H -4.82452200 -1.76372800 -1.04067500
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Table S18. Cartesian coordinates for optimized structure of MZ-346A.

ATOM TYPE X

y

oA OZooZaononoooagaanZenn

—_~
—_—

jnfiasfas

I

jusiiieoianiiisfenien{lias)

I

1§
H

-4.63475500
-3.20899500
-2.74118000
-1.44631600
-1.03319000
-0.27631700
-1.68830200
-0.49231300
-0.89956500
0.06132500
1.39472500
2.30150400
1.82200700
3.20553900
3.88352900
5.38415400
5.78448600
5.12277000
3.61860800
0.87221100
-2.30940100
-2.70577900
-5.44968600
-5.03473700
-3.55878400
-0.75844200
0.52943700
-0.09944400
-1.88401000
-2.43972400
-0.25680600
3.16037200
3.58029800
3.58061300
5.66942500
5.86943000
6.78618300
5.41934200
5.39728700
3.33081200
3.12368100
1.19140800
-4.20298000
-4.47485500

-0.70341500
-0.44504700
0.86487800
1.18309000
2.57305400
3.15209300
3.56887500
0.16794000
-1.15364600
-2.14648200
-1.83809400
-2.81381700
-0.51725800
-0.27256900
-0.87255800
-0.78583000
0.61279200
1.19328800
1.12367300
0.46920600
-1.49955800
-2.68015500
0.17861400
-1.94096100
1.83788700
2.88592000
3.82946500
2.49962500
4.54391200
3.19524600
-3.15975300
-2.40076900
-1.91113200
-0.33379900
-1.38703100
-1.21190900
0.64785000
2.23552500
0.67061900
1.71287700
1.54642800
1.47495900
-2.48664800
1.42616000

z
-0.28523200
-0.13711400
-0.31222800
-0.16524800
-0.24309600

0.90990100

0.65638100

0.02440200

0.22388900

0.45464600

0.45547400

0.74644300

0.17272600

0.14629300
-1.02200700
-0.84772500
-0.70098700
0.46730400
0.29595500
-0.02104900

0.17401800

0.36389800

-0.57494500
-0.09457400
-0.63123700
-1.24025100

0.66980100

1.75280700

0.23713200

1.33547600
0.65552600

0.91616800
-1.13405800
-1.92873600

0.02556900
-1.72385100
-0.55346100

0.56887700

1.39214400
-0.58419100

1.16943600
-0.23498400

0.12996800

-0.68792300

7.3 Publicacion 3
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CAPITULO VII: Anexos

Table S19. Cartesian coordinates for optimized structurc of MZ-346B.

n

HN A

ATOM TYPE X ¥ z

-5.04572500 -0.23026800 -0.16975500
-3.57416500 -0.14521100 -0.12096800
-2.98406200 1.07909000 -0.30624100
-1.66674300  1.27649200 -0.27118300
-1.12534500  2.60731500 -0.48465700
-0.47758300 3.31011000 0.66208900
-1.80489700  3.77615800 0.14138000
-0.80032600 0.19884800 -0.07762400
-1.33796200 -1.08102200 0.12146200
-0.45247500 -2.14927400 0.33721700
0.88675800 -1.93550900 0.33230900
1.70312800 -2.96100100 0.62915300
1.46610900 -0.66347800  0.08404200
2.82758400 -0.49712700 0.08490800
3.70002600 -1.55852700 -0.45193900
4.86153300 -0.94760200 -1.20714700
5.53304600 0.02825300 -0.36349300
4.82302900  0.96750700  0.26090600
3.32863900 0.87352400 0.04757600
0.58200500  0.39564600 -0.10655100
-2.76621600 -1.30413400 0.11660400
-3.26278200 -2.44523800 0.30142000
-5.77282000 0.72330400 -0.37682800
-5.55155500 -1.44047800 0.03076900
531674900 1.87833800 0.92753000
-3.59092200 1.95335300 -0.49226500
-0.68938500 2.72902600 -1.46601900
-0.47931000 2.79264600 1.61068900
0.40744500  3.88909400 0.44558000
-1.84702600 4.68107700 -0.44459600
-2.66841100 3.58510900 0.76130300
-0.83488600 -3.14072300 0.53529200
4.08425400 -2.18026600 0.35567700

SEEROEOREDmEO000QAAOZAaZaAaN OO aZ000

11 3.13548800 -2.18599200 -1.13785500
H 5.56840500 -1.72812300 -1.46894200
H 4.51445000 -0.47549400 -2.12762300
H 6.54113800  0.06406500 -0.30980100
I 2.85130800 1.45893200 0.82958600
n 3.12016300 1.35966200 -0.91526800
H 0.96814600 1.38046900 -0.30281000
H -4.77899700 -2.07361600 0.17770400
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Table S20. Cartcsian coordinates for optimized structure of MZ-360.

ATOM TYPE X

b'4

VA

a

OO aZ0aZanane 0o g 0

-5.14140700
-3.67457900
-3.16485200
-1.86280200
-1.40689300
-0.72833800
-2.10874600
-0.93006400
-1.37180300
-0.43373700
0.89617100
1.79206700
1.35512600
2.74350700
3.50988700
4.97658000
5.43854300
4.69453900
3.24717000
0.43995400
-2.79573100
-3.20505700
-5.92682000
-5.57089500
5.12643400
3.05764800
-3.83015700
-1.04144300
-0.64260300
0.10859900
-2.23693000
-2.92013300
-0.76072600
5.14439900
5.52128200
6.42261500
2.66179500
3.15635200
0.78954500
-4.76607400

-0.39640200
-0.23148700
1.00400600
1.27420800
2.61062900
3.42606700
3.78603900
0.26445700
-1.02032500
-2.02633100
-1.74631800
-2.68583500
-0.47813600
-0.22862600
-1.00890100
-0.66936200
0.07846500
0.99387300
1.05813000
0.52198600
-1.31863100
-2.45988700
0.49636900
-1.60764900
1.75587800
-1.91854000
1.82632500
2.67902600
2.97998900
4.03079700
4.64247600
3.59688100
-3.01358200
-0.11992400
-1.60638100
0.04142100
1.35555800
1.83451300
1.49828900
-2.18633200

0.01266200
-0.02152900
-0.33815300
-0.39140600
-0.73613400

0.31421400
-0.14849300
-0.15944600

0.18240100

0.43947700

0.33974400
0.64891500
-0.04737000
-0.14379400
-0.95546900
-1.00827500
0.14294900
0.76659300
0.34424000
-0.28602800

0.27608300

0.58934000
-0.24012600

0.34303000

1.62789900
-1.63047900
-0.55928600
-1.75067900

1.29480800
-0.00044600
-0.79188600

0.53878700

0.73290000
-1.93844600
-1.07173000
0.37341500

1.20915200
-0.42057000
-0.58383200

0.50892700

7.3 Publicacion 3

187



CAPITULO VII: Anexos

Table S21. Cartesian coordinates for optimized structure of MZ-362A.

ATOM TYPE X Y A
5.15476100 -0.57160500 0.26999300
3.70281100 -0.33765600 0.14661700
3.22674500  0.93428500 0.34786700
193985500 1.26359500 0.25565000
1.51769400 2.63362100 0.49350100
0.99747500  3.43250600 -0.65540200
2.33533800 3.75080300 -0.05655300
0.98523400 0.28495400 -0.02166100
1.39822300 -1.03442700 -0.24419100
0.43151800 -2.00679000 -0.53558700
-0.88092700 -1.65682600 -0.58851400

-1.78732500 -2.58843300 -0.91985600
-1.33066000 -0.34251800 -0.33933300
-2.70202900 -0.04920400 -0.41841800
-3.06521800 1.36786000 -0.46450700
-4.47065400 1.48548500 -1.00022000
-5.36869400 0.59722500 -0.27427600
-4.99839800 -0.47015100 0.42609300
-3.50719300 -0.77271000 0.55748500
-0.37517300 0.61445500 -0.05330100
2.80200000 -1.40061300 -0.17620400
3.18650500 -2.57770600 -0.38010300
595846700 0.29828000 0.54657700
5.54926400 -1.82008700 0.05588100
-3.17187400 -0.44771200 1.89265400
-5.79512900 -1.21615000 0.99780700
3.90699300 1.73602200 0.59637900
1.04695000 2.76392200 1.45742800
0.99749700 2.94895900 -1.62177500
0.16168000 4.08662100 -0.45823100
243369900 4.62760900 0.56433000
3.20667300 3.49762800 -0.64227700
0.72755300 -3.02637800 -0.73742900
-2.39475100 1.88721400 -1.14403700
-2.98665700 1.83262900 0.52312500
-4.48984200 1.23705900 -2.06145700
-4.82271700 2.50711600 -0.88051800

ST EOEDZEESEEZoOOoOOOOOCOCQOZOOCZOTHcOOOOOOZOCO

1T -6.36557000 0.74315000 -0.36789300
H -3.39563200 -1.84110300 0.39576000
H -0.68383600 1.62315600 0.16331500
H 4.73060800 -2.36804000 -0.15627400
H -2.42997200 -0.99802500 2.16853400
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Table S22. Cartesian coordinatces for optimized structure of MZ-362B.

ATOM TYPL: X

N

a

(0]

VA

DINMIODOSEREODEREROOQOO00CO00ZaaeZOoM o000 Zoan

jon Jla= e oiffa niifasi

4.79292400
3.33989700
2.76762300
1.47136800
0.93873800
0.43364100
1.70723000
0.60653900
1.11476500
0.24198200
-1.08983200
-1.91992900
-1.62610800
-3.01707700
-3.95898400
-4.34983400
-3.20898900
-2.55241400
-3.47867600
-0.76908300
2.53772400
3.00896800
5.51267900
5.28739100
-4.65521800
-1.50139600
3.37458400
0.40253500
0.52569700
-0.45654800
2.62763500
1.70625900
0.62343600
-3.49287700
-4.84724300
-5.08680400
-4.80287300
-2.77134000
-3.04621600
-2.70217900
-1.17828200
4.53029200

-0.32861500
-0.23768200
1.00910000
1.21537100
2.56760100
3.10085900
3.62862000
0.13155800
-1.17275100
-2.25848500
-2.03045100
-3.06423900
-0.73246400
-0.53993300
-1.17012900
-0.22005300
0.17192100
1.32022100
0.39131900
0.33969300
-1.40947000
-2.56901500
0.63868700
-1.55927700
0.69939600
1.61796900
1.89373400
2.82785300
2.45210300
3.71044700
3.34433000
4.60831300
-3.26942400
-2.05920900
-1.47042600
-0.71314500
0.68196100
-0.52715500
2.00875300
0.82770400
1.33832200
-2.20282800

0.37342100
0.12745500
0.06077200
-0.16023400
-0.19651400
-1.49623000
-0.90536200
-0.29933700
-0.24623600
-0.38570100
-0.55692200
-0.73529100
-0.57328500
-0.72454200
0.20840400
1.33353100
2.13917000
1.96533800
-1.59596300
-0.45119700
-0.03840500
0.00050100
0.52789400
0.41945000
-1.69251500
2.52962500
0.19015000
0.70521000
-2.35566700
-1.46228800
-1.39378900
-0.45367000
-0.37181600
0.62274100
-0.34322200
1.96428100
0.92729100
2.72739800
1.26665100
-2.23355800
-0.44384400
0.26874200

n

OH
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CAPITULO VII: Anexos

Table S23. Cartesian coordinates for optimized structure of MZ-364.

ATOM TYPE X y 7

-5.17847700 -0.47774700 -0.11758400
-3.71632700 -0.28441700 -0.07616800
-3.21928600 0.98356800 -0.24453800
-1.91999700 1.27643900 -0.21662300
-1.47640200 2.64452200 -0.42263800
-0.86748200 3.38098900 0.72412400
-2.22963600 3.75688500 0.22121700
-0.97610800 026311300 -0.04303500
-1.41386500 -1.05586700 0.13660200
-0.45508300 -2.06219300 0.33070200
0.86499900 -1.74784700 0.32583600
1.76269700 -2.71120700 0.58988200
1.34212400 -0.43354300 0.09940000
2.70093300 -0.16260400 0.12379100
3.10569400 1.23751400 0.30137200
4.57956800 1.40880100 0.62146600
4.99775700 0.57470600 1.75241200
4.18462000 -0.34776600 -1.83393600
3.60141800 -1.04175300 -0.60356000
0.39009800  0.56065900 -0.07207600
-2.82435300 -1.38451800 0.13141300
-3.23052300 -2.56301700 0.29179000
-5.97589000 0.42434000 -0.29197800
-5.59084900 -1.72754500 0.05095400
4.61483400 -1.59229000 0.19302500
3.51414500 0.33266500 -2.56715700
-3.89129000 1.81291200 -0.41164300
-1.06033600 2.80426600 -1.40713900
-0.02764000 4.02247900 0.50379800
-0.82247800 2.85644400 1.66778800
-3.07083300 3.49906300 0.84751700
-2.34179300 4.66166600 -0.35561600
-0.76540700 -3.08156900 0.51174100

ODEOmOEE oo oconooacozZzZoozZomaoanoonoazZanca

H 2.51911700 1.63448200 1.13083700
H 2.87961800  1.83966000 -0.58309000
H 5.20509300 1.14640200 -0.23555600
11 4.73426000 2.47470200 0.79820800
11 594229500 0.82117100 2.02517800
H 439960100 0.75648300 2.55199200
H 5.24804100 -0.55292000 -2.03706900
H 3.02558900 -1.86427500 -1.02983000
H 0.70997700 1.57278100 -0.25040500
5| -4.77277400 -2.30469200 0.17596900
H 4.85110300 -0.91358900 0.88666100
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Figure S1. HR-TEM images of the metal dispersion of the active phasc on the catalyst surface. (a,b) Urban-
Fe catalyst, (c,d) Industrial-Fe Catalyst, (e,f) Industrial-Ni catalyst, (g,h) Industrial FeNi catalyst. Metallic
particles are seen as dark spots.
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Figure S2. The histograms of iron and nickel particle size distributions.
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Figure S3. LC-MS chromatogram for the liquid sample of Urban-Fe catalyst.
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Figure S4. LC-MS chromatogram for the liquid sample of Industrial-Fe catalyst.
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ARTICLE INFO ABSTRACT

Editor: V. Victor In this work, the sewage sludge-derived activated carbon (SAC) loaded with iron nanoparticles (FeSAC) showed a

highly effective catalytic activity in the degradation of the antibiotic ciprofloxacin by the CWAO reaction. The

Keywords: properties of FeSAC catalyst were studied by using N, adsorption-desorption measurements at 77 K, scanning
gf“‘"‘hf’l"c wet air oxidation electron microscopy, X-ray fluorescence spectroscopy, X-ray photoelectron spectroscopy and thermogravimetric
iprofloxacin

analysis. The CWAO reaction was evaluated at different temperatures (120140 °C), total pressure (10-30 bar)
and catalyst doses (0.1-0.7 g/L) in a batch reactor. In this regard, temperature and catalyst dosage showed a
significant impact on the removal of the tested antibiotic. By using a catalyst dose of 0.7 g/L, ciprofloxacin
degradation and CO, selectivity were higher than 99 % and 60 %, respectively, and were achieved within two
hours at 140 °C and 20 bar. The loss of the active phase (Fe) of the catalyst in the reaction medium was
measured, obtaining negligible values (less than 24 ppb). This catalyst showed high stability under the tested
reaction conditions. In addition, a potential equation was proposed to correctly describe the evolution of cip-
rofloxacin degradation. The calculated activation energy of the CWAO process was 53.8 kJ/mol. Additionally,
Density Functional Theory (DFT) calculations were performed to illustrate the degradation mechanism of cip-
rofloxacin, where the electronic energies indicated the compounds that are most difficult to degrade by CWAO.
Finally, a proof of concept using an environmentally-relevant matrix was carried out, verifying the technical
feasibility of the synthesized catalyst for its application with more complex matrices, consecutive reaction cycles
and at a low treatment cost.

Computational study
Iron catalysts
Sewage sludge valorization

1. Introduction Pyrolysis of sewage sludge can substantially reduce the waste volume,

carbonize organic compounds, fix heavy metals, as well as destruct

In 2021 alone, a total of 8.7 million tons of dry sewage sludge were
generated in Europe [1]. The amount and characteristics of sludge
generated in a WWTP is largely depended on the influent and type of
used treatment processes. It has been estimated that sewage sludge
production will increase rapidly annually in the coming years [2].

The traditional methods for sewage sludge management include
landfill, incineration, composting, anaerobic digestion (biogas produc-
tion) and agricultural applications, among others [3,4]. One alternative
method gaining particular attention in recent years is the pyrolysis.
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E-mail addresses: pgutie0:

cm.es (P. Gutiérrez-Sanchez), jgarcic

https://doi.org/10.1016/j.jece.2023.109344

pathogens [4]. The carbon material derived from this process could be
sustainably used to produce carbonaceous materials such as adsorbents
or catalytic supports for potential environmental applications used in
the degradation of many pollutants [5.6].

Emerging pollutants are usually defined as natural and synthetic
chemicals that are not commonly monitored in the WWTPs effluents and
therefore have the potential to enter the aqueous environment. These
pollutants are not new in our environments, but they can stay for a long
time in the aqueous medium because of their biotransformation,
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formation of metabolites and by-products. This group of compounds
includes pharmaceuticals and personal care products, among many
other substances used daily [7,5].

In recent years, the use of pharmaceutical products has grown
exponentially. Consequently, there has been an increase of these com-
pounds in groundwater, surface water and wastewater [9-11]. Some of
these contaminants belong to the fluoroquinolones group, antibacterial
drugs firstly used inthe 1970 s [12]. Among them, ciprofloxacin is one of
the most widely used. Unfortunately, since these types of antibiotics are
characterised by their low biodegradability, the conventional biological
wastewater treatment processes are not able to successfully remove
these compounds from wastewater [13,14]. Therefore, the development
of effective treatment methods is of great importance. In this sense, the
advanced oxidation processes (AOPs) constitute a promising group of
technologies for the treatment of wastewater containing organic re-
fractory compounds, as an additional stage to the conventional biolog-
ical treatment [15]. Among AOPs, wet air oxidation (WAO) process has
already been successfully applied to treat effluents from printing and
dye industry. A wide range of products have been treated efficiently due
to the capacity of this process to degrade compounds that show low
solubility, such as polymers or fatty acids [16]. The main disadvantages
of WAO technique are the high requirements of temperature
(200-320°C) and pressure (20-200 bar), which results in high operation
costs. The use of a catalyst strongly improves the degradation of organic
pollutants by using milder operating conditions. Soluble transition metal
salts (such as iron or copper) have been reported as efficient enhancers
of the reaction rate [17]. Therefore, the use of a solid catalyst offers a
further advantage compared to the homogeneous catalysts, since the
solid can be easily recovered, regenerated and reused, after reaction.
Besides, in the catalytic wet air oxidation (CWAO) process, the stability
and durability of the catalyst under operating conditions must be strictly
tested [18].

To our knowledge, there is only one previous study about the
treatment of ciprofloxacincontaining waters by CWAO using
ruthenium-based catalysts [12]. Therefore, there is a significant
knowledge gap in the application of cheaper iron-based catalysts sup-
ported on sewage sludge-derived carbon materials for the removal of
emerging pharmaceutical compounds from wastewater effluents by
CWAO at moderate pressure and temperatures, which would allow the
process to be economically viable. This study aims to step into the gap of
existing research.

Ciprofloxacin was considered as model compound because it is
hardly biodegradable by the conventional biological processes, but it is
widely used to treat serious infections, or infections when other anti-
biotics have not worked. This pollutant showed the highest concentra-
tion among more than 200 pharmaceuticals in surface waters worldwide
[19,20]. In addition, it has been included in the European Surface Water
Watch List under the EU Water Framework Directive (Decision
2020/1161) [21]. Several studies about the removal of ciprofloxacin by
other advanced oxidation processes have been reported in the literature.
This information is summarized in Table S1 (Supplementary material).

In the present study, iron catalysts were synthesized from sewage
sludge in order to contribute valorization of wastewater treatment
plants (WWTPs) wastes and the development of environmentally
friendly and low cost catalysts. Reaction tests were carried out in a batch
reactor with iron supported on sewage sludge-derived activated carbon
(FeSAC). The catalyst efficiency was determined by the ciprofloxacin
degradation, mineralization rate, TOC removal and iron leaching. Not
only was the effect of operating conditions such as temperature, total
pressure and catalyst dosage tested, but a conversion rate equation was
proposed for the experimental findings. Furthermore, the degradation
intermediates of ciprofloxacin were identified by LC-MS technique.
Based on experimental and theoretical results (Density Functional
Theory calculations), a reaction pathway was proposed for the cipro-
floxacin degradation. Finally, a proof of concept using surface water as
an environmentally-relevant water matrix, has been accomplished.
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2. Materials and methods
2.1. Materials

Ciprofloxacin (>98 wt. %) was purchased from Sigma-Aldrich and
the chemical activating agent ferric chloride hexahydrate (FeCls-6H,0,
>98 wt. %) was provided by Panreac. Hydrochloric acid (HCl, 37 wt. %),
acetonitrile (>99.9 wt. %), and acetic acid glacial (>99.7 wt. %), were
supplied by Fluka, Fisher Chemical and Fluorochem, respectively.
Aqueous solutions were prepared with ultrapure water from PURELAB®
Flex Water Purification System (Veolia). A proof of concept was also
carried out using a surface water matrix collected in the Manzanares
river (Madrid, Spain), whose physico-chemical properties were
measured following the Standard Methods [22]. These parameters are
summarized in Table 1.

2.2. Synthesis of FeSAC catalyst

The industrial sewage sludge was kindly supplied by a local phar-
maceutical company located in Spain. This biomass precursor was firstly
characterized in terms of Chemical Oxygen Demand (COD), and total
(TS), fixed (FS), and volatile (VS) solids content measured according to
the Standard Methods [22]. The solid fraction was also undergone to
elemental analysis (EA) and X-ray fluorescence spectroscopy (XRF) by
using a LECO CHNS-932 analyzer and a PANalytical Axios spectrometer,
respectively.

For the catalyst synthesis, the sewage sludge was dried in an oven for
24 h at 105 °C. After a grinding step, the dried sludge powder was
chemically activated by using an incipient wetness impregnation tech-
nique with FeCl;-6 H,0, in a ratio of 1 mg FeCl3-6H,0: 1 mg dried
sludge. The activation was performed for 24 h at room temperature,
followed by drying for 24 h at 105 °C. Next, the impregnated sludge was
pyrolyzed in a vertical quartz reactor for 2 h at 800 °C, maintaining a
constant N, flow rate of 100 mL/min and a heating rate of 10 °C/min. To
remove the iron excess (i.e. iron compounds, in any of their oxidation
states, which are weakly bound to the carbonaceous matrix and can be
released into the aqueous phase leading to high iron leaching), the
catalyst was washed with HCl 1 M solution for 1 h under magnetic
stirring, and then filtered and rinsed with ultrapure water until neutral
pH was reached. The solid was dried in an oven for 24 h at 105 °C, and
finally, was ground and sieved to a particle size under 250 pum range.

2.3. Catalyst characterization

Elemental analysis and X-ray fluorescence spectroscopy were
performed in order to determine the chemical composition of the syn-
thesized catalyst, using the same equipment mentioned for the charac-
terization of the raw industrial sludge. The textural properties of the
material were explored by N> adsorption-desorption isotherms at 77 K in
an ASAP 2020 equipment. Before measurement, the samples were out-
gassed for 3 h at 250 °C. The specific surface area of the solids (Sggt) was
calculated using the Brunauer-Emmett-Teller (BET) equation
and micropore volume (Vyic) was estimated using the Dubi-
nin-Radushkevich equation. The morphology and elemental analysis of
the solid was studied by scanning electron microscopy with energy

Table 1

Physico-chemical characterization of the surface water.
Parameters Value
pH 6.9
Chemical Oxygen Demand (mg/L) <15
Total Organic Carbon (mg/L) 3.2
Total Carbon (mg/L) 74
Total Nitrogen (mg/L) 0.6
Total Dissolved Solids (mg/L) 64
Conductivity at 20 °C (OS/cm) 38.1
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dispersion X-ray spectrometry (SEM-EDX) on a JEOL JSM 6335 F mi-
croscope. The binding energies of the elements in the catalyst were
determined by X-ray photoelectron spectroscopy (XPS) in a SPECS
GmbH electron spectroscopy system with a PHOIBOS 150 9MCD energy
analyzer, and Mg X-ray source. Thermogravimetric analysis (TGA) was
carried out in a Perkin Elmer STAR 6000 analyzer. The measurements
were accomplished in a temperature range between 30 and 1000 °C,
under nitrogen flow rate of 30 mL/min and a constant heating rate of
10 °C/min.

2.4. Catalytic wet air oxidation tests of ciprofloxacin in aqueous solution

CWAO experiments were performed using ciprofloxacin solutions
with an initial concentration of 50 mg/L, in a Hastelloy autoclave
reactor equipped with a heating jacket and a mechanically controlled
paddle stirrer. This range of concentration has been previously reported
in the literature [ 14,23-28]. The measured pH of ciprofloxacin aqueous
solutions in ultrapure water was found around 6.8. In order to ensure no
mass transfer limitations in the liquid phase, the stirring speed was set at
700 rpm. The experiments were performed by loading 100 mL of cip-
rofloxacin solution and the selected catalyst dose into the reactor. The
reactor was then purged with nitrogen to remove any traces of air and to
prevent the reaction from initiating before the operating conditions
were reached. Subsequently, the stirring was started, and the heating
jacket was switched on. Once the reaction temperature was reached, the
reactor was pressurized with air up to the operating pressure, consid-
ering this step as zero reaction time. Liquid samples were collected
periodically for 3 h and immediately filtered through 0.45 pm PTFE
filters for further analysis. The influence of different reaction conditions,
such as catalyst dose (0.1-0.7 g/L), temperature (120-160 °C) and total
pressure (10-30 bar) was investigated. In addition, a proof of concept
with a surface water matrix, which can be considered a real and
environmentally-relevant aqueous matrix, was accomplished. In this
latter case, the measured pH of the initial ciprofloxacin aqueous solution
was of 7.0.

2.5. Analytical methods

Ciprofloxacin concentration was analyzed using a High Pressure
Liquid Chromatograph 1260 Infinity II coupled with a diode array de-
tector (Agilent) using a Poroshell 120 EC-C18 column (4.6 x 150 mm; 4
pm). The mobile phase was a mixture of acetonitrile (17.5 %) and a 75
mM acetic acid solution (82.5 %) at a flow rate of 0.85 mL/min, using an
injection volume of 50 pL. The column temperature and the detection
wavelength were set at 30 °C and 275 nm, respectively.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) was used to analyze the iron leaching into the reaction medium.
The total organic carbon (TOC) content was measured by a Shimadzu
TOC-V CPH analyzer. Finally, the reaction intermediates and by-
products were identified in a Bruker LC-QTOF-MS Impact II
spectrophotometer.

2.6. Computational studies

The molecular structure of the reactants and the observed in-
termediates were optimized by the Density Functional Theory (DFT)/
MO06-2X method with a 6-311 + +G(2df,2pd) basis set level, obtaining
the corresponding Exnomo values and positive frequencies in all the
possible conformations evaluated, corresponding to minima energy.
Here we show, of all these conformations, those that have turned out to
be more stable under the conditions of the study. The calculations have
been carried out using the Gaussian 16 program [29], including Natural
Bond Orbitals (NBO) analysis [30,31]. The experimental conditions
considered were 20 bar and 140 °C. The SMD model (universal solvation
model based on solute electron density and a continuum model of the
solvent defined by the bulk dielectric constant and atomic surface
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tensions) was used to address the solvent effects of water [32]. Gauss-
View 6.0 software was used to visualize the computed and optimized
structures [33].

3. Results and discussion
3.1. Sewage sludge characterization

Regarding to the main macroscopic properties of the industrial
sewage sludge, a TS concentration of 36.6 g/L was found. The high COD
(34.8 g/L) and VS (80 % of TS) values indicated the presence of a
relevant organic matter content in the sewage sludge. Generally, this
aspect is convenient for the synthesis of biomass-derived catalysts as the
more organic matter in the precursor, the higher the efficiency in the
production of biomass-based catalyst [34].

Chemical characterization of the sewage sludge solid fraction
showed a carbon content of 42.4 wt. %, which is within the carbon
concentration range reported in the literature for high char yields [35].
Other elements detected in higher proportions were oxygen (14.6 wt.
%), caleium (11.6 wt. %), or hydrogen (5.8 wt. %). Furthermore, the raw
sludge presented a low iron content (0.7 wt. %).

3.2. Catalyst characterization

Elemental analysis of the synthesized catalyst provided the content
of carbon (70.9 wt. %), nitrogen (3.8 wt. %) and hydrogen (1.8 wt. %).
From the results of XRF analysis, other main elements, such as oxygen
(8.5 wt. %) and iron (5.1 wt. %) were identified. As expected, the py-
rolysis step increased the carbon content of the raw sewage sludge to
around 67 % from its initial value. During this process, the oxygen and
hydrogen content was also considerably reduced compared to the
biomass precursor values. The synthesis of the carbonaceous material by
chemical activation required the application of an iron-based activating
agent. The use of this metal salt allowed a sufficiently high iron content
to act as the active phase of the catalyst in the CWAO process. Although
the initial calcium content in the biomass precursor was high, the con-
centration in the resulting material was practically negligible, possibly
due to the catalyst rinsing. Finally, it should be noted that the product
yield, after the rinsing step, was found about 61 %.

The textural properties of the FeSAC catalyst were determined by the
N, adsorption-desorption isotherms at 77 K (Fig. 1a). According to the
International Union of Pure and Applied Chemistry (IUPAC) classifica-
tion, the carbonaceous material showed a type IV isotherm, which is
representative of mesoporous materials. In addition, the large initial
adsorption of nitrogen at low relative pressure values (P/P° < 0.05)
indicates the occurrence of a considerable amount of micropores in the
solid structure. At relative pressure values above 0.4, the isotherm also
exhibits an H4-type hysteresis loop, indicating capillary condensation in
the mesopores [36]. As has been reported in the literature, hysteresis
occurs when the pore width exceeds a critical value (which depends on
adsorbate, temperature, and pore networks); and it has been determined
that nitrogen at 77 K exhibits this phenomenon when the pores are
larger than 4 nm [37].

The measured BET surface area of FeSAC catalyst was of 582 m”/g,
which is within the range reported in the literature for similar carbo-
naceous materials synthesized from sewage sludge [38]. Furthermore, a
micropore volume value of 0.17 em®/g was obtained, corresponding to
47.5 % of the total pore volume. As can be seen in the pore size distri-
bution (Fig. 1b), the maximum value was found in the narrow mesopore
zone, i.e. around 4 nm. Thus, the mean pore diameter, calculated from
the BJH model, was of 7.2 nm.

The thermal stability of the synthesized catalyst was evaluated by
TGA, as illustrated in Fig. 2a. The degradation pattern showed three
clearly defined zones. The first one was found at 100 °C, where a weight
loss of about 7 % was reached due to the evaporation of the adsorbed
water in the sample. The second degradation zone could be found in the
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Fig. 1. N, adsorption—desorption isotherms at 77 K (a) and pore size distribution (b) of the FeSAC catalyst.
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Fig. 2. Thermogravimetric analysis (a) and SEM micrograph (b) of the FeSAC catalyst.

range 150-750 °C, obtaining a weight loss between 7 % and 12 %. The
pyrolysis temperature during the catalyst synthesis was of 800 °C, which
could explain the narrow weight loss in the previously mentioned
temperature range, associated with both volatile and high molecular
weight compounds that were not completely eliminated during pyrolysis
process. Finally, at temperatures above 800 °C, the thermal degradation
of the catalyst increased substantially, reaching a weight loss of around
18 % at 1000 °C. This increase in the thermal degradation compared to
the second zone might be related to the removal of high molecular
weight compounds that had no time to be degraded during the catalyst
synthesis and those that required a higher temperature to do so. The
thermal study demonstrated that the synthesized iron-based catalyst
could be heated up to 750 °C without significant decomposition.

The morphological properties of the FeSAC catalyst were determined
by scanning electron microscopy. Thus, a SEM micrograph of the sample
is shown in Fig. 2b, and further information with different magnifica-
tions has been included in Fig. S1 (Supplementary material). As can be
observed, the carbonaceous material presents a rough and porous sur-
face, with a heterogeneous structure consisting of small iron particles of
different size and shape adhered to the carbon matrix. Furthermore, the
activating agent, FeCl;-6H,O, appears to have formed a complex
network of pores in the catalyst, presenting cavities and crevices on its
surface. Fig. 52 (Supplementary material) shows the EDX spectrum of
the catalyst. The presence of iron, silicon, oxygen, and carbon elements
clearly confirmed the synthesis of the carbon-based catalyst.

The oxidation state of surface iron was determined by X-ray photo-
electron spectroscopy (XPS) analysis by deconvolution of the Fe2p
spectra of fresh and spent catalyst. Fig. 53 (Supplementary material)
represents the deconvoluted Fe2p spectra of the fresh and after used
catalyst in the oxidation experiment. A main band is observed centered
at approximately 712 eV accompanied by a secondary band at higher
binding energy (725 eV). These bands correspond to the characteristic
values of Fe**, in addition to two satellite peaks located around 717 and
728 eV confirming the presence of Fe*' species on the catalyst surface
[39]. XPS analysis also detected C and O as major surface components.

3.3. Catalytic performance

3.3.1. Preliminary tests

Initially, preliminary tests were conducted to determine the
adsorption contribution of ciprofloxacin onto the synthesized catalyst.
Three catalyst doses, between 0.10 and 0.70 g/L, were tested under an
inert nitrogen atmosphere to avoid the compound oxidation. Fig. 3 il-
lustrates the adsorption blanks of ciprofloxacin at 140 °C and 20 bar. As
can be seen, during conditioning time until the operating temperature is
reached, the equilibrium concentration is already attained. Therefore,
the concentration of ciprofloxacin remains constant from zero time
onwards.

On the other hand, the effectiveness of the synthesized catalyst re-
quires not only to assess the adsorption contribution in the process, but
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Fig. 3. WAO process and adsorption blanks for different FeSAC catalyst doses
at 140 °C and 20 bar (under inert atmosphere).

also to evaluate the degradation reaction without the use of the catalyst
and using air as the oxidizing atmosphere. For this purpose, a non-
catalytic WAO test was carried out at 140 °C and 20 bar, as shown in
The results revealed considerably slow reaction kinetics,
requiring a reaction time of around 1 h to remove less than 17 % of the
initial concentration of ciprofloxacin.

During the first 15 min, an initial induction period in which hardly
any contaminant degradation occurs can be observed. This pattern has
been previously reported in the literature for non-catalytic wet air
oxidation reactions, where the generation of a minimum concentration
of hydroxyl radicals is necessary for the reaction to occur [40-43]. In
addition, as will be mentioned hereafter, the use of catalyst in the re-
action eliminates this induction period.

Fig. 3.

3.3.2. Influence of temperature on the catalytic activity

Temperature is one of the operating variables with the most signif-
icant effect on the CWAO processes [44]. The analysis of this parameter
was carried out by varying the temperature from 120 to 180 °C, and
maintaining the rest of the operating conditions constant, i.e. total
pressure (20 bar) and catalyst dose (0.7 g/L). In addition, the TOC
degradation efficiency was analyzed to evaluate the mineralization of
ciprofloxacin. The TOC degradation efficiency was slower than that of
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ciprofloxacin, suggesting a prolonged time to achieve a complete
mineralization [45]. Selectivity towards non-organic compounds was
also evaluated, being defined as (Xtoc/Xciprofioxacin)- The evolution of
the normalized ciprofloxacin concentration, as well as the TOC removal
and selectivity to CO, at 180 min can be seen in Fig. 4b.

The CWAO reactions exhibited some removal of ciprofloxacin at zero
time reaction, which might be due to the contribution between thermal
degradation and adsorption effects of the pharmaceutical during the
time the reactor reached the operating temperature. According to the
blank tests conducted at 140 °C and 20 bar (Fig. 3), the WAO reaction
showed a ciprofloxacin removal below 1 % at zero time reaction, thus
non-catalytic thermal degradation appears to be negligible. The liquid
sample at zero time from CWAO reaction was also analysed by LC-MS to
identify thermal degradation compounds in the catalytic process
(Fig. S4). In this regard, no other compounds were detected that were
not already in the 50 mg/L initial ciprofloxacin solution (Fig. 55), so the
removal at this time in the catalytic process can only be attributed to the
adsorption contribution. In addition, it should be noted that the use of
the catalyst eliminates the induction period observed in the WAO tests,
minimizing the time required to start degrading the pollutant.

The experimental results revealed that the degradation of cipro-
floxacin is notably temperature-dependent. This is consistent with the
results found in the literature, since the production of free radicals,
which initiate the oxidation reaction, is enhanced as the temperature
increases [44]. In this regard, the antibiotic concentration reached
values around 20 % of its initial value at 15, 30 and 60 min, for tem-
peratures of 160, 140 and 120 °C, respectively. This difference was
particularly pronounced at high ciprofloxacin conversions when oper-
ating at 120 °C, reaching a removal around 95 % at 3 h, while the other
temperatures (140 °C and 160 °C) reached yields above 99 % between 1
and 2 h earlier.

However, although an increase in temperature favors ciprofloxacin
degradation, this trend seems to be the opposite for TOC removal.
Consequently, since the concentration of ciprofloxacin at 180 min is
very similar at the three temperatures, an increase in the final TOC
concentration would lead to a lower selectivity to CO, i.e. a lower drug
mineralization. This might be due to a modification of the reaction
pathway or to an enhancement of the production rate of some inter-
mediate which is highly recalcitrant to oxidation [45].

The variation in the removal rate of ciprofloxacin as the operating
temperature changes could be due to the contribution of two factors, the
influence on the kinetic constant and the solubility of oxygen in the
aqueous medium, ie. the concentration of one of the reagents. Ac-
cording to the literature, the solubility of oxygen in water above 100 °C
and at high pressure exhibits an increasing trend when the temperature

120
o CWAO 120°C
100 A - [
= DCWAO 140 °C
g mCWAO 160 °C
80 1 —
;\;; —E—
g 60 4
©
>
40
20 4

XCiprofloxacin XTOC Selectivity

Fig. 4. Temperature effect on ciprofloxacin removal versus time (a); and ciprofloxacin conversion, TOC conversion and selectivity to CO, at 180 min (b). Experi-

ments performed at P = 20 bar, Cgjprofioxacino = 50 mg/L and Ceaalysr = 0.7 g/L.
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rises. This behavior is increasingly noticeable at higher pressures.
However, oxygen solubility at a total air pressure around 20 bar shows a
slight increase between 120 °C (54.7 mg O,/L) and 160 °C (67.4 mg O,/
L) [46]. Therefore, it seems that the effect of temperature has a greater
contribution on the kinetic constant than on the concentration of the
oxidizing agent.

The initial reaction rate was determined by numerical derivation
from the concentration profile of ciprofloxacin versus reaction time. As
shown in Table 2, the initial reaction rate rises as the temperature in-
creases, keeping constant all the other variables. As previously
mentioned, this fact could be due to the temperature effect on the kinetic
constant. In addition, after 180 min the catalyst showed negligible iron
leaching, less than 24 ppb in all reactions, and the final pH remained
constant in the range 3.9-4.2. Considering the aspects mentioned above,
a temperature of 140 °C has been stablished as the optimum for this
study.

3.3.3. Influence of total pressure on the catalytic activity

The hydroxyl radicals generation in CWAO processes depends on the
amount of dissolved oxygen, i.e., on the concentration of the oxidizing
agent in the reaction medium [44,47]. As previously mentioned, the
gas-liquid equilibrium depends, besides the temperature, on the pres-
sure value. Therefore, the ciprofloxacin removal could be affected by
this variable. In this study, the total pressure has been evaluated from 10
to 30 bar.

As shown in Fig. 5a, ciprofloxacin degradation appears to be slightly
improved with increasing the total pressure, but this variation might be
considered negligible for the pressure range evaluated. According to the
literature, the oxygen solubility in water ranges from 29.8 to
89.4 mg O,/L for a total pressure of 10 and 30 bar at 140 °C, respectively
[46]. Therefore, the ciprofloxacin conversion did not seem to depend on
the dissolved oxygen concentration (Fig. 5b). Furthermore, these results
are consistent with what was mentioned in the analysis of the temper-
ature influence. In this regard, the variation of oxygen solubility be-
tween 120 and 160 °C at 20 bar is within the values obtained between 10
and 30 bar at 140 °C, confirming the previously discussed idea that the
increase in the ciprofloxacin removal rate with rising temperature is
mainly due to the kinetic constant, and not to the concentration of the
dissolved oxidizing agent. As observed with ciprofloxacin conversion
values, the pressure seems to have a negligible effect on TOC conversion
and selectivity.

As has been reported in Table 3, the initial reaction rate of cipro-
floxacin, calculated by numerical differentiation, could be considered
constant for the pressure range analyzed. This is consistent with the
overlap of the concentration profiles versus time shown in Fig. 5a. In
addition, the catalyst showed a very low concentration of leached active
phase and a roughly constant pH at 180 min. For the results mentioned
above, the optimum pressure was set at 20 bar, since an increase of this
parameter did not substantially improve the ciprofloxacin degradation.

3.3.4. Influence of catalyst dose on the catalytic activity

The catalyst dose was studied in the range of 0.1-0.7 g/L, and all
other parameters, i.e., temperature and total pressure, being maintained
constant. As illustrated in Fig. 6a, the catalyst dose has a significant
impact on the removal of ciprofloxacin, even at relatively low values. In
this regard, a higher catalyst dosage in the reaction medium resulted in a

Table 2

Temperature influence on initial reaction rate, iron leached and pH of the re-
action medium after 180 min. Experiments performed at P =20 bar, Cgjyo.
floxacin,o = 50 mg/L and Ceatalyst = 0.7 g/L.

CWAO 120°C  CWAO 140°C  CWAO 160 °C
ICiprotioxacin (Mg/geatalysrmin) 951 1259 1590
FeLeached (mg/L) <0.024 < 0.024 < 0.024
pH 3.9 4.1 42
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greater degradation of the antibiotic. Moreover, this variation seems to
be more noticeable for a catalyst dose under 0.40 g/L. After 1 h of re-
action, normalized concentrations around 65 %, 27 % and 8 % were
reached using catalyst doses of 0.1, 0.3 and 0.7 g/L, respectively. Ac-
cording to this trend, increasing the dose above 0.7 g/L may not
compensate for the slight enhancement in the ciprofloxacin removal.

As expected, increasing the catalyst dose not only reduces the final
concentration of ciprofloxacin in the reaction medium, but also results
in a lower TOC content. This fact indicates a higher antibiotic miner-
alization when operating at a catalyst concentration of 0.7 g/L.

Regarding the initial reaction rates, given in Table 4, a drop in these
values was observed with increasing catalyst loading. This behavior
could be explained due to the decrease of ciprofloxacin concentration in
the bulk fluid at zero reaction time as a result of the higher adsorption
contribution. That is, a concentration drop of the reagent would lead toa
decline in the initial reaction rate. In the literature, it has been reported
that the oxidation processes occur by a radical pathway, generating
hydroxyl radicals on the catalyst surface. However, if the reaction
occurred only on the catalyst surface, the reaction rate per unit mass of
catalyst would be independent of the dosage. As will be determined in
Section 3.3.5, the reaction rate depends on the catalyst concentration
according to an order smaller than unity. Thus, this behavior would
imply that a combination of homogeneous and heterogeneous free
radical mechanism is involved in the reaction [48-51].

Finally, as previously observed for temperature and pressure, the
leached iron concentration, and the pH of the reaction medium at
180 min remained practically constant for the catalyst dosage range
evaluated.

3.3.5. Kinetic modelling for ciprofloxacin degradation

The reaction rate for heterogeneous catalytic systems, such as the
CWAO process in this study, is usually expressed in terms of the amount
of catalyst, and therefore the material balance in the batch reactor
would be as follows:

(o) = (Bt L L (e
T Wty dt Ceaulys dt

D

where I'eiprofioxacin 1S the removal rate of ciprofloxacin (mgciprofioxacin/
ZeatalyseMin), Wearalyse is the mass of catalyst (gcatalyst), Ccaralyst is the
concentration of catalyst in the reaction medium (gcatatyst/L), Ncipro-
floxacin 1S the mass of ciprofloxacin (mgiprofioxacin), Cciprofloxacin 1S the
concentration of ciprofloxacin (mgciprofloxacin/L), and t is the reaction
time (min).

On the other hand, potential kinetic models have been widely pro-
posed in the literature for CWAO processes. Considering the influence of
variables such as temperature, pressure and catalyst dosage, the
following conversion rate equation has been proposed:

n m z
( — rCIpmllmiKi") = k‘CC.pmmmun‘PTum'Cémlyu @

where, k is the kinetic constant (mgoprofioxacin'’ ™ -L™* barl ™.
Zeatalyse' >V +min'~1)), Progq is the total pressure (bar), and the parame-
ters n, m and z represent the reaction orders.

Combining Eqs. (1) and (2), and replacing the kinetic constant as a
function of temperature according to the Arrhenius equation results in
the following expression:

o) () o o
(_dei(ﬂ> =kpe “Cliprotoacin PTotat“C : 3)

Total CCatalys
where, ko is the pre-exponential factor (mggpmﬂoxacm” m).Le+3),
bar' ™ -g.qlys! = V-min' 1)), E, is the activation energy (kJ/mol), R is
the gas constant (8.314:10 ® kJ/mol-K), and T is the reaction temper-
ature (K).
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Fig. 5. Pressure effect on ciprofloxacin removal versus time (a); and ciprofloxacin conversion, TOC conversion and selectivity to CO, at 180 min (b). Experiments

performed at T = 140 °C, Cciprofioxacino = 50 mg/L and Ceatalyst = 0.7 g/L.

Table 3

Pressure influence on initial reaction rate, iron leached and pH of the reaction
medium after 180 min. Experiments performed at T =140 °C, Ccipofioxacin,o
= 50 mg/L and Ccatalyst = 0.7 g/L.

CWAO 10 bar CWAO 20 bar CWAO 30 bar
Iciprotioxacin0 (Mg/geatalysrmin) 1193 1259 1146
FeLeached (mg/L) < 0.024 < 0.024 < 0.024
pH 3.9 4.1 3.9

Furthermore, a parameter named as effective initial concentration (C,
eff) has been defined to consider the decrease of ciprofloxacin concen-
tration at zero reaction time due to the pollutant adsorption until the
operating conditions are reached. Thus, (Co, ) is the concentration of
ciprofloxacin in the bulk fluid at zero reaction time. As observed in
Figs. 4-6, the pharmaceutical concentration at zero reaction time seems
to depend predominantly on the catalyst dosage, with negligible influ-
ence of temperature and total pressure. Therefore, the initial condition
for Eq. (3) could be expressed as indicated in Eq. (4):

Co, et = Ceiprotionacin|,_g = Co. reat — @Ceatatys “@
where, a is a model parameter (Mgciprofioxacin/8eatalyst)s Coer is the

effective initial concentration (mgciprofloxacm/L), and Co reqt is the initial
ciprofloxacin concentration (ngciprofloxacin/L), i.€. 50 mg/L.

1.0
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The parameters of the mathematical model consisting of Eqs. (3) and
(4) were determined using a mathematical subroutine with Matlab for
the nonlinear multiparameter estimation and the integration of the
differential equations. To minimize the error between the experimental
data (C(lemﬂaxatm. exp ) and the model outputs (CCq:roﬂaxacm. modet ) the re-
sidual sum of squares indicated in Eq. (5) was applied. This objective
function is a statistical technique in regression analysis that allows to
determine the function that best fits a set of experimental data. In this
regard, the function indicates the level of variance in the residuals of a
regression model, so the lower the value, the better the model will fit the
experimental data. The above mentioned justifies the selection of the
residual sum of squares as the optimality criterion.

Table 4

Catalyst dose influence on initial reaction rate, iron leached and pH of the re-
action medium after 180 min. Experiments performed at T = 140 °C, P = 20 bar
and Ceiprofloxacino = 50 mg/L.

CWAOO0.1g/ CWAOO0.4g/ CWAOO0.7g/
L L L
Teipratioxacin0 (Mg/ 3578 1806 1259
Zeanlys'min)
Fepeached (mg/L) < 0.024 < 0.024 < 0.024
pH 5.3 5.3 4.1
120
(b) BCWAO 0.1 g/L
100 1 ToCWAO 0.4 g/L
mCWAO 0.7 g/L
80 4
g
3 60 4
S
40 4
20 4
0

XCiprofloxacin XTOC Selectivity

Fig. 6. Catalyst dose effect on ciprofloxacin removal versus time (a); and ciprofloxacin conversion, TOC conversion and selectivity to CO, at 180 min (b). Exper-

iments performed at T = 140 °C, P = 20 bar and Cgjpofioxacino = 50 mg/L.
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The calculated parameters of the proposed conversion rate equation
are summarized in Table 5. The small influence of the total pressure on
the kinetics of the ciprofloxacin degradation process, as shown in Fig. 5,
results in an order with respect to pressure close to zero (m = 0.13). The
order of catalyst dose obtained (z = 0.2) was less than unity, being
within the values found in the literature for similar CWAO processes and
taking into account both heterogeneous and homogeneous contributions
to the pollutant removal rate [12,49-51].

On the other hand, the activation energy of the catalytic process
considered in this study (53.8 kJ/mol) is relatively close to that found by
other authors using catalysts with more expensive metals as active
phase. Specifically, Serra-Perez et al. (2020) studied the degradation of
ciprofloxacin using ruthenium and platinum catalysts supported on
carbon nanospheres, whose activation energy was around 40 kJ/mol
[12]. Besides requiring more costly and toxic metals than the one pro-
posed in this study, i.e. iron, the ruthenium catalysts exhibited a higher
metal leaching in the reaction medium. Therefore, the approach sug-
gested in this study not only allows the valorization of a biomass waste
such as sewage sludge, but also seems to present a catalytic activity and
aloss of the active phase that is comparable to that obtained for catalysts
based on more expensive and toxic metals than iron. Finally, it is worth
to highlight that the use of the iron sludge-based catalyst employed in
this study allowed to decrease the activation energy of the ciprofloxacin
degradation process compared to the non-catalytic WAO process of this
pollutant, whose value reported in the literature was around of
70 kJ/mol [12].

The parity plot of the experimental ciprofloxacin concentration
values versus those obtained with the conversion rate equation (Table 5)
is shown in Fig. 7. As can be seen, the experimental data exhibited small,
random and non-systematic deviations from the model prediction.
Moreover, the high R* value obtained indicated a good fit of the
experimental data. In general, it could be concluded that the proposed
conversion rate equation described the entire measured data set under
the tested operating conditions.

3.3.6. Possible degradation pathway of ciprofloxacin removal by CWAO

The identification of reaction intermediates and by-products was
accomplished after a reaction time of 180 min by LC-MS analysis. The
molecular ion peak of ciprofloxacin (m/z = 332) showed a retention
time of 9.4 min. In addition, two reaction intermediates, intermediate 1
and intermediate 2, with m/z values of 319 and 263, respectively, were
detected. The degradation compounds identified in the analyzed sample
are summarized in Table 6. LC-MS chromatogram and mass spectra of
ciprofloxacin solution after 180 min of reaction time and at tg 9.4, 0.9
and 10.5 min are shown in Figs. S6, S7, S8 and S9 (Supplementary
Material).

In the first degradation pathway proposed, m/z 319 can be formed by

Table 5
Conversion rate equation and calculated parameters for ciprofloxacin removal
by CWAO using the iron sludge-based catalyst.

Conversion rate equation o By
dCe; o (-7
( - p’dut xam) =koe R 'C'éi;vofhxac‘n-P;aml'
Cuelya
Co, o = Ceproflaxacin L e Co. real — @ Cranlyse
k( e ) 7.810*
s T T YT, PRIy
"’\(Ep:oﬂmm'b‘”" 'g‘m:aryz""'"
E, (kJ/mol) 53.8
n 1.40
m 0.13
z 0.20
a (mgciprotloxacin/ Geatalyst) 33.2
R? 0.990
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Fig. 7. Parity plot for the tests using the proposed conversion rate equation.

the decarboxylation and hydroxylation of the ciprofloxacin molecule in
other pathway. The oxidation process can lead to nitrates, and then
continue until mineralization into CO, and H,O [52]. Similar results
have been reported by Serra-P é rez et al. for the catalytic degradation of
ciprofloxacin [12]. On the other hand, the cleavage of the piperazine
ring caused by the attack of ¢OH groups on the carbons between the 1
and 4' position producing stepwise oxidative degradation. This is
consistent with the order of oxidability of the functional groups
(piperazine ring > benzo ring > pyridine ring). After this, the compound
with m/z 263, could be formed after the loss of both formaldehydes and
the secondary nitrogen, as well as the subsequent oxidation and loss of
formaldehyde from amine side chain from ciprofloxacin [12,53]. A
defluorination process could be produced in m/z 263, and further
oxidation would lead to low molecular weight carboxylic acids (LMWC),
i.e., oxalic, formic and acetic acid. Fig. 8 illustrates, for the first time, the
proposed reaction pathway of ciprofloxacin degradation by CWAO
process using the synthesized sewage sludge-based catalyst.

It should be noted that, from the molecular point of view, several
studies based on Density Functional Theory (DFT) have been carried out
with various functional groups. In the case of experimental studies, DFT
investigations accurately predicted chemical bonding, band structures,
surface character, and the effect of doping, among others.

The calculations showed, both in the reactants and the in-
termediates, a planar structure from which the substituents at positions
1 and 7 protrude. This plane generates a symmetry that gives rise to
some conformations with equivalent energy minima. The different
conformations optimized for these substituents have very similar en-
ergies, with differences of the order about 0.2 keal/mol, practically
negligible (Fig. 9a).

Considering the carboxylic group, calculations have shown that the
most favorable conformations are those in which the OH group is
directed towards the oxygen at C4 to interact through hydrogen
bridging, being favored by about 8-9 keal/mol over those that do not
contemplate that possibility. This fact is supported by NBO (Natural
Bond Orbitals) analysis, which shows stabilizing interactions between
the orbitals of the oxygen lone pairs and the anti-bonding orbital of the
O-H bond. In addition, electrostatic repulsions between oxygen atoms
are reduced in this way. The most representative optimized structures
can be seen in Fig. 9b, and their coordinates are collected in Tables 52,
$3 and S4 (Supplementary material).

The Egomo values of the electronic energies corresponding to cip-
rofloxacin and the reaction intermediates, as well as the HOMO orbital
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Table 6
Properties of some identified intermediate compounds during the ciprofloxacin degradation by LC-MS.
Compound tr [M+H]" (m/ Molecular Name Structure
(min) z) Formula
1 9.4 332 Cy7H1gFN303 Ciprofloxacin
aHN S
Intermediate 1 0.9 319 Cy6H15FN303 1-cyclopropyl-6-fluoro-3,5-dihydroxy-7-(piperazin-1-yl)quinolin-4
(1 H)-one E
(\ N
HN \)
Intermediate 2 10.5 263 Cy3H11FN2O3 7-amino-1-cyclopropyl-6-fluoro-4 1,4-dihydroq line-3
carboxilic acid F
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Fig. 8. Proposed reaction pathway of ciprofloxacin degradation by CWAO process.

energies (Table 7) and the optimized geometrical configuration of the
organic intermediates calculated using the DFT method are shown in
Fig. S8. For comparison purposes, caffeine was used, since it is a typical
emerging organic contaminant that has been studied by many re-
searchers in catalytic oxidation [54,55]. Therefore, caffeine was also
evaluated using the DFT method for comparison with ciprofloxacin in-
termediates. Further details are collected in Table S5 (Supplementary
material).

From the diagram of Enomo values, the acidic compounds, ie.,
formaldehyde, formic, acetic, and oxalic acids have the lowest Eyonmo
values among all the organic compounds, with values as low as
—10.0 eV. This fact demonstrate the difficulty of oxidizing this type of
low molecular weight compounds (that are refractory to oxidation), due
to their characteristics, rather than to the oxidation conditions [56]. The
organic intermediate 2 showed a lower Egopo value (—7.56 eV) than
intermediate 1 (—6.88 eV). This suggests that intermediate 1 would be
easier to degrade, which would be consistent with the mass spectrum
data where, being intermediate 1 the major compound after 0.9 min
(Fig. 59), it has completely disappeared at 10.5 min, remaining inter-
mediate 2 (Fig. 510). Assuming a faster disappearance of intermediate 1,

the fact that at 0.9 min it is the major compound suggests that the re-
action would proceed mainly (although not exclusively) by pathway 1.

3.3.7. Proof of concept and catalyst stability

In the literature, CWAO processes of aqueous solutions prepared in
ultrapure water have been widely reported. Effectively, this should be
the initial study to evaluate the kinetics of the process. However, it is
essential to assess the effect that an environmentally-relevant matrix
may have on the oxidation reaction [12,57], verifying the feasibility of
this technology with the synthesized iron sludge-based catalyst. In this
regard, a real surface water matrix fortified with ciprofloxacin (G, =
50 mg/L) has been tested. Thus, the evolution of ciprofloxacin concen-
tration for ultrapure water and surface water at 20 bar, 140 °C and a
catalyst dosage of 0.70 g/L can be seen in Fig. 10a.

The surface water matrix does not seem to have a significant influ-
ence on the degradation of ciprofloxacin. As expected, the conversion of
the antibiotic is slightly lower with the surface water matrix compared
to ultrapure water, possibly due to the presence of other organic con-
taminants that compete with ciprofloxacin during the CWAO process.
That is, the hydroxyl radicals generated are involved in the oxidation of
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Fig. 9. Most stable conformations of ciprofloxacin (a) and most stable conformations of ciprofloxacin (i); intermediate 1 (ii); and intermediate 2 (iii) (b).

Table 7

Electronic energies and Eyono values of ciprofloxacin and intermediates.
Compound Electronic energies (kcal/mol) Exowmo (eV)
Ciprofloxacin -720626.16 -7.22
Intermediate 1 -696697.04 -6.88
Intermediate 2 -587998.39 -7.56

other compounds existing in the surface water matrix. It should also be
highlighted that the matrix has a small influence on pollutant adsorp-
tion, showing a small increase of ciprofloxacin concentration in the bulk
fluid at zero reaction time.

On the other hand, the leaching of the active phase in the reaction
medium was the same regardless of the matrix, i.e., leached iron con-
centrations lower than 0.024 mg/L were measured. This iron concen-
tration is significantly lower than the limit value set by the European
Directive 2020/2184 for water intended for human consumption, which
is 0.2 mg/L [58]. Supported iron catalysts generally exhibit a high metal
leaching, so there is a large background in the literature related to the
use of noble metal-based catalysts, which are more costly and toxic but
present lower losses of active phase [59-63]. Therefore, it seems that the
synthesis procedure of the catalyst proposed in this study enables the
correct attachment of the active phase to the carbonaceous matrix,

ensuring a concentration of leached iron in the aqueous phase that does
not pose an environmental risk.

Catalyst deactivation is considered one of the most critical issues in
heterogeneous catalytic processes, determining in most cases the tech-
nical and economical feasibility. In this research, the stability of the
catalyst was assessed by three consecutive reuse cycles for the removal
of ciprofloxacin in surface water matrices, as shown in Fig. 10b. As can
be seen, the synthesized catalyst exhibited high stability, appreciating a
slight decrease in ciprofloxacin conversion over the three cycles. During
the first reuse, a removal value close to 94 % was achieved, i.e. 2 % less
than the one obtained with the fresh catalyst. Then, for the second and
third reuse cycles, the conversions obtained after a reaction time of
120 min were 90 % and 87 %, respectively.

All the aforementioned evidences the potential of the catalyst pro-
posed in this study to be applied in CWAO processes for the removal of
several emerging contaminants, such as ciprofloxacin, from aqueous
medium.

4. Conclusions

The research described in this work proposes a feasible technique for
the valorization of a solid waste, i.e., sewage sludge, contributing to the
circular economy in wastewater treatment plants and to the removal of
emerging pollutants, such as ciprofloxacin. In this regard, the catalyst
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Fig. 10. Matrix effect on ciprofloxacin removal by CWAO experiments at T = 140 °C, P = 20 bar and Ceipofioxacin,0 = 50 mg/L (a) and Influence of catalyst reuse on
ciprofloxacin conversion for CWAO experiments at T = 140 °C, P = 20 bar, Cjprofioxacino = 50 mg/L, reaction times of 120 min, and using a surface water as aqueous

matrix (b).

synthesized from sewage sludge exhibited an iron content and textural
and morphological properties suitable for its application in CWAO
processes. The iron-based catalyst showed high catalytic activity,
oxidizing the emerging pollutant almost completely within 2 h at the
following operating conditions: 140 °C, 20 bar and 0.7 gcaralyst/L. The
reaction temperature and catalyst dose showed a significant influence
on the ciprofloxacin removal from aqueous solution, while total pressure
did not play such an important role. In addition, the TOC degradation
did not always show the same trend as the ciprofloxacin removal, which
may be due to a modification of the reaction pathway. The measurement
of leached iron in the reaction medium revealed a low loss of the active
phase which does not pose an environmental risk, reaching values of less
than 0.024 mg/L. In this way, a longer catalyst lifetime is ensured by
increasing the deactivation time. The oxidation state of surface iron on
the catalyst, determined by XPS analysis confirmed the presence of Fe®"
species on the surface of the fresh and reused catalyst. Regarding the
conversion rate equation, a potential model was used to describe the
experimental results accurately, with a coefficient of determination (R?)
of 0.990. A Density Functional Theory (DFT) method-based study has
been accomplished in order to estimate the stability of the originated
intermediates and to elucidate the degree of oxidation by the CWAO
process. Furthermore, the synthesized FeSAC catalyst presented a cata-
lytic activity comparable to that reported in the literature for noble
metal-based catalysts. Finally, the technical feasibility of the process in
environmentally-relevant matrices, such as surface water, was verified,
obtaining an almost negligible decreasing in the catalytic activity after
three consecutive reaction cycles.
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Table S1. Comparison of several advanced oxidation processes in the ciprofloxacin removal.

Co Ciprefioxscin

Process Reference Year Degradation (%) t (min) Conditions
(mg/L)
. Light intensity = 100 mW/em” , power of 300 W,
Photocalalysis 1] 2022 10 93.5 60
Co304/SINWs-30/PMS, Cpygs = 0.52mM, pH ~ 7
AP = 0.5, 1, 1.5, and 2 bar, CIP: H:0>= 1:100,
Cavilation 12] 2022 10-100 79-95 180 1:300, 1:500, 1:700, 1:1000, and 1:1500, pH =
6.6-7.8
1 Cu-doped Bi»S;, Xc lamp, light intensity
Photocatalysis [3] 2022 20-40 96.1 30 x
50 mW/em?, 5.0 <pH < 9.0
|sludge biochar catalyst] = 0.2 g'L.”", pH =4,
Heterogencous Fenton (4] 2019 10 80-90 20-4h
[H:0:] = 10mM
o [H>0:|:[Fe*| = 10, stoichiometric
Fenton’s oxidation [5] 2018 100 70 60 )
[H>0-] = 14.2 mM and initial wastewater pH =3
Fenlon 16] 2013 50 90 30 pH =2, [H,0:[|Fe** | =2.7
This work 2022 50 99 180 T = 140°C, P =20 bar, me. = 0.7 g/L, pHy=7
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Table S2. Cartesian coordinates for optimized structure of ciprofloxacin.

H\
o ™o
F
o
|
r/\N N
bl &
ATOM TYPE X y z
(o 1.16925600 -2.03831100 -0.26296700
¢ 1.75749000 -0.76374200 -0.47890100
o 0.87998700 0.31577300 -0.51864800
C -0.49212900 0.15086700 -0.31653400
e -1.03204200 -1.12043400 -0.07685900
C -0.16029100 -2.22005900 -0.06067400
N -1.34375100 1.25777000 -0.33905500
o -2.65729100 1.09457900 -0.18713000
C -3.25161800 -0.12269300 0.03177100
(] -2.45308500 -1.30839200 0.11247600
F 1.95403100 -3.12726200 -0.33012100
(o) -0.79725400 2.58229400 -0.57850700
‘e 0.03892900 3.21753500 0.48298700
c -1.33521100 3.74142800 0.18790700
(o] -2.95126500 -2.44343900 0.32749200
C. -4.71699500 -0.17185700 0.19026300
(o} -5.22297900 -1.37802100 0.41269800
o -5.43846600 0.80595300 0.12587300
N 3.11448300 -0.65341600 -0.72171600
o 4.04515700 -1.28070100 0.23641900
e 4.32906400 -0.34967600 1.40247400
N 4.90591400 0.90404800 0.91601500
¢ 3.95024300 1.56535400 0.02455700
c 3.64441200 0.64523800 -1.14729400
H 1.26456800 1.30477900 -0.69267400
B -0.54831100 -3.21933300 0.07844000
H -3.25844300 1.99067100 -0.24377100
H -0.50883200 2.73477400 -1.60879300
H 0.90045200 3.78059200 0.15683600
H 0.16300100 2.66027500 1.40063000
H -2.10061500 3.54878400 0.92511900
H -1.43473600 4.67144200 -0.34983500
H -4.,45300900 -2.03276400 0.42691%900
H 3.64037700 -2.21481200 0.60500500
H 4.97108600 -1.49576300 -0.29842100
H 3.39091100 -0.17993800 1.94947200
H 5.03065200 -0.83263600 2.08067700
H 5.07192900 1.50957800 1.71114500
H 4.38359600 2.48992900 -0.35314200
H 3.02215000 1.81907400 0.55234400
H 4.57353300 0.44161100 -1.68183000
H 2.95883800 1.11110400 -1.85028500
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Table S3. Cartesian coordinates for optimized structure of intermediate 1.

ATOM TYPE

mmImmnEDmnImOonNnZonzZoooodMO000zZ2a000000

mom

mOmMOmITmmImm

_H

oo 0o H

F 5

|
|/\N N
“J A

X y z
0.73348600 -1.90742900 -0.26252700
1.31937500 -0.64034400 -0.49130300
0.46978700 0.46070800 -0.51492800
-0.90435000 0.31943100 -0.28524800
-1.46502400 -0.94949800 -0.03562800
-0.60411900 -2.07535100 -0.033920600
-1.739309200 1.41675000 -0.28393400
-3.07720200 1.26986300 -0.10162400
-3.65611400 0.06430100 0.12113400
-2.86990000 -1.12269900 0.17443000
1.48581200 -3.02112700 -0.34820500
-1.20012400 2.73643400 -0.54396600
-0.31645400 3.37102900 0.48012400
-1.70201900 3.89564600 0.24825000
-3.41567900 -2.24547400 0.38964600
2.68018000 -0.55943300 -0.75585000
3.60236900 -1.19230600 0.20649500
3.90754100 -0.25838700 1.36456200
4.,50870400 0.97920500 0.86573900
3.56218800 1.65204700 -0.02730600
3.22932700 0.72838800 -1.18935700
0.87135400 1.44149200 -0.69138800
-3.66864500 2.17226800 -0.14234200
-0.95609300 2.89838000 -1.58498500
0.52900400 3.93656200 0.11783500
-0.14996200 2.81142300 1.38955800
-2.43477700 3.69914700 1.01698200
-1.82470900 4.82838900 -0.28009100
3.18283900 -2.11670900 0.58350300
4.,52380300 -1.42857300 -0.32766900
2.97448100 -0.06443000 1.91240900
4.60072500 -0.74941300 2.04571000
4.68970200 1.58784400 1.65520500
4.01360500 2.56330900 -0.41639100
2.64355400 1.93107800 0.50357800
4.15069600 0.50687900 -1.73065200
2.54604600 1.20313100 -1.88863700
-5.00671700 -0.03736700 0.30524600
-5.19929000 -0.97540800 0.45307200
-1.09193400 -3.31864600 0.15415200
-2.06962400 -3.20998900 0.28890300
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Table S4. Cartesian coordinates for optimized structure of intermediate 2.

H N,
(o} (0]
. o
I
H N N
:l'.
ATOM TYPE x y z
(& -2.70244000 -1.41001800 0.05153800
C -3.01505200 -0.04384100 -0.11678400
C -1.95805200 0.85040000 -0.21631000
C -0.64030400 0.39823100 -0.14318900
o -0.35825400 -0.97024800 0.01808700
C -1.43102300 -1.87379500 0.11656300
N 0.42106700 1.30015000 -0.24170000
c 1.67953300 0.86198600 -0.22561600
C 2.02268300 -0.45735500 -0.07655900
C 1.00213200 -1.45262600 0.06703300
F -3.74207900 -2.25817300 0.14064300
C 0.14493600 2.71484200 -0.42018100
c -0.40365800 3.49064200 0.73096400
C 1.00574000 3.71621100 0.26947400
] 1.27185100 -2.67324600 0.21872000
C 3.45315300 -0.81597000 -0.06208000
o 3.71244900 -2.10684700 0.10057300
l¢] 4.35584400 -0.00897700 -0.18623900
N -4.31671100 0.35184000 -0.13073700
H -2.18207900 1.89705600 -0.35302100
H -1.24325000 -2.93106600 0.23898800
H 2.44560200 1.61518100 -0.33888600
H -0.22441400 2.94605900 -1.40916100
H -1.15664800 4.23143300 0.50899900
H -0.53300200 2.95358200 1.65961500
H 1.79424700 3.34854800 0.90937400
H 1.23798600 4.61478000 -0.28069700
H 2.82622400 -2.58739200 0.18097700
H -4.51415200 1.27807900 -0.47622600
H -5.01980200 -0.34481800 -0.32075300

Table S5. Energetic data of organic compounds involved in the reaction and caffeine as reference.

Sum of
Electronic [ electronic and Electronic | Energies | Energies
. Entropy .
Compound energies thermal free energies HOMO LUMO
i (cal/(mol-K))
(kcal/mol) energies (Hartrees) (eV) (eV)
(kcal/mol)

Ciprofloxacin ~ -720626.16 -720458.36 168.55 -1148.39 -7.22 -0.98
Intermediate 1~ -696697.04 -696532.03 164.74 -1110.26 -6.88 -0.75
Intermediate 2 -587998.39 -587895.96 142.78 -937.03 -7.56 -0.94
Formaldehyde -71848.12 -71848.53 50.54 -114.50 -9.48 -0.10
Formic acid -119082.05 -119080.54 57.32 -189.77 -10.35 0.39
Acetic acid -143755.36 -143739.38 68.55 -229.09 -10.06 0.14
Oxalic acid -237418.40 -237412.27 75.94 -378.35 -10.17 -1.02
Caffeine -426934.64 -426851.11 123.26 -680.36 -7.61 -0.15
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SEI 00KV~ X200 100am WD 150mm NONE SEl 200KV X500 10pm . WD 14.9mm

Figure S1. SEM micrographs of the FeSAC catalyst with different magnification.
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Figure S2. EDX analysis of FeSAC catalyst.
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Figure S3. Fe2p, Cls and Ols deconvoluted XPS spectrum of fresh catalyst as prepared (a, ¢, e) and
after used in experiment (b, d, f), respectively.
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Figure S3. (cont.) Fe2p, Cls and Ols deconvoluted XPS spectrum of fresh catalyst as prepared (a,
¢, e) and after used in experiment (b, d, f), respectively.
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Figure S4. LC-MS chromatogram for the liquid sample at zero time from CWAO reaction.
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Figure S5. LC-MS chromatogram for the initial ciprofloxacin solution at 50 mg/L.
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Figure S6. LC-MS chromatogram for the liquid sample after a reaction time of 180 min.
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Figure S7. Mass spectrum of ciprofloxacin solution at tr=9.4 min.
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Figure S8. Enomo (eV) comparative diagram of ciprofloxacin, intermediates, and final products
(caffeine as reference).
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Figure S9. Mass spectrum of ciprofloxacin solution at tg=0.9 min.
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Figure S10. Mass spectrum of ciprofloxacin solution at tg=10.5 min.
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