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CAPITULO 0

Estructura de la tesis

y Objetivos




0.1 Estructura de la Tesis Doctoral

La presente Tesis Doctoral se divide en 4 Capitulos que resumen una revision
bibliogréfica, explicaciéon de las técnicas experimentales fisicoquimicas y analiticas
empleadas en la caracterizacién y evaluacién de los electrodos y tratamientos de
oxidacién, resultados experimentales y finalmente un capitulo que incluye las

conclusiones generales de la Tesis Doctoral.

Capitulo 1: Introduccién general

En este capitulo se plantea la problemdtica ambiental de la contaminacién del agua, en
nuestro caso la contaminacién por los contaminantes emergentes y la importancia del

desarrollo de métodos efectivos para la eliminacion de los CE.

Capitulo 2: Técnicas de Caracterizacion y métodos experimentales

En este capitulo se describen las técnicas de caracterizacion de los electrodos preparados

y los métodos experimentales empleados para el desarrollo de la investigacion.

Capitulo 3: Resultados

En este capitulo se describen los resultados obtenidos de la aplicacion de los electrodos
preparados para la eliminacién de los contaminantes emergentes. En nuestro caso se

estudiaron los pesticidas glifosato y paraquat y el farmaco diclofenaco.

Capitulo 4 : Conclusiones generales

En este capitulo se resumen las conclusiones mads relevantes que se han extraido de esta

tesis.



0.2 Objetivos

El principal objetivo de la Tesis Doctoral es la oxidacién anddica de los contaminantes
emergentes glifosato, paraquat y diclofenaco empleando los electrodos de Ti/SnO> —Sb
dopados con Pt.

Los objetivos mds relevantes de la presente Tesis Doctoral son:

% Preparar y estudiar los electrodos de 6xidos metélicos de Ti/SnO2 -Sb dopados
con Pt (3-13%) que presentan elevada estabilidad y actividad electrocatalitica para

la oxidacion de los contaminantes emergentes.

¢ Estudiar la generacion de los radicales hidroxilos sobre la superficie de los
electrodos de Ti/SnO, —Sb dopados con Pt y su efecto en la oxidacién anddica de

los contaminantes emergentes.



CAPITULO 1

Introduccion General




1.1 Introduccion

El agua es el recurso mds abundante del planeta, imprescindible para la vida en general.
Sin embargo, siendo un recurso tan importante para la vida, muchas veces es contaminado
por las diversas actividades del hombre. Ademads, el uso masivo de productos quimicos
en procesos industriales y agricolas y el aumento de la poblacién mundial produce una

gran emision de contaminantes en el ecosistema.

Un grupo de contaminantes del agua que estd causando gran preocupacion por su
incremento y toxicidad son los contaminantes emergentes (CE). En los tltimos afos, se
han identificado productos de cuidado personal y diversos CE en el agua potable, las
aguas superficiales y subterrdneas y en los efluentes de aguas residuales. También se ha
encontrado estos contaminantes en sedimentos de rios y sélidos en suspension [1].

Una de las principales causas de la aparicion de CE en las aguas naturales (rios, lagos,
etc.) son las aguas residuales metropolitanas sin tratar y los efluentes de las plantas de
tratamiento de aguas residuales. La mayoria de las plantas de tratamiento de aguas
residuales actuales no estan disefiadas para tratar este tipo de sustancias y, ademas, la
mayoria de los compuestos generados y sus metabolitos podrian escapar y liberarse al

medio a través de los efluentes de las aguas residuales [2].

También, se ha reportado que hay mas de 350 000 productos quimicos en uso actual [3]
y méas de 80 000 compuestos quimicos que se liberan anualmente en el ambiente [4]. Los
estudios han demostrado que alrededor del 64 % de los CE se eliminan en menos del 50
%, mientras que el 9 % no se elimina en absoluto mediante procesos de tratamiento

bioldgico convencional [5].

Por lo tanto, el incremento de los CE y su eliminacion en el agua constituye un gran reto

para la comunidad cientifica en el mundo.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fluvial-deposit
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/waste-water-treatment-plant
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/waste-water-treatment-plant

1.2 Contaminantes emergentes (CE)

Los contaminantes emergentes son sustancias naturales o sintéticas (también se aplica
para sus productos y metabolitos) no regulados que pueden causar efectos adversos en la

salud humana o al ambiente [6].

Son sustancias de preocupacion emergente, generadas por las actividades del hombre que

se pueden encontrar en los sistemas terrestres o acudticos en concentraciones variables

[7].

Los contaminantes emergentes incluyen principalmente productos farmacéuticos,
herbicidas, pesticidas, productos de cuidado personal, disruptores endocrinos,

plastificantes, retardantes de fuego y tensoactivos [8],[9].

1.2.1 Productos farmacéuticos

Los productos farmacéuticos y los productos de cuidado personal como CE del agua, son
una fuente de riesgo con gran potencial para afectar a la poblacion, principalmente a los
de menores recursos [10]. Constituyen una fuente importante de contaminantes
emergentes debido al uso intensivo de medicamentos tanto en animales como en humanos

[11].

Incluye una gran cantidad de sustancias con diferentes caracteristicas quimicas,
fisicoquimicas que influyen en su concentracion en el ambiente acudtico, bioacumulacién
y su toxicidad. Asi, algunos estudios sugieren que el consumo humano de especies
marinas, tales como los mariscos, podria introducirlos a la cadena alimenticia humana

[12].

Estos productos son una amenaza para la vida, debido a los efectos estrogénicos y efectos
adversos que producen sobre la salud humana y los seres vivos. Las distintas sustancias
evaluadas como componentes de los medicamentos son 3000 aproximadamente, estas
incluyen farmacos contra la impotencia, antidepresivos, reguladores de lipidos,

anticonceptivos, bloqueadores beta, antidiabéticos, antibidticos y analgésicos [13].



Uno de los productos farmacéuticos méds consumidos en el mundo es la metformina, que
se usa para el tratamiento de la diabetes tipo 2, de problemas endocrinos, el cancer y el
metabolismo hormonal. Existen mds de 360 millones de personas en el Mundo que
padecen diabetes. La metformina es un farmaco que es administrado por via oral, con una
dosis promedio de 2g por dia. Dicho compuesto no se metaboliza en humanos y la
fraccion reabsorbida (alrededor del 70%) se excreta sin cambios en la orina, el resto en
las heces [14],[15]. De acuerdo a lo anterior, es previsible que se hayan detectado
concentraciones de 3,5-88 pg/L de metformina en los afluentes de 5 plantas de

tratamiento de aguas en Virginia, EE. UU [16].

Por otro lado, en aguas superficiales se puede encontrar distintos analgésicos, como el
dcido acetilsalicilico, paracetamol, diclofenaco, naproxeno, ketoprofeno y
antiinflamatorios no esteroideos. Estos farmacos son los mds usados en todo el mundo y
han sido encontrados en corrientes europeas, americanas, asidticas y africanas en

concentraciones de 20-100 ng/L [17].

Por otro lado, China concentra la mayor produccion de farmacos con mas del 20% de la
produccion mundial. También, lidera la produccién de antibidticos, como la terramicina
y la penicilina. Asimismo, los antibidticos se emplean para fomentar el desarrollo del

ganado y curar las enfermedades de los animales domésticos [18].

1.2.2 Pesticidas

Los pesticidas son un grupo de compuestos quimicos, naturales o sintéticos utilizados en
la agricultura, principalmente para controlar o eliminar las malas hierbas, eliminar
insectos, plagas, parasitos, moho y enfermedades (organismos indeseables) que puedan
atacar a las plantas [19],[20],[21]. Los pesticidas mds comercializados son los
organofosforados, carbamatos, organoclorados, neonicotinoides, triazoles y amidas [22].
Estos contaminantes pueden ingresar al cuerpo humano a través del contacto con la piel,
la inhalacion, los ojos o la ingestion [ 23]. En un estudio se reporto la presencia de 16
pesticidas en agua de rio y agua potable; y se establecié que la concentracion de algunos
pesticidas era muy alta y por lo tanto inaceptable, ya que podria causar dafo a las personas

que utilizan el agua del rio [24].



1.2.3 Productos de cuidado personal (PCPs)

Los productos de cuidado personal (PCPs) son productos para personas y mascotas que
estan disponibles en diversos comercios como tiendas y farmacias y se pueden comprar
sin receta médica [ 25]. Los PCPs pueden incluir fragancias, protectores solares,
repelentes de mosquitos, tensioactivos, agentes antimicéticos, agentes antimicrobianos,

. entre otros productos ampliamente usados por la poblacién. [26], [27]. Los PCPs,
como los demds contaminantes emergentes, llegan al agua natural a través de las plantas

de tratamiento de aguas residuales [ 26 ].

La concentracion de PCPs y productos farmacéuticos varia segtin la region y la estacion
del afio [ 28]. Los PCPs en comparacion con los productos farmacéuticos, no tienen un
cambio significativo en su estructura molecular, debido a que mayoria estdn disefiados
para uso externo y no son metabolizados por el cuerpo humano, por ejemplo, fragancias
y protectores solares [13]. La toxicidad de los PCPs dependerd directamente de la
concentracion del contaminante emergente y del tiempo que el organismo esté expuesto

al contaminante en general [ 29].

1.2.4 Disruptores endocrinos

Son sustancias contaminantes del ambiente que pueden alterar la capacidad del sistema
endocrino representando un peligro creciente para las personas y los animales [ 30].

Hace décadas se han observado e identificado muchas de estos CE en el agua, debido a
su uso generalizado y eliminacién inapropiada. Estas sustancias han despertado la
atenciéon mundial debido a su bioacumulacién, persistencia, toxicidad e impacto en los

estrogenos [ 31].

La Agencia de proteccion Ambiental de los Estados Unidos sefiala que un compuesto
disruptor endocrino es una sustancia exdgena que altera las funciones de las hormonas
naturales en el cuerpo humano, su transporte, unién, secrecion, eliminacion y sintesis en

el cuerpo, responsables de las funciones de reproduccién y homeostasis [32].


https://www.mdpi.com/2227-9717/10/5/1041/htm#B28-processes-10-01041
https://www.mdpi.com/2227-9717/10/5/1041/htm#B21-processes-10-01041
https://www.mdpi.com/2227-9717/10/5/1041/htm#B3-processes-10-01041

Los compuestos disruptores endocrinos presentan 4 categorias principales, incluyendo los
productos quimicos industriales, fitoestrogenos, estrogenos sintéticos y estrogenos

esteroideos naturales [33].

Se liberan al ambiente debido a la préctica de ignicién y cremacion de sustancias que
contienen dioxinas e hidrocarburos arométicos policiclicos (PAH), encontrandose
contaminando los lagos, arroyos y aguas subterrdneas. Y pueden alterar las capacidades
endocrinas directa o indirectamente a través de los receptores incluso en un rango de
concentracion bajo del orden de los pg/L y ng/L. Generalmente copian a las sustancias

enddgenas y reprimen el metabolismo y actividad de las hormonas naturales [34].

1.2.5 Plastificantes

Los plastificantes son compuestos que aumentan la plasticidad de un material y suelen
estar involucrados en la produccion de productos, envases de plastico, resinas epoxi (latas
de recubrimiento para alimentos y bebidas), revestimiento de tuberias de agua, papel de
impresion térmica, dispositivos médicos implantados y en la produccion de CD y DVD,
teléfonos maviles, envases de plastico para alimentos, lentes para anteojos, botellas para
beber, empaques para alimentos, selladores dentales, entre muchos otros [35].

Entre los plastificantes més utilizados y toxicos se encuentran los ortoftalatos y el bisfenol
A, por su similitud con el cloruro de vinilo, seguidos por los ciclohexanoatos y los

alifaticos [36], [ 37].

Se presume que la ingestion de los alimentos es la principal via de contaminacion de estas
mezclas, aunque no hay muchas pruebas [38].
En los lixiviados de los vertederos se puede encontrar ftalatos como ftalato de bencilo

butilo, ftalato de bis (2-etilhexilo) y ftalato de dietilo en concentraciones de 1 mg/L [39].

1.2.6 Retardantes de fuego

Los retardantes de fuego estdn formados por una gran variedad de productos quimicos
antropogénicos o suplementos anadidos a materiales especificos como textiles,
revestimientos y acabados de superficies, muebles y polimeros o plasticos para prevenir

la quema y/o retrasar la propagacion del fuego y, por tanto, cumplir las reglas de seguridad

10


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/plasticizer
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/epoxy-resin
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sealer

contra incendios. En general, existen mas de 175 productos retardadores del fuego que
pueden clasificarse en orgédnicos e inorgdnicos [40].

Estos CE se usan para disminuir la combustibilidad en una variedad de productos
comerciales. Los retardantes de fuego mds empleados son los organofosforados,
empledndose principalmente en hardware eléctrico, muebles, materiales, espumas de
poliuretano, aceites, limpieza de piso y plastificantes. Algunos de ellos, pueden causar
efectos estrogénicos, genotoxicidad, mutagenicidad, citotoxicidad y neurotoxicidad en

animales [41].

1.2.7 Tensoactivos

Los tensoactivos son compuestos sintéticos que presentan propiedades de solubilidad
especificas. Estos CE estan presentes en productos farmacéuticos, pesticidas, polimeros,
pinturas, textiles, PCPs y detergentes domésticos. Dependiendo de su comportamiento
16nico en disolucidn, estas sustancias se pueden clasificar en anféteros, no i6nicos,
catiénicos y aniénicos [42].

Después de su uso y sin recibir el tratamiento adecuado, los tensoactivos pueden
contaminar las aguas residuales provocando enfermedades en los seres vivos [43].

Los limites establecidos por la EPA de EE. UU. en el agua potable para algunos
tensoactivos como el sulfonato de perfluorooctano y el acido perfloro octanoico son 70

ng/L [44].

1.3 Métodos de tratamiento de aguas contaminadas con CE

Las tecnologias de tratamiento de los contaminantes emergentes en el agua van
cambiando y mejorando a través del tiempo con el desarrollo de nuevas técnicas. En
general, los métodos de eliminacién de contaminantes para el tratamiento de aguas se

pueden clasificar como:
e MEétodos no destructivos

e MZétodos destructivos

11



1.3.1 Métodos no destructivos

Los métodos no destructivos son aquellos métodos en donde la sustancia contaminante
no es transformada por oxidacién y, en algunos casos, puede recuperarse para su
reutilizaciéon. Dentro de los métodos no destructivos encontramos a la adsorcién y los

procesos de membrana.

1.3.1.1 Adsorcion
Mediante este proceso el contaminante emergente se extrae de la fase acuosa y se
concentra sobre la superficie de un adsorbente (generalmente sélido) mediante

interacciones fisicas y quimicas.

e Adsorcion en materiales carbonosos

El carbon activado (CA) debido a su alta porosidad y area de superficie especifica [45,46],
es el material mas utilizado, siendo altamente adsorbente y eficiente en la eliminacion de

diferentes contaminantes [46-49].

La adsorciéon sobre un CA tiene una elevada eficiencia de eliminacion de diversos
contaminantes, siendo en muchos casos superior al 90 % [50],[51]. También se ha
reportado que elimina selectivamente algunos contaminantes como la ciprofloxacina,
reduciendo rdpidamente su concentracion por debajo del limite de deteccion del método
[51]. Para la adsorcion con CA es muy importante la fuente (materia prima) y el
procedimiento de activacién del carbén, porque influye significativamente en los
porcentajes de eliminacién del contaminante. Como, por ejemplo, en el caso del
diclofenaco, se report6 una tasa de eliminacién del 90 % usando el orujo de la aceituna
para la preparacion del carbon activado granular [50],[51]. Sin embargo, empleando
Filtrasorb 400 se obtuvo una eliminacién poco satisfactoria [52]. Es importante resaltar
que un CA proveniente de fuentes de desecho mostré también muy buen rendimiento en
la eliminacién de algunos contaminantes emergentes, como el paracetamol [53], los

antibidticos [50] y antiinflamatorios [54].
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Los procesos basados en la adsorcién se pueden usar secuencialmente junto con otros
métodos de eliminaciéon como por ejemplo combinando tres tratamientos diferentes
(adsorcidn con carbdn activado, ultrafiltracién y coagulacion) obteniéndose un rango de
eliminacidn del (84-88) % segun el andlisis de demanda quimica de oxigeno (DQO) [55].
También se ha utilizado un biocarbén (biochar), que se obtiene a partir de biomasa,
mediante un proceso de pirolisis, calentando la biomasa a alta temperatura en ausencia de
oxigeno [56],[ 57]. Ultimamente se han reportado estudios del empleo del biocarbon para
la adsorcién de contaminantes emergentes [58 - 60]. Las condiciones de la pir6lisis es una
caracteristica fundamental de la produccién del biocarbén que afecta su capacidad para
la adsorcion de contaminantes y la eficiencia de su eliminacion [61,62]. La activacion
térmica del biocarbon, también influye en sus propiedades acido-base y sus propiedades
hidrofilicas e hidrofébicas [13]. De forma similar a lo estudiado para el CA, la materia
prima del biocarbén influye significativamente en la eliminacién de los contaminantes
emergentes [63]. También se ha reportado que el contenido de carbono, nitrégeno y
fosforo crean diferencias significativas en el rendimiento de adsorciéon del biocarbon

[63,64].

En general, el tratamiento térmico o quimico del biocarbén tiene una influencia
significativa en las caracteristicas quimicas que influyen en el rendimiento de eliminacién

de contaminantes [65].

La produccién del biocarbén puede realizarse a partir de residuos agricolas sin embargo
es necesario estudiar la sostenibilidad del proceso, y analizar el ciclo de vida de la materia
prima de desecho para garantizar que no tenga una aplicacién mas valiosa que la de

convertirse en biocarbén [13].

Los nanotubos de carbono (CNT) son al6tropos del carbono y presentan diferentes
caracteristicas de adsorcidén que dependen del grado de rizado, el didmetro, la geometria
interna, las propiedades fisicoquimicas y el proceso de tratamiento utilizado para la

sintesis [66-71].

Generalmente, los CNT se definen como nanotubos de pared simple (SWCNT) con un

didmetro interno de aproximadamente 1 nm. [72],[73] y nanotubos de pared multiple
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(MWCNT), que consisten en varios tubos concéntricos o capas de grafeno laminado [73-
75].

Los materiales estudiados a base de carbono varian segtn el tratamiento utilizado. La
superficie especifica es muy importante para la eliminacién de los contaminantes y ésta
depende de la estructura del material carbonoso, en concreto para los nanotubos de
carbono si presenta una o varias paredes, lo que puede ocasionar diferentes porcentajes

de eliminacién para el mismo contaminante [13].

Los nanotubos de carbono de pared multiple se pueden preparar a partir de nanotubos de
carbono de pared simple usando productos quimicos [76] para aumentar el drea de
contacto y la cantidad de sitios activos para la adsorciéon y mejorar el rendimiento en la
eliminacién de contaminantes. No obstante, se ha reportado que esta mejora en las
propiedades del CNT no necesariamente representa una mejora en la eficiencia de
eliminacién debido a los efectos del tamizado molecular en los MWCNT [51],[76],[77].
En este sentido se dispone de limitados estudios comparativos de las eficiencias de

eliminacién de los CNT de pared simple y de pared mdltiple. [78-80].

e Adsorcion en minerales arcillosos

Las caracteristicas y propiedades del material adsorbente influyen considerablemente en
la eliminacion de los contaminantes emergentes. El mismo tipo de arcilla puede presentar
diferentes rendimientos de eliminacién dependiendo de la cantidad especifica de
nitrégeno, hierro u otros metales en su composicién [81-83]. También se han reportado
otros materiales adsorbentes para la eliminacién de contaminantes emergentes como las

zeolitas, materiales meso y micro porosos, resinas y 6xidos metalicos. [84].

1.3.1.2 Procesos de membrana

Los procesos de membrana son procesos de cambio de fase que tienen gran nimero de
aplicaciones en la eliminacion de contaminantes emergentes. L.as membranas se fabrican
de diversos materiales originando caracteristicas de filtrado especificas como el tamafio
de poro, la carga superficial y la hidrofobicidad, que definen el tipo de contaminante que

pueden retener [85],[86].
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Los procesos de membrana estdn basados en el empleo de la presion hidrostética para
eliminar s6lidos en suspension y solutos de alto peso molecular y permitir el paso del

agua y solutos de bajo peso molecular a través de una membrana.

La filtraciéon por membrana se puede clasificar en: Ultrafiltraciéon (UF), Nanofiltracion

(NF), Microfiltracién (MF), Osmosis directa (OD) y Osmosis inversa (OI).

e La microfiltracion (MF)

La microfiltraciéon (MF) es un tipo de filtracion muy empleada debido a que puede
realizarse a presion atmosférica. Sin embargo, la MF no puede ser usada para eliminar
contaminantes de un tamafio menor a 1 um, es decir sélidos disueltos por lo tanto no

puede emplearse para la eliminacion de CE [87],[88].

e La ultrafiltracion (UF)

En la ultrafiltracion (UF), las membranas tienen un tamafio de poro mas pequefio que la
microfiltracién, en el rango de 0,001 a 0,1 um [89 -92]. Esta técnica es muy usada para
eliminar una gran variedad de contaminantes emergentes. El rendimiento en la
eliminacion de contaminantes emergentes depende del tipo de membrana y del

contaminante [93].

Generalmente los contaminantes emergentes polares, muy solubles en agua se eliminan
de forma mas eficiente usando ultrafiltracién, en comparacién con los compuestos no

polares poco solubles en agua [79], [94-96].

¢ La nanofiltracion (NF)

La nanofiltracién (NF) es un proceso de filtracién que emplea membranas para separar
iones o moléculas neutras de bajo peso molecular, tales como los contaminantes

emergentes, del agua [89].
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Este proceso emplea membranas de un tamafio de poro de 10 a 100 A. Pueden emplearse
en la eliminacién de contaminantes emergentes debido a su reducido tamafio de poro [97-
99]. Se ha reportado que la NF es mds eficiente que la UF para algunos contaminantes
emergentes . Al igual que en la UF, el material de la membrana y el tipo de contaminante

influyen en la eficiencia de la eliminacién de contaminantes emergentes [89],[100].

La 6smosis directa (OD)

La 6smosis directa (OD) emplea una membrana semipermeable para separar el agua de
los solutos disueltos. En este proceso, el gradiente de concentracion (responsable de la
presion osmotica) y flujo de agua a través de una membrana es la fuerza impulsora de los
procesos de separacion.; en cambio, en la 6smosis inversa se emplea una presion
hidriulica como fuerza motriz para la separacion. La dsmosis inversa es el proceso mas
eficiente, porque permite eliminar tanto particulas muy pequefias, del orden de 10 A,

como particulas coloidales [100],[102].

La eficiencia en los procesos de eliminacién de contaminantes emergentes aumenta a
medida que disminuye el tamafio de poros. La OD y OI son muy eficientes en la

eliminacion de contaminantes emergentes en agua [91].

1.3.2 Métodos destructivos

En los métodos destructivos el contaminante es transformado irreversiblemente por
oxidacion (biolégica, quimica, fotoquimica o electroquimica), pudiendo implicar la
oxidacion total o bien la transformacién a productos intermedios en su oxidacion. Dentro
de los métodos destructivos se encuentran los procesos bioldgicos y los procesos de

oxidacion avanzada.

1.3.2.1 Procesos Biologicos

Entre los procesos biologicos mas empleados en el tratamiento de los contaminantes
emergentes se encuentran los sistemas que utilizan microorganismos, principalmente

bacterias. Estos procesos aprovechan la capacidad de los microorganismos de asimilar la
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materia orgénica y los nutrientes (nitrégeno y fésforo) disueltos en el agua contaminada
para su propio crecimiento. Cuando se reproducen, se agregan entre ellos y forman unos
fléculos macroscépicos (lodos) con suficiente masa critica como para decantar en un
tiempo razonable [103]. Segun el tipo de contaminante se pueden utilizar procesos
aerdbicos o anaerdbicos generalmente acoplados con tratamientos terciarios. [104-106].

En condiciones aerdbicas, el oxigeno es el aceptor final de electrones preferido por
cualquier célula. Si existe oxigeno en el medio, éste serd el aceptor final de electrones, lo
que conlleva que se obtengan rendimientos energéticos elevados y una importante
generacion de fangos, debido al alto crecimiento de las bacterias en condiciones aerobias.
También se encontrd que existen diferentes aceptores de electrones en el medio natural

que pueden realizar un importante papel en la biodegradacion [107].

En condiciones anaerdbicas, el aceptor final de electrones es la propia materia orgédnica
que actda como fuente de carbono. Como resultado de este metabolismo, la mayor parte
del carbono se destina a la formacién de subproductos del crecimiento (biogds, que es
CO: y metano) mientras que la fraccion de carbono utilizada para la sintesis celular es
baja. De cara al tratamiento, este hecho supone una doble ventaja: se produce poca
cantidad de lodos a la vez que se produce biogas, el cual puede ser revalorizado [107].

.Ademads, se encuentran condiciones andxicas, en las que el aceptor final de electrones no
es el oxigeno ni tampoco la materia orgédnica. En condiciones andxicas el aceptor final de
electrones suelen ser los nitratos, los sulfatos, el hidrégeno, etc. Cuando el aceptor final
de electrones es el nitrato, como resultado del proceso metabdlico, el nitr6geno de la
molécula de nitrato es transformado en nitrégeno gas. Asi pues, este metabolismo permite

la eliminacion bioldgica del nitrégeno del agua residual (desnitrificacién) [108].

Se ha reportado que, en los procesos biolégicos convencionales, la eliminacion bioldgica
de nutrientes y los biorreactores de membrana solo pueden eliminar contaminantes
emergentes facilmente biodegradables como diclofenaco, trimetroprima, cafeina,
mientras que los poco biodegradables como biosulpirida, metropolol, o el bezafibrato es

posible que no sean eliminados [108].

Por otro lado, la identificacién y cuantificacién de los metabolitos y productos de

transformacion es un drea interesante para ser investigada. Los procesos de
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transformacién, como la degradacion bioldgica, pueden producir productos de
transformacién con actividad bioldgica remanente o incluso mayor toxicidad que los
compuestos originales [109]. La liberacién de estos subproductos al medio ambiente

después de los procesos de tratamiento también deberia ser estudiados [13].

1.3.2.2 Procesos de Oxidacion avanzada (POA)

Los procesos de oxidacién avanzada generan radicales hidroxilo ((OH), especies muy
oxidantes capaces de degradar los compuestos organicos. Entre ellos, destacan el proceso
Fenton, y algunos de sus derivados (foto-Fenton y electro-Fenton), la oxidacion
fotoquimica/catalitica y electroquimica. En los ultimos afios, los POA han despertado
gran interés, debido a su gran capacidad para eliminar los contaminantes emergentes en
comparacion a los tratamientos convencionales. Dicha capacidad estd asociada no sélo
con la produccion de radicales hidroxilos, sino también con el tipo de reaccidn para la
produccién de dichos radicales y las condiciones experimentales en las que se producen

[13].

1.3.2.3 Proceso Fenton

Proceso de oxidacién avanzada que estd basado en la reaccion Fenton:

Fe’*+H,0, + H* - Fe3* +:-0H + H,0 (1.1)

Durante la reaccién Fenton se produce la descomposicion del H>O; catalizada por los
iones metilicos Fe** produciendo radicales ‘OH. Las condiciones 6ptimas para la
reaccion Fenton en disolucion son un pH = 2,8 - 3,0. Este rango de pH evita que precipite

el ion Fe**y permite que se regenere el ion Fe’* a partir del Fe** segtin las siguientes

reacciones:
Fe3* + H,0, - Fe?'+ HO, + H,0 (1.2)
Fe3* + HO, » Fe?'+ 0, + H* (1.3)
2Fe3* + H,0, — 2Fe?*+ 0, + H* (1.4)
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Debido a la accién oxidante del “OH, el contaminante emergente se deshidrogena e
hidroxila, rompiendo la cadena carbonada y originando 4cidos orgédnicos de cadena cada

vez mads corta, hasta que finalmente el CE se transforma en CO», H>O e iones inorgéanicos

[110].

1.3.2.4 Proceso Foto-Fenton

Es un proceso de oxidacién avanzada que se basa en la reaccion de Fenton (1.1) y ademads

emplea la radiacion ultravioleta (UV) para reducir los iones Fe**a Fe?[111].

Fe(OH)** + hv > Fe?* +:0H (1.5)

1.3.2.5 Proceso Electro-Fenton

Este proceso utiliza un catodo de difusion de oxigeno o de aire en el que se electrogenera

de manera continua el H2O: necesario para que tenga lugar la reaccion de Fenton. (1.6)

0, + 2H* + 2¢e~ - H, 0, (1.6)

Simultdneamente, en el mismo citodo se produce la reduccién del Fe** generando Fe**
segtin la reaccion (1.7), [112].

Fe3*t + e~ > Fe?t (1.7)

1.3.2.6 Oxidacion electroquimica o anédica

Este método se basa en la oxidacidon que experimenta el contaminante emergente durante
un proceso de electrolisis. La oxidacién electroquimica se puede clasificar en directa,
cuando el CE es oxidado directamente sobre la superficie del 4nodo, o indirecta, cuando
el CE es oxidado por un reactivo (O2, Clz, H202, etc.) electro-generado in situ durante la
electrolisis.

La oxidacion electroquimica presenta numerosas ventajas frente a los POA. Entre ellas
cabe destacar:

e Es capaz de tratar residuos de alta toxicidad.

e La eficiencia tedrica es del 100%.
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e El principal reactivo es el electrén (la electricidad), que no contiene dtomos que puedan

generar residuos.
e Emplea equipos sencillos y de facil operacion.
e El proceso en general es de bajo coste.
e El proceso de oxidacion es controlado permanentemente por el operador.

e Se realiza a temperatura ambiente y presion atmosférica por lo que se reduce la

volatilizacién y descarga de residuos no tratados.

e [ os procesos son mds selectivos, ya que con el uso del potenciostato se puede controlar
y mantener fijo el potencial del electrodo para destruir completamente el contaminante

o transformarlo en una especie menos contaminante.

La oxidacion electroquimica de los compuestos orgdnicos es tedricamente posible antes
de la reaccion de desprendimiento de oxigeno (OER) (a partir de la oxidacion del H20).
Sin embargo, en la practica, la reacciéon de oxidacién es muy lenta, mas como

consecuencia de limitaciones cinéticas que por consideraciones termodindmicas.

En estos procesos es deseable contar con materiales electrédicos que tengan una elevada
eficiencia en la eliminacidn-transformacién de los compuestos organicos relacionada con
la capacidad de generar radical hidroxilo, asi como una buena estabilidad en condiciones
de polarizacion anddica, durante la OER, asi como un bajo coste de produccion. Por lo
tanto, la naturaleza del material electrédico determina la viabilidad del proceso de

descontaminacion mediante electroxidacion anddica.

e Electrodos de oxidos metalicos

Debido a su elevada estabilidad a elevados potenciales y en condiciones de generacion de
gases, los anodos dimensionalmente estables (DSA) son electrodos ampliamente
utilizados en procesos electroliticos, como la producciéon cloro-sosa [113],[114], la
descomposicion del agua y/o OER [113],[114], o la oxidacién electroquimica de
contaminantes [115-118]. Estan constituidos por una capa de 6xidos metélicos soportados

sobre un metal, normalmente una malla de titanio expandida [113-118].
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¢ Electrodo de diamante dopado con boro (BDD)

El 4nodo de diamante dopado con boro (Boron-Doped Diamond, BDD), normalmente
soportado sobre ha sido ampliamente estudiado en los dltimos afios debido a su elevado
potencial (sobrepotencial) para la OER. Este elevado sobrepotencial de 1a OER facilita la
generacion de radicales para la oxidacién de contaminantes, presentando las mayores
eficiencias en corriente (hasta el 100 %) en la oxidacién de compuestos orgdnicos en

medio acuoso.

Sin embargo, a pesar de que el &nodo de BDD es capaz de exhibir un 100 % de eficiencia
de oxidacidn, su alto coste de fabricacidon y su elevada fragilidad son sus principales

inconvenientes que limitan su aplicacion real en esta tecnologia.

1.4 Estudio de nuevos electrodos para la eliminacion de contaminantes emergentes

Basandonos en la bibliografia, los electrodos estudiados hasta ahora presentan baja
eficiencia y/o resultan caros y de aplicabilidad limitada. Por tanto, y teniendo en cuenta
las ventajas del método electroquimico para el tratamiento de contaminantes, el disefio y
desarrollo de nuevos electrodos de elevada eficiencia y bajo coste para la eliminacion de

contaminantes emergentes presenta gran interés.

Los DSA muestran gran versatilidad al poder modular su actividad electrocatalitica y/o
estabilidad mediante mezcla o dopado con otros 6xidos metdlicos y/o metales. En
particular, el SnO2 dopado con Sb se encuentra entre los 6xidos conductores mas baratos
y menos activos para la OER [115-118], reacciéon competitiva para la oxidacién de
contaminantes. Diversos estudios han mostrado, ademds, que su baja estabilidad
electroquimica puede aumentarse enormemente mediante dopado con pequeias
cantidades (en torno al 3% met.) de especies metdlicas como el Pt [118] y el Ru [119]. La
utilizacion de estas pequenas cantidades de metal noble evita el aumento considerable del

coste de los electrodos, haciendo viable su potencial aplicacion.
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Por otro lado, se observd que la actividad electrocatalitica de los &nodos SnO»-Sb para la
oxidacion de fenol aumenta sensiblemente con la introduccion de cantidades similares de
Pt [120]. Esto se atribuy6 en gran medida a posibles propiedades electrocataliticas del Pt
para oxidar compuestos orgdnicos. De esta forma, los &nodos SnO»-Sb dopados con Pt se
consideran candidatos de gran interés para la eliminacién electroquimica de
contaminantes, incluidos los emergentes, en las aguas contaminadas. Sin embargo, hasta
ahora se desconoce el mecanismo electrocatalitico del Pt y con qué contaminantes y
condiciones ocurre; mientras que sus efectos en la generacion de radical hidroxilo todavia

no han sido estudiados.
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CAPITULO 2

Técnicas de Caracterizacion y

Meétodos experimentales
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En este capitulo se describen las técnicas y métodos experimentales empleados para la
caracterizacion de los electrodos, los tratamientos electroliticos, y la determinacién de los
pardmetros relacionados con la concentracion de los contaminantes emergentes estudiados

(Glifosato, Paraquat y Diclofenaco), asi como sus productos de descomposicion.

2.1 Reactivos

e Glifosato, standard analitico de Sigma -Aldrich

e Paraquat (Methyl viologen dichloride hydrate), standard analitico de Aldrich
e Diclofenaco de sodio de Sigma

e Test de demanda Quimica de oxigeno (DQO) de Merck

e Test de fosfatos de Merck

e  SnCl4x5H;0 de Aldrich

e  SbCI3 de Fluka

e HPtCls de Aldrich

e Etanol absoluto acidificado de J.T. Baker

e  Agua Ultra pura de Millipore MilliQplus

2.2 Electrodos

Durante el desarrollo de esta tesis se emplearon los siguientes electrodos comerciales:
e Electrodo de placa de Si/BDD suministrado por Adamant Technologies.
e Electrodo de malla de Ti/Pt facilitado por INAGASA S.A.

2.2.1 Electrodos preparados en el laboratorio
En nuestro laboratorio se prepararon los electrodos de 6xido de estafio dopados con antimonio

(Sb) y los electrodos de diéxido de estafio dopados con antimonio y platino.
2.2.1.1 Pretratamiento del soporte metalico

El pretratamiento o arrugado quimico del soporte metdlico es la primera etapa en la

preparacion de los electrodos. Antes de realizar el depdsito del 6xido sintetizado es necesario
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hacer un pretratamiento del metal base, que en nuestro caso es Titanio. El pretratamiento tiene

dos objetivos principales:

e Eliminar la capa de 6xido superficial (TiO2) que pasiva al metal en contacto con el aire.

e Aumentar la rugosidad del electrodo para lograr una mejor adherencia de los 6xidos al
soporte.

e Generalmente el pretratamiento consiste en un ataque quimico del soporte metalico con un
acido en caliente, que puede ser dcido clorhidrico o 4cido oxalico [1].

e El pretratamiento del soporte metélico de titanio en este trabajo se realiz6 de la siguiente
forma:

e Desengrasado quimico del soporte, mediante enjuagues con acetona.

e Ataque quimico, se realiz6 sumergiendo el soporte en una disolucién acuosa de dcido

oxalico (10% en peso) en ebullicion durante 1 hora.

El ataque quimico es un proceso que permite eliminar la capa de 6xido de titanio superficial
y aumenta la rugosidad del metal, mejorando la adhesion de los 6xidos sintetizados. El soporte
de titanio reacciona con el dcido oxélico formando oxalato de titanio e hidrégeno gaseoso,
segun la siguiente reaccion:

oA 2.1)
2 H,C,0, + Ti > Ti(00C), + 2H,

Al finalizar el pretratamiento del soporte de titanio se enjuaga con agua destilada, se deja secar
sobre una superficie limpia, luego con ayuda de una balanza analitica se mide y finalmente se
registra la masa del material. En este proceso se emplearon los siguientes reactivos acido

oxélico dihidratado Prolabo Normapur, acetona y agua destilada.
2.2.1.2 Disoluciones precursoras

En la preparacion de las disoluciones precursoras se utilizaron los reactivos que se detallan a
continuacion, SnCls.5 H>O de Aldrich, SbCls de Fluka p.a., HoPtCls. 6H>O de Aldrich, etanol
absoluto de Merck p.a. y acido clorhidrico al 30% de Merck p.a.
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Las sales precursoras usadas tienen propiedades higroscdpicas en contacto con la humedad
del ambiente se hidratan formando una pasta que ocasiona inconvenientes en la preparacion
de las disoluciones. Las sales fueron pesadas, disueltas rapidamente y afiadidas a un matraz

erlenmeyer con tap6n esmerilado de 250mL.

Tabla 2.1. Composicién de las disoluciones precursoras

Composicion de la disolucion en (g/100g disolucion)

Electrodo SnCly. SH,O  SbCls H,PtCls. 6H,O  Etanol [Disolucién] (m)
Ti/SnO: -Sb 10,000 1,000 - 112,700 0,414
Ti/SnO2 —Sb-Pt 10,000 1,000 0,400 112,400 0,424

[Disolucién]: Concentracién molal (m) de las especies metdlicas en la disolucién.

Luego de medir la masa de las sales se disolvieron en etanol bajo constante agitacion. El etanol
se afladié poco a poco hasta completar la cantidad necesaria. Ademads, para una disolucién

completa de las sales se afiadi6 gota a gota HCI al 30%.

Con estas disoluciones precursoras se prepararon los electrodos de Ti/SnO> —Sb y Ti/SnO; —

Sb-Pt. Las composiciones de las disoluciones usadas se indican en la tabla 2.1.

2.2.1.3 Aplicacion de la disolucion precursora en el soporte de titanio y secado de los

electrodos

La aplicacion de la disolucién precursora en el soporte de titanio se realizé6 empleando un
pincel o brocha, que previamente ha sido desengrasado en acetona y enjuagado con agua
destilada.

Con el pincel limpio se aplicé la disolucién precursora pintando ambas caras de la placa y
malla de Titanio. La concentracion y la viscosidad de la disolucion son muy importantes

porque determinan el cubrimiento del soporte.
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Después de aplicar la disolucién precursora, los soportes de titanio fueron suspendidos

verticalmente en un soporte de acero como se muestra en la figura 2.1.

Figura 2.1. Soporte de los electrodos y placas y mallas de Ti utilizadas para soportar los 6xidos.

Luego de colocar las placas de titanio en el soporte de acero, se introdujeron en la estufa a
70°C durante 5 minutos para secar las sales y eliminar el disolvente volétil de etanol, cuya
temperatura de ebullicion es 78,4 °C. El secado del electrodo es muy importante para evitar
una evaporacion violenta que podria ocasionar el arrastre de las sales, al ser sometido a altas

temperaturas en la mufla en la siguiente etapa.

2.2.1.4 Formacion del 6xido por descomposicion térmica (Pirdlisis)

Concluido el secado de los electrodos, estos se introducen dentro de un horno mufla y se llevan
a una temperatura de calcinacién que depende del 6xido que se desea formar. Tanto la
aplicacion, secado y descomposicion se repiten hasta alcanzar la masa de 6xido deseada.

La temperatura de calcinacién es una condicion experimental de suma importancia, debido a
que el tamafo de particula de la temperatura y el drea superficial estd depende a su vez de

dicho tamaiio de particula. Y la actividad del electrodo esta determinada por el drea superficial

[2].
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. Formacion del SnO:2

A la temperatura de 109°C se produce la perdida de humedad absorbida y la descomposicién

del SnCly4 .5 H>O para formar el SnO> [3].

A (2.2)
SnCl,.5 H,0 > Sn0O, +3 H,0 + 4 HCI

. Formacion del Sh203

El Sb,03 se descompone térmicamente por hidrélisis en el intervalo de temperatura entre

252°Cy 541 °C formando el Sb20O3de acuerdo con siguiente reaccion :

A (2.3)

e Descomposicion del H2PtCls . 6 H20

El 4cido hexacloroplatinico (H2PtCls. 6 H2O) pierde las 6 moléculas de agua y se forma el

PtCly al ser calentado a temperaturas entre las temperaturas de 37°C y 260°C :

A (2.4)
H,PtCly .6 H,0 - H,PtCly +6H,0

A
H,PtCly, > PtCl, +2HCl (23)

La descomposicion del PtCls se produciria entre las temperaturas de 260°C y 405°C:

A
PtCl, > PtCl, + Cl, (2.6)

Finalmente, alrededor de la temperatura de 500°C se realizaria la descomposicion del PtCl,
formando platino y cloro gaseoso.

A
PtCl, > Pt+ Cl 2.7)
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2.2.1.5 Activacion térmica del electrodo

La etapa final de preparacion de los electrodos es la activacion térmica o recocido, esta etapa
se lleva a cabo para asegurarse que todo el precursor se haya descompuesto y evitar la
formacién de sub 6xidos o hidratos de algunos metales que podrian afectar la estabilidad y
propiedades eléctricas de los electrodos. Para ello, los electrodos de 6xidos de estafio se
someten a un tratamiento térmico (calentamiento) a una temperatura de recocido de 600 °C
durante 1 hora, evitando superar dicha temperatura para no generar 6xidos de titanio no
conductores en el material soporte que podrian afectar las propiedades de los electrodos

fabricados [1].

2.2.2 Pirdlisis y carga de los electrodos

Segun la literatura estudiada, la estabilidad y/o conductividad de los electrodos depende del
espesor o cantidad de depdsito de 6xidos. Generalmente se considera que el espesor minimo
deberia ser 2 um, para conseguir que el soporte de titanio se encuentre suficientemente
recubierto y presente las propiedades deseadas. Empleando la densidad especifica (p) del SnO»

de 6,95 g/cm® [3]. y el espesor indicado de 2 um, tendrfa una carga de 1,34 g/cm>.

Aproximadamente el nimero de procesos piroliticos necesarios para conseguir dicha carga es
de 15 a 25 aproximadamente y es necesario ir registrando la masa ganada en cada proceso
para no sobrepasarse de la masa indicada, debido a que masas mayores podrian ocasionar una
pérdida de adherencia y un desprendimiento del 6xido que podria afectar la estabilidad del

electrodo [4].

Para determinar la cantidad de 6xido depositado en el soporte de titanio se midié la masa del
soporte antes y después de cada proceso de pirdlisis. Después de la etapa de recocido se
determina la masa de 6xido depositada expresada en términos del drea geométrica del

electrodo recubierta (mg.cm™).

Al preparar los electrodos es necesario considerar que éstos deberdn ser caracterizados

caracterizar por diversas técnicas para estudiar su estabilidad y eficiencia. Por esa razon, es
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necesario preparar varios electrodos de cada tipo. Con ese fin, esta tesis se prepard 5

electrodos de placa y 2 electrodos de malla.

2.3 Caracterizacion de los electrodos

Los electrodos se han caracterizado por técnicas fisicoquimicas y electroquimicas.

2.3.1 Caracterizacion Fisicoquimica

El proceso de preparacion de los electrodos de 6xidos metdlicos, el estado de oxidacion de los
metales constituyentes, la microestructura y red cristalina tienen gran influencia en las

propiedades de los electrodos tales como la actividad, selectividad y eficiencia.

La caracterizacion de los materiales permite obtener informacion acerca de un determinado
material para conocer sus propiedades como composicion, estructura, morfologia, etc., a partir
de la interaccién de una parte de dicho material con una sefial que puede ser eléctrica,
luminosa, térmica, etc. Con la informacién obtenida se puede establecer una relacion entre el
proceso de preparacion del material, la estructura y la composicion que generan propiedades

especificas y ttiles para determinada aplicacion.

Siendo el objetivo de esta parte de la tesis, realizar la caracterizacion de los 6xidos metdlicos
preparados y a su vez relacionar las propiedades fisicoquimicas y el rendimiento de los
electrodos con su estructura y composicion quimica. La caracterizacion fisicoquimica de los

electrodos se ha realizado por SEM, EDX y XRD.

2.3.1.1 Microscopia Electronica de Barrido (SEM)

La microscopia electronica de barrido (Scanning Electron Microscopy (SEM)) es una
técnicaque permite visualizar la morfologia de muestras sélidas sobre el limite fisico de la
6ptica, permitiendo una resolucién de unos miles de A, dependiendo de la naturaleza de la
muestra [5-7]. La técnica emplea una fuente de emision de electrones, generalmente de
wolframio o lantano, y un haz de electrones acelerados de entre 5 y 30 keV.
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La técnica consiste, principalmente, en enviar un haz de electrones a la superficie de la muestra
y, mediante un detector apropiado, registrar los electrones secundarios y retrodispersados. El
haz se desplaza sobre la muestra realizando un barrido en las direcciones X e Y, de tal forma
que la intensidad de la imagen varia, en cada punto con la intensidad del haz de electrones

generado en la superficie.

Los electrones arrancados a los dtomos de la muestra por la accién del bombardeo de
electrones del haz primario se denominan electrones secundarios. Proporcionan informacion
acerca de la topografia superficial. Es la sefial con la que se obtiene una imagen de la muestra.
Debido a la baja energia de los electrones secundarios (menos de 50 eV), en su viaje hacia el
exterior de la muestra van perdiendo energia por diferentes interacciones, de forma que solo
los que estdn muy proximos a la superficie tienen alguna probabilidad de escapar del material
y llegar al detector. Por tanto, la sefial de secundarios procede de la misma superficie y de
unapequeiiisima zona por debajo de ella, en torno a unos pocos nanémetros (del orden de 5 a
10nm). Por otra parte, al ser electrones de baja energia, pueden ser desviados facilmente de
sutrayectoria emergente inicial, y se puede obtener informacion de zonas que no estin a la
vista del detector. Esta particularidad es fundamental para otorgar a esta sefial la posibilidad

de aportar informacion “en relieve™[8].

Los electrones que rebotan eldsticamente sobre la superficie se denominan electrones
retrodispersados. Su energia es superior a 50 eV y la profundidad del sitio de la que proceden
(del orden de centenas de nandmetros) es mayor que la de los electrones secundarios. La
intensidad de la sefial de retrodispersados, para una energia dada del haz, depende del
nimeroatomico de los 4&tomos del material (a mayor numero atémico, mayor intensidad de la

sefial).

Este hecho permite, a partir de diferencias de intensidad, distinguir fases de un material de
diferente composicién quimica, aunque no exista ninguna diferencia de topografia entre ellas.
Las zonas con menor nimero atdmico (Z) se veran mds oscuras que las zonas que tienen

mayor nimero atémico. Esta es la principal aplicacién de la sefal de retrodispersados.

2.3.1.2 Microanalisis de Energia Dispersiva de Rayos X (EDX)
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Ademads de electrones retrodispersados y secundarios, cuando sobre una muestra inciden
electrones de energia apropiada se producen rayos X, cuya energia e intensidad dependen de
su composicion. Este fendmeno se usa para analizar el contenido elemental de algunos
microvolimenes de muestra sélida (en un intervalo que generalmente va desde una a cientos
de micras cubicas) y es lo que se conoce normalmente como microandlisis de energia

dispersiva de rayos-X (Energy Dispersive X-ray (EDX) Analysis) [5],[6].

Los rayos X que se generan en una muestra sometida a bombardeo electrénico permiten
identificar los elementos presentes y establecer su concentracion. Cuando un haz electrénico
suficientemente acelerado incide sobre la superficie de un sélido, se produce la ionizacién de
los 4&tomos presentes, esto es, la pérdida de electrones internos. En este estado (i6n en estado
excitado), un electron de una capa mds externa salta inmediatamente a la capa deficitaria, y
rellena el hueco producido (proceso de relajacion o des-excitacion). Este salto implica una
liberacién de energia, cuyo valor es igual a la diferencia entre las energias que tenia cada
electrén en su orbital correspondiente. Esta energia se manifiesta de dos formas: electrones
Auger o rayos X y es unica para cada elemento. Cuando se representa la intensidad (eje y) de
esta radiacion electromagnética frente a su energia (en keV, eje x) se obtiene un espectro
derayos X, constituido por una serie de picos, designados como lineas, de intensidad variable,
a los que se denomina rayos X caracteristicos, que estd superpuesto a un fondo continuo de

menor intensidad (rayos X continuos).

Los dos microscopios electronicos de barrido que se han empleado en este trabajo son un
JEOL JSM-840 (Figura 2.2.a.) y un HITACHI S-3000N (Figura 2.2.b.). Ambos equipos
constan de un detector de electrones secundarios tipo centelleador - fotomultiplicador con
resolucion de 4 o 3,5nm, respectivamente, un detector de electrones retrodispersados tipo Si
P-N con resolucién de 10 o 5 nm, respectivamente, y un detector de rayos X para microandlisis
(EDX) tipo UHV Dewar Si(Li) o tipo XFlash 3001, respectivamente, ambos de Bruker,
capaces de detectar elementos de nimero atomico comprendido entre los del C y el U. El
detector tipo XFlash 3001 del Hitachi permite ademads la realizaciéon de andlisis mapping de

los elementos.
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Figura 2.2. Equipos SEM empleados en la caracterizacion de los electrodos.

A diferencia del andlisis EDX convencional, en el que se analiza un solo punto de la imagen
(sea cual sea su magnificacion), el andlisis de mapeo consiste en recoger una coleccién de
espectros (composiciones atomicas) de los diversos puntos (pixeles) que componen una zona
de la imagen y representar, con diferentes intensidades de un color, la distribucién de uno o

varios elementos a lo largo de dicha imagen.

2.1.1.3 Difraccion de rayos X (XRD)

La difracciéon de rayos X (X-Ray difraction, XRD) es una de las técnicas mds efectivas
para determinar la estructura de las muestras sélidas. Esta técnica puede identificar
compuestos quimicos a partir de su estructura cristalina, independiente de las
composiciones de elementos quimicos. Esto significa que diferentes compuestos (o fases)

que tienen la misma composicion puede ser identificados.

Actualmente es una extraordinaria técnica para el andlisis quimico debido a que es la
Unica que permite el esclarecimiento de las estructuras cristalinas o la diferenciacion de

formas alotrépicas o isomoérficas [6].

El método se basa en el hecho que un compuesto cristalino tiene una distribucién regular
en el espacio de sus dtomos o iones constituyentes y que las distancias interplanares de
dichos atomos o iones son del mismo orden de magnitud que la longitud de onda de los

rayos X. En consecuencia y de acuerdo con las leyes Opticas, los cristales pueden producir
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fendmenos de difraccion (reforzamiento o anulacién consecutiva de intensidad) de la

radiacion caracteristicas [6].

Cuando la muestra es irradiada, los rayos X se difractan con dngulos que dependen de las
distancias entre planos cristalinos (o atdmicos). Las distancias interplanares se relacionan

con los dngulos de difraccion de la ley de Bragg:

n.A=2d.senf (2.8)

Donde: n : Numero entero (n =1 ,2, 3...) y representa el orden de difraccion.
A : Longitud de Onda de los rayos X.
d: Es la distancia entre los planos atdmicos de la red cristalina que producen la difraccion.

O: Es el angulo de Bragg.

Haz Haz
incidente difractado
—0 O 0 9 >
0|
d
o o S oY o
Planos s
atomicos

Figura 2.3. Difraccion de Rayos X y ley de Bragg.

Para analizar los espectros de difraccién de rayos X se ha empleado el método de Rietveld
[7]. Este método emplea una funcién para ajustar los picos experimentales del
difractograma a una funcién pseudo-Voigt, que es una combinacién lineal entre una
funcién Lorentziana y una funciéon Gaussiana. Los pardmetros ajustables con esta funcion

son la posicion del pico de difraccion (2 0), la anchura a mitad de altura del pico de
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difracciéon (FWHM), la intensidad o drea del pico de difraccién (I) y la componente

gaussiana de la funcién pseudo-Voigt.

Teniendo la medida precisa de los dngulos de difraccion e intensidad de los picos (patrén
de difraccion) se puede obtener informacion sobre la naturaleza quimica de las especies
presentes en el sélido y de su estructura cristalina. Con este fin se comparan los datos
experimentales con los valores tabulados de los patrones de difraccion obtenidos para
diversos materiales cristalinos conocidos. Una vez conocida la estructura cristalina, y a
partir de los valores de los dngulos de difraccidn caracteristicos de las distintas facetas o
planos atomicos, se puede calcular las dimensiones de la celda unidad del material

estudiado.

Partiendo del ensanchamiento de los picos de difraccion se puede obtener valiosa
informacién acerca del tamafio y perfeccion de las cristalitas del material analizado (grado
de cristalinidad). Cuando se analizan cristales de pequefio tamafo o cuando existen
defectos cristalinos, la interferencia no es total, por lo que se obtiene una distribucién de
intensidades que da lugar al ensanchamiento de la linea de difraccion. Asi, el
ensanchamiento de las lineas de difraccion es mayor cuanto menor sea el tamafio de las

cristalitas presentes en la muestra y cuanto mayor sea su imperfeccion o amorficidad.

Sin embargo, el ensanchamiento de la linea de difraccion tiene, ademds de la contribucién
de la muestra, una contribucién instrumental que debe ser corregida. Esta contribucién
instrumental al ensanchamiento del pico de difraccion es causada por el funcionamiento
no ideal de difractometro, como, por ejemplo, el monocromismo imperfecto de la
radiacion usada, que introduce asimetria al pico de difraccidn, y puede ser determinada
utilizando un patrén estdndar, que suele ser una muestra que contiene cristalitas muy
grandes de un compuesto conocido, lo que produce un pico de difraccién muy estrecho.

El patrén generalmente utilizado es el a-SiO> puro.[8]

Una vez conocida y corregida la contribuciéon experimental al ensanchamiento de los
picos de difraccion, se puede obtener informacion del tamafio medio de las cristalitas de
un determinado s6lido empleando la ecuacion de Scherrer. Para ello se utiliza el valor de

anchura a mitad de altura obtenido en el ajuste a la funcién pseudo - Voigt.
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La ecuacion de Scherrer muestra la relacién entre ensanchamiento de la linea de

difraccion y tamafio de la cristalita:

L _Ka (2.9)
B.cos @

Donde:

K: La constante caracteristica de la forma de la particula analizada

A: La longitud de onda de la radiacion incidente empleada

B: Es el ensanchamiento del pico de difraccion situado a un determinado angulo de
reflexion o angulo de Bragg, 6.

Los andlisis de difraccién de rayos X de las distintas muestras estudiadas han sido
realizados en los servicios técnicos de la Universidad de Alicante. Siendo el equipo
utilizado fue un difractometro Bruker D8-Advance (Figura 2.4.), con cdmara de alta
temperatura (hasta 900°C) y con un generador de rayos-x KRISTALLOFLEX K 760-80F
(Potencia: 3000W, Tension: 20-60 kV y Corriente: 5-80 mA). La radiacién incidente
utilizada ha sido la del Cu Ka (A = 1,541 A). La sefial es filtrada por Ni y un
monocromador situado entre la muestra y el detector. Desde el ordenador se controlan las

condiciones de medida obteniéndose asi el difractograma. Se dispone ademds de una base

de datos JCPDS.

Figura 2.4. Difractometro Briker D8 -Advance
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2.4. Caracterizacion electroquimica

¢ Reactivos quimicos

El agua empleada para la preparacion de todas las disoluciones se obtuvo de un sistema
Millipore MilliQplus con una resistividad de 18,2 MQ-cm medida a 25 °C. Como
electrolito soporte se empled una disolucién de HoSO4 0,5 M preparada a partir del acido
comercial al 95 % en peso (VWR Chemicals). Tanto para la caracterizacion voltamétrica
como de IR las disoluciones de trabajo se desoxigenaron previamente burbujeando,
durante unos 20 minutos, con gas nitrogeno suministrado por Air liquide. El glifosato

utilizado en este trabajo, del 99,5 % en peso, fue suministrado por Aldrich.

¢ Limpieza de las celdas electroquimicas

Tanto para la caracterizacion voltamétrica como de IR, la limpieza de las celdas

electroquimicas utilizadas se realiz6 como se indica a continuacion:

e Laceldaelectroquimica se sumergi6 en una disolucién dcida de KMnOg4 0.1 M durante
24 h.

e A continuacion, la celda se enjuagé con una disolucién 4cida de H>O» al 15 % en
volumen y, seguidamente, con agua ultrapura.

e Finalmente, la celda conteniendo agua ultrapura fue llevada hasta ebullicion durante 1

hora aproximadamente, repitiendo esta operacién 3 veces.

Limpieza de los electrodos

La limpieza de los electrodos de Pt (tanto de trabajo como contra - electrodos) se realiz6
mediante tratamiento térmico a la llama en atmosfera de oxigeno a una temperatura de
1300 °C aproximadamente. Para proteger la superficie del electrodo de la contaminacion
atmosférica se enfridé con una gota de agua ultrapura y posteriormente se sumergié en la

disoluciodn electrolitica [9], [10].
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2.4.1. Voltametria Ciclica

La voltametria ciclica es una técnica potenciodindmica que consiste en variar, a velocidad
de barrido constante, el potencial de un electrodo (llamado electrodo de trabajo) entre dos
valores limites de potencial (limite superior e inferior), registrando simultdneamente la
corriente que circula por dicho electrodo [10]. La voltametria ciclica permite la
caracterizacion superficial del electrodo y de las especies, tanto en superficie como en
disolucién, que presentan actividad redox, caracterizdndose por su sencillez instrumental

y operacional.

El dispositivo empleado en la realizacion de esta investigacion estd formado por:

e Una celda electroquimica de vidrio Pyrex, que consta de 3 partes (Figura 2.5):
Capilar de Luggin: es un tubo capilar que permite el contacto eléctrico entre el electrodo
de referencia y la disolucién/electrolito.
Pasador de gases: permite tanto la desoxigenacion de la disolucién, mediante el burbujeo
de un gas inerte (N2 o Ar), como la generacion de una atmosfera inerte.
Cuerpo de la celda: recipiente de vidrio que contiene la disolucién de trabajo y que
presenta 4 orificios o bocas para ubicar el electrodo de trabajo, el contraelectrodo,

capilar de Luggin y el pasador de gases.

Figura 2.5. Esquema de celda electroquimica y sus componentes.
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¢ El potenciostato

El potenciostato utilizado fue un Bio-Logic SAS (modelo SP -300). El potenciostato
permite controlar el potencial del electrodo de trabajo frente a un electrodo de referencia
(Ag/AgCl/CI') por el que no pasa corriente, y el uso de un electrodo auxiliar
(contraelectrodo de platino) por el que pasa corriente. El potenciostato utilizado emplea
el programa EC-Lab para controlar los pardmetros (potencial de electrodo (WE),
velocidad de barrido, limites de potencial, principalmente) y registrar la corriente que
circula entre el electrodo de trabajo y el contraelectrodo.

A continuacién, se indican los experimentos realizados con esta técnica.

2.4.1.1 Pruebas de adsorcion

Los ensayos de adsorcion a circuito abierto (o irreversible) estdn disefiados para permitir
el aislamiento y caracterizacion de las especies quimicas que se forman y/o adsorben
sobre el electrodo a circuito abierto [9],[11],[12].

El procedimiento es el siguiente:

El electrodo de platino tratado a la llama (limpio) se sumerge, sin control de potencial, en
una disoluciéon que contiene el compuesto a estudiar, en esta Tesis Doctoral se ha
estudiado la adsorcion de glifosato, en una determinada concentracion. El electrodo se
mantiene sumergido durante el tiempo necesario para que se alcance el equilibrio y se
extrae de la disolucién.

El electrodo se lava con agua ultrapura tras la adsorcion a circuito abierto y se sumerge a
potencial en el que no se produce la oxidacién de las especies adsorbidas, en la disolucion
de trabajo de la célula electroquimica que soOlo contiene electrolito soporte.
Inmediatamente se da inicio al programa de polarizacién, con el fin de estudiar la
oxidacion del compuesto adsorbido. Todos los pasos se realizaron a temperatura

ambiente.

51



2.4.1.2 Pruebas en disolucion

Tras realizar el pretratamiento térmico del electrodo de platino, se traslada a la célula
electroquimica donde se sumerge, a potencial controlado, en la disolucion de trabajo que
contiene el compuesto a estudiar y el electrolito soporte. Inmediatamente se da comienzo
al programa de polarizacion elegido en cada experiencia.

En las pruebas de disolucién se emplearon disoluciones de diferentes concentraciones,
tales como 200, 500 y 1000 ppm, asi como varias velocidades de barrido (entre 10y 200
mV/s) y H2SO4 0,5 M como electrolito soporte. Ademas, todas las pruebas se realizaron

a temperatura ambiente.

Tanto para las pruebas de adsorcién como en disolucion se empled un electrodo de platino
policristalino como electrodo de trabajo (WE); hilo de platino como contraelectrodo

(CE); y un electrodo de Ag/AgCl/CI'(3M), como electrodo de referencia (RE).

2.4.2 Espectroscopia Infrarroja con Trasformada de Fourier (FT-IR) in-situ

La espectroscopia IR utiliza la energia de radiacion infrarroja para excitar y, por
consiguiente, obtener informacion de los niveles energéticos vibracionales y rotacionales
de una molécula. Cada especie molecular tiene un espectro de absorcion caracteristico,
con excepcion de las moléculas quirales en estado cristalino. Por consiguiente, existe una
correspondencia exacta entre el espectro de un compuesto de estructura conocida y el

espectro de la molécula que se pretende identificar [13], [4].

En particular, la espectroscopia IR in situ es una de las técnicas espectroscopicas mds
eficaces para obtener informacién vibracional de las sustancias adsorbidas sobre el
electrodo y de las especies presentes y/o formadas en la disolucion cerca de la superficie
del electrodo. La aplicacién del método electroquimico in situ a la caracterizacion
superficial permite controlar las condiciones de la interfase electrodo/disolucion durante
el estudio. Esto es muy ventajoso frente a otros métodos de caracterizacidén que requieren
la transferencia material del electrodo y, por tanto, no aseguran la conservacién de la
integridad de las especies presentes en la interfase ni de la estructura superficial del

electrodo de trabajo.
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Entre distintas modalidades, en la realizacion de este trabajo se ha empleado la
espectroscopia FT-IR de absorcion-reflexion (FT-IRRAS), porque es la que mejor se
adapta a las caracteristicas de los sistemas electroquimicos estudiados. Mediante la
aplicacion de una operaciéon matematica como es la transformada de Fourier a la sefial
(interferograma) que llega al detector, se analiza la informacion vibracional del haz de
luz infrarroja reflejado por la superficie del electrodo. El procesado de la sefial da como
resultado final un espectro que representa la fraccion de radiacién infrarroja absorbida
(%A) o transmitida (%T) en funcién de la energia de vibracidn (expresada en términos
de frecuencia o nimero de ondas). Esta energia de vibracion es caracteristica de cada
enlace quimico, con lo que se facilita la identificacion de las especies que tengan modos

de vibracion activos en el rango del infrarrojo [13], [4].

%
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>

[ i B,
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Fig. 2.6. En la espectroscopia FT-IRRAS s6lo son activos los modos de vibracién en los que la variacién

del momento dipolar tenga una componente perpendicular al plano de la superficie.

Es preciso tener en cuenta que, segin la regla de seleccién superficial, durante la
reflexion, la componente p de la luz IR (componente que es normal a la superficie) s6lo
permite la excitacion de aquellas vibraciones para las que cambia también la componente
del momento dipolar perpendicular a la superficie. Esto se traduce en que determinados
modos de vibracion, aunque deberian aparecer en el espectro IR final, no aparecen porque
el dipolo activo es paralelo a la superficie del electrodo (ver Figura 2.6). Existen varios
tipos fundamentales de vibracion para las moléculas, segin presenten una estructura

lineal o angular. Entre estos modos fundamentales cabe destacar las vibraciones de
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tension (cambian las longitudes de enlaces), las vibraciones de flexién en el plano
(cambian los dngulos de enlace) y las vibraciones de flexion fuera del plano (un dtomo

oscila a través del plano definido por, al menos, tres 4tomos vecinos).

En cuanto al dispositivo experimental empleado en los experimentos espectroscopicos,

consta de:

Un equipo similar al descrito anteriormente para las experiencias voltamétricas con la
incorporacion de pequefias modificaciones. La mds importante es que la célula
espectroelectroquimica carece, fisicamente, de fondo. La estanqueidad se consigue
cerrando la célula con una ventana prismdtica de CaF> contra la que se presiona el
electrodo permitiendo la formacidn de una capa fina de electrolito con un espesor de unas

pocas micras [26]. El esquema de la célula espectroscopica puede verse en la figura 2.7.

Contra-electrodo Electrodo
de referencia
Electrodo Ventana
de trabajo /pl‘i?imi'llil'tl

Figura 2.7. Célula electroquimica utilizada en los experimentos de espectroscopia FTIR. La ventana

prismatica de CaF, contra la que se presiona el electrodo de trabajo hace la funcién de tapadera inferior.

Un espectrofotometro Nicolet 5700 equipado con un detector de telururo de cadmio y
mercurio (MCT) enfriado por nitrogeno liquido. El sistema 6ptico se purga de forma
continua mediante un equipo Peak que suministra aire comprimido sin di6xido de carbono
ni vapor de agua para evitar interferencias con la sefial proveniente de la muestra [10].

¢ Un potenciostato Standard Potenciost Wenkin ST 72
e Un generador de sefial EG&G PARC mod. 175.
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e Un registrador XY Kipp & Zonen BD 90.

El procedimiento experimental seguido para la obtencién de los espectros con esta técnica
in situ, ha sido el siguiente. En primer lugar, se realizaron algunos ciclos en un rango de
potencial seleccionado para obtener la respuesta voltamétrica en la célula espectro-
electroquimica. Esto permite, por comparacion con las experiencias de voltametria

ciclica, comprobar la idoneidad de las condiciones de trabajo en dicha celda.

Seguidamente, el WE fue sometido a un potencial constante (potencial referencia), y se
adquirieron los interferogramas de cuyo procesado se obtiene el espectro de referencia
(Ro). A continuacidn, se salta a otro potencial (potencial muestra) donde se recoge la serie
de interferogramas correspondiente al espectro muestra (R). Este proceso se puede repetir

las veces necesarias para obtener una relacion sefial/ruido 6ptimo.

En las experiencias de espectroscopia IR realizadas, los espectros definitivos se
representan siempre como la diferencia normalizada de los espectros muestra (R) y
referencia (Ro): (R-Ro)/Ro obtenidos con una resolucién de 8 cm™. En general, en los
espectros finales presentados de esta forma, las bandas de absorcidon negativas (hacia
abajo) corresponden a especies que aparecen al potencial muestra, mientras que las
positivas (hacia arriba) corresponden a especies que desaparecen al potencial muestra. La
figura 2.7 muestra un andlisis mds detallado de la forma de los espectros finales, en

funcién de las diferentes combinaciones de sefales [13],[4].

En este trabajo el estudio de espectroscopia FT-IR se realiz6 empleando una disolucién
de glifosato 0,05 M y como electrolito soporte H2SO4 0.1 M. También se utilizaron agua
ultrapura y agua deuterada como disolventes. Como electrodo de trabajo (WE) se empled
un disco de platino policristalino; como contraelectrodo (CE) un hilo de platino; y como
electrodo de referencia (RE), un electrodo reversible de hidrégeno (RHE) que consiste en
un hilo de paladio en el que se ha absorbido hidrégeno e introducido en el electrolito de
trabajo. Sin embargo, con el fin de comparar con el estudio voltamétrico, los potenciales
se han transformado y referido al electrodo de referencia de Ag/AgCl/CI"(3M), empleado

la relacion Eagagci= Erue — 0.251 V.
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Figura 2.8. Forma de los espectros resultantes, al combinar, al combinar por diferencia 3 tipos de sefiales

absolutas (A, By C).

2.4.3 UV-insitu para caracterizar formacion de radicales -OH

La determinacion de los radicales se realizd espectrofotométricamente mediante la
reaccion con N,N-dimetil-p-nitrosoanilina (RNO), utilizada como captador de radicales ,
a potencial constante [14], [15]. Este método se basa en la relacion directa entre la
generacion de radicales -OH y el agotamiento de la concentracién de RNO (decoloracién
de RNO), que puede ser seguido por espectroscopia UV. Para ello, se adapt6 una celda
UV convencional para convertirse en una celda electroquimica de tres electrodos para la
degradacion electroquimica UV in situ de RNO ( Figura 2.9 a). El contraelectrodo (CE)
fue un hilo de Pt y un hilo de Ag actué como pseudoelectrodo de referencia (RE), mientras
que los dnodos estudiados sirvieron como electrodo de trabajo (WE) con drea geométrica
expuesta de 2 cm 2, en cambio para el BDD, trabajando con 1 cm?. Se realiz6 una curva
de calibracion antes de la serie experimental siguiendo la dependencia de la banda de

absorbancia a A = 440 nm de RNO con su concentracion en un rango de 2—50 uM .
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(a) Reference
electrode (RE)

‘Working
<+— electrode
m 2 (WE)

Counter
electrode (CE)

k-

-

I
'UV-VIS SPECTROMETER ‘ L 1 SUPPLY

Figura 2.9. Esquema de (a) la celda electroquimica y (b) configuracién experimental para las mediciones

espectroelectroquimicas UV in situ.

La Figura 2.9b muestra la configuraciéon experimental utilizada para las mediciones
electroquimicas. Cada WE se asigno a la celda electroquimica que contenia una solucién
acuosa de RNO 20 uM y se comprobd que los electrodos sumergidos no bloqueaban el
camino del haz de luz. Luego, la celda se colocé dentro de un espectrofotometro UV-Vis-
NIR JASCO V-670 y se conectd a un potenciostato - galvanostato Origalys
OrigaFlex500. Los cables de conexidén externos se pasaron a través de la puerta de la

camara oscura del equipo sin dejar entrar la luz externa.

Antes de iniciar los experimentos electroquimicos, se midié un espectro UV entre 600 y
200 nm (marcado como 0 min) para comprobar las condiciones iniciales de la solucion
de RNO, descartando cualquier posible degradacion de este compuesto durante el tiempo
de almacenamiento. En este sentido, si la banda de absorbancia inicial de la solucion de
RNO utilizada se desplegaba a mds del 3% de la banda control esperada, se preparaba

una nueva solucion para iniciar el experimento.
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2.5 Tratamiento de oxidacion anddica

2.5.1 Montaje y procedimiento experimental

Los procesos electroliticos son reacciones redox no espontaneas producidas por la accién
de una corriente eléctrica aplicada entre dos electrodos. Dichos procesos se rigen por las
Leyes de Faraday. La primera ley de Faraday, relaciona la cantidad de sustancia
electrolizada (producida o consumida) con la cantidad de electricidad que pasa por la

célula electrolitica.

Los elementos indispensables en un proceso electrolitico son la fuente de alimentacion,
los electrodos, el electrolito y la celda electrolitica. Para llevar a cabo un control del
proceso electrolitico en cualquier instante resulta de gran importancia la utilizacién de un
electrodo de referencia, para referir el potencial de los electrodos, y elementos de medida
de potencial e intensidad de corriente (polimetros). Ademas de estos elementos, y segin
la configuracion y/o tipo de celda, existen otros componentes que son ampliamente
utilizados en los procesos de electrdlisis: membranas de separacion, distribuidores de

flujo, diafragmas, promotores de turbulencia, etc.

La Figura 2.10 muestra el dispositivo experimental utilizado en los experimentos
electroliticos de oxidacién de los compuestos estudiados en esta Tesis Doctoral. El

dispositivo consta de:

Fuente de alimentacion de corriente continua DC Power Supply AL 924A que puede

trabajar entre 0-30 Vy de O a 10 A.
e Polimetro digital de la casa Tabor Electronics mod 4121.
e (elda Filtro-prensa y electrodo de referencia Ag/AgCl/Cl sat.

e Depositos de electrolito “encamisados” que, a través de la recirculacion de un liquido
refrigerante, permiten mantener aproximadamente constante la temperatura del

electrolito.
e Bombas peristélticas.

e Salida/llave para toma de muestras.
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Figura 2.10. Esquema de una celda filtro-prensa dividida en dos compartimentos por un separador

(membrana i6nica) (a) y sin dividir (un solo compartimento) (b).

2.5.2 Celda filtro-prensa

La celda electroquimica constituye el corazén de cualquier proceso electroquimico. Su
importancia es tal que la viabilidad industrial de un proceso depende del disefio de la
celda (transporte de materia, distribucion hidrdulica, de corriente y potencial, geometria,

eliminacién de calor, conexion eléctrica, etc.) [10].

A grandes rasgos todas las celdas se pueden clasificar en divididas o sin dividir, segtin
dispongan o no de un diafragma o membrana que separe ambos electrodos. En el presente
trabajo, la celda de electrélisis empleada es una celda filtro-prensa sin dividir, con un 4rea
de electrodo plano de 20 cm? (Figura 2.10). Este tipo de celdas constan de un conjunto de
electrodos planos paralelos separados por marcos aislantes, promotores de turbulencia y

juntas, componentes que se mantienen unidos en una estructura compacta.

Las celdas filtro-prensa son celdas de flujo en las que el o los electrolitos se bombean a
través de los compartimentos definidos por dos electrodos (celdas sin dividir) (Figura

2.11).
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Figura 2.11. Esquema de una celda filtro-prensa sin dividir con un solo compartimento.

2.5.3 Tratamiento de oxidacion anddica de los CE

La electrolisis de los contaminantes emergentes se realiza usando una celda electrolitica
tipo filtro prensa, sin separacion de compartimentos. En un depdsito encamisado de la
celda se introducen 200 mL una disolucién de 1000 pm del CE y un electrolito soporte
0,5 M, con una bomba centrifuga se hace circular el electrolito a través de toda la celda
electroquimica. Para mantener la temperatura constante de 25°C, se hace pasar por la
doble pared del depdsito el liquido refrigerante, etilenglicol. Las electrolisis se realizaron
galvanostiticamente a diferentes intensidades de corriente: 0,2; 0,5;1,0; 1,5y 2,0 A, y el
generalmente el tiempo de electrdlisis fue 24 h. Como cédtodo se empled un electrodo de
acero inoxidable y como dnodo, los diferentes 6xidos metalicos soportados sobre titanio

en forma de una malla expandida.

Durante el desarrollo de los experimentos, se tomaron alicuotas del electrolito para
determinar la concentracion del CE, fosfatos, COT y DQO a diferentes tiempos de
electrolisis. El potencial de los electrodos fue registrado en funcién del tiempo mediante

un electrodo de referencia de Ag/AgCl/Cl (3M) en contacto con la disolucién.

2.4 Técnicas Analiticas

Las técnicas analiticas permiten la determinacién de las especies en las diferentes

disoluciones de estudio.
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2.4.1 Espectroscopia Ultravioleta-visible (UV-vis)

La espectroscopia de absorcién o absorciometria estudia los espectros de absorcién y su
aplicacion. Dependiendo de la region de la radiacion de estudio puede ser visible,
ultravioleta e infrarrojo [17]. La espectrometria ultravioleta visible estd determinada por
la absorcidn de la radiacion electromagnética de un material determinado entre 160 y 780
nm.

La absorcion de radiaciones en la region ultravioleta-visible produce transformaciones en
las moléculas en sus electrones de valencia, cambiando del estado fundamental al estado
excitado [17]. De esta forma, y a diferencia de las espectroscopias IR y Raman que
proporcionan informacion sobre las transiciones vibracionales y rotacionales, esta técnica

permite caracterizar las transiciones electronicas de la sustancia estudiada.

Fenomeno de absorcion

Al hace llegar un haz de radiacion electromagnética a una sustancia (gas, liquido, sélido),
ésta puede ser absorbida, transmitida, reflejada o refractada por la sustancia. Si la longitud
de onda de la radiacién incidente coincide con la necesaria para producir algin cambio
en los 4tomos o moléculas de la sustancia absorbente, la radiacion serd absorbida. Segtin
lo indicado, para un haz de radiacion, solo una parte serd absorbida y la restante

transmitida o reflejada [18].

Cuando una radiacién monocromatica atraviesa una disolucién contenida en una celda se
le denomina intensidad de radiacién incidente o poder radiante (I,) e I al poder radiante
de la radiacion emergente o transmitida por la muestra.

Asi, la transmitancia (T) estd definida por la siguiente relacion:

T=1/T, (2.10)

mientras que la absorbancia (A) se define como el inverso del logaritmo de la
transmitancia.

A=logl/T=-logl/I, (2.11)
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La espectrometria ultravioleta visible estd basada en la ley de Lambert-Beer (2.5) que
predice la relacion lineal entre la absorbancia y la concentracion de una sustancia. Segin
esta Ley, dicha absorbancia depende también de la longitud de la cubeta (o camino 6ptico)

y de la naturaleza de la sustancia (a través de ¢€).

A=¢bc (2.12)

Donde
c: Concentracién de la muestra (mol. I'")
b: Longitud del camino 6ptico (cm)

e: Absortividad molar (1. mol™!.cm™)

El equipo utilizado es un espectrofotometro Jasco V-670 de doble haz que utiliza un solo
Monocromador para cubrir un rango de medida desde 190 hasta 2700 nm (opcionalmente
hasta 3200 nm). El monocromador utiliza dos redes (cambio automatico): 1200
lineas/mm para la regién UV/VIS; 300 lineas/mm para la regiéon NIR. Utiliza un
Fotomultiplicador como detector en la region UV-Vis y un detector PbS (refrigeracion
Peltier) para el NIR. Las redes y los detectores cambian autométicamente y el usuario
puede seleccionar un rango entre 750 y 900 nm para dicho cambio. La monitorizacién de

las medidas se realiza mediante PC a través de Software Spectra ManagerTM.

Esta técnica se ha empleado para determinar la concentraciéon de los contaminantes
diclofenaco y paraquat. En el caso del anélisis del glifosato, esta técnica no di6 resultados

satisfactorios.

2.4.2 Carbono organico total (COT)

El carbono orgénico total (COT) es un parametro que mide la cantidad de carbono que
proviene de los compuestos organicos presentes la disolucion. Mientras que el carbono
inorgénico (CI) se mide el carbono procedente de compuestos inorganicos, como en el
caso del didxido de carbono, carbonatos y bicarbonatos.

El carbono total (CT) se obtiene de la suma del carbono orgénico total (COT) y el carbono
inorgénico (CI).
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CT=COT+CI (2.13)

Para la determinacién del COT se empled un analizador de carbono orgéanico total TOC-

VCSN de Shimadzu (Figura 2.12) .

\

e A

—

Figura 2.12. Analizador de Carbono Organico total TOC-VCSN de Shimadzu.

En este equipo se realiza una combustion oxidativa catalitica del carbono de la muestra.
Para ello, una corriente de aire purificado con una velocidad fijada de 150 mL/min de
oxigeno, ingresa a través de un tubo de combustion de carbono total con un catalizador
de oxidacion, calentado a 680 °C. Cuando una muestra es inyectada en el tubo de
combustidn, el carbono total presente en la muestra es oxidado o descompuesto para dar
dioxido de carbono. La corriente gaseosa que lleva los productos de combustion,
procedentes del tubo de combustion, es enfriada y deshumidificada en un
deshumidificador, antes de pasar por el depurador de haldégeno a la celda de muestra del
detector de infrarrojos no dispersivo, donde se detecta el dioxido de carbono. Este detector

forma un pico y seguidamente se calcula su area.

Y con ayuda de una curva de calibracion interna se relaciona el carbono total con el area
obtenida. Para el carbono inorganico, una muestra previamente acidificada con acido
clorhidrico es burbujeada con la corriente gaseosa, para convertir tnicamente el carbono
inorgénico de la muestra en dioxido de carbono. Y este didxido de carbono es detectado
por el detector de infrarrojos no dispersivo, el cual forma de nuevo un pico con un area
calculada, y con otra curva de calibracion interna se relaciona el carbono inorganico con

el area obtenida. Este carbono inorganico es una combinacion de carbonato y bicarbonato.
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Cuando se han obtenido los valores de CT y CI, el equipo realiza la resta de éstos y la

diferencia es el COT.

COT=CT-CI (2.14)

Para determinar el carbono orgéanico total de las muestras, se realizd previamente un
calibrado con patrones de concentracion conocida, que relacionan el valor del carbono
organico total con la concentracion del CE. Esta técnica permitio determinar el carbono
total en las disoluciones de los CE emergentes estudiados glifosato, paraquat y

diclofenaco [19].

2.4.3 Demanda Quimica de Oxigeno (DQO)

La Demanda quimica de Oxigeno mide la cantidad de oxigeno que proviene de un
oxidante (dicromato potdsico) que reacciona con las sustancias oxidables contenidas
en 1 litro de agua (1 mol de KoCr.O7 corresponde a 1,5 mol de O»). El valor de DQO
se indica en mg/l de O> o mol/l de O».

En este andlisis, los contaminantes de una muestra de agua se oxidan con una disolucién
sulftrica caliente (148 °C) de dicromato potdsico, empleando como catalizador sulfato
de plata.

Luego, se determina por espectrometria (593 nm) la concentracién de los iones Cr*

verdes formados por la reduccion del dicromato, segun la siguiente reaccion [20]:

Cr,02~ +14HY +6e” > 2Cr3t + +7H, 0 E° =133V (2.15)

La DQO determina las sustancias organicas e inorganicas oxidables con dicromato,
excepto algunos heterociclos, compuestos de nitrégeno cuaternario e hidrocarburos
facilmente volatiles.

Los resultados de la determinacién de la DQO se obtuvieron empleando un analizador de

multifuncién de Merck Spectroquant equipado con un fotémetro NOVA 60.
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2.4.4 Cromatografia Liquida de Alta resolucion (HPLC)

La cromatografia liquida de alto rendimiento o resolucién (High Performance Liquid
Cromatography, HPLC) es una de las técnicas analiticas mas usadas y versdtiles. Se
emplea para separar y determinar especies en diferentes disoluciones organicas,
inorgdnicas y bioldgicas. En este tipo de cromatografia, la fase movil es un disolvente

liquido que contiene a la muestra en forma de una mezcla de solutos.

Esta técnica permite la separacion e identificacion de diversos compuestos. Este tipo de
cromatografia separa los analitos presentes en una muestra en funcion de la diferencia en
la velocidad de elucién de los compuestos que son arrastrados por una fase movil, a través
de una fase estacionaria. Esto produce una interaccion entre los analitos de la fase mévil
y la estacionaria. La sefial resultante puede ser optimizada con una eleccion adecuada de
mezclas de disolventes y diversos tipos de rellenos. Al final del proceso, los componentes
de la muestra salen de la columna separados segtin su tiempo de retencion y se analizan
mediante un detector dando lugar a un cromatograma. De esta forma, se puede identificar
y cuantificar diversas especies [6] , [20].

En esta tesis se ha empleado la HPLC para detectar la presencia de posibles subproductos
de degradacion, ademds de los CE. La determinacién ha sido realizada por los Servicios
Técnicos de Investigacion de la Universidad de Alicante, y se ha utilizado un

cromatografo uHPLC 1260 Infinity Binary LC System de Agilent.

Figura 2.13. Cromatégrafo uHPLC 1260 Infinity Binary LC System de Agilent.
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Dentro de las principales caracteristicas de la HPLC se encuentran su versatilidad, ya que
este tipo de cromatografia separa macromoléculas, grupos polifuncionales y especies
i6nicas; también es selectiva y de alto costo, sin embargo, es muy efectiva.

Siendo sus principales aplicaciones, el estudio de farmacos (analgésicos, antibidticos,
esteroides), estudio de biomoléculas como las proteinas (aminodcidos), carbohidratos,
ésteres, estudio de la composicion de los productos de alimentacién como aditivos,
edulcorantes, antioxidantes, estudio de contaminantes emergentes como los plaguicidas,

estudios de quimica forense y en la medicina clinica.

2.4.5 Cromatografia I6nica

La Cromatografia Ionica es una técnica eficaz para la separacion y determinacion de
iones, basado en el uso de resinas de intercambio i6nico. Esta técnica muy relacionada
con la cromatografia liquida de alto rendimiento (HPLC). Es un método eficaz para la

separacion y determinacion de iones, basado en el uso de resinas de intercambio idnico

[6].

La deteccion de los analitos se puede realizar de las siguientes formas:

e La deteccion por conductividad

Mide la conductancia del i6n analito cuando pasa a través de una célula de conductividad.
Tanto el eluyente como la muestra son especies idnicas y suelen presentar una elevada
conductividad de fondo por lo que para detectar con una buena sensibilidad los analitos,
es necesario eliminar la conductividad de fondo del eluyente, quimicamente, en una
reacciéon post columna en la que se convierte al eluyente en una especie con baja
conductividad. A estas columnas se les conoce con el nombre de supresores de
conductividad, y pueden ser quimicos o electroquimicos. Este modo de deteccién es el

mads comun en cromatografia idnica.
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e La deteccion amperométrica

Esta técnica mide la corriente eléctrica generada cuando el analito es oxidado o reducido
en el internior de una célula amperométrica, que consta de un electrodo de trabajo, un
electrodo de referencia y un electrodo auxiliar. La oxidaciéon o reduccion de los iones
dependerd de la aplicaciéon de un potencial entre el electrodo de trabajo y el electrodo
auxiliar. La sefial medida consiste en la Intensidad de la corriente generada entre el
electrodo de trabajo y el electrodo auxiliar. Dentro de este modo de deteccion destaca la
amperometria de pulsos (PAD), muy utilizada para la deteccion de carbohidratos. Este
modo de deteccion es muy selectivo ya que s6lo los iones susceptibles de oxidacién o

reduccion al potencial aplicado podran ser medidos.

e La deteccion espectrofotométrica Ultravioleta-VIS

Esta basada en la absorcion de energia electromagnética por ciertos grupos presentes en
las moléculas o i1ones llamados cromoéforos. La longitud de onda y la energia absorbida
depende de los enlaces quimicos dentro de la molécula o 16n y son caracteristicos de los
mismos. En cromatografia inica en deteccion fotométrica directa s6lo los iones de la
muestra que presenten grupos cromoéforos podran absorben parte de la luz que llega a la
célula, originando una disminucion en la intensidad del haz de luz que es directamente
proporcional a la cantidad de soluto absorbente eluido. La deteccion UV en cromatografia
i6nica no es muy significativa, ya que los cationes y aniones inorganicos y las moléculas
orgénicas alifdticas carecen de grupos cromoéforos, por tanto se usa como complemento
de la deteccion por conductividad. Una de las aplicaciones mds comunes de este modo de
deteccion es la determinacion de nitritos y amonio en aguas de mar. La deteccion UV-
VIS de estos iones minoritarios (y croméforos) en el mar se puede conseguir eliminando
la interferencia de los iones mayoritarios en este tipo de muestras: cloruro y sodio (no

cromo6foros).

En la cromatografia idnica, la deteccion espectrofotométrica Ultravioleta-VIS se suele
usar mds combindndola con técnicas de derivatizacion que transformen a los

cationes/aniones NO-cromoforos en otros compuestos que si lo sean.
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La determinacién de subproductos de la oxidacién del contaminante emergente glifosato
se realizd usando la técnica de cromatografia idnica en un equipo DIONEX DX 500

(Figura 2.14).

Figura 2.14. Equipo de Cromatografia Iénica DIONEX DX 500.

2.4.6 Determinacion de Fosfatos

Este método de analisis se basa en la formacion del complejo fosfomolibdico a partir de
los ortofosfatos en medio 4cido y en presencia de iones molibdato. Dicho complejo al ser
reducido por el acido ascoérbico produce un color azul de fosfomolibdeno (“PMP”) que

se determina por espectrometria [20].

P03~ + 12M002~ + 27H* - H3P0, (Mo 03);, + 12 H,0 (2.16)

Hy PMo(VI), O4 + Reductor —» [Hy PMo(VI)g Mo(V), 0413~ (2.17)

Para realizar el andlisis de fosfatos de las disoluciones de las muestras de glifosato se ha
empleado un analizador de multifuncién de Merck Spectroquant equipado con un
fotémetro NOVA 60.

El control de la eliminacion del glifosato se realiz6 mediante la determinacion de fosfatos
en agua debido a que el andlisis espectrofotométrico del glifosato no dio buenos

resultados.
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3.1 Anodic Abatement of Glyphosate on Pt-doped SnO2-Sb Electrodes Promoted

by Pollutant-dopant Electrocatalytic Interactions

3.1.1 Introduction

Because of their increasing use and disposal, persistence and bioaccumulation, as well as
potential toxicological effects, emerging pollutants constitute a group of substances that
pose a serious threat to the environment and human health [1]. So much so that some of
these compounds have been included in the list of priority substances by European

Union’s commissions [2].

Among different emergent pollutants present in water, both academia and industry have
a huge interest in the monitoring and control of glyphosate (GLP), the most used herbicide
in the world. In 2015 the International Agency for Research on Cancer stated that GLP
can be carcinogenic to animals and probably to humans [3], [4] but the European Union
(EU) renewed the permission to use GLY for additional 7 years, so it is currently
approved until 15 December 2022 [5] .Hence, one of the most controversial societal issues
today regarding emerging pollutants in the EU may be the case surrounding re-
registration of this active herbicide ingredient. Furthermore, the global GLP market is
expected to keep a compound annual growth rate of 6.8 % over the 2019-2024 forecast
period, in such case reaching a total market volume of USD 12.54 billion at 2024. Since
the field of herbicide-tolerant crops is increasing and even more countries are approving
herbicide-tolerance technology for crops, the market is expected to grow with a fast
adoption by farmers [6]. Furthermore, despite of the concerns with respect to the
environmental hazards are remaining in developed markets, the European Union has
recently renewed the permission to use GLP during the next years. Thus, market of GLP

is not expected to slow down, considering the lack of availability of efficient alternatives

[7].

While this global economic, environmental, health debate, development of efficient and
sustainable technologies for glyphosate abatement becomes urgent.
Taking this into consideration, several strategies have been developed for the elimination

of this pollutant. Current lab-scale methodologies includes physical methodologies like
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the adsorption on porous materials [8-12] or the use of membranes [13] ,[14], as well as
biological processes [15] and chemical abatement by the use of oxidizing agents [16].
Among the latter, advanced oxidation processes based on the generation of radicals (e.g.,
hydroxyl radical *OH) that are highly reactive as oxidants have received special attention
in order to perform a partial or total degradation of the pollutant molecules. However,
there are some drawbacks on these processes which are still present, like a discrepancy
on degradation efficiencies along the literature, the use of expensive consumable

materials, a need of devices and the addition of chemicals [17-22].

In this context, electrochemical anodic oxidation processes provide a solid generation of
*OH radicals, being able to perform a direct degradation of emerging pollutants and other
pathogens in water, avoiding the formation of chlorinated by-products present in
traditional degradation processes, becoming one of the simplest and promising advanced
oxidation processes [23-25]. However, the efficiency and selectivity of this methodology
is directly related to the electrode (anode) material, and consequently, its stability,
selectivity and life cycle plays an important role over the final cost of the whole process.

[26-28].

In these concerns, the Boron-Doped Diamond (BDD) anode have been so far, among the
several commercially available alternatives, one of the most trending materials studied
for the oxidation of organic compounds. Its capabilities comprise a large potential
window, leading to reach high potential values to be used during the oxidation reaction
of pollutants before the proper oxygen evolution reaction (OER) [29-31]; high
performance towards the generation of *OH radicals [32 ], [33]; and non-active properties,
which allow to use it as a good inert material for theoretical modelling of the processes
carrying out over its surface [24 ], [30]. On the other hand, important drawbacks for the
utilization of BDD in industrial applications are remaining, being its high cost and

fragility, due to the traditional support of these materials on silicon.

Some alternatives to BDD electrodes studied for the electro-oxidation of emergent
pollutants are metallic anodes, being the platinum supported over titanium the most
commercially available and distributed, since Pt is one of the most known and active

electrocatalysts. However, they still show some drawbacks, which are the high cost of Pt
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and poor performance of this electrodes towards the degradation of pharmaceuticals and
herbicides. Other alternatives are the dimensionally stable anodes (DSA), constituted by
single or mixed metal oxides, are gaining interests from the last years due to their good
performance and cheaper costs [34]. Among them, PbO:; anodes showed a good
performance towards the electro-oxidation of several organophosphorous pesticides,
being GLP one of the studied compounds. However, degradative processes appearing to
the anode during its lifetime led to the deploy of Pb to water, which incurs in a high
environmental risk which make these anodes unavailable to be used at industrial scale for
wastewater treatment plants [35]. Other types of DSA have been studied for the electro-
oxidation of GLP, as RuOz and IrO: supported over Ti. They showed the best

performance when mixed with SnO; to form a mixed oxide anode [36].

Focused on electrocatalysis applied to environment, our research group has been working
for years on the design of MOx-like for wastewater treatment alternative to metallic
electrodes and BDD. as a cheaper potential alternative to BDD for treating pharmaceutics

pollutants in waters.

We first demonstrated that specific pollutant-metal interactions can cause electrocatalytic
effects on the performance of DSA like anodes to overcome the electrooxidation
performance of BDD [37]. Furthermore, we have recently reported outstanding
electrocatalytic effect of copper doping on cobalt spinels to electroxidize cyanide.
Interestingly, current efficiencies of around 100 % were obtained with a cheap metal

oxide, based on the active mechanism [37].

On the other hand, we discussed and hypothesized the existence of a strong interaction
Pt/PtOx-phenol at the electrode surface is proposed to facilitate its reaction with the
hydroxyl radicals and, therefore, catalyze the phenol oxidation reaction. The nature of the
electro-oxidative catalytic response of mixed metal oxides: Pt- and Ru-doped SnO:

anodes for phenol.

The participation of metallic species via the specific adsorption of the organic molecules
is proposed to be considered in the generalized scheme of the electrochemical

conversion/combustion of organics with simultaneous OER on mixed oxide electrodes.
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The “non-redox active” behavior of Pt-doped SnO> mixed oxides, in which the segregated
metallic Pt/PtOx species favor the reaction by specific interactions, without reversible

redox reactions.

In fact, we have recently demonstrated that the incorporation of small amounts of Pt (3-
13 at.%) into the SnO>-Sb coatings, despite hindering the *OHs generation, enhances the
kinetics and efficiency for diclofenac oxidation and mineralization. This better overall
response is attributed to a synergy between diclofenac-Pt interaction and efficient *OHs

generation.

In this context, the objective of the present work is to study the electrochemical behavior
of prepared DSA constituted by Ti/SnO»-Sb towards the GLP oxidation. Also, Ti/SnO2-
Sb doped with small amounts of Pt (3% and 13% of atomic metal mass) have been
prepared, to study the effect of Pt-doping on the performance of the electrodes. A
preliminary study of the electrochemical interaction of Pt with GLP was carried out by
using a polycrystalline Pt electrode. Finally, the potential application of these electrodes
for the degradation of GLP (self-prepared and commercial solution) has been explored in
galvanostatic experiments in a filter-press cell, comparing their performance with Ti/Pt

and BDD commercial anodes.

3.1.2 Experimental

3.1.2.1 Chemicals

Glyphosate (N-(phosphonomethyl) glycine), being an analytical standard, tin chloride
pentahydrate (SnCls - SH20) and hexachloroplatinic acid hexahydrate (H2PtCls - 6H20)
were from Aldrich; antimony trichloride (SbClz) was from Fluka; sulfuric acid (H2SOs)
with an assay of 95%, was from VWR Chemicals; absolute ethanol (EtOH), with an assay
of 99.9%, were from J.T. Baker. All chemicals were used as received. Commercial
Glyphosate, being 36% w/v, was from Belchim. Ultrapure water from a Milli-Q® HX

7000 SD equipment (18.2 MQ cm) was used for the preparation of the aqueous solutions.

75



3.1.2.2 Anode materials

Antimony tin oxide electrodes were prepared by following a methodology developed by
our group in previous works, which also report the physicochemical and chemical
properties of these materials [38]. In a brief, a thermal decompositions of salt precursors
(SnClsx5H20, SbCls and H>PtClg) were carried out in acidified absolute ethanol over a
mesh (5x4cm) or plate (1xlecm) of Ti, provided by INAGASA, obtaining. The
nomenclature of the studied electrodes was established related to the content of platinum
(metal atomic composition) being Ti/SnO2-Sb-Pt(x%), with x = 3 and 13 at% Pt. The
commercial Ti/Pt electrode was provided by INAGASA and BDD was provided by
Adamant Technologies, supported over a Si plate. A pre-treatment was performed to all
the electrodes, by submitting them to a constant current density of 10 mA cm™ for 5 min

to clean and stabilize the surface.

3.1.2.3 Electrochemical interaction of platinum with GLP.

The electrochemical interaction of Pt with GLP was studied by in situ Fourier-transform
Infrared reflection absorption spectroscopy (FT-IRRAS) during cyclic voltammetry
experiments submitted to a polycrystalline platinum (Poly-Pt) electrode. The
spectroscopic measurements were performed by using a Nicolet Magna-IR 850
spectrometer, provided with a liquid-nitrogen cooled mercury cadmium telluride (MCT)
detector and assembled to a spectroelectrochemical cell, as previously reported.> The IR
beam traversed a prismatic CaF, window, then irradiating the electrode surface at an angle
of incidence of 60°. The resulting spectra were obtained at a resolution of 8 cm™ after
averaging of 200 interferograms. Voltammetric experiments were obtained at room
temperature by using a scan rate of 50 mV s and a potential window of -0.3to 1.5 V. A
platinum wire was used as a counter electrode, and a reversible hydrogen electrode (RHE)
was the reference electrode. Before starting the experiments, the polycrystalline platinum

electrode was flame-cleaned and rinsed in ultrapure water.

3.1.2.4 Electrochemical behaviour of SnO2-Sb electrodes towards GLP oxidation.
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The electrochemical properties of the anode materials described above to be used as
electrocatalysts of GLP oxidation were studied by using them as working electrodes in
cyclic voltammetry. The electrodes were submerged in a three-electrode electrochemical
cell containing a 0.5 M H2SO4 aqueous solution as a blank electrolyte in N> atmosphere,
then adding 200 ppm of GLP for measurements. The total submerged surface was 1 cm?
for BDD and 2 cm? for the rest of anode materials in order to determinate their current
densities. The counter electrode was a Pt wire and the reference electrode was an Ag/AgCl
(3 M KCl) commercial electrode. The voltammetric experiments were carried out by
using a VSP Biologic potentiostat (Biologic Science Instruments). A constant scan rate

of 50 mV s! was used through the experimental series.

3.1.2.5 Electrolysis of pure and commercial GLP.

The performance of the anode materials during the electrochemical degradation of GLP
was studied in a single compartment filter-press cell. 200 mL of a 200 ppm GLP in a 0.5
M H2SO4 aqueous solution was continually recirculated between the cell and the
electrolyte tank, which was temperature-controlled to keep 298 K along the experimental
series. A stainless-steel plate (310L) was used as a cathode, and a reference electrode was
connected by a luggin capillary in order to follow the potential of anode materials. Total
submerged surface area of studied anodes was 20 cm?. Thus, a constant current density
of 50 mA cm™ was applied for 48 h to the cell, taking electrolyte samples to follow the
GLP degradation during time. The experimental series were repeated by substituting the

self-prepared GLP solution for a commercial GLP solution and a treatment time of 30 h.

The concentration and degradation of GLP was monitored by the increasing phosphate
concentration during the electrochemical treatment, since GLP (C3HgNOsP) total
oxidation in aqueous media produces PO4>~ ions as one of the final degradation products,
by following Equation (3.1.1). This concentration was followed by a standardized
phosphate test method at UV-Vis analyzer Spectroquant Nova 60. The same equipment
was used for the determination of chemical oxygen demand (COD) for the commercial
GLP experimental series by using standardized COD test to the results obtained for the
BDD, and Ti/SnO»-Sb-Pt (X%) electrodes.
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(00,4
C3HgNOsP + 8-0H — 3C0, + PO}~ + NO3 + 16H™ + 20e™ (3.1.1)

The state of GLP mineralization was determined by following the evolution of the total
organic carbon (TOC) during the experimental series, measured in a TOC-Vcsu/csn

Shimadzu equipment.

Determination of oxidation by-products was performed by ionic chromatography, in a
DIONEX DX 500 equipment. The evolution of aminomethylphosphonic acid (AMPA)
which is the main metabolite found in plants due to GLP partial degradation, [40] was
followed as by-product of partial GLP oxidation, as well as PO4*~ and NOs~ (Equation
(3.1.1)). Furthermore, expected products from the NO3 reduction in acid media (being

NO; and NH4") were analyzed (Equations (3.1.2) and (3.1.3)).

d

NOj3 + 2e” +2H+ri>N02_ + H,0 (3.1.2)
d

NO3 + 8¢~ + 10H* > NH} + 3H,0 (3.13)

3.1.3 Results and discussion

3.1.3.1 Electrochemical interaction of platinum with GLP.

Figure 3.1.1a shows the IR spectra of the Poly-Pt electrode obtained in sulphuric acid
solution containing 200 ppm of GLP at several potentials. The spectra are presented in
the form of normalized differential reflectance referred to a reference value of -0.15V
(each single spectrum represents changes in vibrational modes occurring at increasing
sample potentials relative to the unique reference spectrum). Three negative bands are
clearly observed, being assigned to: (blue line at 1735 cm™') the stretching of C=0 in
carboxylic groups; (red line at 1415 cm™) the asymmetric stretching of OC-O in
carboxylate groups adsorbed in the bidentate form; and (green line at 1285 cm™) the
stretching of P=0 in phosphate groups. Each band intensity was integrated and plotted as

function of the applied potential, as shown in Figure 3.1.1b.
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It can be observed that the integrated intensity of the three bands are linearly increasing
with the electrode potential, reaching in all cases a maximum value close to 1.0 V shows
the successive voltammetric cycles of Poly-Pt obtained in the absence (dash line) or
presence (colored solid lines) of GLP. The stationary response of Poly-Pt submerged in
the GLP-free electrolyte allow to observe the classical low potential peaks assigned to the
reduction and oxidation processes of hydrogen [41]. Additionally, when the electrode is
submitted to potential cycles in presence of GLP, a noticeable rising of anodic current
appears during the first scan from 0.7 V to 1.35 V, thus defining an oxidation peak
centered at potential values close to 1.0 V. Then, the oxidation current decreases in the
subsequent cycles, probably due to a partial blockage of the electrode surface. This
current peak was assigned to GLP oxidation process, allowing to suggest Pt as a potential
electrocatalyst for GLP oxidation. Moreover, taking the above-described IR results into
consideration lead us to propose that: (i) up to 1.00 V, GLP progressively is adsorbed on
the Pt surface with the electrode potential. The observed bands in IR spectra suggest that
adsorption may mainly occur through the carboxylic group in both the unidentate and/or
the bidentate forms (d)); (ii) above 1.00 V, GLP oxidizes on the surface of Pt, thus
corroborating the potential of Pt to be used as a dopant for metal oxide electrodes used

for GLP oxidation.
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Figure 3.1.1 (a) IR spectra of Poly-Pt electrode in the presence of GLP at several potentials. (b) Integration
of the band intensity shown in (a) as a function of the applied potential. (c) Successive cyclic
voltammograms of a Poly-Pt electrode in 200 ppm GLP + 0.5 M H,SOs4 aqueous solution with a scan rate
of 50 mV s'and a reference electrode of Ag/AgCl/3M KCI. (d) Adsorption scheme proposed for the

interaction of Pt and GLP.

3.1.3.2 Electrochemical behaviour of Ti/SnO2-Sb electrodes towards GLP oxidation.

Figure 3.1.2 shows the voltammetric response from the studied SnO»-Sb electrodes,
overlapping the stationary response obtained in the sulfuric acid (dash line) with several
cycles in presence of GLP (colored solid lines). In absence of GLP, the voltammograms
obtained agree with those previously reported in the literature in all cases [38,42]. When
the platinum-free Ti/SnO»-Sb electrode is submitted to potential cycles (Figure 3.1.2(a)),
the first cycle allow to lightly see a rising oxidation current before reaching the OER,
being noticeable at potential values upper 1.0 V. However, any oxidation peak appeared,
and successive cycles lead this current to be almost negligible. While these results may
indicate that a small interaction occurs between GLP and the electrode, are not good

enough to consider this electrode as a potential electrocatalyst for the GLP oxidation
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reaction. On the other hand, when a certain amount of Pt is introduced as a dopant (3%
and 13% as shown in Figure 3.1.2 (b) and Figure 3.1.2(c), respectively), high oxidation
currents are obtained during the first cycle, reaching a maximum in potential values close
to 1.1 V and decreasing before the OER, obtaining the highest current values in the
Ti/SnO2-Sb-Pt(13%) electrode. After the first cycle, the oxidation current decrease to
lower values every cycle, probably due to the adsorption of by-products over the electrode
surface. As stated during the above-described study of the interaction of GLP with Poly-
Pt electrode described above, this oxidation peak obtained may be associated with the

direct electro-oxidation of GLP and by-products.
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Figure 3.1.2. Successive cyclic voltammograms of (a) Ti/SnO,-Sb, (b) Ti/SnO,-Sb-Pt(3%) and (c)
Ti/SnO»-Sb-Pt(13%) electrodes in a 0.5 M H>SO4 aqueous solution in absence or presence of 200 ppm
GLP, using a scan rate of 50 mV s™' and a reference electrode of Ag/AgCl (3M KCl).

3.1.3.3 Electrolysis of GLP.

Figure 3.1.3 (a) shows the evolution of phosphate concentration along the galvanostatic
treatment, which is obtained as by-product of the electro-oxidation of a 200 ppm GLP in
a 0.5 M H2SOq4 aqueous solution, by submitting this solution to a constant current density
of 50 mA cm™ for 48 h. The dashed line represents the theoretical maximum value
expected for a full conversion of GLP into oxidation by-products, being 112.34 ppm (by
following Equation (3.1.1). Among the results obtained for the prepared electrodes, a
significative deactivation appeared for the Ti/SnO»-Sb electrode at 5 hours of treatment,
thus impeding to continue the electrolysis from this point. This effect did not appear on
the rest of electrodes studied, thus corroborating the stabilization effect of Pt-doping
expected on the Ti/SnO»-Sb-Pt(x%) electrodes. Attending to the experimental results, the

81



highest concentration of phosphate after 48 hours of treatment, denoting the highest
oxidation of GLP, was obtained for the commercial BDD electrode, followed by Ti/SnO»-
Sb-Pt(13%), Ti/SnO2-Sb-Pt(3%) and finally the Ti/Pt electrode, showing the worst

performance.

Figure 3.1.3(b) shows the evolution of total organic carbon (TOC) during the above-
described experimental series. The dashed line depicts the theoretical value calculated for
corresponding TOC to 200 ppm of GLP, being 42.59 ppm. The decreasing of the TOC
present on the solution are indicative of the capability of each electrode towards the
mineralization of GLP and oxidation by-products. At the end of the treatment, the
commercial BDD electrode is the one which obtained the lowest TOC concentration,
followed again by Ti/SnO2-Sb-Pt(13%). The Ti/SnO>-Sb-Pt(3%) showed a poor

performance, close to the results obtained for the Ti/Pt electrode.

Figure 3.1.4(c) and Figure 3.1.4(d) show, respectively, the evolution of phosphate
concentration and TOC obtained during the commercial GLP experimental series. The
unknown content of additives included in the commercial solution avoid determining a
theoretical value of phosphate or TOC. However, the electrodes denote a similar behavior
than in the case of self-prepared GLP solution experimental series. For the evolution of
phosphate, the BDD reached the higher concentration, followed by the Ti/SnO2-Sb-
Pt(13%) electrode. In this case the Ti/Pt electrode reached higher values than the Ti/SnO»-
Sb-Pt(3%) electrode. Furthermore, the Ti/SnO»-Sb electrode deactivated earlier, after 2
hours of treatment. On the other hand, the TOC results have been presented normalized,
showing a similar performance of electrodes, being the BDD the one which reached the
higher mineralization, followed by the Ti/SnO2-Sb-Pt(13%), Ti/SnO2-Sb-Pt(3%) and

finally the Ti/Pt electrode, showing the worst performance.
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Figure 3.1.3. Evolution of (a) phosphate concentration and (b) total organic carbon during GLP electrolysis
for the self-prepared GLP solution. Evolution of (c) phosphate concentration and (d) normalized total

organic carbon during GLP electrolysis for the commercial GLP solution.

Several parameters were calculated in order to determine the performance of each
electrode, summarized in Table 3.1.1. The oxidation efficiency (%), which is necessary to
clarify the global yield of the oxidation reaction with each electrode, was calculated from
the values of phosphate concentration obtained at the end of the galvanostatic treatment
for each electrode studied respect to the theoretically phosphate concentration calculated

for a total conversion of GLP, as stated in Equation (3.1.1). Since the decay of GLP was
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observed to be exponential, the reaction was fitted to a pseudo-first order kinetics,

according to Equation (3.1.4).

[GLP]
Inseroi = —ky -t (3.1.1)

The TOC efficiency (%), as described above, is a useful parameter to determine the
capabilities of electrodes to mineralize the GLP and was calculated from the values of
TOC obtained at the end of every experiment respect to the TOC concentration of the
GLP solution prior to the electrochemical treatment. From these data, the current

efficiency (%) for each treated solution was then calculated from Equation (3.1.5):

(3.1.5)

B NFV (ATOC) g
Current ef ficiency (%) = -100

4.32-107mlt

where n is the number of electrons consumed in the mineralization of GLP, which was
taken as 20, by considering complete oxidation and mineralization to COz, according to
Equation (3.1.1). F is Faraday's constant (96487 C mol '), V is the solution’s volume (L),
(ATOC)exp is the experimental TOC decay (mg L) evaluated as the difference between
the initial value and that analyzed at any electrolysis time 7 (h), 4.32-107 is a conversion
factor (3600 s h! - 12000 C mol™), I is the applied current (A) and m corresponds to the

number of carbon atoms present in the GLP molecule (3 C atoms).

In order to determinate the potential industrial application of these electrodes for the
abatement of commercial glyphosate, two additional parameters were calculated for the
commercial GLP experimental series. The COD efficiency, being a key parameter for the
application of environmental technology, as well as the energy consumption (U) to

decrease a single TOC unit, which was determined by following Equation (3.1.6):

[, Edt

UTOC = m (316)
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where [ is the applied current (A), E is the potential (V) of the cell followed at any time ¢
(s), and (ATOC)exp is the experimental TOC decay (mg L), as described above.

Table 3.1.1. Parameters obtained from the electrolysis of GLP for each electrode studied.

Self-prepared GLP solution

Electrode 105k Oxidation TOC Current
sH efficiency (%) efficiency efficiency (%)
(%)
Ti/Pt 1.23 20.17 6.39 1.69
BDD 80.7 99.99 72.49 20.18
Ti/SnO,-Sb 8.25% 14.38* 6.71* 17.42%
Ti/SnO,-Sb-Pt(3%) 4.26 53.41 13.18 3.48
Ti/SnO,-Sb-Pt(13%) 4.29 61.91 51.57 12.50

Commercial GLP solution

Electrode COD Oxidation TOC Energy
efficiency (%) efficiency (%) efficiency consumption (kJ L
(%) mg™)
Ti/Pt -- 10.68 38.00 13.13
BDD 99.13 41.31 92.40 10.18
Ti/SnO,-Sb-Pt(3%) 18.26 5.66 43.00 9.67
Ti/SnO,-Sb-Pt(13%) 36.05 13.72 54.69 5.99

*(btained at the time when electrode deactivated.

Figure 3.1.4 shows overlapped the degradation of GLP and formation of GLP oxidation
main by-products, being AMPA and PO4*~, measured by ionic chromatography. For BDD
results (Figure 3.1.4(a)), total conversion of GLP to AMPA partial oxidation by-product
is reached at the first 2 hours, completing the total oxidation at 5 hours of treatment,
obtaining from then an almost constant concentration of phosphates. In the case of Ti/Pt,

as shown in Figure 3.1.4(b), GLP is slowly oxidized to AMPA, which cannot be furtherly
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oxidized by this electrode, reaching the same concentration (150 ppm) after 20 hours of
treatment without completing the total oxidation of GLP at the end of the experiment.
Phosphate concentration slightly increase during the experiment. Attending to the results
from Ti/SnO>-Sb-Pt(3%) in Figure 3.1.4(c), it can be observed that the electrode shows a
similar behavior during the first hours to Ti/Pt electrode, however, after 20 hours, when
GLP and AMPA reached the same concentration (120 ppm), the oxidation of GLP
continue decreasing the slope until total conversion to AMPA at the end of the
experiment, couldn’t be oxidized from this point with this electrode. Phosphate
concentration is increasing during the experiment reaching higher concentration than
Ti/Pt. For the results obtained with the Ti/SnO>-Sb-Pt(13%), shown in Figure 3.1.4(d), it
is noticeable the fast oxidation of GLP to AMPA during the first hours, reaching the same
concentration (110 ppm) after only 10 hours. The conversion to AMPA continue until
almost total oxidation of GLP at the end of the experiment. However, in contrast to the
Ti/Pt and Ti/SnO»-Sb-Pt(3%) electrode, AMPA is oxidized after 40 hours of experiment,
showing the potential of this electrode to the total elimination of GLP and GLP by-

products.

Table 3.1.1 summarizes the final concentration measured by ionic chromatography for
each experimental series, including nitrogenated by-products (being NO3;™ , NO2™ and
NH4*). Attending to the results can be inferred that the electrochemical oxidation of GLP
can follow a direct or mediated (by -OH radicals generated on the surface of electrodes)
path of oxidation to total or partial oxidation towards AMPA, becoming more difficult to
oxidize than GLP. This fact is clearly observed on the Ti/Pt results. Attending to Figure
3.1.4 (b), the AMPA rising content could explain the low efficiencies in TOC results
(Table 3.1.1), being unable to mineralize AMPA, which is added to the remaining TOC
from GLP. In the case of BDD electrode this effect is not observed due to the higher
potential reached by BDD, which oxidize both GLP and AMPA. For Ti/SnO2-Sb
electrodes, the addition of Pt as a dopant seems to play an important role not only on the
stability of the electrode (the electrode without Pt deactivated at the beginning of the
experiments), also on the oxidation mechanism, as was expected by observation of IR and
voltammetric results (Figure 3.1.1 and Figure 3.1.2). In this sense, Pt%/PtOx present on
the surface of the electrode promotes the oxidation of adsorbed GLP (Figure 3.1.5). Thus,
the high performance of Pt-doped Ti/SnO»-Sb anodes towards the GLP abatement might

be explained attending to the strong interaction of Pt and the carboxylic groups present in
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GLP, being higher with the amount of Pt. The performance of these electrodes has been
found to lie in between those related to the commercial Ti/Pt and BDD, obtaining high
oxidation, current and TOC efficiencies used with the self-prepared GLP solution. When
used with the commercial GLP solution, Ti/SnO>-Sb-Pt(13%) shows a better performance
than Ti/Pt, obtaining high values of oxidation and TOC efficiencies, and also a lower
energy consumption than BDD, consuming a 48% less energy to degrade a single TOC
unit. Ti/SnO»-Sb-Pt(13%) appears then like a potential and cheaper alternative to BDD
electrodes for the abatement of GLP.

Table 3.1.1. Concentration of GLP and GLP oxidation by-products after 48 hours of galvanostatic

treatment, measured by ionic chromatography

Electrode [GLP] [AMPA] [POs]  [NO;] [NOs] [NH4']

(ppm) (ppm) (ppm) (ppm)  (ppm) (ppm)
Ti/Pt 135.58 16.98 23.21 0.49 10.17  3.56

BDD 0 0 123.30 0.38 38.63  13.72
Ti/SnO»-Sb-Pt(3%) 3.13 38.75 73.27 0.32 7.87 6.99
Ti/SnO»-Sb-Pt(13%) 11.91 32.66 80.09 0.43 17.79  2.57

87



(a) Charge (C) (b) Charge (C)

0 36000 72000 108000 144000 180000 0 36000 72000 108000 144000 180000
250 : . ; . 10 250 17— : — , : 20
T BDD GLP Ti/Pt 18
200 la L16
3 A e
£ 450, 6 L2 §
o < o o
o = L0~
a < <
~ 1004 ta o r8 o
[} s =
o < F6 <
—d
O 504 L2 Lg
A\ ¥
0- Py - e L0 L0
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)
Charge (C) Charge (C)
0 36000 72000 108000 144000 180000 0 36000 72000 108000 144000 180000
(o
250 — ; : 60 250 — v : : 60
Ti’Sn0O,-Sh-Pt(3%) Ti’'Sn0,-Sb-Pt(13%)
2004 | GLP P50 500 | GLP ° 50
& g m
:9: 1504 e 150 g.
o o) La0 S
a a <
5 100+ 5 100+ oL
L20
= o =
O 50- O 504 i
0- 0 Lo
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)

Figure 3.1.4. Evolution of GLP and GLP oxidation by-products concentration with time of galvanostatic
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Figure 3.1.5. Scheme of GLP oxidation over Ti/SnO»-Sb-Pt electrodes.
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3.1.4

X/
L X4

Conclusions

The oxidation and mineralization of glyphosate, on either self-prepared or
commercial solution, by galvanostatic treatment have been successfully achieved
by using Pt-doped Ti/SnO»-Sb electrodes. The high performance of this kind of
electrodes could be explained by the strong interaction of carboxylic groups
present in this pollutant with platinum sites over the surface, promoting the
oxidation of GLP by the hydroxyl radicals. This interaction between platinum and
GLP have been proved by in-situ FT-IRRAS measurements during cyclic
voltammetry experiments and confirmed during the voltammetric characterization
of Pt-doped Ti/SnO2-Sb electrodes.

The comparison with commercial Ti/Pt and BDD anodes and Pt-free Ti/SnO2-Sb
under similar experimental conditions show that: (i) Pt doping is essential to both
stabilization of anode, occurring the deactivation of the Ti/SnO:-Sb at the
beginning of the experiment. (ii) Ti/Pt electrode shows the worst performance,
being unable to oxidize GLP oxidation by-products (AMPA) and obtaining the
worst efficiencies (oxidation, TOC and current), as well as the highest energy
consumption. (ii1) BDD electrode is the best electrode, being capable to totally
oxidize GLP and by-products during the first 5 hours. However, its expensive and
fragile characteristics, as well as its high energy consumption, make it unavailable
to be used at industrial level for real application on wastewaters. (iv) Pt-doped
Ti1/SnO,-Sb electrodes show a performance higher than Ti/Pt but lower than BDD,
arising with the content of Pt. However, Ti/SnO2-Sb-Pt(3%) still show low
efficiencies, close to Ti/Pt electrode, being also lower for the abatement of
commercial GLP solution. Furthermore, it seems incapable to oxidize AMPA. On
the other hand, the Ti/SnO2-Sb-Pt(13%) electrode show higher efficiencies,
reaching even the oxidation of AMPA and consuming almost half of the energy
consumed by the BDD electrode.

Thus, the obtained results enable to propose Pt-doped Ti/SnO>-Sb anodes as
potential cheaper alternatives to BDD for the elimination of glyphosate (and open

the field to study the performance on other herbicides) in wastewater.
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3.2 Anodic Degradation of Paraquat Herbicide on Pt-Doped SnO2-Sb Electrodes

3.2.1 Introduction

Amounts of organic and inorganic pollutants present in water have been increasing over
the years, due to human activity. Some of the major problematic pollutants in agriculture
are organic compounds used to improve and protect crops, mainly pesticides, which have
various purposes [1]. Herbicides are a class of pesticide, used to control weeds and
grasses. One widely used herbicide, is Paraquat (1, 1’-dimethyl-4-4'-bipyridinium
dichloride); it penetrates and desiccates the leaves under sunlight, by reacting with the
liberated electrons from photosynthesis interferes with this process, generating radicals
and superoxide, which react with cell membranes (fatty acids) and tissues preventing the

cell growth and/or division as well as the CO; fixation [2-4]

Within the pH range from 3 to 8 and between 20-40 °C, Paraquat and Diquat (another
common herbicide), are chemically stable showing an endurance of 23 days, according
to UV-visible spectrometric (UV-Vis) monitoring [5]. Paraquat is toxic for humans,
potentially being lethal if it is consumed or adsorbed through the skin, and there is no
antidote or treatment. There is also a risk for mammals, birds, invertebrates, plants, and
algae. For these reasons, the United States Environmental Protection Agency (EPA) is
taking action and has updated a draft risk assessment on august 2 of 2021, after exhaustive

evaluation of data on the health and environmental impacts of this pesticide [6].

Various approaches have been under development for the remediation of water
containing Paraquat and similar herbicides, including photocatalysis [5], [7-9] and
electrolysis [10]. Advanced oxidation processes, where hydroxyl or superoxide radicals
breakdown organic molecules like Paraquat into smaller molecules (monopyridone and
dipyridone), followed by complete mineralization (CO2, H>O, NH4*, NO>", and NO3’), are
being used for wastewater treatment. The most efficient process reported are the
photoelectro-Fenton and electro-Fenton among UV/H2O3, ultraviolet, Fenton, ozonation,
photochemical, and electrochemical oxidation processes. However, the mentioned

methods have disadvantages such as low control of the photocatalysis conditions in — situ,
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and high cost of fabrication which prevented the real application of these technologies

[11-14].

To degrade Paraquat, photoelectrocatalytic (PEC), electrocatalytic (EC), and
photocatalytic (PC) processes were compared using Ti/TiONTHF-Xh-500,
Ti/TiO:NTEG-Xh-500 and Ti/TiO.NTEG-3h-500-Pt-Ycycles electrodes, where X is the
time of anodic oxidation treatment of titanium plate with HF or ethylene glycol (EG), 500
is the annealing temperature, and Y is the number of cycles for Pt electrodeposition on
the TiO2 nanotubes surface. The use of HF or EG solutions influences the TiO2 nanotubes
longitude and morphology. Thus, the EG treatment produced longer nanotubes, and the
longer the TiO2 nanotubes the higher photoelectrochemical activity was observed. The
nanotube must be long enough to allow complete UV light absorption, and Pt amount
present on the surface also influences in the Paraquat degradation, when less amount of
Pt nanoparticles are present, the photoelectrochemical process was more efficient than
with higher amounts (Ti/TiO2NTEG-3h-500-25 cycles, 42% conversion), due to the
dispersion on smaller Pt nanoparticles (Ti/TiO2NTEG-3h-500-4cycles, 75% conversion).
Finally, different photocatalytic activities are reported due to the methodology in TiO»
synthesis, and the comparison among the PEC, EC, and PC processes, showed that the

PEC process was more efficient for Paraquat degradation [12],[15].

One of the most popular advanced oxidation processes, Fenton reaction, was widely
applied to degrade organic pollutants into CO2 and H>O by using ferrous ions and
hydrogen peroxide oxidative properties. Among the organic emergent pollutants is
Paraquat, which have been oxidized in a stirred jacketed batch reactor, varying
temperature, H>O, and Iron ion concentrations and pH, the results stablished that the
optimal conditions for Paraquat mineralization to were T = 70.0 °C, [Fe**] = 5.0 x 107*
M, [H202] = 3.4 x 1072 M, and pH = 3.0, reaching a 60% of Paraquat mineralization in
240 min. Additionally, Gramoxone (commercial solution of paraquat dichloride, 25.6
wt. %), was oxidized by this method, the results showed a lower degradation percentage

due to the presence of additives and other organic interferents [16].

In a recent work, where Fenton, electro-Fenton, photoelectro-oxidation and

photoelectro-Fenton methodologies were used to degrade Paraquat present in
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Gramoxone, it was established that the latter showed a better performance, reaching 79%
of Paraquat degradation and evidenced the presence of byproducts such as succinic acid,

oxalic acid, acetic acid and formic acid [17].

Anodic oxidation efficiency and practical feasibility depends on the anode nature.
SnO2-Sb anodes are promising alternatives to BDD. Studies on the electrocatalytic

activity of these anodes becomes interesting [18], [19].

An interesting application of the electrochemical degradation of organic pollutants in
water is the use of Ti/SnO»-Sb(13-x)-Pt-Ru(x) electrodes to eliminate phenolate from
alkaline phenolic wastewaters and benzoquinone byproduct degradation, also comparing
this electrode with conventional Ti/RuO; and Ti/Co304 electrodes. A Ti/SnO2-Sb(13-x)-
Pt-Ru(x) electrode showed better behavior, according to the electroactivity, kinetics and
current efficiency. However, its stability over time was not satisfactory for practical
applications, unless ruthenium is introduced in the electrode composition. An improved
Ti/SnO2-Sb (9.75)-Pt-Ru (3.25) electrode showed a small loss in its electrocatalytic

efficiency due to the presence of Ru [20].

Other important class of organic water pollutant is dyes and the residual components
from the colorant industry. An attempt to develop an electrochemical degradation process
for several relevant compounds was carried out by use of a SnO>—Sb electrode (Ti/TiO»-
NW/SnO>-Sb electrode) based on a uniform TiO> network structure (NW) decorated on
a Ti plate (Ti/TiO2-NW). Service life tests for this electrode indicated that its life service
was 11.15 times longer than that of a conventional Ti/SnO»>—Sb electrode, mainly due to
the TiO2-NW added by pulse electrodeposition. This electrode also presented a good
efficiency for the oxidation of Acid Red 73 during 5 hours of electrolysis monitored by
COD measurements, reaching a stable and efficient degradation of the dye in wastewater

[ 21].

Diclofenac, a pharmaceutical and personal care product widely used for inflammatory
diseases is considered an emerging pollutant that is found in wastewater. An electrode
based on Pt-doped Ti/SnO,-Sb, has been evaluated to find the mechanism of hydroxyl

radical generation on the electrode surface by in-situ UV spectro-electrochemical
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measurements, indicating that diclofenac has been oxidized and completely mineralized
by Pt-doped Ti/SnO>-Sb electrode with Pt amounts of 3 at% and 13 at%. A comparison
of the electrochemical activity for the evaluated electrode showed that this activity is
between Ti/Pt and BBD electrodes, with BBD owning the best activity. Furthermore, the

evaluated electrode offers a less expensive electrode compared to BDD [22].

The process was monitored by the rate of chemical oxygen demand (COD) removal,
which indicated that for a higher SnO> content the higher rates of COD removal were

achieved [19].

Several disadvantages in electrochemical degradation and electrode structure have
been described, these problems are mainly due to the complexity in methodology,
complex structure and composition of electrodes designed to reach a complete
mineralization or partially degrade organic pollutants and precisely Paraquat. A new
approach for the oxidation of herbicide Paraquat is presented, an addition of some
amounts of Pt on SnO»-Sb electrode supported on titanium is made to improve the
Paraquat oxidation process. In this work, several electrodes have been prepared (SnO:-
Sb, SnO2-Sb-Pt 3%, and SnO>-Sb-Pt 13%) and the anodic oxidation of Paraquat for 5
hours, was performed and the Paraquat concentration was monitored by UV-Vis, pH, and
TOC have been analyzed to evaluate changes in Paraquat concentration and the electrode
stability. Ti/Pt and BDD commercial electrodes have been also used to compare the
Paraquat oxidation efficiency. Electrochemical characterization of the prepared and
commercial electrodes was performed, to investigate the electrochemical activity and

stablish the kinetics of the oxidation process.

3.2.2 Experimental

3.2.2.1 Electrode materials

Five different anode materials were studied in this work. The three SnO»-Sb-based
electrodes were prepared in our lab over a titanium substrate by the conventional thermal
decomposition method reported before [20]. For such a purpose, the salt precursors,
namely SnClsx5H>O (Aldrich), SbCls (Fluka) and H>PtCle x6H>O (Aldrich), were

dissolved with the desired nominal composition in acidified absolute ethanol (J.T. Baker).
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Prior deposition, Ti substrates in the form of mesh (20 cm?) or plate (20 cm?) (INAGASA
S.A.) for electrolytic or voltammetric experiments, respectively, were etched in a 10 wt%
oxalic acid boiling solution for 1 h and finally rinsed with distilled water. These solutions
were then spread out onto the chemically - roughened Ti meshes (20 cm?) or plates (20
cm?) (INAGASA S.A.), by the aid of a brush. After brushing, the electrodes were dried
at 70 °C for 5 min, calcined in a muffle furnace at 300 °C for 10 min, and cooled to room
temperature for 10 min. This brushing-drying-decomposition-cooling process was
repeated around 20-25 times the titanium mesh was completely covered. The composition
and nomenclature of the studied electrodes was Ti/SnO2-Sb, Ti/SnO>-Sb-Pt (3%) and
Ti/SnO,-Sb-Pt (13%), being the Sb content 13 at% in all cases, and that of Pt a 0, 3 or 13

at%, respectively (metal atomic compositions).

Commercial electrodes used in this research were platinized titanium (Ti/Pt), boron

doped diamond film (BDD) and a polycrystalline platinum sphere.

3.2.2.2 Electrode characterization

A polycrystalline Pt sphere was flame annealed, cooled in air and used as a working
electrode to test its action on Paraquat degradation. A conventional three electrode
electrochemical cell was assembled with a tube to connect the reference electrode,
bubbling with nitrogen gas was carried out for 15 min to deoxygenate the 0.5 M H2SO4
supporting electrolyte and 200 ppm Paraquat/0.5 M H>SOs solution. An Ag/AgCl
electrode was used as the reference electrode, and a platinum wire was used as the
auxiliary electrode. All potentials are given hereafter vs. this reference. After
characterizing the polycrystalline Pt sphere, the prepared SnO»-Sb electrode, SnO2-Sb-Pt
3% electrode, SnO>-Sb-Pt 13%, and commercial Ti/Pt and BDD electrodes adapted for
this electrochemical cell (all 1 cm?), were used as working electrodes to test Paraquat

oxidation.

A larger three electrode electrochemical cell (~1L capacity) was also used to
characterize all electrodes, larger in size to be used in the filter press cell (20 cm?), before
and after the electrolysis process. An Ag/AgCl electrode was used as the reference

electrode, and a platinum wire was used as the auxiliary electrode. The prepared SnO»-
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Sb electrode, SnO2-Sb-Pt 3% electrode, SnO2-Sb-Pt 13%, and commercial Ti/Pt and BDD
electrodes (all 20 cm?), were used as working electrodes. The electrodes were submerged
in 0.5 M H>SOs4 supporting electrolyte and 200 ppm Paraquat/0.5 M H>SOj4 solution.
These electrodes were also, electrochemically cleaned by applying an anodic current of
10 mA for 5 min before the Paraquat degradation process, in 0.5 M H2SO4 supporting

electrolyte.

3.2.2.3 Electrolytic experiments

A filter press electrochemical cell was assembled and connected to a power source to
apply the necessary current in order to oxidize Paraquat (galvanostatic conditions). The
filter press cell was composed of two metallic plates made of iron (0.5 cm thickness), a
stainless-steel cathode, a silicone packer, and two Teflon solution distributors. The cell

was also connected to an Ag/AgCl reference electrode.

This assembly was connected to two glass reservoirs. To define the oxidizing
efficiency of the prepared electrodes, a 200 ppm Paraquat/ 0.5 M H>SOs solution was
prepared and pumped to the filter press cell. The parameters to perform the oxidation of
Paraquat were: 1 A was applied anodically for 300 min while using each electrode.
Aliquots of 2 mL were extracted from the flux electrolyzer at 5, 15, 30, 45, 60, 90, 120,
180 and 300 min, to be analyzed for Total Organic Carbon (TOC) analysis, 1.8 mL, and

UV-vis absorption spectrometric analysis 0.2 mL.

Degradation analysis: TOC, UV-vis, IC

Standard solutions of Paraquat (2, 5, 10, 15, 20, 25 and 30 ppm)/ 0.5 M H>SO4, were
prepared and analyzed by TOC (TOC-VSH -Shimadzu) and UV-vis (V-670 — Jasco) to
build calibration curves.

Aliquots of 2 mL were collected after elapsed times of 5, 15, 30, 45, 60, 90, 120, 180
and 300 min from the initiation of the process and were analyzed. The starting
concentration of Paraquat/ 0.5 M H2SOs solution was 200 ppm and was also analyzed.

All samples were analyzed by TOC and, UV-vis and were compared with the calibration
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curves. Portions of 0.2 mL for UV-Vis and 1.8 mL for TOC were diluted for each
analysis.

The initial and residual solutions were also analyzed by Ionic chromatography.

3.2.3 Results and discusion

3.2.3.1 Voltammetric characterization

In order to discern and estimate the contribution of Pt to the electrochemical behavior
of SnO»-Sb anodes, the response of a pure and clean polycrystalline Pt electrode was first
studied. Figure 1a shows the cyclic voltammograms of the polycrystalline Pt electrode in
0.5 M H2SOs in the absence or presence of paraquat (200 ppm). In the absence of
paraquat, this electrode shows the characteristic reversible hydrogen adsorption-
desorption processes on Pt, within -0.20 — +0.10 V; the irreversible Pt/PtOx redox process
with the reduction peak centered at ca. 0.5 V; and the HER and OER-associated currents

from -0.15 and +1.15 V, respectively.

The presence of paraquat caused significant changes on the voltammetric profile of
Pt. In the positive scan from +0.2 V, the broad peak assigned to Pt—PtOx oxidation
practically vanished, and a smooth current increase was observed from +0.80 V. Next, a
remarkable current rise occurred from +1.20 V, reaching a maximum centered at +1.30
V (anodic peak Al). Then, the further increase in the electrode potential (Fig. 3.2.1b)
enabled to discern another oxidation process, with a clear hump centered at around +1.80-
1.90 V (anodic peak A2), and an increasing anodic current that was overall lesser than
that observed in the absence of paraquat, i.e., that of the OER on Pt. These processes are
assigned to the adsorption of paraquat on Pt surface, and its subsequent oxidation prior
(A1) or concurrently (A2) to the OER through the direct or *OH-mediated processes,

respectively.

On the other hand, the scan towards negative potentials in the presence of paraquat
(Fig. 1a) evidenced a new reduction peak centered at +1.18 V (cathodic peak C1); a
significantly less intense PtOx—Pt reduction process centered at +0.54 V; as well as the

suppress of H ads.-des. processes.
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Figure 3.2.1 Cyclic voltammograms of (a, b) polycrystalline Pt electrode; (c) commercial Ti/Pt; and
(d)Si/BBD anodes in the absence and presence of 200 ppm Paraquat. Supporting electrolyte = 0.5 M H>SOs.
Refence electrode = Ag/AgCl/3 M KCI. Scan rate = 50 mV/s.

Commercial electrodes of Ti/Pt and BDD (1 cm? in area) were also characterized;
Figure 3.2.1c, corresponds to the voltammogram of Ti/Pt in 0.5 M H2SO4 supporting
electrolyte showing that peaks of hydrogen desorption were also present. However, for
which Paraquat solution was present, we observe that peaks for hydrogen desorption are
not present and a reduction peak at 0.45 V decreases compared with CV in 0.5 M H>SOq4
electrolyte which may indicate that the Paraquat reduction is not favorable in the presence
of Ti. However, around 1.2V there is a peak shoulder, which may indicate that platinum

presence on the electrode catalizes Paraquat oxidation process.

Figure 3.2.1d shows the cyclic voltammogram corresponding to the BDD commercial

electrode; we can observe that it has a wider electrochemical window (from -0.30 V to
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1.8 V Vin 0.5 H>SO4 electrolyte, compared to the other electrodes studied in this work.
Paraquat oxidation was also observed at 2.0 V in 200 ppm Paraquat/0.5 M H>SO4
solution. It is also evident that this electrode is more stable than the others, since no
intrinsic oxidation/reduction processes involving the electrode were observed in either

the 0.5 H2SO4 electrolyte or the Paraquat solution.

Figure 3.2.2a shows the cyclic voltammograms corresponding to the SnO»-Sb
prepared electrode in 0.5 M H>SO4 supporting electrolyte, and 200 ppm Paraquat/0.5 M
H>SO4 solution. Both voltammograms are similar, which may indicate that there is
negligible Paraquat oxidation on the SnO>-Sb prepared electrode. The electrochemical

window of this electrode goes from 0.25 V to 1.7 V.

Figure 3.2.2b shows the voltammetric response for the SnO>-Sb-Pt (3%) prepared
electrode, in which we can observe that, similarly, to the SnO2-Sb prepared electrode, it
seems to be negligible evidence of Paraquat oxidation. However, when the graph is
zoomed, a small increment in current can be observed at 1.3 V when Paraquat is present,
which may indicate the beginning of a oxidation process on the low amount and
amorphous platinum film on the SnO»-Sb-Pt (3%) electrode. Figure 3.2.2c shows the
cyclic voltammograms for the SnO»-Sb-Pt-13% prepared electrode, when the Paraquat
solution was used, there is small evidence of the oxidation process of Paraquat at 1.0 V.
This indicates that the oxidation process is catalized in the presence of a large amunt of

platinum present on the SnO2-Sb-Pt (13%) electrode.
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Figure 3.2.2. Cyclic voltammetry of a) SnO»-Sb prepared electrode, b) SnO,-Sb-Pt3% prepared electrode,
¢) SnO,-Sb-Pt-13% prepared electrode in the absence and presence of 200 ppm Paraquat. Supporting
electrolyte = 0.5 M H,SO4. Refence electrode = Ag/AgCl/3 M KCI. Scan rate = 50 mV/s.

3.2.3.2 Electrolysis experiments

The electrocatalytic response of the electrodes towards paraquat degradation was
evaluated under galvanostatic conditions by following the evolution of Paraquat

concentration and TOC upon the treatment time.

Figure 3.2.3 represents the UV spectra of diluted aliquots taken at different times. In
general, the different spectra showed an absorption band centered at 256 nm that is
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characteristic of Paraquat in H>SOs medium. The position of this band remained
practically constant during all the experiments and for all the studied electrodes, what

agrees with the registered negligible changes in pH (Figure 3.2.4a).

Nonetheless, a progressive decrease in the band intensity with the treatment time was
generally observed for all the electrodes (Fig. 3.2.4a). This decrease in band absorbance
can be associated to paraquat oxidation. In fact, according to voltammetric results
(Figures 3.2.1 and 3.2.2), the electrode potentials registered during all the experiments,
all above +2.50 V (vs. Ag/AgCl/Cl-(Sat.)) (Figure 3.2.4b), were enough high to oxidize
paraquat. Then, the obtained results unequivocally indicated that all the anodes were

active to electrooxidize paraquat at the studied conditions.

Apart from these similarities, the comparison between Figures 3.2.3a and 3.2.3b point
out that the Ti/Pt and Si/BDD anodes presented distinct behaviors. Thus, the rate in
absorbance decrease for the Ti/Pt anode was found much lower, and this electrode
displayed a progressive rise of a new band at ca. 320 nm that was not observed for the

Si/BDD.

The Paraquat degradation process started with an injection of a 200 ppm Paraquat/ 0.5
M H>SOq solution into the filter press electrochemical cell system containing the Ti/Pt
commercial electrode; it showed upward increments in Paraquat concentration at 5 min,
90 min and 180 min of electrolysis. It also decreased thereafter. For the BDD commercial
electrode, there was also an upward increment in concentration at 120 min of electrolysis;
however, it showed a higher degradation activity/efficiency compared to the other three
electrodes. For the SnO2-Sb-Pt -3% prepared electrode showed only an upward increment
in concentration at 30 min and decreased thereafter. The other electrode with good
degradation activity/efficiency was the SnO»-Sb-Pt -13% prepared electrode, the Paraquat
concentration decreased constantly, this may be due to the higher proportion of platinum
on the electrode. The increases in apparent Paraquat concentration may indicate the
presence of a mixture of degradation byproducts, which also absorb at similar
wavelengths. We can also observe that the SnO>-Sb-Pt -13% prepared electrode and the
BDD commercial electrode did not exhibit much fluctuations in the apparent Paraquat

concentration, which may indicate good stability of the electrodes over time. Platinum
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and BDD are well known materials that have been used to perform electrolysis of various
organic molecules. In figures 3.2.3a and 3.2.3d, there are also some absorption bands near
320 nm, with increasing intensities during the electrooxidation process of Paraquat, these
responses may correspond to quinone family molecules and some organic acids which
are less toxic intermediates [20, 24]. This indicates that electrodes with higher platinum
presence can oxidize Paraquat, however, they are not efficient enough to mineralize
completely this molecule as shown in figure 3.2.5 (TOC values). Additionally, the
hydroxyl groups formation on the electrodes without or low presence of platinum, also
generates quinones formation and additionally, these hydroxyl groups are capable to
break this aromatic molecule, thus contributing kinetically to the whole process when

platinum is present on the electrode surface.
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Figure 3.2.3. Evolution of paraquat UV spectrum with time during the galvanostatic oxidation of a 200

ppm sodium paraquat + 0.5 M H>SO4 aqueous solution with different anodes. j = 50 mA c¢m™

The pH behavior during the Paraquat degradation process on the SnO»-Sb and SnO»-
Sb-Pt-13% prepared electrodes and the Ti/Pt and BDD commercial electrodes is shown
in Figure 3.2.4a, being 5 the initial pH of the 200 ppm Paraquat/0.5 M H2SO4 solution.
After the process started, fluctuations between 0.1 and 0.9 pH were observed, which may

indicate some byproducts generation.
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A curve of electrolysis voltage (V) vs. time is presented in Figure 3.2.4b. A current of
1A was applied for 300 min, and the voltage was monitored, to observe the variation and
stability over time for all electrodes. This figure shows a decreasing behavior of voltage
for SnO»-Sb-Pt-13%, electrode, indicating that they are stable during the electrolysis
process. However, for the SnO»-Sb electrode the voltage increased gradually up to 180
min of electrolysis; after this time, it increased more quickly, indicating electrode

deactivation due to the value of the applied current.

This behavior is consistent with the cyclic voltammetry results for these electrodes
which were performed before the filter press electrochemical cell assembly was used for
the Paraquat degradation, cyclic voltammograms were performed for each of the prepared
and commercial electrodes (20 cm?) in 0.5 M H>SO4 to determine the working potential

window vs. Ag/AgCl reference electrode, in a cell of 1 L of capacity.

Figure 3.2.4c also shows a voltammogram with a 0.55 V to 1.6 V potential window
for the SnO2-Sb prepared electrode after an electrochemical cleaning in the three-
electrode electrochemical cell. In this figure, the current increased at 1.6 V, indicating the
oxygen evolution reaction on the electrode surface. After this analysis, the SnO»-Sb

prepared electrode was ready to be used in the filter press cell.

The stability of the SnO,-Sb electrode after the electrolysis process can be confirmed
by the cyclic voltammogram showed for this electrode. Voltammetric analysis were
performed on SnO>-Sb and SnO»-Sb-Pt-13% electrodes after the electrolysis process to
observe any changes. Figure 3.2.4c and 3.2.4d show these results. SnO2-Sb and SnO»-Sb-
Pt-13% prepared electrodes show slight variations in current background and potential
window. The cyclic voltammograms of SnO»-Sb electrode showed a decrease in the width
of the current background due to the electrode instability and possible surface
deformation, which could indicate the surface modification of the electrode due to its
instability, as we observed in the previous section, and/or by the presence of byproducts

from the Paraquat oxidation adsorbed on the electrode surface (Figure 3.2.4c).

Figure 3.2.4d shows the voltammogram of the SnO»-Sb/Pt-13% prepared electrode in

a 0.5M H>SOs before the Paraquat degradation process; this electrode was also,
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electrochemically cleaned by applying 10 mA anodic current for 5 min. The
voltammogram shows responses corresponding to the presence of platinum on the

electrode (Pt oxidation at 0.88 V and Pt reduction at 0.42 V).

The voltammetric response of the SnO>-Sb-Pt-13% prepared electrode after the
degradation process is also shown in Figure 3.2.4d, this cyclic voltammogram shows that
the current background is slightly wider than that for the electrode before the process (~
+40 mA). This slight change in the current background indicates a certain stability of the
electrode. The electrochemical activation related to platinum activity after the electrolysis
processes are well developed and defined, as is shown in the cyclic voltammogram the
current background is the same and the current peaks related to platinum are more intense

at 0.88 and 0.42 V, which indicates the good stability of the electrode after the Paraquat

electrolysis process.
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Figure 3.2.5a shows the decrease of Paraquat concentrations for each electrode, where
the commercial BDD electrode was the material that electro catalyzed more efficiently
the reaction, followed by the SnO»-Sb-Pt -13% prepared electrode then the prepared
SnO»2-Sb-Pt -3% electrode and finally the Ti/Pt commercial electrode showing a low
electrocatalytic activity. This activity can be confirmed with the calculations showed in
table 1, where the Paraquat oxidation process, followed by UV-vis, shows the percentages
of oxidation at 3h and 5 h and also a projection to 24 h. At 5 h, the Ti/SnO,-Sb-Pt(13%)
prepared electrode catalytic activity to Paraquat would be comparable to the commercial

BBD electrode and at 24 h, it would have similar efficiency.

Figure 3.2.5b shows a graph of TOC concentration results vs. time for the various
electrodes, this graph also indicates that the Paraquat concentration is decreasing during
the degradation process, same as the figure 5a, the most effective electrode is the BBD
commercial electrode, followed by the SnO2-Sb-Pt -13% prepared electrode; next the
SnO,-Sb-Pt-3% prepared electrode, and finally the Ti/Pt commercial electrode.
Additionally, Table 3.2.1 shows the percentage of TOC removal, which are in
concordance with the UV-vis results, the electrodes show the same tendency, where the

BBD commercial electrode is the most effective.
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Figure 3.2.5. Evolution of the (a) paraquat concentration (from UV) and (b) TOC with time for the different

anodes during the galvanostatic treatment at 50 mA cm2. Electrolyte = 200 ppm paraquat + 0.5 M H2SOs.
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Table 3.2.1. Effect of the anode on the removal efficiencies (%PQT, at 3, 5 and 24 h) and the pseudo zero-
order and first-order rate constants (at 3 h) for paraquat oxidation; and the TOC removal efficiency

(%TOC(5h)) at 5 h. j = 50 mA cm. Electrolyte = 200 ppm paraquat + 0.5 M H,SO..

Paraquat oxidation (UV) TOC
removal
(%)
Anode % PQTan % PQTisny % PQT(an Ko K; (s %
(mol/m?3s) TOCsn
Ti/Pt 25 30 75 2.03E-05 2.88E-05 3
Si/BDD 100 100 100 --- 5.51E-04 91
Ti/SnO2-Sb-Pt(3%) 35 40 95 3.39E-05 3.36E-05 14
Ti/SnO2-Sb-Pt(13 %) 40 50 100 5.24E-05 3.13E-05 21

3.2.4 Conclusions

The SnO;-Sb prepared electrode did not exhibit any clear evidence for Paraquat
oxidation, according to their characterization in the three-electrode electrochemical cell.
However, the SnO2-Sb-Pt-3% , SnO2-Sb-Pt-13% prepared electrodes and the Ti/Pt and
BDD commercial electrodes showed signals for Paraquat oxidation, within various
magnitudes. Taking into consideration that the SnO2-Sb-Pt13% electrode was prepared
in the laboratory, it showed to be comparable to the commercial electrodes.

The SnO»>-Sb-Pt-13% prepared electrode showed a good stability during the
degradation process of Paraquat, most likely due to the presence of platinum, since the
behavior observed in the cyclic voltammetry curves obtained before and after the
degradation process of this electrode were similar; however, for the SnO2-Sb prepared
electrode, the cyclic voltammograms were quite different, due to the modification of the

electrode surface.

According to the UV-Vis and TOC analysis, decreases in Paraquat concentration were
achieved by all electrodes. However, the prepared electrodes SnO>-Sb-Pt-3% and SnO»-
Sb-Pt-13%, exhibited better behavior in the oxidation reaction than for the Ti/Pt

commercial electrode. This behavior may be due to the catalytic activity for Paraquat
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oxidation and taking into account the stability of prepared electrodes observed in the
monitored potential during the degradation process, it may be attributed to the presence

of platinum.

Finally, the SnO>-Sb-Pt-13% prepared electrode is comparable, in catalytic activity
and stability in time to the commercial electrodes used in this study, as for the case of
BBD commercial electrode, which demonstrates to be the most effective electrode for
Paraquat oxidation, however, this electrode is fragile and expensive, these characteristics
make its application almost impossible for this kind of processes. Our findings in the
catalytic activity of SnO2-Sb-Pt-13% prepared electrode, as well as its stability in time
and after the Paraquat oxidation process, an easy preparation process, and reduced

materials cost, make it a promising electrode material for real applications.
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3.3 The Generation of Hydroxyl Radicals and Electro-oxidation of Diclofenac on Pt-
Doped SnO2-Sb Electrodes

3.3.1 Introduction

Diclofenac, a nonsteroidal anti-inflammatory, analgesic, and antipyretic drug, is one of
the most widely available pharmaceuticals worldwide [1]. Considering the continued
release, biodegradation resistance and persistence [2-7], and/or toxic effects [8-11] of
diclofenac, it is necessary to develop new methodologies for its elimination.

Various technologies have been proposed and reviewed for the removal of diclofenac
[2,12-16]. Based on the generation of physisorbed hydroxyl radicals ("OHs), the anodic
oxidation of pollutants constitutes probably the simplest advanced oxidation process
(AOP) [17-20] and, thus, one of the most promising methods for the degradation of this
drug [21]. This technology gathers several advantages to remove toxic biorefractory
organic compounds [22]. However, its feasible application relies on the nature of the
anode, which determines the efficiency and selectivity of the oxidation process, and the

cost and durability [17-20,23].

To now, there are few studies on the anodic oxidation of diclofenac and most of them
have been carried out with the Boron-Doped Diamond (BDD) anode [24-27],
demonstrating its capability to full mineralization and toxicity reduction. Despite its good
performance, the practical utilization of the BDD is limited by its high cost and fragility
(because it is generally supported as a thin film on silicon wafers). On the other hand,
other electrodes, like Pt [25,28], PbO2 [27] and carbon materials [24,28], were also
investigated for diclofenac oxidation.

Exhibiting a high overpotential for the oxygen evolution reaction (OER), non-active
SnO»-Sb anodes constitute a promising cheaper and efficient alternative for the electro-
oxidation of pollutants [17,29,30]. It was found that the incorporation of a small
percentage of Pt (3-13 metal atomic percent (at.%)) remarkably increases their short
service life [31,32] and their catalytic activity for phenol degradation [33,34] in different
electrolytes. Hence, both fundamental and practical studies on the electrocatalytic

properties and potential applicability of these anodes have aroused great interest.
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It is generally assumed that the performance of a given anode towards the electrochemical
abatement of organic pollutants is correlated with its capability to generate oxidizing
‘OHs. Then, considering the observed catalytic effects of Pt [33,34], a promotion of "OHs
generation would be expected by incorporating Pt into the SnO»-Sb anodes. Nevertheless,
in a recent study [35] the electrocatalytic effect of Pt has been associated to a strong
specific adsorption of phenol on Pt/PtOx sites. Despite this controversy, the influence of
Pt doping on the capability of SnO2-Sb anodes to produce ‘OHs has been never
investigated. Moreover, the catalytic activity of Pt-doped or undoped SnO»-Sb anodes for

the electro-oxidation of diclofenac has been never explored.

This work presents a study on the electrocatalytic activity of various Ti/SnO2-Sb anodes
towards the generation of "OHs and the oxidation and mineralization of diclofenac, as one
of the most important pharmaceuticals, in neutral medium. The effect of the Pt content
on the SnO2-Sb coating is investigated. For comparison purposes, the performance of
Ti1/Pt and BDD commercial anodes has been also analyzed. Considering that the anodic
removal of diclofenac is a complex reaction, involving various concurrent
electrochemical processes, the catalytic activity of the different anodes was studied by
different techniques, such as cyclic voltammetry (CV), in-situ UV spectroelectrochemical
measurements and galvanostatic electrolysis, and by using different fixed electrochemical

conditions.

These conditions were selected with the intention of better discerning the electrocatalytic

response of the electrodes, without optimization of the experimental conditions.

3.3.2. Experimental

In the course of diclofenac removal by anodic treatment, three main electrochemical
processes may occur simultaneously on the electrode surface: (i) the direct oxidation
without mediation of "OHs; (ii) the mediated oxidation involving the generation of "“OHs;
and (ii1) the OER. Thus, in order to provide a comprehensive picture of the
electrocatalytic activity of the electrodes, these coupled processes were studied
concurrently and separately. The first two reactions have been individually studied by CV

and in-situ UV spectroelectrochemical measurements, respectively. Studies on the OER
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were previously reported [31,32,36]. The complex reaction, diclofenac removal, was
investigated by galvanostatic electrolysis. It is noteworthy to remark, then, that the
electrochemical conditions used to better decouple the processes in CV and in-situ UV
techniques were different and, therefore, did not try to be representative of those of the

galvanostatic removal of diclofenac.

3.3.2.1. Electrode materials

Antimony and/or platinum doped tin oxide electrodes were prepared in our lab by
conventional thermal decomposition of the salt precursors (SnCl4x5H>0 (Aldrich), SbCl3
(Fluka) and H,PtCle (Aldrich) in acidified absolute ethanol (J.T. Baker) onto Ti substrate
in the form of mesh or plate INAGASA S.A.). The composition and nomenclature of the
studied electrodes was Ti1/SnO2-Sb-Pt(x%), with Sb = 13 at% and x = 3 and 13 at% Pt
(metal atomic composition); the Ti/SnO>-Sb electrode without Pt has been also studied.
Details on the preparation and physico-chemical properties of this type of electrodes can
be found in the literature [31,34-38]. The Ti/Pt mesh (INAGASA S.A.) and BDD
(S1/BDD, Adamant Technologies) plate electrodes were commercially supplied. Prior the
electrochemical measurements, all the electrodes (plates or meshes) were submitted to a

galvanostatic pre-treatment at 10 mA/cm? for 5 min to clean and stabilize the surface.

3.3.2.2. Electrochemical behavior towards diclofenac oxidation. Cyclic voltammetry
The electrocatalytic response of the different electrodes towards diclofenac oxidation was
studied by cyclic voltammetry. Moreover, a polycrystalline Pt electrode with well-known
electrochemical features, was used as model electrocatalyst to study the interaction of Pt
with diclofenac. Prior usage, the surface of this electrode was thermally cleaned and
subsequently protected from the laboratory atmosphere by a droplet of ultrapure water of
18.2 MQ cm obtained from a Milli-Q® Advantage A10 water purification system (Merck
Millipore).

The voltammetric measurements were performed in a conventional glass-made three-
electrode cell by using a VSP Biologic potentiostat (Bio-logic Science Instruments). 0.5
M NaxSO4 (Merck p.a.) solutions, without or with 200 ppm sodium diclofenac (Sigma-

Aldrich, molecular weight 318.1 g/mol), were prepared with ultrapure water and used as
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electrolyte. Since dissolved O: can affect the voltammetric response of the anodes,
especially when containing Pt species, the solutions were degassed by N> bubbling for 20
min prior characterization. A Pt wire and an Ag/Ag/C1"(3 M KCl) electrode immersed in
the same solution were used as counter and reference electrodes, respectively. A constant
scan rate of 50 mV s! was used to record the cyclic voltammograms and the current
densities were calculated by using the geometric area of the electrodes immersed in the

electrolyte (2 cm? for all the electrodes, instead of 1 cm? for the BDD anode.

The voltammetric charge associated to diclofenac oxidation prior the OER (Qoxia/Qbiank)
was used in this work to quantitatively estimate the capability/affinity of the different
anodes for the direct (non-"OH-mediated) oxidation of diclofenac [39]. This charge was
calculated by integrating the positive current in the potential range where the signal in the
presence of diclofenac overpasses that of the blank experiment without diclofenac (Qoxia),
and normalizing by the charge of the blank experiment (Qpank), Within the same potential
range, to correct the contribution of a variant electrical double-layer (see details in the

Figure S1 of the Anexo 1 (SI).

3.3.2.3. Electrolysis runs

The capability of the different electrodes to electrochemically abate diclofenac was
explored by using galvanostatic experiments in an undivided filter-press cell, with a plane
electrode area of 20 cm?, operated in batch recirculation. A volume of 200 cm? of 200
ppm diclofenac + 0.5 M Na>SO4 aqueous solution was continuously pumped through the
cell and a jacketed reservoir for temperature control at 298 K during the experiment. The
aqueous solutions were made up with distilled water. The different electrodes in the form
of expanded meshes and the BDD plate were used as anodes and a stainless steel (310 L)
plate acted as cathode in all the experiments. A constant current of 1 A (current density =
50 mA cm™) was applied for 5 h of electrolytic treatment and different aliquots were
taken as a function of time to follow the extent diclofenac degradation. This current
density value was arbitrarily chosen to get a meaningful comparative response of the

electrodes within the Sh-experiments.
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The concentration and transformation of diclofenac was monitored by UV-vis absorption
spectroscopy (Jasco V-670 UV-vis-NIR spectrometer) over the wavelength range of 200-
400 nm (see the calibration data in the Figure S2 of the Annex 1) and the total organic
carbon (TOC) was measured in a TOC Analyser (Shimadzu). Moreover, the electrode
potential of the anodes was followed by using an Ag/AgCl/3M KCl reference electrode
externally connected with a luggin capillary. Respect to the electrolyte, no significant
changes on the solution pH were identified during the electrolytic experiments (see

section 3.3.), so pH monitoring or the use of a buffer were considered unnecessary.

The efficiency of the anodes for diclofenac oxidation (Ef fpiciof, in %) and TOC removal

(Ef froc, in %) have been calculated according to the following equations:

[Diclof]s—[Dicloflo

EffDiClOf = [DiClOf]O ve 100
(1
[Toc]fs—[TOC]
Effroc = [Tfo—c]o"x 100 (3.3.2)

where f and O refer to the final and initial concentrations, respectively, of diclofenac and
TOC. The mineralization current efficiency (MCE, in %) at a given time (¢, in s) was

calculated by using the following equation:
MCE = 2EV2099 4109 (33.3)
mit

where F is the Faraday constant (96485 C mol™'), V is the solution volume (L), 4(TOC)
is the TOC decay at a given time ([TOC], — [TOC],, in g L), m is the number of carbon
atoms per molecule of diclofenac (14 C atoms), / is the applied current (A), and n is the
number of electrons consumed for the mineralization of one molecule of diclofenac

assuming the following reaction [25]:

Ci4aH1oCI,NO; + 26 H,0 - 14C0O,+2Cl” + NH}Y + 58 HT +58e~  (3.3.4)
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3.3.2.4. Generation of hydroxyl radicals

The determination of the ‘OHs was carried out spectrophotometrically by means of the
reaction with N,N-dimethyl-p-nitrosoaniline (RNO), used as radical scavenger, at
constant potential [40,41]. The method is based on the direct relationship between the
generation of the 'OH radicals and the depletion of the RNO concentration (RNO
bleaching), which can be followed by UV spectroscopy. To do that, a conventional UV
cell was adapted to become a three-electrodes electrochemical cell for in-situ UV
electrochemical degradation of RNO (Figure 3.3.1a). The counter electrode (CE) was a
Pt wire and a wire of Ag acted as pseudo-reference electrode (RE), whereas the studied
anodes were used as working electrode (WE) with a exposed geometric area of 2 cm?,
instead for the BDD, working with 1 cm?. A calibration curve was made before the
experimental series by following the dependence of the absorbance band at A = 440 nm

of RNO with its concentration in a range of 2-50 uM (see Figure S3 in the Annex 1).

Figure 3.3.1b depicts the experimental set-up used for the electrochemical measurements.
Each WE was allocated into the electrochemical cell containing a 20 pM RNO aqueous
solution, and checking that the submerged electrodes do not block the pathway of the
light beam. Then the cell was placed inside a UV-Vis-NIR JASCO V-670
spectrophotometer and connected to an Origalys OrigaFlex500 Potentiostat-galvanostat.
The external connecting wires were passed through the equipment dark chamber door

without letting the external light to enter.

Before starting the electrochemical experiments, a UV spectrum was measured between
600 and 200 nm (labelled as O min) to check the initial conditions of the RNO solution,
ruling out any potential degradation of this compound during the time stored. In this
sense, if the starting band absorbance of the used RNO solution deployed more than 3%
from the controlled expected one, a new solution was prepared to start the experiment.

Once checked, a chronoamperometric method was programmed to the potentiostat by the
Origamaster software. A constant potential of 1.7 V (vs. Ag/AgCl/3M KCI) was settled
to be applied for 2 hours, taking a UV spectrum every 2 minutes during the first 10
minutes, and thereafter every 10 minutes. This potential was selected because it is above

(but not far from) the onset of the OER on the different Ti/SnO2-Sb (without and with Pt)

119



and Ti/Pt anodes (see below Figure 3.3.2). Larger potentials could be detrimental for this
experiment because of the promotion of the OER [42] and/or direct and over-oxidation
of RNO. In the case of BDD, a higher constant potential of 2.4 V (vs. Ag/AgCl/3M KCl)
was also tested. The resulting spectra were recorded in the PC by the Spectra ManagerTM
software. All the solutions used for calibration and electro-oxidation of RNO were
prepared with ultrapure water. Moreover, additional experiments were performed also at
constant current (from 5 to 50 mA/cm?) to confirm the trends found potentiostatically.
Nevertheless, these experiments were necessarily performed ex-situ because of the

constraints caused by strong bubbling in the in-situ set up.

E POWER
OTENTIOSTA Slipay

Figure 3.3.1 Scheme of (a) the electrochemical cell and (b) experimental set-up for the in-situ UV

spectroelectrochemical measurements.

3.3.3. Results and Discussion

3.3.3.1. Cyclic Voltammetry

The electrochemical behavior of diclofenac on the different electrodes was studied by
cyclic voltammetry. This analysis mainly encompassed the relatively low potentials prior
(and therefore excluding) the OER, thus, it enabled to decouple and study diclofenac

interaction and oxidation on the anode surface in the absence of "OHs.
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Figure 3.3.2 compares the voltammetric responses of the studied electrodes in the absence
and presence of diclofenac. Respect to commercial anodes, the negligible oxidation
currents observed for Ti/Pt in the presence of diclofenac (Figure 3.3.2a), resulting in a
normalized oxidation charge (Qoxia/Qpiank) close to 1 (Table 3.3.1), was indicative of a
poor catalytic response. However, two clear oxidation processes were discerned for BDD
(Figure 3.3.2b). In agreement with literature, the first process at ca. 0.95 V may be
associated to the direct electro-oxidation of diclofenac on the surface of BDD [23,43-46];
while the sharp current rise from 1.50 V, towards the potential range where the OER takes
place (see the voltammogram of BDD anode in the blank electrolyte), might involve the
‘OHs-mediated oxidation of diclofenac. The calculated Qoxia/Qpiank for these processes

was remarkably high, ca. 21, entailing a superb activity for diclofenac oxidation.

For the Ti/SnO»-Sb electrode without Pt (Figure 3.3.2¢), an anodic current rise is observed
above 0.5 V in the presence of diclofenac. Because it starts at ca. 1 V below the onset of
the OER, this process may be attributed to the direct (non-"OH mediated) electro-
oxidation of adsorbed and/or solution diclofenac. Such a direct oxidation has been also
observed on other metal oxide anodes [47-49]. Moreover, the diclofenac oxidation current
increased with the augment of Pt content in the Pt-doped T1/SnO2-Sb electrodes (Figures
3.3.2d and 3.3.2e). Thus, the normalized oxidation charge (Qoxia/Qpiank) for the electrode
without Pt (1.45) increased up to ca. 1.7 and 1.8 for the electrodes with 3 and 13 at.% Pt,
respectively (Table 3.3.1).
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Figure 3.3.2. Cyclic voltammograms of (a) Ti/Pt and (b) BBD commercial anodes and those of (c-e)

synthesized Ti/SnO,-Sb-Pt(x) with x = 0 (¢), 3 (d) and 13 (e) at. % Pt electrodes in the absence or presence
of 200 ppm diclofenac. Electrolyte = 0.5 M Na>SO,. Reference electrode Ag/AgCl/3M KCl.

Given the remarkable activity observed by polycrystalline Pt (see Figure S4 in the SI),

the obtained results are attributed to a significant interaction and oxidation activity of

diclofenac on the Pt present in the Ti/SnO2-Sb electrodes. Discrepancies with the case of

Ti/Pt may be explained by the different properties of Pt in these electrodes, prepared by
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completely distinct methods, which greatly affect the electrocatalytic activity of Pt

catalysts [50] (see further discussion in the Annex 1).

3.3.3.2. Generation of hydroxyl radicals

The capability of the different electrodes to generate hydroxyl radicals was related to the
kinetics of RNO bleaching followed by in-situ electrochemical UV spectroscopy. The
evolution of current density during the potentiostatic experiments can be found in the SI
(Figure S5). The absorbance at the wavelength of the maximum, i.e. the concentration of
RNO, started to decrease after applying the constant potential of 1.7 V on all the different
tested anodes (see as example the spectra of the different Ti/SnO»-Sb anodes in Figures
3.3.3a-c, and those of the other electrodes in Figure S6 of the Annex 1), according of the

following reaction:

RNO + *OH - RNO("OH) (3.3.5)

The concentration of RNO at a given time ([RNO]) was then calculated with the
calibration curve. It was observed that, in all cases, the variation of RNO concentration
followed an exponential-like decay, so it was fitted to a pseudo-first order kinetics

according to the expression:

RNO
Ln oo = —kapp € (3.3.6)

where [RNO], and [RNO] are the initial and time-dependent concentrations of RNO, and
k qpp refers to the apparent first-order rate constant for RNO concentration decay (Kqpp, =
[FOH] - k, assuming a constant “pseudo steady-state” concentration of ‘OHs during the
measurements). Considering that (i) the reaction rate of RNO with "‘OHs is very fast (ca.
1.25 x 10" M! s1); (ii) the bleaching of RNO is very selective to oxidation by *OHs; and
(111) the (direct) non-"OH -mediated oxidation of RNO may be negligible, as reported in
previous works (see the references [17,40]); hence, the rate constant for RNO

concentration (K4,,,) decay may approximate that for ‘OHs generation (K g, (‘OH)).
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The logarithm of the normalized RNO concentration was plotted versus the reaction time
(Figure 3.3.3d). As observed in the figure, in all cases the experimental data followed a
straight trend with R? > 0.99, validating the proposed kinetic model [41,42]. The apparent
rate constants for ‘OHs generation on the different anodes were deduced from the slope
of these kinetic plots and are collected in Table 1, and the current densities passing
through the different anodes follow the same trend (Figure S5 in Annex 1). As it can be
observed, at 1.7 V the fastest generation of ‘OHs was observed on the Ti/SnO»-Sb and
BDD anodes with apparent rate constants of 0.0130 and 0.132 min!, respectively. These
results agree with literature, which generally attributes a higher capability to produce
‘OHs to non-active anodes [17-20,23]. Nevertheless, it is worthy to mention that the
geometric are of the BDD was the half that of the Ti/SnO2-Sb. Moreover, it can be inferred
that 1.7 V, the potential used for comparison, is not a too high potential for BDD. Thus,
a spectroelectrochemical test of BDD carried out at 2.4 V (vs. Ag/AgCl/CI"(3M)) showed
that the rate constant considerably increased to 0.0161 min' (Table 3.3.1). On the
contrary, Ti/Pt exhibited the slowest rate for ‘OH generation (Table 1) [51]. This result is
in line with the comparatively poorer performance of this anode to electro-oxidize

refractory organics [17,20].

The incorporation of Pt into the SnO2-Sb anode decreases the rate constants for ‘OH
generation (Table 3.3.1). This is a new interesting result that cannot be expected from the
literature, since Pt doping was found to thermodynamically and kinetically promote the
OER [35,36], and the electrocatalytic activity towards organics oxidation [33-35].
Considering the mechanism proposed by Comninellis et al. [17], which regards the "OHs
as reaction intermediates for both the OER and organic oxidation, and the changes on
kqpp observed in this work, it is hypothesized that the presence of Pt may alter (weaken)
the physisorption strength of ‘OHs (reduce the potential needed) to form O> or react with
organic molecules, but not the rate of "“OH formation (water discharge). In other words,
the promotion and acceleration of OER and/or organic oxidation induced by Pt may come
from destabilization of surface-"OHs, instead of a faster “OHs generation. This agrees with
the true electrocatalytic effects observed for Pt doping on the OER and phenol electro-

oxidation [35].
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Figure 3.3.3. (a-c) UV absorption spectra of aqueous RNO (2 x 10~ mol dm™) obtained at 5 min intervals
during 2 h potentiostatic electrolysis with different SnO,-Sb anodes at 1.7 V (vs. Ag/AgCl/3M KCl); and
(d) the pseudo-first order kinetics (linear plots) of RNO degradation for determination of the apparent rate

constant (kg,,) for "OHs generation on the different anodes.

The found trend in ‘OHs generation rate over the different anodes was confirmed by
carrying the experiments at different constant current densities, observing larger
differences in reaction rates at higher current densities (figures not shown). Nevertheless,
these experiments did not enable to calculate accurate rate constants because of a

promoted OER [42].

3.3.3.3. Electrolysis performance

Finally, the response of the different electrodes to electro-oxidize diclofenac was also
tested under galvanostatic conditions in a flow electrochemical filter-press cell. The
diclofenac concentration was followed by UV spectroscopy. Figure 3.3.4 depicts the
evolution of the diclofenac absorption band centered at 275 nm during the electrolytic

experiments with the different electrodes.
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Figure 3.3.4. Evolution of diclofenac UV spectrum with time during the galvanostatic oxidation of a 200

ppm sodium diclofenac + 0.5 M Na>SO. aqueous solution with different anodes. j = 50 mA cm™.

In all cases, it is observed that the absorption band progressively decreases with time,
without any shift of its position. Considering the strong effect of pH on the wavelength
of the maximum absorption of diclofenac in UV spectra, this experimental fact may be
indicative of non-significant changes on pH during electrolysis. Thus, while the anodic
processes generate protons the cathodic ones produce base, so that the bulk pH remain
neutral. Nevertheless, the oxidation of diclofenac might occur in an acid local
environment, the local pH depending on the current density. Moreover, other bands are
not formed during the course of the electrolysis, indicating that the generated by-products

from diclofenac oxidation do not seem to interfere the UV analysis of diclofenac.
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Figure 3.3.5. Evolution of the (a) diclofenac concentration (from UV) and (b) COT with time for the
different anodes during the galvanostatic treatment at 50 mA cm. Electrolyte = 200 ppm diclofenac + 0.5

M NazSO4.

Figure 3.3.5a represents the calculated diclofenac concentration versus electrolysis time.
The generally observed decay in diclofenac concentration pointed out that all the tested
electrodes were effective to electro-oxidize diclofenac. Furthermore, the parallel decrease
in TOC (Figure 3.3.5b), together with negligible variations in the total inorganic carbon,
revealed that all the anodes can also mineralize this compound. The efficiencies for
diclofenac oxidation and TOC removals were determined from the initial and final
diclofenac and TOC concentrations, respectively, and are listed in Table 3.3.1. In
addition, Table 3.3.1 also collects the calculated values for the mineralization current
efficiency (MCE). These values did not exceed 10 % even for the most effective BDD
anode. Nevertheless, it is important to remark that the optimization of neither the

electrochemical variables nor current efficiencies was attempted in this work.

Respect to the concentration decays, they first followed a linear trend and became
exponential after ca. 1 h of experiment. These regimes were initially envisioned by the
kinetic model of Comninellis et al. [18,20,44,45] for the electrochemical combustion of
organics on ideally non-active BDD and observed also for the electro-oxidation of phenol
on different metal oxides including Pt-doped SnO-Sb [34]. Details of the model applied
for BDD and its derivation for non-ideal non-active electrodes can be found in these last
references. Then, the concentration decays during the first hour of experiments were fitted
to a pseudo zero-order kinetics:

[Diclof] = [Diclof]y — kot (3.3.7)
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and

TOC =TOC, — kgt (3.3.8)

while the data within 1-5 h of experiments were fitted to a pseudo first-order kinetics:

[Diclof] = [Diclof]o f exp (—kit + %) (3.3.9)

and

TOC =TOC, B exp (—kit + %) (3.3.10)

where [Diclof], and [Diclof] are the initial and time-dependent concentrations of
diclofenac; k, and k; correspond to the zero-order and first-order rate constants for
diclofenac oxidation; TOC and TOC, are the initial and time-dependent TOCs; k|, and k;
refer to the zero-order and first-order rate constants for TOC removal; and f is a
dimensionless parameter depending on the applied and limiting current densities and the
initial current efficiency, and reflects the condition at which the change from pseudo-zero
to pseudo-first order regime occurs [34]. The plots of [Diclof] or In[Diclof] versus time
were successfully fitted into straight lines with R? > 0.99 for all the studied anodes, thus,
validating the application of the kinetic models. The rate constants were calculated from

the slopes of these linear fittings and collected in Table 3.3.1.

Figure 3.3.5 shows that, as expected, BDD was the best anode to oxidize and mineralize
diclofenac. This electrode reduced 100 % of diclofenac and 87 % of TOC in only 1 h, and
enabled to reduce 100 % TOC in less than 3 h. These results agree with the extraordinary
performance shown by this electrode to mineralize several organic pollutants [23-26,43-
46]. Although it has been proved that it can directly oxidize diclofenac (section 3.3.3.1),
the superior performance of BDD during electrolysis is mainly attributed to its facility to
rapidly generate a large amount of highly oxidizing ‘OHs (section 3.3.3.2). In fact, the
high potential of BDD during the electrolysis (+3.7 V vs. Ag/AgCl/C1° (3.5 M), average,
see Table S1 in Annex 1) may guarantee the generation of an enormous amount ‘OHs for
such a fast diclofenac electro-oxidation. Accordingly, the calculated rate constants for

diclofenac oxidation and mineralization were remarkably higher compared to the other
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electrodes tested (Table 3.3.1). By contrast, Ti/Pt oxidized the 70 % of diclofenac and
eliminated the 33 % of TOC in 5 h, presenting the slowest reaction kinetics (Table 3.3.1)
and, overall, the worst performance among the studied anodes. This is in line with the
poor activity of this anode for diclofenac oxidation observed by cyclic voltammetry and
the slowest kinetics for producing ‘OHs (Table 3.3.1). It can be inferred, then, that this
electrode working at +2.6 V vs. Ag/AgCl/Cl'(3 M) (average) promoted the OER during

the electrolytic experiment.

Regarding the SnO>-Sb anodes, the performance of the SnO»-Sb without Pt was found
better than that of Ti/Pt. The faster reaction Kinetics on this anode (Table 3.3.1) resulted
in 83 % of diclofenac oxidation and ca. 40 % of TOC removal after 5 h treatment. This
better response can be assigned to the faster formation of ‘OHs (Table 3.3.1) and/or their
higher oxidizing power when they are produced on this non-active material (working at

2.65 V vs. Ag/AgCl/CI'(3 M)).

Table 3.3.1. Effect of the anode on the voltammetric oxidation charge (Qoxia/Qbiank); apparent rate constant
for "OH generation (kqy,(‘OH)) at 1.7 V (vs. Ag/AgCl/3M KCI); pseudo zero-order and first-order rate
constants and 5 h-removal efficiencies for diclofenac oxidation (kg, k) and TOC removal (ky, kq); and the

mineralization current efficiency (MCE) at 2 h, in 0.5 M Na,SOs.

(64 % ‘OHs Diclofenac oxidation (UV) TOC removal
Electrode  Qoxi/Oplank Kapp(OH)  Effpicioy 10%ky  10°ky Effroc 10* kg 10° k{ MCE
(min™) (%) (mol (s (%) (mol m” s (%)
m> st sh
Ti/Pt 1.05 0.0088 70 5.34 6.12 33 8.49 1.00 2.7
BDD 20.8 0.0132/ 100° 41.2 80.9 100 25.56 71.40 9.9
0.0161*
Ti/SnO,- 1.45 0.0130 83 5.44 9.36 38 10.41 0.95 3.1
Sb
Ti/SnO,- 1.72 0.0113 90 7.29 11.7 53 12.32 1.96 4.0
Sb-
Pt(3%)
Ti/SnO,- 1.76 0.0110 91 10.2 12.7 61 15.82 2.51 5.1
Sb-
Pt(13%)
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Figure 3.3.5 demonstrates that the introduction of Pt improves the electro-oxidative
response of the Ti/SnO>-Sb anode under galvanostatic conditions. Thus, with the
introduction of 3 and 13 at.% Pt, the diclofenac oxidation efficiency increases up to 89
and 91 %, respectively, and that for TOC removal reaches relatively high values of ca. 53
and 61 %, respectively. Similar trends were found for the values of the mineralization
current efficiencies for the different anodes (for example, see those calculated at 2 h
provided in Table 3.3.1), remarking the intermediate performance of Ti/SnO»-Sb-Pt

anodes between those of expensive commercial anodes.

The effect of Pt on the electrocatalytic response of Ti/SnO2-Sb anodes found for
diclofenac oxidation has many similarities with that previously observed for phenol [33-
35]. Independently of the electrolyte, in both cases Pt improves the direct (non-"OHs-
mediated) oxidation of the pollutant prior OER and the pollutant removal by galvanostatic
treatment, at least up to 3 % Pt. However, important differences can be found too,
especially for galvanostatic treatments. First, in H2SO4 the electrode with the highest
amount of Pt (Ti/SnO»-Sb-Pt (13%)) showed the lowest activity for phenol oxidation and

mineralization [33], but it is the best one for the case of diclofenac in Na>SOs (Fig. 3.3.5).

Second, phenol and diclofenac in basic [34] and neutral medium (Figure 3.3.5),
respectively, have exhibited a change from pseudo-zero to pseudo-first order kinetics,
while phenol in acid electrolyte showed a first-order regime during the whole electrolytic
treatment, even for initial concentrations as high as 1000 ppm [33]. These varying results
and effects may be explained by the relative contribution of the different processes
involved, such as the pollutant-surface interaction/oxidation and the “OH generation, at

which the structure of the pollutant and the pH of the medium may play a relevant role.

To explain the influence of Pt on the electro-oxidation of phenol in alkaline conditions,
the specific adsorption of phenolate ions on Pt/PtOx was proposed to facilitate their
reaction with highly oxidizing *OHs formed on the SnO»2-Sb matrix [35]. However, the
distinct rate for ‘OHs generation was not studied. Interestingly, the present work
demonstrates that Pt incorporation slows down the rate for ‘OHs generation in neutral
medium (Table 3.3.1). Then, the better response of these electrodes for diclofenac

removal can be attributed to the promoted interaction of diclofenac with surface Pt species
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(observed by cyclic voltammetry, section 3.3.3.1), which could be even stronger than that
with phenolate. In fact, previous studies on the electrochemical behavior of organic acids
on Pt surfaces demonstrated a strong interaction and/or adsorption of these molecules
through their carboxylic group [52,53]. Hence, it is hypothesized that the superior
performance of Pt-doped SnO»-Sb anodes towards diclofenac oxidation may be due to a
strong interaction of diclofenac with Pt facilitated by the carboxylic group in this
pollutant. Nevertheless, it is noteworthy to remark that all these hypotheses are based on
the observation of voltammetric experiments and/or indirectly deduced from performance
parameters, so that the use of additional or coupled powerful techniques are necessary to

provide stronger evidence.

3.3.4 Conclusions

The voltammetric and galvanostatic study presented in this work demonstrates that
Ti/SnO>-Sb anodes, with or without Pt, can efficiently oxidize and mineralize diclofenac.
The good performance of these electrodes has been voltammetrically observed at
potentials below the OER, where they can directly oxidize diclofenac, as well as at high
potentials during electrolysis experiments, where the oxidation is mainly mediated by

hydroxyl radicals concurrently to the OER.

The calculated voltammetric oxidation charges, and the efficiencies and rate constants for
diclofenac oxidation and TOC removal indicate that the incorporation of small amounts
of Pt (3-13 at.%) remarkably enhances the performance of Ti/SnO>-Sb anodes for
diclofenac abatement (apart from other benefits, such as an enhanced service life [31,32]).
Interestingly, this electrocatalytic effect on diclofenac removal is observed even though
the Pt doping partly hinders the generation of "‘OHs, what supposes a completely new
finding that contradicts what would be expected from the literature. From the observed
strong interaction and good oxidation activity of diclofenac on polycrystalline Pt, the
enhanced response of Pt-doped Ti/SnO:-Sb anodes is assigned to an effective Pt-
diclofenac interaction that may promote its oxidation directly and/or with the

electrogenerated "OHs.
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Comparisons with commercial anodes under similar experimental conditions show that
the performance of the Ti/SnO>-Sb anodes lies in between those of Ti/Pt and BBD. The
obtained results, hence, enable to propose Pt-doped Ti/SnO>-Sb anodes as potential

cheaper alternatives to BDD for the elimination of pharmaceutics in wastewater.
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Annex 1

Generation of Hydroxyl Radicals and Electro-oxidation of Diclofenac

on Pt-doped SnO:-Sb electrodes
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Figure S1. Voltammetric areas integreted for the calculation of the charge associated to

diclofenac oxidation prior the OER (Qoxia/Qbiank). Example for the Ti/SnO»-Sb-Pt(13%)

anode.
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Figure S3. (a) UV spectra of differently concentrated RNO solutions; and the (b)

calibration curve for spectroscopic determination of RNO.

Electrochemical behavior of diclofenac on polycristalline Pt studied by cyclic

voltammetry
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Figure S4 shows the response of a polycrystalline Pt electrode, used as model
reference material, in the absence and presence of diclofenac. In the absence of diclofenac
(black dash line), the voltammogram presents the characteristic hydrogen adsorption-
desorption and reduction-oxidation peaks (H,, H;) as well as the Pt surface oxidation-

reduction (Pt,,, PtOx,.4) processes [1].

0.03
0.02

0.01 4
Sodium
Diclofenac O

“d ,” /
Cl
—— Cycle 1 H
—— Cycle 2
f Y Cycle 5
H, A PtOx,oq —— Cycle 10 Cl

,' - - - - Electrolyte

i (MA)

0.00

ONa
-0.01 4

.
:
:
e
i

-0.02 1

-0.03 { T T T T T T T ' 1
-1.0 -0.5 0.0 0.5 1.0 1.5

Ewe (V)

Figure S4. Successive cyclic voltammograms of a polycrystalline Pt electrode in 200
ppm diclofenac + 0.5 M Na>SO4 aqueous solution. Scan rate = 50 mV s™'. Refence

electrode Ag/AgCl/3M KCl.

In the presence of diclofenac (blue rigid line), however, the electrode shows a
reduced current and no oxidation processes during the first forward cycle from -0.8 to
0.25 V. This suggests the adsorption of diclofenac on the Pt surface within this potential
range. From 0.25 V, the anodic current rises and a defined oxidation peak (D,,) centred
at 0.68 V is clearly observed in the first cycle. Moreover, the overlapped processes before
and after the peak (pre and post, respectively) are indicative of other concurrent
oxidation processes. These processes are assigned to the non-"OH-mediated oxidation of
adsorbed and/or solution diclofenac and derived oxidation by-products on Pt and/or PtOx

surfaces.
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During the reverse cathodic scan, the peaks attributed to reduction of surface PtOx
species, centred at 0.32 V and -0.11 V, are remarkably affected, and only one cathodic
peak of intermediate intensity and potential (at ca. -0.05 V) is observed. Similar effects
were found with other organic compounds [2]. These effects may be assigned to changes
in the pH (acidification), in the proximity of the electrode surface, during the positive
scan as a consequence of the OER. This local acidity might also promote diclofenac
protonation, affecting the chemistry of electroactive species. Nevertheless, this local
acidification may be partly compensated by cathodic processes (hydrogen evolution
reaction) during the reverse scan. On the one hand, these voltammetric changes could also
indicate that the oxidation of surface Pt to PtOx during the forward cycle is influenced by
concurrent diclofenac oxidation, and/or that the oxidation products cause an effect on the
reduction process. In this sense, a progressive change on the electrochemical response of
the Pt electrode was observed during the second and successive cycles (red and green
rigid lines).

Particularly, the anodic peak at 0.68 V practically disappears in the 2nd cycle; the
pre-oxidation process becomes important in the 2nd and subsequently vanishes upon
cycling; and the relative intensity of the post-oxidation processes between 0.90 and 1.20
V increases. Moreover, the cathodic peak further shifts to -0.26 V and its intensity
progressively increases with the number of cycles. All these observations reflected a
significant interaction and effective oxidation of diclofenac and by-products on Pt,

making it a promising dopant for diclofenac oxidation.
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Differences in the electrocatalytic activity of the distinct Pt electrodes studied in this

work

This work shows the electrochemical response of three different types of electrodes
involving or containing Pt, namely Pt-doped Ti/SnO>-Sb anodes (target) and
polycrystalline Pt and Ti/Pt (for comparison purposes), and they exhibit quite different
response towards diclofenac oxidation. This is quite normal and expected, since it is well
known that the electrocatalytic activity of Pt catalysts is very sensitive to many factors,
highlighting surface cleanliness, defects and arrangement of Pt atoms; Pt crystalline
planes; dimensions and morphology of Pt phases; dispersion and surface area, etc. [3-5].
All these characteristics of Pt are mainly determined by the nature of the precursor and

the preparation and pre-treatment methods.

Accordingly, these electrodes have no similarity in response because they have

been prepared and pre-treated by different methods:

- As explained in the experimental section, for the polycrystalline Pt electrode
“Prior usage, the surface of this electrode was thermally annealed and cleaned and
subsequently protected from the laboratory atmosphere by a droplet of ultrapure water ...”
This thermal treatment is achieved by a blue flame at very high temperatures, enabling to
obtain a completely clean Pt surface with a characteristic surface atoms arrangement.
Such a clean electrode presents a highly active and easily reproducible electrochemical

response that makes it a model electrocatalyst for fundamental studies.

- On the contrary, the Ti/Pt electrode is a commercial product prepared by
electrochemical deposition of a thin film of Pt onto a Ti substrate. This constitutes the
feasible Pt electrode for practical application and cannot be thermally cleaned or annealed
by using the previous method, since the high-temperature flame would make Pt to react
with Ti support. Instead, this electrode is cleaned electrochemically (see details in the
experimental section), so that its different cleaning degree and/or atomic surface

arrangement may make this electrode considerably less active than polycrystalline Pt.
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- Finally, the physico-chemical properties of Pt-doped Ti/SnO:-Sb electrodes,
prepared by thermal decomposition of proper metallic salt precursors, have been reported
in previous papers [6-10]. Briefly, in these electrodes Pt/PtOx nano-/submicron domains
are uniformly spread out over a matrix of SnO2-Sb. Although both electrodes are cleaned
by a similar electrochemical pre-treatment, the distinct structure of Pt phase in the form
of small particles surrounded by such an effective matrix for ‘OH generation may be
responsible of the higher activity of Pt-doped Ti/SnO;-Sb electrodes compared to Ti-
supported bulk Pt films in Ti/Pt.

Table S1. Electrode potential of the different anodes and cell voltage reached during the
5h-galvanostatic oxidation of diclofenac at 50 mA cm. Electrolyte (0.2 L) = 200 ppm
diclofenac + 0.5 M NaxSOs.

Electrode Eanope Voltage (V)
(V vs. Ag/AgCl/3M
KCl)
Ti/Pt 2.57-2.68 4.9
BDD 3.89-3.77 6.0
Ti/SnO,-Sb 2.08-2.65 6.0-6.5
Ti/SnO,-Sb- 1.83-1.90 4.4
Pt(3%)
Ti/SnO,-Sb- 2.12-2.08 4.8
Pt(13%)
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Figure SS. Evolution of current density during in-situ UV potentiostatic electrolysis of
aqueous RNO solutions (2 x 10 mol dm™) with the different anodes at 1.7 V vs.
Ag/AgCl/CI'(3 M) and BDD at 2.4 V vs. Ag/AgCl/CI'(3 M).
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Figure S6. UV absorption spectra of aqueous RNO (2 x 10 mol dm™) obtained at 5 min
intervals during 2 h potentiostatic electrolysis with (a) Ti/Pt and (b) BDD at 1.7 V vs.
Ag/AgCl/CI'(3 M); and (c) BDD at 2.4 V vs. Ag/AgCl/CI'(3 M).
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CAPITULO 4

Conclusiones Generales
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A continuacion, se presentaran las conclusiones generales de esta Tesis Doctoral, y que
se han discutido en los capitulos anteriores. Asi, las condiciones experimentales del
estudio de la oxidacion de los contaminantes emergentes estudiados en esta Tesis Doctoral
usando los anodos de oxido de estafio, fueron las adecuadas para evaluar la actividad
electrocatalitica y la eficiencia de estos electrodos. Se pueden, por tanto, concluir lo

siguiente:

¢ Bajo las condiciones experimentales estudiadas, se puede concluir que los
electrodos de Ti/SnO; -Sb dopados con Pt (3-13%) son capaces de oxidar y
mineralizar los contaminantes emergentes estudiados (diclofenaco, glifosato y

paraquat) en mayor o menor medida.

¢ El electrodo de titanio platinizado (Ti/ Pt) ha sido el menos eficiente de los
electrodos estudiados en la oxidacion de los contaminantes emergentes
estudiaods. Y el electrodo de diamante dopado con Boro (Si/ BDD) ha sido el

electrodo mas eficiente.

« El electrodo de Ti/SnO, —Sb sin platino es menos eficiente que el que contiene
platino, ademads se desactiva durante el proceso, por lo que no es un electrodo
adecuado para esta aplicacion, por lo que hay que mejorar la estabilidad del mismo

sin cambiar su actividad electrocatalitica.

*» Los electrodos de Ti/SnO, —Sb-Pt (3-13%) son unos electrodos mas eficientes de
los electrodos preparados, la presencia de Pt en su estructura le brinda mayor
estabilidad y mantiene la actividad electrocatalitica del electrodo de Ti/SnO»-Sb.

¢ El estudio de la generacion de radicales hidroxilos ha demostrado que los
electrodos que producen mayor cantidad de estos radicales siguen el siguiente

orden:

Ti/Pt < Ti/SnO; —Sb < Ti/SnO; —Sb-Pt (13%) < Ti/Sn0, —Sb-Pt (3%) < Si/BDD
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En esta secuencia se muestra que el electrodo de Si/BDD genera la mayor cantidad
de radical hidroxilo seguido de los electrodos de Ti/SnO2> —Sb-Pt (3%) y (13%),
siendo el Ti/Pt el que menos radicales produce. Esta tendencia esta de acuerdo con
la actividad electrocatalitica de estos electrodos en la eliminacion de los

contaminantes estudiados (diclofenaco, glifosato y paraquat)

% Sin embargo, el estudio de la generacion de radicales hidroxilos muestra que la
interaccion Pt — SnO; reduce la generacion del radical hidroxilo, sin embargo, la
presencia de Pt incrementa la estabilidad del electrodo en condiciones de

funcionamiento.

X/

¢ Los experimentos de espectroscopia in situ y voltametria ciclica, sugieren que la
presencia de Pt en los electrodos de SnO», produce la interaccion del glifosato con
el Pt, lo que permite mejorar su respuesta electrocatalitica. Este estudio debe de

completarse con los otros contaminantes emergentes (glifosato y paraquat).

« Comparando el alto costo y la fragilidad del electrodo de Si/BDD frente a
electrodos de Ti/SnO, —Sb-Pt (3-13%), que son mds econdmicos, estables, tienen
menor consumo energético, menores voltajes, buena actividad electrocatalitica, se
propone a los electrodos de Ti/SnO; —Sb-Pt (3-13%), como una alternativa viable
a los costosos electrodos Si/BDD en la mineralizacion de diversos contaminantes
emergentes en aguas residuales, tales como herbicidas y farmacos.

+¢ Para futuros estudios se propone estudiar la interaccion de Pt con el contaminante

emergente, y estudiar la interaccion con diclofenaco y paraquat empleando FTIR

in situ. Ademas, es necesario profundizar en los mecanismos que podrian mejorar

la actividad electrocatalitica.
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“Siempre parece imposible hasta que se hace”.

Nelson Mandela.
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