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Editorial

This special issue of the Boletin del Grupo
Espafiol del Carbon (Spanish Carbon
Group Bulletin) focuses on the role of
carbon materials in Advanced Oxidation
Processes (AOPs) for water treatments.
AOPs are defined as processes that involve
the in situ generation of highly potent
chemical oxidants such as hydroxyl radicals
(HO-) in sufficient and optimum quantities
to significantly enhance the oxidation and
destruction of a wide range of organic
pollutants in contaminated water and air.
These free radicals are highly reactive
species that can successfully attack most
organic and inorganic compounds with
very high reaction rate constants (105-10°
M- s). The numerous systems that can
produce these radicals (Table 1) account
for the high versatility of AOPs.

The progressive decline in water resources
intended for human use and the increase in
water consumption by industry, agriculture,
and populations pose a challenge to
conventional water treatment systems
and their existing technology. However,
conventional methods have proven unable
to cope with the continuous emergence of
new pollutants, prompting renewed research
efforts to address the removal of these
compounds from water reserves. More
effective, efficient, and specific technologies
for water treatment and pollutant removal
are required. There is also a need for
information systems, management
models, and support procedures for
decision-taking in order to rationalize water
consumption and wastewater generation by
integration and optimization strategies (e.g.
reutilization, recycling) successfully utilized
in engineering processes. Polluted water
can generally be treated effectively by
biological treatment plants using adsorbents
or conventional chemical treatments
(chlorination, ozonation, or permanganate
oxidation). However, these procedures are
sometimes unable to degrade pollutants
to levels that are required by law or are
essential for the subsequent use of the
effluent. Research over the past few years
has shown AOPs to be highly effective in
the oxidation of numerous organic and

inorganic compounds. AOP technologies
are especially useful to remove biologically
toxic or non-degradable pollutants such
as aromatics, pesticides, petroleum
constituents, pharmaceuticals, surfactants,
colorants, and volatile organic compounds
from wastewaters. Contaminant
compounds are largely mineralized, by
oxidation, into stable inorganic compounds
such as carbon dioxide, water, and salts.
One aim of the application of AOPs
in wastewater treatments is to reduce
chemical contaminants and water toxicity to
a sufficient degree to allow reintroduction of
the treated water into receiving streams or
into a conventional sewage treatment plant.

The combination of the high efficiency of
AOPs with the elevated adsorptive capacity
of activated carbon or other carbon
materials has recently been proposed as
a highly attractive alternative to traditional
AOPs. It has also been demonstrated
that, in some cases, these carbon
materials can act as initiators, promoters
or catalysts of certain AOPs, increasing
their effectiveness. Thus, a more effective
pollutant degradation and mineralization
and greater reduction in water toxicity were
obtained by the simultaneous utilization of
an AOP with a selected carbon material
than by the AOP alone. Moreover, in several
AOPs, carbon materials can be efficiently
used as electrodes (electrochemical
oxidation) or catalyst supports. This special
issue of the Boletin del Grupo Espafiol
del Carbén provides an update on these
novel roles of carbon materials in different
AOPs: 1.- Catalytic wet peroxide oxidation
(Authors: Prof. J. J. Rodriguez et al.). 2.-
Electrochemical oxidation (Authors: Prof.
E. Morallén et al.). 3.- Radiolysis (Authors:
Prof. M. Sanchez-Polo et al.). 4.- Ozonation
(Authors: Prof. M. F. R. Pereira et al.). 5.-
Heterogeneous photocatalysis (Authors:
Dr. C. O. Ania and Dr. L. F. Velasco). | am
grateful to all authors for their kind efforts
and excellent contributions to this issue.

José Rivera-Utrilla
Guest Editor

Table 1. Water treatment technologies based on Advanced Oxidation Processes

Non-photochemical processes

Photochemical processes

Oxidation in sub/supercritical water
Catalytic wet peroxide oxidation
Fenton’s reagent (Fe*/H,0,)
Electrochemical oxidation

Radiolysis

Non-thermal plasma

Ultrasound

Ozonation in alkaline medium (O,/OH-)

Catalytic ozonation

Ozonation in the presence of hydrogen peroxide (O,/H,0O,)

Photolysis of water with vacuum UV
UV/hydrogen peroxide

UV/ozone

Photo-Fenton

Heterogeneous photocatalysis
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Resumen

La Oxidacion Humeda Catalitica con Peroxido
de Hidrégeno (Catalytic Wet Peroxide Oxidation,
CWPO) constituye una tecnologia emergente para la
eliminaciénde contaminantesorganicosrecalcitrantes
de las aguas, especialmente de efluentes
industriales. Opera entre 25 y 130 °C y a presion de
1-5 atm, empleando H,0, como oxidante. El principal
reto de este proceso, que limita su implantaciéon
industrial, es el desarrollo de catalizadores sélidos
que combinen una buena actividad con una
estabilidad que permita mantenerlos en operacion
por largos periodos con una alta eficiencia en el
consumo de peroxido de hidrégeno. El presente
trabajo resume algunos de los resultados obtenidos
por el Grupo de Ingenieria Quimica de la Universidad
Auténoma de Madrid (UAM) en la aplicacion de esta
técnica con catalizadores basados en materiales
carbonosos, empleando fenol como compuesto tipo.
Los catalizadores ensayados van desde metales
soportados sobre carbén activado hasta los propios
materiales carbonosos por si mismos, incluyendo
negros de humo y grafitos. La voltametria ciclica ha
demostrado ser una técnica efectiva para evaluar la
actividad de estos materiales en CWPO.

Abstract

Catalytic Wet Peroxide Oxidation (CWPOQO) relies on
the oxidation of organic pollutants in water under
mild operating conditions (T=25-130 °C, P=1-5 atm)
using hydrogen peroxide as oxidant. It represents
an emerging technology whose main challenge,
currently limiting its industrial application, is the
development of catalysts capable of combining a
good activity along with an adequate stability for long-
term use and high efficiency of H,O, consumption.
This paper summarizes some of the results obtained
by the Chemical Engineering Group of Universidad
Auténoma de Madrid (UAM) on the application of that
technique with carbon-based catalysts using phenol
as target compound. The catalysts tested cover from
metals supported on activated carbon to bare carbon
materials including carbon blacks and graphites.
Cyclic voltammetry has been successfully used to
evaluate the activity of those materials in CWPO.

1. Introduccion

La utilizacién intensiva del agua en la industria y el
endurecimiento de los limites de vertido exigen el
desarrollo de tecnologias cada vez mas eficientes
para el tratamiento de los efluentes residuales,
especialmente en el caso de los contaminados
por compuestos organicos recalcitrantes. En este

sentido, los Procesos de Oxidacion Avanzada
(POAs), tratamientos en los que la materia organica
es oxidada por especies radicalarias (OH y "OOH)
en condiciones suaves de presion y temperatura
(T=25-130 °C, P=1-5 atm) constituyen una solucién
potencial. Debido a los costes asociados a las fuentes

empleadas (O,, H,O,, UV, etc.) para producir dichos
radicales, los POAs son aplicables, generalmente, a
niveles de contaminacién organica correspondientes
a valores de Demanda Quimica de Oxigeno (DQO)
bajos 0 moderados [1].

El proceso de Oxidacion Humeda Catalitica con
Peroxido de Hidrogeno (Catalytic Wet Peroxide
Oxidation, CWPOQ) constituye uno de los POAs mas
efectivos y econdmicos. Se basa en la generacion de
radicales hidroxilo e hidroperéxido (OH, ‘OOH) por
la descomposicion de peroxido de hidrogeno sobre
la superficie de un catalizador:

Cat +H,O, — Cat” + OH+ OH (1)
Cat” +H,O, — Cat + OOH+ H" (2)

El tema ha recibido un interés creciente en las dos
ultimas décadas, como demuestra la evolucion del
numero de articulos cientificos publicados desde
1996, cuando aparece el primer trabajo sobre este
proceso (Figura 1). Estos estudios estan dedicados
al tratamiento de diferentes compuestos organicos
téxicos y/o persistentes (i.e. fenol, derivados
nitrogenados, clorados fendlicos y colorantes)
mediante el empleo de diversos catalizadores sélidos
[2].

Los catalizadores empleados suelen estar
constituidos por una fase activa metalica anclada
a la superficie de un sélido poroso, siendo la mas
estudiada el Fe (50% de los trabajos publicados,
Figura 1), dada la elevada actividad que presenta
este metal en la versién homogénea del proceso,
bien conocido como oxidacion Fenton. Otras fases
activas, como Cu, Mn, Ni, Co y Au, han sido también
empleadas, ya que presentan potenciales redox que,
al igual que los del Fe, permiten la descomposicion
del H,0, en radicales -OH y OOH [3].

Los soportes cataliticos mas empleados son arcillas,
zeolitas, materiales siliceos, alumina y materiales
carbonosos. El empleo de estos ultimos ocupa el
13% del total de trabajos publicados relativos al
proceso CWPO (Figura 1), siendo el carbén activado
el mas utilizado. Esto es debido, por un lado, a sus
propiedades texturales y su quimica superficial y, por
otro, a su disponibilidad y economia en comparacion
con otros materiales. En menor medida, también
se ha estudiado el empleo de aerogeles, resinas
compuestas, nanofibras, nanotubos de carbén y
diamante [2].

El principal reto del proceso CWPO es el desarrollo de
catalizadores que combinen una buena actividad con
la estabilidad que permita mantenerlos en servicio
por un tiempo suficientemente largo, con una alta
eficiencia en el consumo de perdxido de hidrégeno
(N=X o1/ X 1,00)- Asi, Un buen nuimero de trabajos se
centra en la busqueda de estrategias para evitar o
minimizar su desactivacion [2]. Una de las causas
principales de la misma deriva de la lixiviacion de
la fase activa metdlica [4], como consecuencia




de un débil anclaje de ésta al soporte o al empleo
de condiciones de reaccién que la favorecen. La
deposiciéon de materia organica sobre la superficie del
catalizador contribuye también a su desactivacion,
aunque, en general, en menor medida.
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Figura 1. Evolucion del numero de publicaciones sobre el proceso
CWPO.

Figure 1. Trend in the number of publications relative to CWPO.

Una alternativa razonable para evitar este problema
es el empleo de catalizadores no metalicos, como
los materiales carbonosos, con propiedades redox
superficiales que permitan la descomposicion
del peréxido de hidrogeno. El 8% de los trabajos
publicados en este campo esta dedicado al empleo
de este tipo de materiales directamente como
catalizadores (Figura 1), siendo el carbon activado
(52%) y el grafito (15%) los mas empleados.

La preparacion de catalizadores basados en
materiales carbonosos, activos, eficientes y estables,
y su aplicacién en el tratamiento de aguas residuales
contaminadas por compuestos  persistentes
mediante el proceso CWPO, constituye parte
importante de la actividad investigadora del Grupo
de Ingenieria Quimica de la Universidad Auténoma
de Madrid, dentro de su linea de trabajo en el
ambito de la catalisis ambiental (www.ig-uam.es) . El
presente articulo resume algunos de los resultados
mas significativos centrados en la oxidacion de fenol
como contaminante representativo.

2. Resultados y discusion

2.1. Desarrollo de catalizadores metalicos
soportados sobre carbén activado

2.1.1. Catalizadores Fe/CA

Nuestros primeros estudios en este campo se
centraron en el ensayo de catalizadores de hierro
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Figura 2. Evolucion de la concentracion de fenol en la oxidacion con H,O, mediante catalizadores Fe/CA 'y Fe/C (a) e influencia de la
concentracion de acido oxalico sobre la lixiviacion de hierro (b).

Figure 2. Phenol conversion upon CWPO with Fe/AC and Fe/C catalysts (a) and Fe leached vs. oxalic acid concentration (b).
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soportados sobre un carbon activado comercial
(Merck ref.: 102514) por impregnacion a humedad
incipiente, utilizando nitrato de hierro como precursor
[5]. En un principio el catalizador se preparé utilizando
un 4% de fase activa y calcinandolo a 200°C. Los
resultados obtenidos (Figura 2) pusieron de manifiesto
una alta actividad catalitica en la oxidacion de fenol,
alcanzandose conversion completa del mismo, con
un grado de mineralizacion de hasta el 80% a pH
3y 50°C, con la cantidad estequiométrica de H,O.,.
Sin embargo, la formaciéon de acido oxalico entre
los productos de reaccidn provoca una importante
lixiviacion de la fase metalica, lo que conduce a una
rapida desactivacion del catalizador, que mantiene
una actividad residual en torno a un 40% de la inicial.

En un primer intento por mejorar la estabilidad del
catalizador, el soporte se traté con acido nitrico [6],
para propiciar la formacion de grupos oxigenados
superficiales que pudieran mejorarel anclaje de lafase
activa. Este tratamiento no afecta significativamente
a la estructura porosa del catalizador. Los resultados
obtenidos (Figura 2) indicaron un aumento
significativo de la velocidad de oxidacion, producto
de una mas rapida descomposicion del H,O,.
Este aumento de la actividad se debe a una mejor
dispersion del hierro en la superficie del catalizador.
Sin embargo, también aumento la lixiviacion del metal
debido a una mayor concentracién de acido oxalico
en el liquido, que forma un complejo con el Fe*, a
tenor de la relacién Fe/oxalato en la disolucion.

Otra de las opciones estudiadas para mejorar la
estabilidad del catalizador consistié en variar la
temperatura en la etapa de calcinacion (entre 150 y
300°C) que sigue a la de impregnacion [7]. Dentro
del intervalo ensayado, se observé que dicha
temperatura afecta a la naturaleza y distribucion
de los grupos oxigenados superficiales sin alterar
significativamente las propiedades texturales. La
actividad catalitica aumenta con la temperatura
de calcinacion (Figura 2), pero, paralelamente, la
estabilidad se ve de nuevo comprometida por la
formacién de acido oxalico. Similares resultados se
obtuvieron empleando distintos precursores para la
impregnacion de la fase activa [8].

El avance mas importante en esta linea se consigui6
con un catalizador (Fe/C) preparado por activacion
quimica de lignina kraft con FeCl, [9], que mostro una
menor actividad inicial pero con una alta estabilidad,
corroborada frente a disoluciones de acido oxalico

84 T T T T T T
[Fe] = 0,33 - [acido oxalico]
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sin lixiviacion apreciable de Fe, lo que permite operar
a temperatura mas alta, con el consiguiente aumento
de la actividad.

El procedimiento de preparacion incluye una etapa
inicial (lavado con acido sulfarico) para eliminar el
contenido en cenizas de la lignina, que se impregna
con FeCl,, (1:1 en peso) y se activa en atmosfera
inerte a 800°C durante 2 horas [10]. La menor
actividad inicial de este catalizador frente al Fe/CA
puede explicarse por su contenido en Fe mas bajo y
una menor accesibilidad de los centros activos debido
a su caracter casi exclusivamente microporoso.

2.1.2. Catalizadores Au/CA

Las nanoparticulas de oro inmovilizadas
sobre determinados soportes, ie. diamante
nanoparticulado, hidroxiapatita y carbdn activado
[11], se presentan como catalizadores interesantes
para CWPO, gracias a su elevada resistencia a la
lixiviacion y a sus propiedades redox, que permiten
catalizar la descomposicion de H,O, a especies
radicalarias:

H,O,+Au’ — +OH + OH  + Au" (3)
HO,+Au" —+O0OH + H* + Au’ (4)

Nuestro grupo ha estudiado la aplicacion de estos
catalizadores soportados sobre carbon activado
[11, 12, 13]. En estos trabajos se observé un
efecto sinérgico entre el oro y el soporte CA. Se
consiguié un mejor aprovechamiento del H,0,, que
permite obtener mayores grados de oxidacion y
mineralizacion, ya que el CA promueve la adsorciéon
de fenol en las proximidades de las nanoparticulas
de oro, disminuyendo, por un lado, la velocidad de
generacion de especies radicalarias, al reducir el
numero de centros activos disponibles, y, por otro,
aumentando la probabilidad de reaccidon entre los
radicales formados y las moléculas de fenol. El
estudio del efecto del tamafio de particula del oro en
la actividad del catalizador Au/CA en la oxidacién de
fenol (catalizadores preparados con distinto tamafio
de particula, por el método de impregnacién-secado)
permitid concluir que dicha variable presenta un
efecto muy notable, de forma que cuanto menor es el
tamafo de particula, mayor es la actividad especifica

[11].

Atendiendo a un consumo eficiente de perdxido de
hidrogeno, el empleo potencial de los catalizadores

12
t (h)

Au/CA debe limitarse al tratamiento de aguas
residuales con una carga organica relativamente
alta (C_ _=1-5 g/L) y con relaciones masicas
contaminante/catalizador también elevada (>0,4).

Bajo estas premisas, se desarrolldo y verifico un
modelo cinético que permite predecir las velocidades
de descomposicion de perdxido de hidrégeno vy
oxidacion de fenol en un amplio intervalo de pH
(3,5-7,5) [13]. El modelo incluye la desactivacion
del catalizador y el efecto de la temperatura. Su
formulacion se resume en las siguientes ecuaciones:

—E50,E5+1.66

Tuzon (Z222) =5.447 £258 - ¢~ AT

)

—45.7819.14

Tronot (22) = 61635 £34 -¢~ &7
(6)

La validez de dicho modelo se muestra en la Figura 3,

en la que se presentan los resultados experimentales

y predichos para la descomposicion de perdxido

de hidrogeno y la oxidacion de fenol en distintas
condiciones de operacion.
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La desactivacion del catalizador Au/CA es debida al
envenenamiento de la superficie de las particulas de
Au por la adsorcion de acidos organicos, productos
tipicos de oxidacion. Sin embargo, la actividad es
facilmente recuperable por un tratamiento térmico en
atmosfera de aire a baja temperatura (200 °C).

El catalizador Au/AC consigue, por tanto, superar
las principales limitaciones de otros catalizadores
s6lidos empleados en CWPO, ya que no se
produce la lixiviacion de la fase activa y promueve
un consumo eficiente de perdxido de hidrégeno
(n=0,9 a 80 °C); ademas permite trabajar con aguas
residuales con un amplio intervalo de pH (3,5 -7,5).
Sin embargo, para una completa eliminacién del
contaminante se requieren altos tiempos de reaccion
(22 h) y es necesario trabajar en ciclos de reaccion-
regeneracion. La principal ventaja de este catalizador
frente a otros estudiados en la bibliografia es que
resulta posible recuperar la actividad catalitica
facilmente. No obstante, no parece suficiente para
avalar, en la practica, su empleo en procesos CWPO
para la descontaminacion de aguas.

t(h)

Figura 3. Resultados experimentales (simbolos) y predichos por el modelo (curvas) para la oxidacion de fenol con H,0O, mediante el

catalizador Au/CA.

Figure 3. Experimental (symbols) and predicted (curves) results from CWPO of phenol with Au/CA.




2.2. Empleo de materiales carbonosos como
catalizadores

Una forma obvia de evitar los problemas derivados
de la lixiviacion de la fase metdlica en los
catalizadores para CWPO es prescindir de la misma.
En este sentido hemos investigado el empleo directo
de materiales carbonosos sin incorporacion de
componentes adicionales.

Se han ensayado tres tipos de materiales con
propiedades diferentes: carbones activados (CA-M,
ref.: 102514 y CA-P, ref.: 3108L), negros de humo
(NH-C, ref.: 2156090 y NH-V, ref.. CC72R) y
grafitos (G-S, ref.: 282863 y G-F, ref.: 1249167). Los
carbones activados son materiales amorfos, con
estructura porosa bien desarrollada y contenidos
variables de grupos superficiales oxigenados (GSO).
Por su parte, los grafitos son cristalinos, con bajo
desarrollo superficial y practicamente exentos de
GSO, mientras que los negros de humo presentan
propiedades intermedias entre ambos. Todos los
materiales estudiados presentan muy bajo contenido
en cenizas, exceptuando CA-M, con un 4% y G-S,
con un 0,5%, en este ultimo caso, correspondiente
muy mayoritariamente a hierro.

2.2.1. Actividad catalitica en la reaccién de
descomposicion de perdxido de hidrégeno

La voltametria ciclica, técnica de caracterizacion
electroquimica con la que pueden medirse las
propiedades redox de los materiales carbonosos,
permite predecir de manera rapida, econémica y
sencilla la actividad de los mismos en la reaccion de
descomposicion de perdxido de hidrogeno y poder,
asi, seleccionar potenciales catalizadores para el
proceso CWPO. El reciente trabajo de Dominguez y
col. [14] muestra que la corriente de intercambio del
proceso global (i ), parametro electroquimico mas
representativo, ya que engloba las reacciones de
oxidacién y de reduccion de peroxido de hidréogeno,
se relaciona de forma lineal con la actividad de
estos materiales, determinada por la constante
cinética aparente de descomposiciéon del peroxido
de hidrogeno, k, (Figura 4).
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Figura 4. Relacion entre la corriente de intercambio global (i)
y la constante cinética de descomposicion de H,O, (k,) para los
materiales carbonosos ensayados.
Figure 4. Relationship between the current exchange (i ) and the
H,O, decomposition (k,) for the carbon materials tested.
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2.2.1. Actividad, eficiencia y estabilidad de los
materiales carbonosos en el proceso CWPO

Los CAs son catalizadores eficientes en el proceso
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CWPO solo si se emplean en el tratamiento de aguas
contaminadas por compuestos con alta afinidad
por la superficie de los mismos, a concentraciones
de materia organica relativamente altas (1-5 g/L) y
relaciones de contaminante/carbon también altas
(p.e. C_ /C.....22) [19]. En estas condiciones, la
superficie especifica de los CAs queda cubierta
en una proporcion adecuada para conseguir una
velocidad de descomposicion del H,O, ajustada
a las necesidades del proceso. Por otro lado, las
moléculas de contaminante, al estar adsorbidas
sobre el carbon, resultan faciimente accesibles a
los radicales (-OH, -OOH) formados, aumentando
la probabilidad de reaccion. De este modo, se han
obtenido eficiencias de consumo de oxidante muy
altas (n=0,9-1), con una conversién practicamente
completa (>97% en el caso del fenol) y un alto
grado de mineralizacién (70%) tras 24 h de reaccion
(catalizador CA-P de la Figura 5).

Este material (CA-P) sufre wuna progresiva
desactivacion con el numero de ciclos de reaccidn
(de 24 h cada uno) como muestra la Figura 6,
debido a la adsorciéon de depodsitos carbonosos
sobre su superficie. No obstante, la actividad
se recupera facilmente mediante un tratamiento
térmico a 350 °C en atmésfera de aire. Por otro
lado, dicha desactivacion puede evitarse si los
depdsitos carbonosos son oxidados en el trascurso
de la reaccion. Esto es posible via intensificacion del
proceso CWPO, alimentando oxigeno y aumentando
la temperatura y presién de trabajo [16]. Los
resultados obtenidos en un reactor de goteo son muy
prometedores habiéndose alcanzado conversién
completa de fenol y una reduccion de COT del 70%
a tiempos espaciales de 160 g _h/g, . a 127 °C
y 8 atm con la dosis estequiometrica de perdxido
de hidrégeno. Se comprobé la estabilidad de este
catalizador durante 135 h de operacion en continuo,
aunque si se observaron algunos cambios en el
carbén, como una reduccion del area especifica y
un incremento importante de la concentracion de
grupos oxigenados en la superficie.

Dado que la desactivacion de los carbones
activados en el proceso CWPO esta estrechamente
relacionada con su capacidad de adsorcion, cabe
esperar que materiales carbonosos con menor
desarrollo superficial y, por tanto, menor capacidad
de adsorcién, como los negros de humo y los
grafitos, presenten una mayor resistencia a la misma.
Se estudié la actividad de NH-C y G-S en CWPO
de fenol (Figura 5) [17]. En las condiciones de
operacion empleadas, el catalizador G-S condujo a
mayores conversiones de fenol y COT (98% y 60%)
que NH-C (60% y 35%, a las 4 h de reaccién) como
consecuencia, en gran parte, de la contribucién
homogénea del Fe en disolucion, procedente de las
cenizas del carbon. Debido a ello, G-S mostré una
acusada pérdida de actividad del primer al segundo
ciclo (Figura 6). Por el contrario, NH-C se mantuvo
estable durante cinco usos consecutivos, con una
eficiencia en el consumo de peréxido de hidrogeno
superior a 0,9. Este material no contiene metales
en su estructura y presenta una baja capacidad de
adsorcion. Se observé un aumento de su actividad
en los primeros ciclos, gracias a un incremento del
contenido de GSO, que mejora la difusién de los
reaccionantes hacia los centros activos.
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Figura 5. CWPO de fenol con distintos materiales carbonosos. Condiciones de operacién: C

9IL, Cyp050=5 /L (NH-C y G-S), C_=2,5 g/L, T=80 °C, pH,= 3,5.

Figure 5. CWPO of phenol with different carbon materiales. Operating conditions: C

Cro,=5 O/L (NH-C y G-S), C_=2,5 g/L, T=80 °C, pH,= 35.

H202,0

NH-C [ Fenol
——cor

[IHO,

12 3 4Rg1 2 3 1
nr. ciclos

2 345

Figura 6. Estabilidad de los materiales carbonosos ensayados en
ciclos consecutivos de 24 h. Condiciones de operacién: C 1
g/L, C\p006=0 9/L, C_,=2,5 g/L, T=80 °C, pH = 3,5, t=4 h.

Figure 6. Performance of the carbon materials tested upon
successive experiments of 24 heachatC,  =1g/L,C =5glL,
C.=2,5glL, T=80 °C, pH,= 3,5 and t=4 h.

fenol,0

H202,0

Por lo tanto, NH-C ha demostrado ser un catalizador
activo, eficiente y estable para CWPO. El analisis
de las condiciones de operacion mostré que bajo
las mas adecuadas: C, =149/L,C_,,,=5d/lL,C_=35
g/L, pH=3,5y 90 °C, es posible alcanzar conversion
completa de fenol y una reducciéon de COT del 70%,
en 16 h, con una eficiencia maxima en el consumo de
peroxido de hidrégeno [19]. La actividad exhibida vy,
sobre todo, la eficiencia en el consumo de oxidante,
con este tipo de catalizador, negro de humo, material
que no ha sido estudiado con anterioridad, son
muy elevadas en comparacién con los resultados
recogidos en la bibliografia para otros materiales
carbonosos. Se trata, por tanto, de un catalizador
prometedor para el tratamiento de aguas residuales
industriales mediante CWPO. En la actualidad
trabajamos en el desarrollo de un modelo cinético
con vistas a su aplicacion para el disefo del proceso
CWPO para el tratamiento de aguas residuales
reales, con las que venimos ensayando.

——————-0,0
12 16 20 24

t(h)

feno|,0=5 g/L’ CH202,0=25 g/L (CA-P)’ Cfen::)l,o=1

1eno|,0=5 g/L’ CH202,0=25 g/L (CA-P)’ Cfenol,0=1 g/L’
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Abstract

Boron-doped diamond electrodes have emerged as
anodic material due to their high physical, chemical
and electrochemical stability. These characteristics
make it particularly interesting for electrochemical
wastewater treatments and especially due to its high
overpotential for the Oxygen Evolution Reaction.
Diamond electrodes present the maximum efficiency
in pollutant removal in water, just limited by diffusion-
controlled electrochemical kinetics. Results are
presented for the elimination of benzoic acid and for
the electrochemical treatment of synthetic tannery
wastewater. The results indicate that diamond
electrodes exhibit the best performance for the
removal of total phenols, COD, TOC, and colour.

Resumen

Los electrodos de diamante dopados con boro han
surgido como un nuevo material anddico debido a
su propiedades como estabilidad fisica, quimica
y electroquimica. Estas caracteristicas hacen a
estos electrodos especialmente interesantes para
el tratamiento electroquimico de aguas residuales,
debido sobre todo a su elevado sobrepotencial para
la reaccion de formacion de oxigeno. Los electrodos
de diamante presentan una eficiencia maxima para
la eliminaciéon de contaminantes en el agua, solo
limitada por la cinética del proceso electroquimico
controlado por difusién. Se muestran algunos
ejemplos como en la eliminacién de acido benzoico y
en el tratamiento electroquimico de aguas sintéticas
del curtido de pieles. Los resultados indican que
los electrodos de diamante muestran el mejor
rendimiento para la eliminacion de fenoles, DQO,
COT, y del color.

1. Introduction

Carbon materials have been widely used in both
analytical and industrial electrochemistry from early
in the 19th century [1]. These type of electrodes
present several advantages: low cost, wide
potential window, relatively inert electrochemistry,
and electrocatalytic activity for a variety of redox
reactions. The electrochemical applications of carbon
electrodes are well known: metal production, energy
storage in batteries and supercapacitors, and catalyst
supports. The classical materials for electrochemical
application are graphite, glassy carbon, and carbon
black, and some extensive reviews can be found in
the literature [2, 3].

Newer carbon-based material with outstanding
electrochemical properties is diamond electrodes.
Completely sp® hybridized, tetrahedral bonding of
diamond produces materials with high hardness and
low electrical conductivity. Crystalline diamond is a
wide bandgap semiconductor, with a gap higher than
6 eV in a single crystal, and therefore an electrical

insulator. However, the introduction of dopant atoms
in the structure (usually boron or nitrogen) induces
electrical conductivity.

2. Diamond electrodes: Synthesis and
characterization

The first publication on conductive diamond is due
to Pleskov et al. in 1987 [4]. Since then, there have
been a large number of publications on this field.
Some reviews collect the results obtained in applying
these electrodes to various fields of electroanalysis,
photoelectrochemistry, electrocatalysis, etc. [2]

Diamond electrodes are usually obtained by hot
filament assisted chemical vapor deposition (HF-
CVD) on a support heated to about 800-850 °C.
Silicon is the most suitable support, but diamond has
been grown on metals such as W, Mo , Ti , Nb, etc.
The precursor gas is usually a mixture of a volatile
organic compound (methane, acetone, methanol,
etc.) and hydrogen.

The most widely used dopant is boron, conferring a
p-type semi-conducting character to diamond. The
boron source can be a volatile compound introduced
into the reactant gases, such as trimethyl borate or
B,H,, or solid boron located near the substrate during
growth of the diamond film. The boron doping level
is often in the range of 10'8-10%° atoms/cm? or a B/C
ratio of about 10° to 103. Boron doped diamond
(BDD) has randomly oriented microcrystallites with
facets and grain boundaries characteristic of a
polycrystalline material.

Figure 1a shows a micrograph obtained with scanning
electron microscopy of a Si/BDD electrode showing
the typical morphology of these polycrystalline
diamond electrodes. Depending on the preparation
procedure, the crystallite size may vary between 0.2
and 40 um approximately.

Polycrystalline diamond films prepared in these
conditions contain small amounts of sp? carbon
usually located in the grain boundaries, as verified by
Raman spectroscopy [5]. Diamond electrodes exhibit
a 1332 cm™' phonon band. The line width of this band
and changes in smaller features of the diamond
Raman spectrum are indicators of crystallinity and
purity of diamond films [6].

This diamond band is used extensively to evaluate
the relative amounts of sp® and sp? hybridized carbon
in diamond electrodes. The 1360 cm™ intensity
relative to the 1332 cm band is a sensitive indicator
of sp? impurities in natural or synthetic diamond, since
Raman cross section for sp? carbon is approximately
50 times that of sp® carbon. Boron doping at the high
levels results in observable changes in the symmetry
of the 1332 cm™' Raman band, which can be used to
determine the doping level [7].
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Figure 1. a) SEM images of a BDD film deposited on a silicon wafer. b) Simulated structure of a BDD. Hydrogen (white)-terminated

diamond structure containing carbon and boron atoms.

Figura 1. a) Imagenes SEM de un depésito de BDD sobre Si, b) estructura simulada de BDD. Estructura de diamante conteniendo

atomos de carbono, boro e hidrégeno (blancos).
3. Electrochemistry of diamond electrodes

BDD electrodes shows greater chemical stability
compared with common sp? hybridized carbon
electrode materials (i.e., graphite and glassy carbon
electrodes). In addition to a long lifetime, the low
chemical reactivity results in a wider electrochemical
potential window.

Figure 2 shows cyclic voltammograms of a BDD
electrode immersed in an aqueous solution,
containing perchloric acid as supporting electrolyte.

In the high-scale potential range (figure 2, top), BDD
electrode has a very wide electrochemical stability
window that reach up to +2.5V at positive potentials.
Above that potential the Oxygen Evolution Reaction
(OER) takes place. This very high overpotential

jinAcm2

for OER makes this electrode very suitable for
electrochemical degradation of organic compound,
and also for electroanalysis.

Figure 2, bottom, shows the comparison between a
BDD electrode and a graphite electrode. It can be
observed that the BDD electrode is characterized
by a low current density in the double layer charge,
if compared to the capacitive current obtained with
graphite electrode. The oxidation process observed at
1.9V has been related to the reactivity of non-diamond
carbon species (sp? carbon) or impurity situated in the
grain boundaries of the diamond surface. Undoped
diamond has no electronic states within its band gap,
which covers most of the electrochemical potential
scale. Boron doping introduces “midgap” states that
increase conductivity and electron transfer rates. In

jlnA cm™
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Figure 2. Cyclic voltammograms in aqueous 0.1M perchloric acid solution of a BDD diamond electrode (figure on top) and comparison
between a BDD electrode and a graphite electrode (figure on bottom).

Figure 2. VVoltagramas ciclicos de un electrodo BDD en acido perclérico 0.1M (figura de arriba) y comparacion entre un electrodo de BDD

y un electrodo de grafito (figura de abajo).
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that manner BDD is able to transfer electrons to most
of the common redox probes, as showed in figure 3.

Fermi scale f eV Electrochemical scale NV vs NHE

4 B4 VAcuum |Eve| s—

-1.050 Methyl Viclogen

-0.217 Hexaamminrutheniumilll)

+0.220 Hexacyanoferrate(ll)

Valence

+0.438Y Dopamine
Band

+0,649V Indium (IIl) hexachloride

Figure 3. Energy states in BDD compared with the redox potentials
of usual redox probes.

Figura 3. Estados energéticos del BDD comparados con los
potenciales redox de diferentes pares redox.

The electrochemistry of organic compounds on
BDD electrodes depends on the nature of surface
adsorption. Standard redox probes have been
studied on BDD electrodes in order to check the
intrinsic electrocatalytic activity of this surface. As
indicated by McCreery diamond electrodes has not
adsorption sites and present a low electron transfer
rate for redox as dopamine that requires adsorption,
while methyl viologen voltammogram on BDD is quite
similar to that on GC, since that compound can be
considered as outer-sphere probe [2].

The intrinsic electrocatalytic activity of diamond, due
to its lack of adsorption sites is low, but due to its
inertness and low background currents this electrode
is particularly interesting for fundamental studies
on the electroactive compounds. The boron doped
diamond electrode (BDD) is a suitable support for
the characterization of electrocatalyst due to its
high chemical and electrochemical stability, low
background current, large electrochemical window
and high thermal stability [8, 9].

4. Diamond electrodes, ideal anodes for
electrochemical wastewater treatments

One of the most suitable treatments which can
be performed on an effluent containing highly
pollutants is the direct anodic oxidation (the so-
called electrochemical incineration). In this process
the electrode material must have a high efficiency
of organic compounds oxidation, as well as a good
stability under anodic polarization. A suitable model
for understanding the processes of oxidation of
organic compounds should also take into account
the competitive reaction which occurs during the
anodic oxidation of the organic compound, which is
the Oxygen Evolution Reaction (OER).

The mechanism of electrochemical production of
oxygen in aqueous media has been widely studied
and different mechanisms have been proposed.
There is a common initial step: a one-electron transfer
to the solvent and the generation of an OHe radical in
an active site surface electrode:

Ay THO, — A (OH:

)+H" +e
(aq)

Being A the active site of the electrode. The following

(ads) (s)

steps of the mechanism depends on the nature of
the electrode used, concretely on its affinity for the
OHe- formed. At this point we can identify two types
of mechanism, depending on whether the oxygen
species is weakly adsorbed (physisorbed) or strongly
adsorbed (chemisorbed) on the electrode. If the
hydroxyl radical is physisorbed, the OH- is released
to the solution where forms oxygen:

. FOHY 4+ 2e
OHe () = O, + 2H'  +2¢7

Areaction intermediate of this step is the formation of
a peroxide radical (O,*) and it requires an important
accumulation of physisorbed hydroxyl radicals and
takes place at the potential of the H,O/H,O, redox
couple (+1.77VINHE). The production of oxygen by
this route is not influenced by the chemical nature
of the surface of the electrodes, because the
chemical state of the electrode is not modified by the
electron transfer reaction, but provides a physical
adsorption site for the OHe radical. These electrodes
are called “non-active” electrodes. This behavior
is typical of electrode materials with absence of
electroactive sites in the range of potentials between
the thermodynamic potential for oxygen production
(+1.23V/NHE) and the potential of H,0/H,O, redox
couple, i.e. metal oxides in the highest oxidation state
(such as PbO, or SnO,). BDD electrode presents no
redox active sites in that range of potentials and can
be classified as non-active electrode (see figure 2).

These non-active electrodes present high
overpotentials for the OER and therefore they are
suitable electrodes for electrochemical oxidation-
incineration of organic pollutants in industrial
wastewaters, being the next reaction the final
oxidation of a generic organic compound (R):
OH-(aq) + R(aq) — xCO, +yH,0 + H +e

This reaction takes place at high overpotential, and
the generation of OH+ at high concentration favors
the selective oxidation of organic, to give mainly CO,,.
This electrode is also suitable for the electrochemical
production of reactive oxidants such as ozone and
hydrogen peroxide, because of their high OER
overpotential. A model proposed by Comninellis
et al. is useful for predicting the efficiency of
electrochemical oxidation of organic compounds with
“pure” non-active electrodes [10, 11]. It permits the
prediction of the chemical oxygen demand (COD)
and instantaneous current efficiency (ICE) during the
electrochemical oxidation of organic pollutants on Si/
BDD electrodes in a batch recirculation system under
galvanostatic conditions.

The model supposes that the electrochemical
oxidation-incineration of an organic compound is
complete to CO,, due to electrogenerated active
intermediates formed by water discharge (OH
radicals). The reaction between the OH radicals and
the organic compound is considered much faster
than the mass transport of the organic compound
towards the anode.

Under these conditions, the limiting current density
for the electrochemical incineration can be related
to a global parameter of the solution, the Chemical
Oxygen Demand (COD):

Ji, (D) = 4Fk_COD(t)
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Figure 4. Evolution of the Chemical Oxygen Demand (COD) and Instantaneous Current Efficiency (ICE) as a function of time predicted
by the Comninellis model during the galvanostatic oxidation of organic compounds in aqueous solution.

Figura 4. Variacion de la demanda quimica de oxigeno (COD) y eficiencia en corriente instantanea (ICE) con el tiempo de electrolisis
segun el modelo de Comninellis durante una oxidacion galvanostatica de compuestos organicos en disolucion acuosa.

Where j, (1) is the limiting current density (A m?) at
a given time t, F is the Faraday constant (C mol™),
k, is the average mass transport coefficient in the
electrochemical reactor (m s') and COD(t) is the
chemical oxygen demand in the electrolyte at a given
time t. This equation is valid for the electrooxidation
of any organics and even when the solution contains
more than one compound.

Depending on the applied current density (jappl), two
different operating regimes are identified: (i) j,, <’
the electrolysis is under current control, the current
efficiency is 100% and COD decreases linearly with
time; (i) j,,, > Jn: the electrolysis is under mass
transport control and secondary reactions (such as
oxygen evolution) start, resulting in a decrease of
ICE. In this last regime, COD removal due to mass-
transport limitation follows an exponential trend. The
equations that describe the temporal trends of COD
and ICE in both regimes are summarized in Table
1 and the expected evolution with time of COD and
ICE during the electrochemical oxidation during the
electrolysis at constant current is shown in figure 4.

As example, Figure 5 shows the evolution with time
of COD and ICE during the electrochemical oxidation
of different solutions of benzoic acid at constant
current. Electrolysis at high anodic potentials in the
region of electrolyte decomposition causes complex
oxidation reactions that lead to the quasi complete
incineration of BA. There is no indication of electrode
fouling. In the inset of Figure 5, the theoretical value
of COD and current efficiency trends calculated
from the model (Table 1) are reported with the
electrical charge. As predicted from the model, at

the beginning of the electrolysis and at high benzoic
acid concentration (8.86 mM, COD =2500 ppm), the
reaction is under current limiting control (j<j, ). This
result in an instantaneous current efficiency (ICE)
of almost 100% and in a linear decrease of COD
with the specific charge passed. After some time of
electrolysis, the COD in the solution decreased until
a critical value, COD(t.) is achieved after this value
both ICE and COD decrease exponentially with the
specific charge passed as predicted by the model
[12].

10.00 15.00
Ah/l

2000 .00

Ahfl

Figure 5. Evolution of COD and ICE (inset) during electrolysis of
benzoic acid in 0.5M HCIO,. Initial concentration of benzoic acid,
(+) 8.86 mM, (m) 476 mM, (®) 2.11 mM. Anode: Boron-doped
diamond electrode. Zr plate as cathode. T=25 °C. j= 24 mA cm™2.
The solid lines represent the model prediction.

Figura 5. Variacion de la demanda quimica en oxigeno (COD) y
la eficiencia en corriente instantanea (ICE)(figura insertada) en la
oxidacion de acido benzoico en HCIO, 0.5M , (+) 8.86 mM, (m)
4.76 mM, (®) 2.11 mM. Anodo: Electrodo de diamante dopado
con boro. Catodo: Zr. T=25 °C. j= 24 mA cm™2. Las lineas solidas
correspondes a la simulacion segun el modelo.

Table 1. Equations that describe instantaneous current efficiency (ICE) and chemical oxygen demand (COD) during benzoic acid

oxidation at Si/BDD electrode in acid solution.

Tabla 1. Ecuaciones que describen la eficiencia en corriente instantanea y la demanda quimica de oxigeno (COD) durante la oxidacion

de acido benzoico con un electrodo Si/BDD en disolucién acida.

Instantaneous current efficiency

ICE

Chemical Oxygen Demand COD
(molO, m™)

under current control
Tapptica™ Jiimit ICE(t)=1
under mass transport control

Japplied>-llimil
R

Ak
ICE(t) = exp(— 7 Lt

l-a
a

COD(1) = COD(O)[I - a‘;ktj

COD(t) = aCOD(0) * exp(— Ak

Being o=j

app]/ Jiime=0)

and V the volume of the treated water
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Figure 6. Current efficiency for the electrochemical incineration of
tannery wastes with different anodes.

Figura 6. Eficiencia en corriente de la eliminacion electroquimica
de aguas sintéticas procedentes del curtido de pieles usando
diferentes anodos.

In similar manner, the electrochemical oxidation
of other organic compounds on BDD anode
demonstrates that the performance of this electrode
is excellent, not only in the removal of pure refractory
organic compounds [13], but also in complex mixtures
of pollutants like in the electrochemical treatment of
a synthetic tannery wastewater prepared with several
compounds used by finishing tanneries. Results
showed that faster removals of these parameters
occurred when the Si/BDD was used as anode in
comparison with other highly efficient anodes such
as Ti/SnO,Sb (see figure 6). This electrode was also
the more efficient to remove the wastewater color
[14].

Table 2 shows total organic carbon (TOC) removal
and energy consumption after 4 h of electrochemical
treatment of the synthetic tannery wastewater
under different conditions. The Si/BDD anode is
energetically more efficient than the other electrodes
because it leads to faster TOC removal with lower
energy consumption, although good results in terms
of energy consumption are also obtained with the
Ti/lSnO,~Sb anode. However, the latter anode has
limited applicability because of its low stability. The
increase in current density in the case of the Si/BDD
anode results in faster wastewater mineralization
with higher energy consumption.

Table 2. TOC removal and energy consumption obtained after 4 h
of electrochemical treatment of the synthetic tannery wastewater
in 0.10 mol L~ Na,SO,,.

Tabla 2. Eliminaciéon de TOC y consumo energético obtenido tras
4 h de oxidacién electroquimica de un agua sintética procedente
del curtido de pieles en Na,SO, 0.1M.

Energy
consumption
per removed
TOC (kWhg™)

2.55

0.10
0.08
0.55

TOC
removal
(%)

Ti/SnO,—Sb—Ir, 25mAcm 2.1
Ti/SnO,—Sb, 25mAcm2 56.1
Si/BDD, 25mAcm™2 79.1
Si/BDD, 100mAcm™2 98.3

Electrolysis condition

5. Conclusions

Electrochemical treatment of wastewaters have
undergone rapid development due to the appearance
of a new material: boron doped diamond films. These
BDD electrodes are attractive as anodic material due
to their high physical, chemical and electrochemical
stability and mainly in the wastewater treatment,
due to their high overpotential for water oxidation-
reduction processes. These properties confirm these
BDD materials as one of the most promising electrode
material for the treatment of industrial pollutants in
water.

The good agreement between the experimental
data and the theoretical model indicates that these
electrodes present the maximum efficiency in
pollutant removal, just limited by diffusion-controlled
electrochemical kinetics. In the case of benzoic
acid on the reaction proceeds by electrogenerated
intermediates (hydroxyl radicals) on BDD and it is a
fast reaction. The electrochemical treatment of more
complex systems (synthetic tannery wastewater)
indicates that Si/BDD electrode exhibits the best
performance for the removal of total phenols, COD,
TOC, and colour.
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Resumen

El objetivo de este estudio fue analizar la influencia
de la presencia de carbon activado en la degradacion
del medio de contraste triyodado diatrizoato (DTZ)
mediante la utilizacion simultanea de radiacién
gamma y carbon activado. Cuatro carbones
activados comerciales (Ceca, Witco, Sorbo y Merck)
con diferentes caracteristicas quimicas y texturales
fueron utilizados para este propésito. El porcentaje de
degradacion de DTZ obtenido fue considerablemente
mayor con el sistema radiacion gammal/carbdn
activado (GM/CA) que con la radiolisis en ausencia
de carbdn activado, y este sistema dependian de
la cantidad especifica de carbén activo empleado.
En primer lugar, hemos optimizado la cantidad
de carbén activado necesario para maximizar la
cantidad de DTZ eliminado por el sistema GM/CA
(0,06 g). Las constantes de velocidad de degradacion
fueron mayores con el sistema GM/AC que con
so6lo radiolisis, lo que evidencia un efecto sinérgico
que favorece la eliminacién de los contaminantes.
Este efecto sinérgico es independiente de las
caracteristicas texturales del carbén activado, pero
no de sus caracteristicas quimicas, observandose
una mayor actividad sinérgica de los carbones
con un contenido superficial mas alto de oxigeno,
concretamente de grupos quinona. Para que el efecto
sinérgico tenga lugar se requiere la presencia de
interacciones electrostaticas adsorbente-adsorbato.

Abstract

The objective of this study was to analyse the
influence of the presence of activated carbon on
the degradation of the triiodinated contrast medium
diatrizoate (DTZ) by the simultaneous use of gamma
radiation and activated carbon. Four commercial
activated carbons (Ceca, Witco, Sorbo and Merck)
with different textural and chemical characteristics
were used for this purpose. The percentage DTZ
removal obtained was considerably higher with the
gamma radiation/activated carbon (GM/AC) system
than with radiolysis in the absence of activated
carbon, and it depended on the specific activated
carbon employed. The amount of activated carbon
required to maximize the amount of DTZ removed
by the GM/AC system (0.06 g) was optimized. The
degradation rate constants were higher with the GM/
AC system than with radiolysis alone, evidencing a
synergic effect that favours pollutant removal. This
synergic effect is independent of the textural but not
the chemical characteristics of the activated carbon,
observing a higher synergic activity for activated
carbons with greater surface oxygen content,
specifically quinone groups. It is also highlighted that
the synergic effect of the activated carbon requires
adsorbent—adsorbate electrostatic interactions, and
this effect is absent when these interactions are
hindered.

1. Introduccion

Actualmente, el uso de carbén activado (CA) en la
eliminacién de compuestos organicos e inorganicos
de las aguas es considerado como una de las mejores
alternativas disponibles en el tratamiento terciario
de los efluentes en las estaciones depuradoras de
aguas residuales urbanas. La cantidad y tipologia
de contaminantes que pueden eliminarse mediante
CAs es muy amplia y ello gracias a las propiedades
fisicoquimicas de su superficie. Estas cualidades
de los CAs pueden modificarse con la utilizacion
de diferentes métodos de activacion, por lo que
pueden elaborarse carbones conforme a objetivos
de eliminacion especificos. Esta versatilidad en su
aplicacion aumenta si se considera el hecho de su
utilizacion combinada con otros procesos fisicos
y quimicos, como son los procesos de oxidacion
avanzada o su aplicacion en catalisis, lo que supone
la existencia de innumerables posibilidades para
el tratamiento de todo tipo de contaminantes. Es
en este contexto donde cobra especial interés
la aplicacion del CA como agente potenciador
de la efectividad de los sistemas de tratamiento
convencionales. Concretamente en este trabajo se
analiza el comportamiento del carbon activado en su
interaccién con la radiacion gamma y su efectividad
en la eliminacién de los contaminantes presentes
en las aguas. Para llevar a cabo este estudio se
seleccioné el diatrizoato sédico como compuesto
modelo (DTZ).

Tras la realizacion de los estudios pertinentes sobre
la eliminacion del DTZ en procesos de adsorcion en
CA y su degradacién por radiolisis, se propuso la
utilizacion simultanea de ambos sistemas para lograr
una opcién de tratamiento que elimine del medio
acuatico tanto el contaminante téxico original como
los productos de degradacion. En algunos casos,
la via oxidante es muy lenta, siendo mas favorable
el empleo de radicales reductores como es el caso
de los electrones solvatados (e} ) o los radicales
hidrégeno (H*); de aqui que se plantee el tratamiento
de las aguas con tecnologias que permitan generar
a la vez especies oxidantes y reductoras como es
el caso de las radiaciones ionizantes, constituyendo
una alternativa a considerar en el tratamiento de
contaminantes resistentes a las tecnologia usuales.
Sin embargo, el papel que desempefia la presencia
de catalizadores en este proceso y, concretamente, el
CA durante la irradiacion de aguas contaminadas es
un area de investigacion totalmente inexplorada en
la actualidad. El uso del CA en el proceso radiolitico
podria inducir un efecto sinérgico que potenciaria
la degradacion del compuesto, permitiendo la
obtencion de resultados que van mas alla de la
suma de los porcentajes de degradacion que cabria
esperar, debidos al efecto combinado de los radicales
oxidantes y reductores procedentes de la radiolisis
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y los grupos oxidantes del carbén, junto con su
capacidad de adsorcion. Ademas, la recuperacion del
CA utilizado es posible mediante sencillos sistemas
de decantacion, siendo esto de mayor dificultad en
los casos en los que se aplican catalizadores como
el diéxido de titanio. Por todo ello, el uso de CA en
presencia de fuentes de energia constituye un nuevo
procedimiento que podria aplicarse en los actuales
sistemas de tratamiento de efluentes que utilizan
radiolisis, con objeto de lograr su optimizacion.

En este trabajo, por lo tanto, se profundiza en
el estudio de la acciéon que tiene la adiciéon de
diferentes CAs en la degradacién radiolitica de los
contaminantes, empleando como compuesto modelo
el DTZ. Para ello, se abordaran los siguientes
aspectos: i) la cinética del proceso radiolitico en
presencia de CAs con diferentes propiedades
texturales y quimicas; ii) los mecanismos implicados
en el proceso de eliminacién de DTZ mediante el
uso combinado de CAs y radiacion gamma, v iii) la
influencia de las caracteristicas fisicas y quimicas de
los carbones en el rendimiento del proceso conjunto.
La parte experimental de este trabajo se ha publicado
en articulos previos [1,2,3].

2. Resultados y discusion

2.1. Influencia de la dosis de carbén activado en
la radiolisis de DTZ

El tratamiento radiolitico del DTZ en presencia de CA
es un proceso complejo en el cual el descenso en
la concentracion del DTZ se puede describir como
la suma de tres procesos: a) el proceso radiolitico;
b) el proceso de adsorcion; y c) el efecto sinérgico
que produce la presencia del CA. Este efecto
sinérgico puede tener signo positivo, si favorece la
degradacion del DTZ, ser igual a cero, si no influye en
el proceso, o bien negativo, si para una misma dosis
la cantidad de DTZ presente en el medio después
del tratamiento es mayor que cuando se realiza el
tratamiento en ausencia de CA. La constante de
velocidad de eliminacion de DTZ observada (K )
se puede expresar como la suma de tres variables
(Ecuacion 1):

kob - kRad T kAd T kSE (1)
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Donde k., es la constante de velocidad de
eliminacién del DTZ debida al proceso radiolitico
(Gy"), k,, es la constante de velocidad que rige
el proceso de adsorcion (Gy') y k,. expresa la
constante de velocidad debida al efecto sinérgico.
Por lo tanto, para poder calcular el valor de k. es
necesario determinar la contribucion del proceso
de radiolisis y del proceso de adsorcién, ambos por
separado.

Para cuantificar la influencia de la adsorcion y de
la radiolisis de DTZ se obtuvieron las cinéticas de
adsorcion y del proceso radiolitico, por separado,
en las mismas condiciones en las que se obtuvo
la cinética de eliminacién del DTZ por radiolisis en
presencia de CA.

El estudio de la influencia de la adicion del CA en
el proceso de eliminacién del DTZ mediante el uso
de radiolisis conlleva determinar la cantidad éptima
de CA a adicionar. Asi, se obtuvo la superficie de
respuesta que permite determinar la variacion del
porcentaje de DTZ degradado en funcion de la
dosis de radiacion absorbida y de la cantidad de
carbén presente en el medio. Para ello, se empled
la modelizacién denominada distancia ponderada
por minimos cuadrado (Distance-Weighted Least
Squares Fitting) que permite obtener una superficie
de respuesta que pasa por todos y cada uno de
los datos experimentales. La superficie respuesta
obtenida se muestra en Figura 1A, observandose
que el porcentaje de eliminacidn maximo se obtiene
para el intervalo de masa de CA de 0.06-0.08 g.

2.2. Influencia del tipo de carbén activado en la
radiolisis de DTZ

Una vez determinada la cantidad 6ptima de CA,
se obtuvieron las cinéticas de eliminacién de DTZ
en presencia de cuatro carbones comerciales con
caracteristicas quimicas y texturales diferentes:
Witco (W), Ceca (C), Merck (M) y Sorbo (S) [1, 2].

EnlaTabla 1 se muestranlosresultados de eliminacién
de DTZ obtenidos para los cuatro carbones,
observandose que el porcentaje de DTZ eliminado
al final del proceso, para una dosis de 600 Gy, es
muy superior cuando la radiolisis se lleva a cabo en
presencia de los CAs (Experimentos Num. 2-5, Tabla
1), frente al obtenido en su ausencia (Experimento

B)
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Figura 1. A), Superficie de respuesta obtenida mediante la modelizacién “Distancia ponderada por minimos cuadrados”. B), Variacion de
la constante de degradacién en funcién de la masa de carbén W presente en el medio.

Figure 1. A), Response surface obtained by modelling Distance-Weighted Least Squares Fitting. B), Variation in the DTZ degraded rate

constant as a function of the mass of carbon W in the medium.
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Figura 2. Porcentajes de eliminacion del DTZ mediante cuatro sistemas: (% ) radiolisis sin CA; (@) radiolisis en presencia de CA; (O) adsorcion
del DTZ sobre CA; y (+) efecto tedrico sumatorio de los la adsorcién mas radiolisis. A) Serie carbén C; B) serie carbon M; C) serie
carbon S; D) serie carbén W. [DTZ ] = 1000 mg L. P, = 0.06 g de CA. T =298 K. pH = 6.5. Tasa de Dosis = 1.66 Gy min".

Figure 2. Percentage DTZ removal with four systems: () radiolysis without AC; (®) radiolysis in the presence of AC; (O) DTZ
adsorption on AC; and (+) theoretical sum effect of adsorption plus radiolysis. A) carbon C series; B) carbon M series; C) carbon S
series; D) carbon W series. [DTZ ] = 1000 mg L-'. Amount of AC = 0.06 g. T = 298 K. pH = 6.5. Dose Rate = 1.66 Gy min".

Num. 1, Tabla 1). Ademas, el comportamiento de
los cuatro CAs difiere el uno del otro, alcanzandose
el valor maximo de eliminacion para el carbén S.
Los valores de las constantes de velocidad de
eliminacion observada, k , determinados, junto con
los porcentajes de eliminacion, se muestran en la
Tabla 1.

Los resultados obtenidos muestran que la radiolisis
del DTZ en presencia de CAs mejora el proceso
de eliminacion del DTZ en los cuatro carbones
comerciales considerados, como demuestran los
altos valores de las constantes de reaccion y los
porcentajes de degradacion obtenidos, frente a los

determinados para el proceso en ausencia de CA
(Experimento Num. 1). Sin embargo, hay que tener
en cuenta el proceso de adsorcion del DTZ sobre el
CApara valorar sila mejora observada es unicamente
debida a la suma del proceso de adsorcion sobre
el CA mas la degradacioén por la radiacion gamma
o si, por el contrario, la presencia de CA potencia
la degradacion vy, por tanto, se obtienen resultados
superiores al esperado por el efecto de adicion de
ambos procesos. Por ello, se obtuvieron las cinéticas
de adsorcion del DTZ para los cuatro CAs estudiados,
en las mismas condiciones experimentales en
las que se llevé a cabo el proceso radiolitico en
presencia del CA. Los resultados obtenidos se

Tabla 1. Condiciones experimentales y parametros cinéticos obtenidos en la degradacién del DTZ mediante radiacion gamma en
presencia y ausencia de CA. [DTZ], = 1000 mg L. P, = 0.06 g de CA. Tasa de Dosis = 1.66 Gy min™". pH = 6.5. T = 298 K.

Table 1. Experimental conditions and kinetic parameters for DTZ removal by gamma radiation in the presence and absence of activated
carbons. [DTZ]0 = 1000 mg L-1. Amount of AC = 0.06 g. Dose Rate = 1.66 Gy min-1. pH =6.5. T = 298 K.

N°. Exp. Carbén pH

k,,x10*

% Degradado (Gy)

6.5
6.5
6.5
6.5
5 6.5

1.8+0.1
8.2+0.2
74+0.2
9.9+ 0.4
6.8+0.2

13.15
45.98
45.93
54.97
40.49

Tabla 2. Condiciones experimentales y parametros cinéticos obtenidos para la adsorcion del DTZ sobre los CAs. [DTZ], = 1000 mg L.
P.,=0.06 g de CA. Tasa de Dosis = 1.66 Gy min™". pH =6.5. T = 298 K.

Table 2. Experimental conditions and kinetic parameters obtained for DTZ adsorption on activated carbons. [DTZ]; = 1000 mg L. Amount

of AC = 0.06 g. Dose Rate = 1.66 Gy min"". pH =6.5. T = 298 K.

% DTZ

N°. Exp. Adsorbido

Carbon pH

K, x10° K, x10°
() Gy

kgeX10°
(Gy")

6 6.5 9.60
7 11.17
8 39.02
9

12.32

3.7+0.1 1.56 + 0.06
46+04 1.9+0.1
14.7+£0.7 6.13+ 0.02
6.5+ 0.6 27+0.2

48+04
3.7+0.5
19+0.8
2.3+0.6
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Figura 3. Efecto de los carbones saturados en la degradaciéon del DTZ por radiolisis: (%), sin CA; (@), con CA saturado; (O), con CA
sin saturar. A) Serie del carbon C; B) serie del carbén S. [DTZ]=1000mg L. P, = 0.06 g de CA. T = 298 K. pH = 6.5. Tasa de Dosis =

1.66 Gy min'.

Figure 3. Effect of saturated carbons on DTZ degradation by radiolysis: (* ), without AC; (@), with saturated AC; (O ), with non-saturated
AC. A) carbon C series; B) carbon S series. [DTZ ] =1000 mg L-'. Amount of AC = 0.06 g. T = 298 K. pH = 6.5. Dose Rate = 1.66 Gy min".

muestran en la Tabla 2. Una vez determinado el valor
de k,,, se puede determinar el valor de k., siendo
la contribucion de k. al valor de k , de un 58.26%,
49,57%, 19.09% y 33.29% para los carbones C, M,
S y W, respectivamente. Los resultados obtenidos
muestran que en todos los casos se produce una
sinergia positiva y que ésta aumenta en el sentido

S<W<M<C.

En la Figura 2 se muestra, para cada uno de los
carbones activados considerados, la variacion
del porcentaje del DTZ eliminado: i) en el proceso
de radiolisis; ii) en el proceso de adsorcion); iii) la
suma de los procesos de adsorcién y radiolisis por
separado (i + ii); y iv) en el proceso de radiolisis
en presencia de CA. Como puede observarse, los
resultados muestran la existencia de un efecto
sinérgico de la radiolisis en presencia de CA, siendo
la diferencia entre el proceso radiolitico en presencia
de CA y la suma de los procesos de radiolisis del
DTZ en ausencia de CA y el proceso de adsorcion,
mas acusada en el caso de los carbones C y M. Por
el contrario, como se observa en el caso del carbon
S, cuando la velocidad de adsorcion del DTZ sobre
el CA es elevada el efecto sinérgico determinado es
menor.

Al objeto de evaluar el efecto sinérgico en ausencia
del proceso de adsorcion, se llevaron a cabo
experimentos de radiolisis del DTZ en presencia de
CA saturado con DTZ. Los resultados obtenidos se
recogen en la Tabla 3. En la Figura 3 se muestra
graficamente la comparacion del proceso radiolitico
usando carbones saturados con DTZ y sin saturar.

Los valores de k. determinados para los CAs
saturados revelan que el efecto sinérgico se mantiene
en los carbones saturados y, ademas, dichos valores
muestran la capacidad real del CA para potenciar la
degradacion. Asi, en el caso del carbén S, el cual
presentaba una componente adsortiva elevada
(Tabla 2), su efecto sinérgico se multiplica por tres

pasando de (1.9 £ 0.8)x10“ a (6.1 + 0.8)x10* Gy™.
Por lo tanto, cuando los CAs presentan cinéticas
de adsorcion rapidas, disminuye la contribucién del
efecto sinérgico al proceso global de la radiolisis en
presencia de carbodn.

Al comparar los resultados obtenidos (Tabla 2) con
las caracteristicas quimicas y texturales de los CAs
[1, 2], se observa que las caracteristicas texturales
no son determinantes en el efecto sinérgico obtenido
ya que, por ejemplo, el carbén M que es el que
posee una mayor area superficial (S;.,=1493 m? g)
presenta una kg = (3.7 + 0.5)x10* Gy, valor inferior
al que presenta el carbén C (kg = (4.8 £ 0.4)x10*
Gy') que posee un area superficial S;.,=1294 m?
g'. Por otra parte, el resto de parametros texturales
determinados (V,, D, y S.,) tampoco guardan una
estrecha relacién con la variacién observada en
el valor de k.. Por ello, el caracter potenciador
en la degradacion del DTZ que presentan estos
materiales, mediante el uso de radiacién gamma,
podria estar relacionado con sus propiedades
quimicas. Si se consideran los resultados obtenidos
para los CAs saturados, se observa que el CA con
un mayor contenido en oxigeno superficial, carbon
S, es el que posee un mayor efecto sinérgico. Para
explicar este comportamiento, se debe considerar
que la radiacion gamma interacciona tanto con
el CA presente como con la molécula de agua. Al
poseer el carbono un numero atémico bajo y tener
la radiacion incidente una energia de 0.6617 MeV,
el efecto predominante en la interaccion de la
radiacion con el CA es el efecto Compton. De esta
forma, el mecanismo de interaccion predominante
es la ionizacion, en la cual los fotones incidentes
interaccionan con los electrones de los orbitales de
los atomos superficiales y producen iones positivos y
electrones libres. Por lo tanto, los atomos de carbono
situados en la superficie contribuyen a aumentar los
electrones libres presentes en el medio, favoreciendo
la degradacion (via reduccion) del DTZ, lo que

Tabla 3. Parametros cinéticos obtenidos para la radiolisis del DTZ en presencia de los carbones activados C y S saturados. [DTZ], =
1000 mg L. P, = 0.06 g de CA. Tasa de Dosis = 1.66 Gy min". pH =6.5. T = 298 K.

Table 3. Kinetic parameters obtained for DTZ radiolysis in the presence of saturated activated carbons C and S. [DTZ], = 1000 mg L.
Amount of CA = 0.06 g. Dose Rate= 1.66 Gy min"'. pH = 6.5. T = 298 K.

N°. Exp. Carbon pH

% Degradado

KqooX10°
(Gy")

k,,x10¢
(Gy")

kgeX10%
(Gy)

10 6.5
11 6.5
12 6.5

13.37
31.16
43.66

17.9+0.8
- 46+03
- 7.9+0.4

28+0.5
6.1+0.8




justifica el efecto sinérgico observado para los cuatro
CAs. Ademas, el oxigeno quimisorbido presente en
los cuatro carbones puede atrapar electrones dando
lugar a la formacién del anién superéxido [1, 2].
El anién superoxido formado puede interaccionar
directamente con el DTZ, o bien formar mas radicales
(Reaccion 2). Todo ello contribuye a favorecer
la degradacion del DTZ, ya que se favorece la
generacion de una nueva especie oxidante en el
medio. Ambos efectos explican el efecto sinérgico
observado para la radiolisis del DTZ en presencia de
CAs.

0, +H,0" > HO"+H,0+ %O,

2
k=4.5x10" M "

Ademas, la radiacidbn gamma incidente también
interacciona con las moléculas de agua dando lugar
a los procesos esquematizados en las Reacciones
3ar7:

H2 o Radiacion Y, H20'+ npe

H,0 _Radiaciony | Hzo*
H,0" — HO"+ H*
¢ +nH,0 — €
H,O0"— HO + H’

Mediante las reacciones anteriores se forman
los radicales del proceso radiolitico que pueden
interaccionar tanto con el DTZ como con el CA
presentes enelmedio, asicomodarlugarareacciones
de recombinacién radicalaria (Reacciones 8-11).

HO'+ H — H,0 k=7.0x10°M's'  (8)

H'+H — H, k=7.75x10° M s (9)

e fH'+H,0 » H+HO  k=2.5x10""M"'s" (10)

k=3.0x10"°M'st (11)
Los grupos oxigenados superficiales presentes en
los CAs, y en particular los grupos quinona, son
capaces de estabilizar radicales en su superficie
[1]. Si consideramos los resultados obtenidos para
los carbones saturados, donde ya no influye el
proceso de adsorcién, se observa que el valor mas
elevado de k . se obtiene para el carbon Sorbo,
carbon que presenta un mayor porcentaje de
grupos quinonas [1, 2]. Este resultado sugiere que
los radicales formados durante la radiolisis podrian
interaccionar con la superficie de carbon para dar
lugar a zonas de una alta reactividad debido a los
radicales asi estabilizados. Este mecanismo sera
tanto mas influyente cuanto mayor sea el contenido
en quinonas, lo que justifica que el k. mas elevado
se haya obtenido para el carbén S.

HO + € HO-

3. Conclusiones

Los resultados obtenidos muestran que el sistema
radiolisis/CA aumenta la eficiencia en la eliminacién
del DTZ, en comparacién con el tratamiento en

Bol. Grupo Espaiol Carbén

ausencia de CA. Ademas, el efecto sinérgico
observado es independiente de las propiedades
texturales de carbdn, no asi de su naturaleza quimica
superficial.

El contenido en oxigeno de los CAs influye de forma
determinante en la extension del efecto sinérgico
observado. Asi, el carbén C, material que posee un
mayor contiendo en oxigeno, es el que muestra un
mayor efecto sinérgico en el proceso de radiolisis.

Los radicales formados durante la radiolisis pueden
interaccionar con la superficie de carbon para dar
lugar a zonas de una alta reactividad debido a la
elevada concentracién de radicales estabilizados por
los grupos quinona presentes en la superficie del CA.
Este mecanismo sera tanto mas influyente cuanto
mayor sea el contenido en quinonas.

La presencia de oxigeno quimisorbido en la superficie
del carbén influye en el proceso de eliminacién del
contaminante, ya que contribuye a la formacion
del anién superoxido que puede interaccionar con
el DTZ y/o formar nuevas especies oxidantes que
contribuyen a la degradacion del contaminante.
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Abstract

A brief overview about the use of carbon materials as
metal free ozonation catalysts is presented. Carbon
materials (activated carbons, carbon xerogels, carbon
nanofibers and carbon nanotubes) have been shown
to be active catalysts in the ozonation of a wide range
of organic pollutants. Carbon materials with surface
basic properties (i.e. high electron density) and with
large pores are the most promising for this process.

Resumen

En el presente trabajo se resume brevemente el
uso de materiales de carbén como catalizadores
libres de metales en el proceso de ozonizacién. Los
materiales de carbon (carbones activados, xerogeles
de carbén, nanofibras y nanotubos de carbono) han
mostrado ser catalizadores activos para una gran
variedad de contaminantes organicos en dicho
proceso, siendo los mas adecuados aquellos con
propiedades superficiales basicas (alta densidad
electronica) y con mayor tamafio de poros.

1. Ozone reactivity in water

The high reactivity of ozone can be attributed to the
electronic configuration of the molecule. The two
extreme forms of resonance structures of ozone
molecule are illustrated in Figure 1. The absence of
electrons in one of the terminal oxygen atoms in some
of the resonance structures confirms the electrophilic
nature of ozone. Conversely, the excess negative
charge present in some other oxygen atom imparts a
nucleophilic character to the molecule [1, 2].
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Figure 1. Resonance structures of the ozone molecule. Adapted
from [1].

Figura 1. Estructuras de resonancia de la molécula de ozono [1].
Adaptado de [1].

Ozone has one of the highest standard redox
potential (2.07 V), only lower than those of fluorine
(3.06 V), hydroxyl radical (2.80 V) and atomic oxygen
(2.42 V). Because of its high standard redox potential,
the ozone molecule has a high capacity to react with
numerous compounds by means of redox reactions.
Some of these reactions occur by explicit electron
transfer, while most of them occur by oxygen transfer
from the ozone molecule to the other reactant [1, 2].

The stability of ozone in water largely depends on the
water matrix, especially its pH, temperature, chemical
composition (such as, the presence of natural organic
matter (NOM) and bicarbonate/carbonate ions) [3].

Ozone reactions in water can be classified as direct

and indirect reactions, as presented in Figure 2.
Direct reactions occur between ozone molecules and
other chemical species (M), while indirect reactions
are those between the HO" radicals (formed from
the decomposition of ozone or from other direct
ozone reactions) and compounds present in water.
In contrast to other conventional oxidant species,
hydroxyl radicals are capable to completely oxidise
(i.e. mineralise) even the less reactive pollutants.
They react non-selectively with organic compounds,
mainly by means of electrophilic addition to
unsaturated bonds, addition to aromatic rings,
abstraction of hydrogen or by electron transfer. The
rate constants of most reactions between HO® and
organic species are usually in the order of 108-10°
M- s [4]. Mineralisation of end products generally
results in inorganic carbon, water and inorganic ions.
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Figura 2. Reacciones de oxidacion de compuestos durante la
ozonizacioén en agua.

The spontaneous decomposition of ozone in
aqueous solution occurs through a series of steps.
Since the first model proposed by Weiss in 1935
[5], numerous studies have been developed to
clarify the mechanism of decomposition of ozone
in water. Presently, the mechanism proposed by
Staehelin and Hoigné [6] is generally accepted for
the decomposition of dissolved ozone, but alternative
reaction steps have been proposed by other authors.
Areview of the proposed mechanisms is presented in
[2]. Briefly, the mechanism for the decomposition of
dissolved ozone is described below [7]:

Initiation: 0,+H,0 — 2HO + 0, (1)

0,+HO — 0", +HO', )
0,+HO — 0,+HO, (3)
0,+HO",— 20,+ HO* ()

2HO", — 0,+H,0, (5)

The initiation steps of the ozone decomposition chain
mechanism consist in reaction of ozone with water
(reaction 1) and hydroxide ions (reaction 2) originating
hydroxyl radicals. Nevertheless, the initiation of ozone
decomposition in aqueous solution can be artificially
accelerated by increasing the pH or by the addition of
UV radiation, hydrogen peroxide, reduced metal ions
or heterogeneous catalysts, leading to an Advanced
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Oxidation Process (AOP) [8]. The contribution of
these two steps for ozone decomposition depends
strongly on the pH of the solution and on the nature
of the substances present in water. Normally, under
acidic conditions (pH < 4) the direct pathway rules,
whereas for pH > 10 mainly the radical pathway is
present. Under neutral conditions, both pathways
can be important [9].

The ozone decomposition chain can be terminated
when hydroxyl radicals react with inhibitors, which
are compounds capable of consuming HO" radicals
without regenerating the superoxide radical. The more
common inhibitors include tertiary alcohols (e.g. tert-
butanol), and carbonate and bicarbonate ions. These
are also called hydroxyl radical scavengers, because
their presence limits or inhibits the action of these
radicals on the target compounds. Tert-butanol is a
well-known radical scavenger, as it reacts with HO" at
a rate constant of 5 x 108 M' s [10], which is in the
range of the rate constants of reactions between HO’
and organic compounds.

2. Catalytic ozonation for the degradation of
organic compounds

CatalyticozonationisanAOPforcontaminantsremoval
from drinking water and wastewater. Presently, the
application of catalytic ozonation is mainly limited to
laboratory use. However, due to successful results,
further investigation is to be carried out. The target
pollutants are organic compounds refractory to
biological treatments, such as pesticides, endocrine
disrupting compounds (EDCs), pharmaceuticals,
and personal care products (PPCPs) and textile
dyes. The main weakness of non-catalytic ozonation
is related to by-products formation and their future
damage in the environment. In contrast, in catalytic
ozonation, the problem of toxic by-products formation
can be solved by the development of active catalysts
capable to promote their mineralisation.

In water treatment, the high reactivity of ozone and
the active surfaces of some materials can be used
to increase the ozonation efficiency. In this way,
several research groups have been focussed on the
combined application of ozone and solid catalysts,
and consequently numerous papers have been
published since the mid 1990s. The most common
catalysts proposed for the process of heterogeneous
catalytic ozonation are metal oxides such as MnO,,
TiO,, AL,O,, ZnO and supported metal oxides (TiO,/
ALO,, Fe,0,/ALO,, Co,0,/ALO, MnO/TiO,) [11].
Transition and noble metals supported on several
oxides (Cu-ALO,, Cu-TiO,, Ru-CeO,, Co-Al,O,) have
also been investigated [11, 12]. Activated carbon by
itself [13-15], carbon xerogels [16], carbon nanotubes
[17], metal oxides supported on activated carbon
[18], metal-doped carbon aerogels [19] and platinum
supported on carbon nanotubes [20] have also been
tested in the ozonation of organic compounds.

The activity of such materials is frequently associated
with their ability to catalytically decompose ozone
leading to the formation of HO" radicals. The efficiency
of the catalytic ozonation process depends, to a great
extent, on the catalyst and its surface properties, as
well as on the pH of the solution, which influences
the properties of surface active sites and ozone
decomposition reactions in the aqueous phase. The
huge diversity of solid catalyst types, the variety of
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the surface properties, and the interactions between
catalyst, ozone and organic molecules, make difficult
the generalisation of the mechanisms involved. In
the following sections a more detailed discussion
on the ozonation catalysed by carbon materials is
presented.

3. Carbon as catalyst for ozonation
3.1 Catalytic decomposition of ozone in water

Concerning wastewater treatment, the instability of
ozone molecule is an advantage, as the formation of
HO" radicals transforms ozonation into an advanced
oxidation process [2], enhancing its efficiency for the
degradation of organic pollutants.

Carbon materials by themselves were found to be
catalysts for the decomposition of O, in water. The
pioneer work on this subject was carried out by
Jans and Hoigné [21]. Suspensions of activated
carbon or carbon black were found to accelerate the
depletion of ozone, acting as initiators for the radical
type chain reaction that proceed in bulk solution,
leading to the transformation of ozone into secondary
oxidants, such as HO'. It was suggested that the
catalytic decomposition of ozone was preceded by
an adsorption step on the activated carbon surface.

More recently, this subject was revisited by different
authors [22-24] and the influence of both chemical
and textural features of the activated carbon was

evaluated.
3.1.1. Influence of the textural properties

Concerning the influence of the textural properties
in the catalytic decomposition of ozone, it has been
shown that activated carbons with large surface areas
clearly favour this reaction [22, 23, 25]. Faria et al. [22]
studied the influence of a series of modified activated
carbons prepared from the same starting material
and differing only in their textural properties. Strong
correlations between the heterogeneous apparent
rate constant (k) and the mesopore surface area
and the micropore volume were observed (see
Figure 3). Nevertheless, Alvarez et al. [24] did not
find any correlation between the textural properties of
AC and the rate of ozone decomposition, which may
be explained by the fact that the ACs tested were
from different origins, possibly masking the textural
effects.
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Figure 3. Variation of k, with selected textural properties of
activated carbons. ACN2 is the original AC and ACgxh, where x
is the duration (hours) of gasification at 900 °C under CO,, are the
treated samples. Reprinted with permission from[22]. Copyright
(2006) American Chemical Society.
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Figura 3. Variacion de k,, con las propiedades texturales
indicadas de los carbones activados. ACN2 es el AC original y
ACgxh, dénde x indica la duracién (horas) de gasificacion a 900
°C con CO,, son las muestras tratadas. Reproducido con permiso
de [22]. Copyrlght (2006) American Chemical Society.

3.1.2. Influence of the surface chemistry

It is already established that ozone decomposition is
controlled by the surface chemical properties of the
carbon materials, the most efficient ones being those
with high basicity. Rivera-Utrilla and collaborators
[15, 23] and Alvarez et al. [24] concluded that O,
reduction on the AC surface generated OH- ions and
H,O,, which initiate the O, decomposition into highly
oxidative species [26]. The delocalised 1 electron
system (reaction 6) and the oxygenated basic surface
groups, such as chromene and pyrone (reaction 7),
were identified as the catalytic centres, according to
the following reactions [15]:

0,+H,0+2¢” =2 0,+20H"

H
f a. 0,00,

e X,

—
HCEH 0

The same authors [23, 27] tested nitrogen-containing
AC and concluded that pyrrolic groups were the
nitrogenated active centres for O, decomposition.
The attack of pyrrolic groups by ozone yields N-oxide-
type groups and the hyperoxide radical (reaction 8),
which enhances de rate of ozone transformations
into hydroxyl radicals [6].

Faria et al. [22] studied the effect of pH on the
catalytic decomposition of ozone and proposed
that the electrostatic interactions between activated
carbon surface and the solutes involved in the
mechanism (including OH- ions) may also pIay
a role. When the pH_  of the activated carbon is
higher than the pH of fhe solution, the surface of the
material becomes positively charged, enhancing the
attraction of hydroxide ions and the heterogeneous
decomposition of ozone.

Successive ozone decomposition runs carried out
with the same AC sample showed that the surface
chemistry is mainly important in the first cycles of
reaction, its effect decreasing thereafter due to a
slightly progressive oxidation of the surface, which
causes the increase of acidic surface groups, mainly
carboxylic acids and therefore the loss of basicity [22-
24]. Based on these results, Sanchez-Polo et al. and
Alvarez et al. [23, 24] proposed that AC could not
be a catalyst for ozone decomposition, but rather an
initiator of the O,/H,0, system. Nevertheless, Faria
et al. [22] concluded that basic activated carbons
tended to behave as acid ACs, which were shown to
still be active catalysts.

The effect of the surface chemistry of MWCNTs was
recently discussedin detailinthe ozone decomposition
[28], and a correlation was observed between the
normalized rate constant for heterogeneous ozone

decomposition (k,,./Sg.;) and pH,,. (see Figure
4), showing that the trend of the catalytic activity for
the decomposition of ozone follows the decrease of
acidity, according to what was observed for activated
carbons.
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Figure 4. Correlation of the normalized rate constants for
heterogeneous ozone decomposition (k ) with pH
Reproduced with permission from [28].

Figura 4. Correlacién de las constantes de velocidad normalizadas
para la descomposicion heterogénea de ozono (k,, /Sge;) con el
pH Reproducido con permiso de [28].
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3.2 Catalytic ozonation of organic pollutants in
water

Catalytic ozonation may be included in the so-called
advanced oxidation processes. These processes
are based on the formation of HO" radicals, which
are highly reactive towards most organic pollutants.
Among these processes, the combination of ozone
and carbon materials in a single step was found to
be an attractive alternative to the treatment of water
and wastewater containing organic contaminants.
The large variety of compounds tested in this
process includes small carboxylic acids, such
as oxalic [29, 30], oxamic [30], pyruvic [31], and
succinic acids [32], and aromatic compounds such
as aniline [33], naphthalenesulfonic acid [15, 27, 34,
35], sulfonated aromatic compounds [36], phenolic
compounds [37-39] and benzothiazole solutions
[40]. The simultaneous use of ozone and activated
carbon has been shown to be a promising method
for the mineralisation of dye solutions [41-47] and for
the treatment of textile wastewater [14, 41, 46-50],
especially when used as a final oxidation treatment
for biotreated effluents. Recently, the application of
simultaneous use of ozone and activated carbon to
remove emerging organic pollutants, such as EDCs
and PPCPs, has been successfully investigated.
The mineralization of diclofenac [51], sulphonamide
antibiotics (including sulfamethoxazole [52, 53]),
nitroimidazole antibiotics [54, 55] , hormones [56]
and atrazine [57]) has been reported in the literature.

The scheme presented in Figure 5 summarizes the
main possible reaction pathways occurring in the
ozonation of organic compounds catalysed by carbon
materials.

The removal of organic pollutants, as well as the
respective oxidation by-products, via ozonation in the
presence of carbon materials is a result of a complex
combination of homogeneous and heterogeneous
reactions. Both direct and indirect ozone reactions
occur in the liquid phase. Additionally, reactions
between adsorbed species and oxygen radicals
formed on the surface of the activated carbon are
assumed to occur.




Regarding the non-catalytic decomposition of ozone
in aqueous solution, it is established that it is initiated
by the presence of HO- ions; so pH plays a major role
in this process.

0,—% HO' (9)

As shown in the previous section, carbon materials
accelerates the decomposition of ozone and is
consensual that both textural and surface chemical
properties influence that decomposition, but doubts
on the mechanism still remains. Two possible
pathways can explain the decomposition of O, in
the presence of carbon materials. The first one
assumes that activated carbon acts as an initiator of
the decomposition of ozone, eventually through the
formation of H,0O, [10], yielding free radical species,
such as HOr, in solution [15]. Another possibility is
the adsorption and reaction of ozone molecules on
the surface of the activated carbon, yielding surface
free radicals (O*) [12], which can react with adsorbed
organic species (R*) [27]. This results in the formation
of several intermediates that are further transformed
into saturated compounds (P), which cannot be
mineralized by direct ozone attack. Additionally, HO"
radicals in solution can also contribute to the oxidation
of the organic compounds. The mineralization of the
oxidation intermediates into inorganic carbon and
inorganic ions (e.g. NO,", NH,*, SO *), occurs both in
the liquid phase through HO" radical attack, or on the
surface of the activated carbon.

Even though there is no experimental evidence, it is
necessary to consider that adsorbed reactants might
also react with dissolved ozone, or hydroxyl radicals
from the aqueous phase [28].

It has been shown that the presence of a radical
scavenger (S) induced different results depending
on the organic compound studied. The effect of
the radical scavenger is expected mainly when the
reactions proceed in the bulk solution.

R = Organic compound
P = Oxidation products
R* = Adsorbed organic compound

O* = Surface oxygen radicals (O, Oz and O3™")
S = Free radical scavenger (HCOs", CO3s%, ...)
X = Inactive species

Figure 5. Schematic representation of the main reaction pathways
occurring during ozonation catalysed by activated carbon (AC).
Reproduced with permission from [58].

Figura 5. Esquema de las principales rutas de reaccién producidas
durante la ozonizacién catalizada con carbén activado (AC).
Reproducido con permiso de [58].

Rivera-Utrilla and collaborators [15, 27, 34, 59, 60]
proposed the basal plane electrons, the oxygenated
basic groups (chromene and pyrone) and the pyrrole
groups (in the case of N-containing samples) as the
active sites responsible for ozone decomposition
in aqueous phase, according to equations 6 to 8,
by initiating the decomposition of O, into highly
oxidative species, and increasing the naphthalene-
1,3,6-trisulfonic acid (NTS) (an organic molecule
representative of several dyes) ozonation rate [15].
They showed that the heterogeneous rate constant
for NTS ozonation ((k ) was well correlated

hetero )demi
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with the basicity of ACs, as can be seen in Figure 6
[59] . Similar correlation was found by Beltran at al.
for the ozonation of succinic acid [32]. The advantage
of the basic surface groups has also been highlighted
for the catalytic ozonation of aniline [33] and different
classes of dyes and textile effluents [43]. Recently,
the same trend has been observed when carbon
xerogels were used for the ozonation of several
dyes [16] and when carbon nanotubes with different
surface chemistries were used in the ozonation of
oxalic and oxamic acids [28], sulfamethoxazole
(SMX) [61] and bezafibrate [62].

Another additional advantage of using ozone and
carbon materials simultaneously is the possibility of
in-situ regeneration of the carbon material, avoiding
the costly ex-situ treatment of the exhausted carbon
material. This fact was observed experimentally in the
catalytic ozonation of textile effluents [14] and phenol
[38, 63, 64] in the presence of activated carbon.
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Figure 6. Relationship between the heterogeneous rate constant
(K etero)aom TOT the ozonation of NTS and the concentration of basic
groups in demineralised ACs. Reproduced with permission from
[59].

Figura 6. Relacion entre la constante de velocidad heterogénea
(K etero)iemi PAra la 0zonizacion de NTS y la concentracion de grupos
basicos de ACs desmineralizados. Reproducido con permiso de
[59].

3.3. Catalytic ozonation using nanocarbon
materials on macrostructured catalysts.

Carbon nanotubes (CNT) and nanofibers (CNF)
constitute a new family of supports offering a good
compromise between the advantages of activated
carbon and high surface area graphite [65]. The main
drawback of activated carbons in liquid media is that
they are predominantly microporous and the diffusion
of solutes in this type of pores may be very slow.
Diffusion limitations in the micropores of activated
carbons are even more dramatic in aqueous media
than in organic media due to the hydrophobic nature
of carbon surface. Hence, solutes in aqueous media
have hindered access to micropores, unless the
surface is made hydrophilic by functionalization with
e.g. oxygenated groups. In contrast, the mesoporous
nature of nanocarbon materials (NCM) favours
the diffusion through the pore network. Moreover,
solutes have good access to mesopores of NCM,
even if the pore walls are hydrophobic, i.e. without
functionalization [66]. Indeed, CNTs represent an
interesting alternative to conventional supports.
Carbon nanotubes were barely applied as ozonation
catalysts of organic pollutants. Nevertheless, the few
studies found on their use in ozonation processes
have reported multi-walled carbon nanotubes
(MWCNT) as a very promising material. Actually, a
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commercial sample of MWCNT was successfully
used in the catalytic ozonation of oxalic acid [17, 67],
SMX [61], bezafibrate [62] and atrazine [68]. Similarly
to activated carbon, the mechanism involves a
combination of bulk and surface reactions.

Most of the mentioned studies use nanocarbon
catalysts in the powder form, which is a problem
for their practical application in water treatment. A
solution to overcome this drawback is to grow these
nanomaterials onto a macrostructure. In this way, it is
possible to enhance oxidation in catalytic ozonation
by facilitating mass transfer across the different
phases, and the ease of operation associated
to a macrostructure is seen as a very important
advantage of this technology. The process eliminates
the need for filtration of catalyst particles, while
reducing pressure drop when compared to packed
bed reactors.

An example of this type of macrostructure catalyst is
shown in Figure 7 [69]. It consists of a commercial
honeycomb cordierite structure, upon which CNFs
were grown after coating the monolith with an
alumina wash coat impregnated with nickel, which
acts as a catalyst for carbon growth. In this particular
case, CNFs were formed under a gas flow of ethane
and hydrogen (50:50) at 600 °C.

The utilization of this type of structured catalysts
in continuous ozonation experiments has been
already applied in the removal of oxalic acid as
well as several emerging organic micropollutants
(atrazine, bezafibrate, erythromycin, metolachlor and
nonylphenol) with very promising results [69-71].

=T

Figure 7. Honeycomb monolith covered with CNFs used in the
catalytic ozonation of emerging organic pollutants. Reproduced
with permission from [69].

Figura 7. Monolitos de panal de abeja recubiertos con CNFs
usados en la ozonizacién catalitica de contaminantes organicos
emergentes. Reproducido con permiso de [69].

4. Conclusions

Intensive research has been carried out on the
ozonation of several organic pollutants in the
presence of carbon materials. Two catalytic pathways
may occur simultaneously: 1) decomposition of O,
into HO* or other highly active oxygen-containing
radicals on the surface of the carbon materials, with
sequent oxidation in the homogeneous phase; and
2) adsorption of the organic compounds on carbon,
which then react on the surface with O, or oxygenated
radicals. Therefore, the surface chemistry of carbon
samples plays a key role in the catalytic ozonation
of organic pollutants. In general, catalytic ozonation

is favoured by carbons with basic or neutral
properties. Recently, the use of carbon nanofibers
and nanotubes supported on macrostructures (like
monoliths or foams) has been appointed as a very
promising system, since it overcomes the problem
of mass transfer resistances usually observed in the
case of microporous materials.
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1. Broader context

After the early works in 1960’s and 70’s reporting
the photochemistry of ZnO and TiO, electrodes
and their potential application in water splitting and
environmental remediation [1,2], heterogeneous
photocatalysis has become a popular topic. However,
the low photonic efficiency of most semiconductors
is still a challenge, thus optimizing the optical
features of semiconductor materials remains a
largely investigated topic [3,4]. Addressing these
problems calls out for a research to be conducted
to enhance the performance of semiconductors
or to explore the possible use of other types of
materials in this kind of applications. Among different
approaches, the incorporation of carbon materials in
the formulation of hybrid photocatalysts seems an
interesting strategy to attain high photoconversion
efficiencies. First investigations in the field focused
on the use of carbons as supports and additives of
TiO,, and the enhanced photocatalytic performance
of carbon/TiO, composites has been attributed to
several factors associated to visible light absorption
and the porosity of the carbon support, and/or strong
interfacial electronic effects [5-8]. More recently,
our pioneering studies have demonstrated the

C-doping

C-coating

self-photochemical activity of semiconductor-free
nanoporous carbons [9,10], along with their ability
to generate O-radical species upon irradiation
[11,12]. Despite the increasing interest of the topic,
there is yet a dearth in the understanding of the
role of carbons in photo-assisted reactions and the
underlying mechanisms leading to the conversion
of light into a chemical reaction (i.e. photooxidation
of pollutants). By combining catalytic, spectroscopic
and photoelectrochemical tools, we herein provide
an overview of the photochemical response of
nanoporous carbons applied to environmental
remediation.

2. The role of carbon materials on photocatalysis

Triggered by the rising interest in heterogeneous
photocatalysis, numerous efforts have been made in
the last decades to improve the optical properties of
semiconductor materials. Among different strategies,
novel hybrid materials prepared by immobilization
of the photoactive semiconductor on appropriate
substrates have gained increased interest due to the
superior performance observed on such composites
[5,8,13-17]. Despite carbons are strong light
absorbing materials, they have also been extensively

e- donor/acceptor

Self-photoactivity
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Figure 1. Sketch illustrating the role of carbon materials in photocatalysis.
Figura 1. Esquema ilustrativo del empleo de materiales de carbono en fotocatalisis.
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investigated in a number of photo-assisted reactions
[5-7 and references therein]. The majority of the
studies deal with the use of carbon/semiconductor
composites, where the carbon material acts either
as a dopant or a support of the photoactive material

(Fig. 1).

For instance, metallic and non-metallic doping seems
a promising route to extend the optical absorption
of conventional semiconductors towards the
visible region, allowing the use of sunlight [18-22].
Comparatively, non-metallic doping is considered to
be more effective than transition metal doping due
to the high photostability and lack of photocorrosion
of the resulting catalyst. Furthermore, the isomorphic
incorporation of carbon atoms in the lattice of
semiconductors is considered to be more effective
than other non-metal heteroatoms. Most authors
agree to explain this effect in terms of the redshift in
the absorption properties of doped material and the
modifications in the electronic band structure of the
metal oxide associated to band gap narrowing and
localized midgap levels [21,22].
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Besides semiconductor-doping, the incorporation of
nanoporous carbons as supports in hybrid carbon/
semiconductor composites is another interesting
alternative to prepare efficient photocatalysts. The
idea, firstly introduced by Matos et al. [8], relies on
the combination of the confinement of the pollutant
in the porosity of the catalyst via adsorption with
the photoactivity of the semiconductor. After this
early work based on activated carbons, a variety
of carbon sources, forms and morphologies have
been explored, using from conventional (activated
carbon, carbon black, graphites) to novel carbons
(nanotubes, graphene), as well as different synthetic
routes for the catalyst preparation (physical
mixture, liquid impregnation, hydrothermal process,
chemical vapor deposition) [5-7]. The increased
photoconversion yields of carbon/semiconductor
composites has been ascribed to the enhanced
mass transfer of the adsorbed pollutant from the
bulk solution to the photoactive particles through the
interface between the two catalyst components, and
to the interactions between the substrate and the
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Figure 2. (top) Phenol concentration decay curves on selected carbons after (A) dark adsorption and (B) UV irradiation. (down) Phenol
photooxidation and intermediates speciation upon irradiation of pre-loaded carbons (C) and correlation with selected characteristics of

the nanoporous carbons (D).

Figura 2. (arriba) Evolucion de la concentracion de fenol con el tiempo en presencia de los fotocatalizadores estudiados durante (A)
adsorcién en oscuridad y (B) irradiacion con luz UV. (abajo) Conversion de fenol e intermedios de oxidacién tras la irradiacion de
los carbones pre-adsorbidos con fenol (C) y correlacion de la conversion de fenol con algunas caracteristicas fisico-quimicas de los

materiales de carbono empleados (D).




immobilized catalyst[14,17]. Also, it is considered that
the photocatalytic enhancement depends greatly on
the nature of the carbon matrix itself, hence different
mechanisms would apply for nanoporous carbons
compared to nanostructured carbon nanotubes,
fullerenes and graphene. Furthermore, the use of
carbon/semiconductor composites overcomes the
operational drawbacks associated to the use of
nanosized semiconductor powders -that hinder the
application in continuous flow systems due to limited
recovery and reuse of the catalyst- [16].

3. Self-photoactivity of nanoporous carbons

Our recent investigations have shown the self-
photochemical activity of nanoporous carbons
under UV irradiation, with improved photooxidation
conversions in aqueous solution compared to bare
or carbon-immobilized titania [10-12,23]. Data
showed that beyond the synergistic effect of carbon/
TiO, composites, the nanoporous carbon alone was
capable of a significant level of self photo-activity
under UV irradiation (Fig. 2).

Upon UV irradiation the overall rate of phenol
disappearance increased remarkably for all the
nanoporous carbons, particularly at the initial stage
of the reaction and for those materials showing
an acidic nature. The relative abundance of the
degradation intermediates detected in solution was
also dependent on the characteristics of the carbons,
with a marked regioselectivity for the formation of
catechol over quinones (as opposed to titania). Such
regioselectivity is considered more advantageous for
the overall reaction yield as it proceeds through a
less number of subproducts. [24].

Although the self photoactivity of multiwall carbon
nanotubes under visible light had been reported and
attributed to the presence of structural defects and
vacancies [25], amorphous nanoporous carbons had
been considered merely as inert supports to enhance
the photoactivity of semiconductor materials [5-
8,14-17,26]. Several possible scenarios were
considered to explain our findings: (1) adsorption/
desorption of the photooxidation intermediates; (2)
concentration effect on photolysis; (3) occurrence
of carbon/light interactions and degradation of the
adsorbed compounds retained in the inner porosity.
Differences in conversion (rate and intermediates
speciation) under dark and UV irradiation cannot be
explained by the nanoconfinement of the pollutant
(scenario 2) in the porosity (i.e., concentration effect
on photolysis). Also, adsorption of the degradation
intermediates (scenario 1) cannot account for the
unbalance between the amount of compounds
detected in solution and that retained in the porosity
after the photocatalytic runs. To demonstrate if the
UV light can somehow interact with the compounds
retained inside the porosity of the carbons (scenario
3), the reaction was monitored from inside the
carbonaceous matrix.

4. Photocatalytic evidences on
samples

preloaded

To determine the extent of phenol photodegradation
(if any) inside the carbons, irradiation was performed
on carbon samples pre-loaded with phenol, thereby
disregarding the effects of adsorption kinetics and
solution photolysis [10]. The concentration of phenol
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and intermediates was exclusively detected after
extraction of the carbons with solvents; data obtained
for different preloaded carbons are shown in Fig. 2C.
As no leaching out occurred during the irradiation,
these results demonstrate that a fraction of phenol is
decomposed inside the porosity of the carbons when
these are illuminated.

The distribution and nature of the intermediates
detected was different for the studied carbons.
It is also interesting to note that for most carbons,
phenol photodegradation was larger or similar than
in the photolytic reaction. This is most remarkable
since the incident photo flux arriving at the phenol
molecules adsorbed inside the carbons porosity
is expected to be smaller than that from solution.
However, this singular photochemical behavior
does not apply for all type of carbon adsorbents
since one of the studied carbons showed negative
response. No straightforward correlation has been
found so far between the photochemical response of
these carbons towards phenol degradation and their
physicochemical and/or structural features in terms
of porosity, composition and surface acidity/basicity
(Fig. 2D).

These results demonstrated that a fraction of the
adsorbed molecules are decomposed when certain
nanoporous carbons are exposed to UV light, although
it is not yet clear whether if the UV light penetrates
inside the carbons porosity or if interactions occur
at the external surface and are subsequently
propagated through the graphene sheets. Anyhow,
such carbon/photons interactions could promote the
formation of charge carriers that seem to have enough
redox potential to generate more reactive species
(radicals) and/or directly oxidize phenol (scenario
3). To determine the occurrence of the carbon/light
interactions, a deep investigation was undertaken by
combining spectroscopic and photoelectrochemical
tools.

5. Spectroscopic evidences

To shed light on the origin of the photochemical
response of semiconductor-free nanoporous carbons
and to establish the likely formation of radical species
upon illumination, we have carried out spin resonance
spectroscopy (ESR) studies [11,12]. The formation of
paramagnetic species in solution upon irradiation of
carbon suspensions was detected by a nitrone spin
trapping agent (DMPO).

The ESR spectra of all the samples (Fig. 3) showed
a quartet peak profile with 1:2:2:1 intensity, assigned
to DMPO-OH adducts [27]. Some other adducts,
identified as HDMPO-OH, DMPO-R (carbon centered
radical) and DMPO-OOH, were also detected. Our
results demonstrate that significant amounts of *OH
and/or superoxide anion radicals are formed during
the irradiation of the nanoporous carbons in the
absence of semiconductor additive, likely produced
from photoinduced oxidation of water. Quantification
of the relative abundance of the radical species
showed that the DMPO-OH concentration levels
measured for certain carbons were higher than those
obtained for titania, indicating a higher concentration
of radical species. Among the investigated carbons,
as a general rule lower ESR signals were obtained for
those materials showing a rich surface chemistry. On
the other hand, only for one of the studied carbons no




n°31 / Marzo 2014

radicals were detected, which seemed in agreement
with the lack of photoactivity observed for this
material in previous works [10]. ESR patterns are a
diagnostic indication of free hydroxyl radical formation
in aqueous environments, and may constitute a key
issue on the understanding of the photochemical
response of carbon materials. Nevertheless, low
ESR signals should not be considered as an
indication of low photoactivity, as this technique only
provides information about the formation of radicals
under irradiation. Indeed, for certain materials low
ESR signals corresponded to high photooxidation
yields and viceversa [11,12]. This would indicate
either a radical-mediated or a direct hole oxidation as
dominating pathways.

6. Photoelectrochemical evidences

Further insights on the mechanisms occurring at the
carbon/semiconductor interfaces when these are
exposed to light were obtained by investigating the
optoelectronic and photoelectrochemical response of
carbon/titania thin film electrodes of increasing carbon
content ranging from 5-50 wt.% [28]. Voltammetric
techniques were used to study the effect of potential
bias on the photocurrent response of the different
carbon/titania catalysts (Fig. 4). In the dark, the
shape of the current-potential curves of the carbon/
titania electrodes was similar to that of a titania
electrode, with small capacitive contribution due
to the non negligible porosity of the carbon matrix.
The characteristic shape of n-type semiconductor
was detected, with the distinctive accumulation
and depletion regions (below/above -300 mV sv
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SCE, respectively). Upon UV illumination, anodic
photocurrents were observed in all studied electrodes
when the bias potential was positive enough for an
efficient hole-electron separation. As opposed to
titania, no photocurrent saturation limit was observed
for the carbon/titania electrodes, particularly for those
with the highest carbon content.

The transient photoamperometric curves upon
on-off illumination for several bias potentials (Fig.
4c) showed a similar trend. On switching-on the
light, an initial sharp current spike is followed by a
steady-state regime, which retracted to original
values almost instantaneously once the illumination
was turned off. In the absence of hole scavengers
other than water, this photocurrent corresponds to
water oxidation. The photocurrent response was
rapid and reproducible during repeated on/off cycles
of illumination, for which the initial current decay is
attributed to fast recombination processes rather than
to photocorrosion of the electrodes. Interestingly, the
carbon/titania thin film electrodes showed roughly
similar photocurrent values than those of TiO, films.
Additionally, the photocurrent enhancement after
phenol addition to the electrolytic solution, indicative
of direct hole oxidation, was clearly observed for all
the thin film electrodes.

The high photocurrents measured in the composites
are related to a higher density of photogenerated
electrons recovered at the back contact of the
electrical circuit likely as a result of an efficient
charge carrier separation; this indicates that the
incorporation of the carbon additive plays an

P25 ACLI ACZ AC3 ACA ACS TCL TCZ GR1I GRX OS5

Figure 3. (left) ESR spectra of the DMPO adducts obtained after 20 minutes irradiation of aqueous suspension of semiconductor-free
nanoporous carbons and TiO,. Assignments to DMPO-OH (circles), HDMPO-OH (diamonds) and DMPO-OR (squares) adducts are
indicated. (right) Quantification of the radical species determined from the intensity of the second line (asterisk in inset) of the ESR

spectra.

Figura 3. (izquierda) Espectros de RPE de los aductos de DMPO tras 20 minutos de irradiacién de suspensions acuosas de materiales
de carbono y TiO,. Las especies detectadas son: DMPO-OH (circulos), HDMPO-OH (rombos) y DMPO-OR (cuadrados). (derecha)
Cuantificacion de las especies radicalarias detectadas a partir de la integracion de la intensidad del segundo pico (marcado con un

asterisco) de los espectros de RPE.




important role for the photoelectrochemical response
of the composites, and anticipates a potentially
higher photocatalytic activity of these materials. The
gathered results showed that the incorporation of the
porous carbon matrix to the titania film electrodes
favors the probability of charge transfer reactions at
the porous carbon/titania interface by several likely
mechanisms (Fig 4):

i) the smaller diffusion length of the carriers through
the porous structure provided by the carbon
material (favoring photohole capture and indirect
oxidations).

ii) the carbon matrix can act as an acceptor of the
photogenerated electrons upon UV irradiation of the
titania particles; the delocalization and stabilization
of the carriers within the graphene layers of the
carbon additive would contribute to minimize the
surface recombination.

i) photon absorption by the carbon material itself,
generating charge carriers due to direct n—r*
and/or o—m* transitions, contributing to increased
photocurrents.

7. Cycleability and performance under long
illumination periods

Beyond establishing the origin of the photochemical
behavior of activated carbons, it becomes essential
to explore their performance during consecutive

(a)
(b)
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photodegradation runs, and determine if they fulfill the
requirements of long cycle life, and good degradation
efficiency. To attain this goal, we have carried out the
photocatalytic degradation of phenol from solution
upon 20 hours of illumination in consecutive cycles,
using two nanoporous carbons with different surface
chemistry [29]. The performance was also compared
to commercial TiO, under similar illumination
conditions. Given the porous nature of the carbons,
the experiments incorporated a pre-adsorption step
at dark conditions -before the illumination- to control
the amount of pollutant adsorbed on the carbons, and
hence maintaining the same phenol concentration
in solution at the beginning of each cycle for the
nanoporous carbons and the semiconductor [29].
Data showed that, under excess of oxygen, the
overall performance of the nanoporous carbons
upon cycling was comparable to that of commercial
titania, with close mineralization yields in all three
studied materials after six consecutive cycles. For
both studied carbons, a marked accumulation of
phenol degradation intermediates was observed
during cycling, with preferential formation of catechol
over quinones. For titanium oxide, the concentration
of aromatic intermediates was lower but still the
total organic carbon values showed a quite low
mineralization due to the accumulation of short alkyl
chain organic acids. The photocatalytic efficiency was
found to depend strongly on the basic/acidic nature
of the nanoporous carbons, with a somewhat lower
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Figure 4. (top) a) Sketch of the experimental set-up used for the photoelectrochemical measurements; b) Representative potential-
current curves under dark and UV light of a carbon/titania thin film electrode; c) Chronoamperometric response of the film electrodes
upon on/off illumination cycles in the supporting electrolyte and in the presence of phenol (arrow) at various fixed bias potentials (vs SCE)
of a carbon/titania composite. Representative images of the thin film electrodes, obtained by SEM and confocal microscope are also
included. (down) Scheme of the mechanisms proposed for illustrating the role of carbon in the photocatalytic performance of carbon/
titania interfaces: (i) diffusion length of carriers, (ii) carbon as acceptor of photogenerated electrons, (iii) photon absorption by the carbon
material.

Figura 4. (arriba) a) Esquema del dispositivo experimental utilizado para las medidas fotoelectroquimicas; b) Curvas de intensidad-
potencial en condiciones de oscuridad y bajo radiacion UV con un electrodo C/TiO, de pelicula fina; c) Respuesta cronoamperométrica
de un electrodo C/TiO, en oscuridad/irradiacion en presencia de electrolito y fenol (flecha) a varios potenciales. También se muestran
imagenes de los electrodos de pelicula fina obtenidas por SEM y microscopia confocal. (abajo) Esquema de los mecanismos propuestos
para la interpretacion de la influencia del material de carbono en la respuesta de los electrodos C/TiO,: (a) difusion de los portadores
de carga en la porosidad del material de carbono, (b) material de carbono como aceptor de los electrones fotogenerados en el TiO,, (c)
absorcién de fotones por el material de carbono.
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performance for the hydrophilic catalysts. Phenol
conversion and mineralization rates were greatly
enhanced in the presence of excess of dissolved
oxygen in the solution, demonstrating the outstanding
role of oxygen in the photooxidation of phenol.
This was critical for the long-term performance of
the hydrophilic carbon, which showed a sharp fall
in phenol conversion upon cycling under oxygen
depletion conditions.
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Figure 5. (top) Evolution of phenol concentration upon consecutive photocatalytic runs in the presence of nanoporous carbons and
titania, under excess (solid symbols) and depleted (empty symbols) oxygen conditions. (down) Evolution of degradation intermediates:
hydroquinone (circles); benzoquinone (down triangles); cathecol (squares); 2,4,6-trihydroxybenzene (up triangles); resorcinol (crosses);

1,3,5-trihydroxybenzene (diamonds).

Figura 5. (arriba) Evolucion de la concentracion de fenol durante 6 ciclos fotocataliticos consecutivos empleando carbones activados
y TiO, como catalizadores y en condiciones de exceso (simbolos llenos) y defecto (simbolos huecos) de oxigeno disuelto. (abajo)
Evoluciéon de intermedios de degradacion: hidroquinona (circulos); benzoquinona (triangulos invertidos); catecol (cuadrados);
2,4,6-trihidroxibenceno (triangulos); resorcinol (cruces); 1,3,5-trihidroxibenceno (rombos).
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